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s1ngle crystal transm1s51on spectra because reflectlon
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CHAPTER T.

 INTRODUCTION -

C i . . e

»

Chapter I of this the81s prov1des the theoretical and
_experlmental bacgground material necessary to an’ under—i
standing of the optical properties of a solid. The exppri;
fmental methods used for the preparation of polycrystalline
"and single crystal samples of.barium-chiorate monohydrate,.
'Ba(C103)2 50 and for the measurement‘of specuiar reflect-
‘ance are described in Chapter II. | Sa%ple.characterization,
data handling procedures and the reflection results appear
in Chapter IIT. The optical and dielectric functions de—
rived from both a Kramers Kronig and ClaSSical Dispers1on
;analys1s are presented in Chapter IV Random and-systema-
tic experimental errors are discussed in'Chapter:Y*/LTEeﬁ

LY

3)2 H,0 and the calculated
- . . :
xdipole moment derivatives with respect to the crystal normal'

"v1brationa1 ass1gnment of Ba(ClO
'coordinates are glven in Chapter Vi. For the 1nterna1 water'
modes, the bond moment derivatives are also estimated. " The
.sigmificant aspects of thls 1nvest1gation are summarized_ -

- in the Conclusion.

| The introductory chapter is sub-divided into five @
sections:*fThé first section (1.1) is largely devoted to a

' description of the basic physics in&oived in the?study of .
optical properties.. The éxperimental methods'for obtaining
, obtical constants, with particular'emphasis Qn%‘%éwKramersf

. . .Q""- . . - .
Kronig procedure for specular reflection results (Section

\



1.2) are presented and the propertles of Ba(ClO ?///20;.

stlgatlons,

/_

;1nc1ud1ng a. rev1ew of prev1ous spectroscoplc 1nT

are descrlbed (Sectlon 1-3) In order t//brlng th1s work

o

;1nto perspectlve w1th our current understandlng of opt1ca1
fpropertles of SOlldS An the 1nfrared reglon a short syn—
fop51s of. maJor developments in this fleld of study, 1s prei.
' sented in_Section l.4;' Thts is followed by a'brlefhoutllne.

of thelobjectives of. this work in Section 1.5.

S e

1.1 Theory of Optlcal Propertles ;}ﬁlﬂ'
, The optlcal behav1or of an optlcally 1sotrop1c SOlld

is determlned by the frequency dependence of two: parametersf
: o S
the real and 1mag1nary parts of the refractlve 1ndex or

-

. the real and imaginary parts of the dlelectrlc functlon

-
R

Either palr of constants unlquely:deflnes the;other set. o
R o T o
The real and imaginary parts of the refractive index are

commonly referred to as the optlcal constants ‘of the SOlld

.,.‘

and descrlbe the spbed and attenuatlon respectlvely, ‘of a-”
plane electromagnetlc wave progreSS1ng through the ‘mater-
ial.% Slnce 1t 1s the electrlcally charged partlcles Qf
the materlal thgt 1nteract strongly w1th the electrlc fleld

of the electromagnetlc radiation, the optlcal constants Qﬁ_

3
descrlbe the fundamental constitution of the solld In the
case of 1nfrared'rad1at10n the. optlcal COnstants give the
_frequencﬁeg, lifetimes; and 1ntensxt1eswo£.thepvlbratlonal,h_
nodes,d“ - l: ,¥'>'f * ‘ S :’ S

- HoWever; the;opticalnproperty usuallyVayailableﬂdirectﬁ

. 1ly from experiment is the freduency—dependent reflectance -

-~



_or transmlttance . In order to 1nterpret exper1menta1 mea—
'“~Lsurements in terms of ‘the optlcal constants of the SOlld

one requlres a knowledge of Maxwell s equatlons the nature

‘= . e

‘fof the 1nteract10n between electromagnetlc flelds and

.1'matter and an understandlng of the dependence oi the
a“optlcaL constants on the frequency and ‘in- the ‘case’ of .

anlsotroplc materlals the v1brat10n dlrectlon of the pro—w

»pqgatlng wave, -
THls sectlon w11l;prov1de thls necessary background
) \ . N . ~i~’ . . "//‘_,. .
'1nformatfon ‘ - s ! -
‘ ‘ : L

T Sl » :
1.1la Wave Propadation and the§0pticaf/go;stants

‘ -

The propagatlon of llght in a’ medlum is descrlbed by
' Maxwell s equatlons z For & nonmagnetlc electrlcally

e
neutral materlal the approprlate relations are:

[ltll

v-D =0 :
/ ' . - . :' . . . .y o
.(rVXE = P ﬁ - _J_ - o : ‘ W [13]
VxE:Z.i_.ag ' [1_4].‘- ’

0

Ked
x

*fwhere an.underldned»character denotes aHVector quantity.

These equatlons are glven "in - Gauss1an units, 1i.e. efectrOe

statlc and - electromagnetlc cgs unlts since th1s is' the

conventlon adOpted by most. standard texts on electromaonetlc

b

°

theory The materlal presented in thls sectlon is larcely
v, .
derived‘fromehapter,II of‘Wooten s. book, ”Optlcal Proper—

2



‘t1es of SOlldS"'? and the deflnltlon of terms is accordlng

ﬁto Von H1ppe1 in ”Dlelectrlcs and Waves 3 unless other-

L

wise stated. For a descrlptlon of wave propagatlon in

”ratlonallzed mks unlts consult elther Stern4 or Fowles

0

The terms 1n Maxwell s equatlons have the f0110w1nd

. 1
def;nltlons:

\

=]
il

dielectric displacement or electrie‘fiuxiaensify..
E = eleCtric;field sfrength_" - ' o
§>=.magnetie‘field.strength_'
B maénetic flux density
Jd = cﬁrrent density. ‘
¢ = velocity of 1ight<inﬁnacuum. ‘;f

The connection. between the wave prOpertles and the
;optlcal propertles of sollds is glven by ‘the constltutlve

'relatlons:

J=0E (1.5
‘D = ¢ EO 4 (1.6]
B=yuH. [1.7]

where .~ ' &
€ = thewdieleCtric constant or permittivity

o = cOnductivity ' - ‘ : -
u = magnetic permeability.

Equation [1.5] is Just a formulatlon of Ohm's law and de-

scrlbes fhe response of the conductaon electrons to the

-~.'

electrlc fleld Eguatlon [1 6] descrlbes the response of'



<1

Y

the bound charges to. ‘the. electrlc f1e1d andeequationf[rQ7]

v

is the corresponglng~magnetlc relatlon ;

‘An alternatlve way of descrlblng the response of the

~bound .charges.is:’

E+4nP. e [18]

where

B Y

i)
H

polarlzatlon-electrlc dlpole moment
1nduced per un1t volume

\;

From equations [1.6] and [1.8],1We‘haVE'tha£:“

‘_,(E'i.l) : g R ) . . '
B’f dm »E‘T'XE E . [1.9]

The proportionality constant, Xg> between the electric field

.

5 strength and the polarization, .is known as the eleotfic

susceptibility;6
The constitufive constants are y, o, and €. HoweVeﬁy
for a non-magnetlc materlal u equals unity.‘ The valués of

e

£ and ‘5 sare constant. only 1nsofar as the frequency of the"'

'wave is constant. In the case of’ 1sotroplc media, € and ©

are scalar quantltles hav1ng the same value for any dlrec—,
tlon of the applled electrlc ‘field. But for anlsotroplc,

media, the magnltude of the 1nduced conductlon and polarlz—

ation varies’ w1th the direction’ of the applled electric

ffield and, conSQQUently, ¢ and o must be expressed as tensor.

quantities.

~

To simplify the Qiscuss10n,in Seofions 1.1a and 1.1b,

an isotropic medium is assumed.



. !
T,
The general wave equatlon for the electrlc fleld is

obtalned by . taklng the curl of {1 4] and the tlme derlva—c

_tlve of [1 3] and ellmlnatlng H W1th the help of [1 7]

The result is: Ho _ SR |

BZE..'4noueEE:A
2 - o2 Efy'

Im
N -

Vx(VxE) = .

[¢]

. R . 4
" This may be simplified by the vector identity: "

v
-

Vx (VXU) = Vx (V.U) - 72U

.where U is a vector field. Mexwell's'equation [1;1] states
that V.D'=0. Since D=¢€E from {5;61, this imolies that
V;§==O or E:=Q-;_in7£he'former case, the wave Vector is
pefpeﬁaicular to E and called tr;ngvéréef in the latter
'case the wave Vector has a 1dngitudinal component i.e.

parallel_to E. In general, €e# 0 whlch glves the condltlon

‘that the wave must be tranSverse,8 and equation [1.10] re- .

\

duces to:

_L 2. ._ EU 9 E + 4rou OE -
c atz c

where the circumflex denotes a complex quantity

>

—;?omplex propagation. constant or wave vector

m,::angular frequency in radlans/sec

[1.10] - -

5 Ar : B | [1.11]

expj.(g-g-—wt)‘ A ' ) _ [1.12]



Kad
Ii

" time in seconds

iR
It

.s‘- Vo -‘
position vector in space

i= /T, .

The frequeﬁcy,'w, is alsd calied the trahsverse optic fré—
."qﬁénc§, wTé' Altpépgh‘only the‘real.partﬂof é represents -
theAQavé?”the‘uéeméf complex notation is helpful in desérib—
ing the phase reiationships betweéh.various real quantities.

By.writing equation [1.12] in the form?.

E=E_ exp(-K".r) expi (K'-r-ut) © [1.13]

it can be seen that,the'vector E' is normal to the surfaces
of'cdnstant phase and the vector K" is normal,fo the sur-
faces of coﬁstant/amplitude.' If K' and §" have the same
direétion:ih space, the‘wave is called homogeneous; other- .
‘wise, fhe wave is called iﬁhomogenéous.

Substitution of [1.12] into [1.11] gives:

R

E umz» i.4mo ' o : : ‘
‘K = S5 (g + —_ ‘ ' , [1.14]

: ~

We can now define a complex refractive index, n, such that:
=(&> n2=(&> (n+ik)2 [1.15]
) c . " ‘

n.= refractive index

5 >

5.
- where

<



k = extinction coefficient.
} i » b

: o | | 3 _ L E
The,quantities n and k are known as the optiqal constants
of.the'materia1; a1though this term is really a misnomer
. ' o A e . . '
sinCe-n,and k depend upon the frequency of the wave.

.- In the case of homogeneous transverse waves, we obtain

::;the s1mp1e result that IK |-nm/c and_ IK"I-kw/c which

“fglves us a ready 1nterpretatlon of the optlcal constants.

:Thlstcan be seen by rewriting equat;on [1.13] as:’

= EQ [exp—(% kf)] [expi<%’nr-wt>];. -‘ .. [1.16]

‘The first.exponential term describes the attenuation

el

of wave amplitude with path 1engtﬁ through the material.

Thé absorption coefficient, a,,Which deScribés thé’fractidn—
val.décrease iniinfedsity with distance,uiS’defined by:
I==Ioexp(4ar), i.e.

dlI .where I'= transmitted intensity.

dr . I incident intensity. [1.17]

"Since the intenSity is proportiohal to the square of"the

wave/émbl;tude,g_equations"[1.16]'and [1.17].give:4

i\
\

a =~225'# 27K - gk . s [1.18]
c A , : ' .
- where
‘A = vacuum wavelength B

‘vacuum wavenumber.

<
I



The second exponent1a1 term descrlbes a wave travel—

~

llng wIth ve1001ty, v-—c/n whlch conflrms our earlier

1dent1flcatlon of nas the refractlve 1ndex

' yEquatlons’[l.14],and [1 15] can be used to express £

’andmtoﬂ'as;iunctionS'of n and k.

e = n° = k% SRR B [1.19]
4ZOH= 2nk o S - [1.20]
where p has beea’set equal to unity. If we now define a

- ~o
. . . >
complex dielectrie function € as . .

e = ¢g'+ig" = 32 [1.21]
L @ | .
_where. ¢' is the old ¢ 6f equation [1.19], then
et =% S (1221 T
¢" = 2nk =-.410 . S S 23]

The real part of the complex dlelectrlc function,

4

measured at.radlg—frequenc1es, is what we commonly refer to
as the dielectric constant, and is the ratio of the’ capac;—

tance in the dielecfric medium to thaf‘in vacuum,lo i.e.

c.. | .
e' = 62131; ST . [1.24]
-vac.

The imaginary part of the cd&plex dielectric function

is commonly called the dielectric 10Ss.10 Since the elec-

trical conductivity is a maximum value at the transverse

b
\

eptic frequency,11 equation {1.23]-shdws that mTO‘eorres—'



ponds to a max1mum value of e"w. S v-l-', ﬂ”,“** Ve

Sa

When the conduct1v1ty is zero the crystal 1s trans—'famﬂf"

;parentz(ksab), and the opt1ca1 properties'are giVen by

s

o ‘(__.';,)? =024

»Equatlons [1% 22] and NG 23] also .show,. that e and e R

- are. 1nterdependent quantltles Welshall see‘later-1n1§ec—f-4- -
' tlon 1. 2b that ¢' and e" as well as n and k, are related

““wmwunhiln a qulte fundamental way by means of the'Kramers Kronlg

-
A Svrl o
. YDy - Y Ry . .

- o . . - G

B . - e

2 -— . . . ) .
relatlons.u-;h ce el ' N S T

*-v.‘,,,,_

"1 lb Reflectlon and Transm1s31on49£ Plane Waves

' The relatlonshlps between 4he experlmentally measured

\\

reflectance and transmlttance and the optlcal constants of )
'ia mater1al ‘can be derlved from an ana1y81s of the character:_ij'
fand d1rection of the waves reflected and transmitted at a
';pIane boundary“}h{f

Cons1der a- plane‘wave of. amplltude E tfébéiiihg‘intafljf”“*
transparent medlum of refractlve 1ndex oy 1nc1dent at an
'”angle ¢ on the 1nterface of an absorblng medlum whose com-

plex refractlve 1ndex 1s'n2. Take the permeabllltles “1

and My as un1ty Let the boundary of the two media be at

a,u,.‘,( x:,-q,_ v e < L R T T o
, .

fﬂz-QO; and w1th the 1nc1dent wave in the Xz plane“ Flgu? 1:;1; ;
vr?ﬁfl 1. deflnes thls coordlnate system.; Let E and Et dengtegg;;d-_i
the amplltudes of the reflected and transmltted waves‘.reéfAj“
spectlvely The in01dent electric vector_Eivcan'be re?;.hh -
?solved 1nto components perpendlcular and parallel to the
»plane‘of inc1dence, xz. These two cases are considered

separately.
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Figure 1.1. Coordinate system for analyzing reflection énd
refractlon at a. plane boundary between a transparent and
an absorblng médium. :

The wave vectors and assoC1ated electrlc and magnemlc fleld
components are shown .for the case of. s polarlzed waves
(TE polarlzatlon)/~\

b

N
).

./



If the electrlc vector is polarlzed perpendlcular to

“the plane of 1n01dence it 1s called sS= polarlzed or trans—r‘

verse electrlc (TE) poliE}zatlon If the electr1c vector
is: polarized parallel to the plane of 1n01dence 1t is .

called p- polarlzed and because the assoc1ated magnetlc

"fleld vector is perpendlcular to the plane of incidence, it

,.12 |

is also called transverse magnetlc (T™M) polarlzatlon " The - -

magnltude of the corresponding s- and p- polarlzed reflected’

and transLitted waves are‘determined by the boundary condi- E

tions. These require that the tangential components of.the

electric and magnetic fields be continuous as the boundary

12

is crossed.

The. solutions to thése electromagnetic boundary-condi- -

.

tions are called Fresnel's relations. . For tﬁe situationfcg.hb

rcOefficients,ffé and.rp,,and_for the complex amplitude

1

.described, the:formulae;for the complex amplitude reflection-

iltransmiSSion coefficlents,‘ts and tp,»are given by:13
R fE_\ . . n.cos -n,cos y LA P
e R =’(;£>_j R | ¢ 2 __Y,;131n(y—¢) L ules]
P .,mj‘ g ,E‘_ 7 _ A ~ ~ . ‘ Lt ] . ‘
SOUNESTE | mpeos ¢ tngeosy | sInCya) ool r e
. ; =<&) - nl'cés"Y -_;pz.co.s.ct_.: tan(5-) ‘. [1 2,6].
- 2 XE i’ nocos Ynyeos ¢ o tan(yeed
' i/ TE n,cos ¢ +n,cos y '
. [E 2n, cos'¢ . '
" =(E_t) = - .28l
p i/ ™ n cos‘Y+n2cos-¢, : o S



‘where ? Ys;the COmplex ahgle of refractioh.l‘§ is complex
‘ :as\e;gonsequence of the complex refractlve index n2, indi-
' catlng ‘the change in phase in the reflected and transmitted
wgves.
The power reflectance,.which.is the ratio of the re-
' f1e¢tedvto the.incident'power, or intensitY}}is glyen,by;"

w7

sin“(¥+¢) e e A :
R = DoprodanlGrey e Ut gy
pf R pP. . tan21§¥¢)‘ . : : .
. ..v.u T e e T s Lo ;
where the superscrlpt * denotes the complex congugate
For a nonabsorblng dlelectrlc y 1s real - From equa—;'» .
tion [1.30]; 1t can be seen that fo;hthe Spe01a1 case  when
Y+¢"ﬂ/2 Rp.goes~tozeroJ The angle of 1n01dence is then N
cdlled the Brewster angle ¢Bf and Snell s lawi%'glves .
“tan ¢B =n2/n - R§ is dlfferentvfroh zero at the Brewster
vangle hence the reflécted l1ght is totally s- polarlzed
For an'absorblng alelectrl; the angle of 1n01dehce corres—tw

pondlng to the minimum in the Rp curve is called”the‘pseudo—

In the case of normal ihcidence, both ¢ and ? are zero,

"and,thé}eXprEssions for ?S and-rb'both_reduce to:

=
1]

'
Il

)
1]

[_1.31]

13"

L

-
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‘fies to:

and R

Sy

Tf the first medium is air, this equation further simpli-- -
. X . v N '» . . L . / S . ..

-0y 1 (ntik) e

r = I+(n+ik)

1+n,

-where the subscrlpt is no longer required " This gives- the.

power reflectance at normal 1nc1dence as:

(d};)z.rk:”

LI

, Fresnel's equations Tforr‘ R Aand Rp may be wrltten in a

/\' A

51mp1er form by recognlzlng that” Snell s law pz s1n Y= .;. e

ny Sin cp, glves that --rr2 cos y = (n2—n12 sin ¢):} and’by de—-,~

@y Fein®H <A oo 0 0 g

3

- . . . “~ . W " P
oo N . - 4L~ -
- . . by . C . . o
. . . JSa—

~ _ .cos cb'—("a+.‘ib)'

s Teos¢F(arim) T (1.35)

T (aceos 6% b2

(atcos ¢ )2 +b_2

The sq;uarég»Of equation [1.34], with n; =1 and 32 =n, gives: -

(n%2sin?9).= a2 + 21ap - b2

= (n®-k*+2ink-sin%¢) = a2 ioiap=p2 T -[1.37]

[1.32]

'If the first medium .is air, equation [1.25]'then‘reduees to:. . .-



o)

' 1.lc  Optical Anisotropy

The real and imaginary parts of [1.37] afe:*‘

4%-p2 = n?-k% 5102 - [1.38]

ab = nk. o -~ [1.39]
'A.SimilarAanalysis for Rp shows that:

- . 2.2 - .
Rp=Rs [(a—s:.n ¢ tan ¢)f+b2:] ‘ [1.40]
(a+s1n(btan $) +b )

Thns the optlcal constants n and k can be- 51mply
derived from a measure of R or Rp at two or more angles of

1n01dence¢ The dependence of reflectance of plane—polarized

‘fiightfuponﬂangleiof inéidenéelis"shownAin‘Flgure l.2.6iIt‘

-

should be. noted that for near normal 1nc1dence “i.e. ¢ <15°,

to a very good apprOX1mat10n ’Réj=R =R

b ) S \

The dlscuss1on 1n Sectlon 1.1b was conflned to 1sotro—

. plC materlals such as glass or cublc crystals However,

‘ rystals are optlcally anlsotroplc thelr optical pro-

depending on the direction of propagation and the

polarization of the light. ' This pheﬁomenon is ‘also referred
, v - X

'to as birefringence or donble\-r.efraction.15 In a bire-

fringent crystal plane waves travelling along a given dir-

\

ectlon may vibrate in two mutually perpendlcular dlrectlons
R A S
3""Whlch are assoc1ated w1th dlfferent Wave ve1001t1es and

-

therefore -d¥fferent refractlve 1ndlces The varlatlon in

15

A .- the crystal's refractiVevindex.with—the vibration dirept;on;'

- oo S - ~ . " - “ = -
LT ey o - . R S e . w g . B Y .



“Reflectance (°To)

100

80

60

40

20

Figure 1 2
light upon angle of incidence.

i
*x 3
—_— )

3 ) | A

-Angle of. incidence &

20 40 60

(Qeg)

80

Dependence of reflectance of plane polarlzed

The subscripts s and p refer to the components polar--

ized perpendicular and ‘parallel,
of incidence.

light.

respectively,
The reflectance R corresponds to unpolarized

to the plane

e 16



i7ﬁ
.yof the»light is'picterially represented by‘an'optical indi—-‘ql
'ecatrlx Wthh 1s an elllps01d surface whose pr1n01pa1 axes i
IWare equal to the three pr1n01pa1 refractlve 1ndlces Th1s U
representatlon surface 1s 111ustrated in Flgure 1 3 |

For»llght propagatxng»along the ON direction the

~crysta1 s optlcal propertles are determlned by an. ellap« mvﬁ”;“?“fh
_tlcal sectlon of the 1nd1catr1x normal to th1s~d1rect10n |

-t : : Vl’ PR
~ The semi-axes of the elllptlcal sectlon or-and OM- deiége

. the" two mutually perpendlcular V1brat10n directions. permlt—-if§\< L
tpd“TUr th1s wave _and theilengths ofhthe‘semi—axes are pro- o
_portlonal to. the approprlate refractlve index. For a transe
parent crystal the relatlonship between the magnitude of
‘the wave Vector sustalned by the crystal and the refractlve
a;nde> is glven by equation [1.15}, i.e, K-—nw/c.‘ For an
'anisotropic absorbing'crystal this simple‘relationship is
'only valld when the v1brat10n~d1rect10n of the wave 1s par—‘
allel to a pr1n01pa1 axis of the optical. 1ndlcatr1x which

is flxed by symmetry 16

Th1s dependence éf the crystal s opt1ca1 propertles on
: th\e-crys_tal symmetry 1sIQue tovthe fact that_llghtals sym—‘

: metr%caliabdut its~directidn of bropagatibn; .Thus, the
csymmetry cfvthe.dpticai indicatrix is necessarily determined
by the max1mum symmetry that can be dlsplayed by the unlt—
A-bcell-shape, i. tpe Bravals lattlce 17h The‘optlcal prcf',
perties cf crystals belonglng to the.tetragonal; trigonalr

*'dr,hegagqnal classes are described by an ellipsoid of re-

..voluticn, in which two of the axes of the indicatrix are

7
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Waves travelllng along the d1rect10n ON Vlbrate along OL or
oM,

the magnitudes of which glve the two correspondlng re- )
fractive indices. .

A ‘?‘?
L Z(y)
Ny 2 ,
-‘Optic axis
traces
of circular
sections
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Ogtic.axis

i

Sectlon through the y- avv1brat10n plane

axial plane of a b1ax1a1 indicatrix.

..Crystal is of p051tlve optic sign.

© e
optic
.
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propagatlng along thls dlrectlon thé"phasé velocities of:fﬂ

. oA

.o

oo

G

&

Cg e e o R oo ' . Tt el et e D LI

'feqpal?in magnitude Thege crystals are referred to AS . unl—

S
-

axial and the three axes of the 1ndlcatr1x ‘are determlned

by the three crystallographlc axes for.all frequenc1es.
:In pantlcular, the c crystallographlc axis is normal to
the circular cross—section of the indicatrix. For "light

-

ML EPTIE kL =
g - ¢r W L, o B e . -

7 ]
~This d1rect1on of. propagat;on,qfor which. the phenomenon of

T

double refractlon does’ not occur “is called ‘the Opth axis.

Rays Vlbratlng 1n the plane‘perpendlcular to the optlc axls

o S . , ”
. o M e TN e 2o S e T o LN "R A

rare’ Deferred to as ordlnary rayss since‘theyucbey the crf

&1nary“1awsJof refractlon whereas,,rays v1brat1ng 1n the

Ea— o i

PR 6 -

.planelparallel to the Optlc ax1s are referred to as extra—“

4 e - - -

~ordinary, s1nce they do not’ obey these laws.
- A\
RO The optlcal propertles of crystals belonglng to the

~ <

]

orthorhomblc monocllnlc and tr1c11n1c classes are de-

' P

%

réfractlve 1nd19es are des1gnated na, ng and an
. 'Ee °
ﬁY >n8§>na and a, B, and kaeflne~the pr1nc1pal vibration

directions.18

where
vl

' quires a correlatlon of a, B and Y to the crystallographlc

L

A complete descrlptlon of the 1nd1catr1x re-

- directions. Because thgse Crysﬁals possess two,optlc,axes,

they are termed biaxial. The two optic axes are perpendic-

ular'to the.: two circhlar cross—sections of the‘elllpsoid

.

i ‘ ‘.
and lie 1n the ay sectlon.of the 1nd1catr1x which is often

, )
Called.the‘optlc axial plane. ThlS elllptlcal sectlon 1s

L the two orthogcnally polarlzed waves have the same’ value. -

,»

pal refractlve Fnddtes are d&&ferentbi By &onyentiby,-the»~“

e

Lﬂx:scribéd’by a-triaxial ellip801d in whlch,all three princi-



e

Pl

_shown 1n Flgure 1 4 The angles between the optlc -axes

e . .

are: blsected by the 1nd1catr1x axes OX(a) and OZ(Y)

uuuuu .
- v e 7

’ t1c ax1al angle and denoted 2Y)Uls termed tbe‘acute blsec-

- e .
-

trix and the other 1S'the obtuse blsectrlx If Y'lS the'

'jacute blsectrlx the crystal is sa1d to be’ optlcally posi-

rtrve; 1f o is the acute blsectrlx, the crystal is Optlcally'

"oj-negat1Ve T --1A. .7

L]

For an orthorhomblc crystal,bthe indieatrix, is- orlen—ag

tedlso that the principal vibrationEdlrectIons are'parallel

N to the three crystallographlc axes, ‘for all frequencies.

=3

However there is-no criterion ass001at1ng a particular

v1brat10n dlrectlon to a partlcular crystal ax1s

L S 3

-For monoclgnlc crystals, one axis of the 1ndlcatr1x
but any one, is aligned parallel to the‘b—crystallographic
-akis; for all frequen01es ' The other two indicatrix axes

lie sin the ac plane but anywhere in that plane their

P

p031t10ns dependlng upon the frequency

oy a
Al

For tr1c11n1c crystals there is no relationship be-

4

‘tween the indicatrix;and crystallographic axes.

gThese general characteristics of the optical indica-

’

. _ . : o 19 .~ _- . .
trix. for ‘the various crystal classes are summarized in

Table 1.1. e S -

0y

"In the case of absorblng crystals the preceding dis-

cussion is compllcated by the requ1red add1t1on of another

i Te

ellrp301d surface deflnlng the extlnctlon coeff1c1ent in

dierrentyvibration dlrect;ons. Also the pr1nc1pa1 axes of

~

; . = . \\
~ o -
‘s, . . . TN
.
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cipal aXeS»of the n'eliipsoid'.unless the.symmetry’of.the

crystal requlres it (see Table 1.1). chever the relation—
sh1p between’ opt1ca1 and morphologlcal symmetry is the samef
as for transparent crystals

1.1d Dispersion of_the Optical Constants

. N

In Section 1.10, it was shown that the. dependence of

the optical constants on the vibration direction of the

‘wave in the crystal was related to the crystal's macroscopic

symmetry! In order to probe the microscopic nature of the

crystal 1t is necessary to study the frequency dependenc

T P - B

PR T

\ing, the opt1ca1 constants are also dependent upon the mag-.

™~

nitude of_the wave'vector of the'electromagnetlc wave, an

effect known as spatial dispersion.zo’zlf Howeverr the

usual practlce is- to neglect spat1a1 dlsper51on effects
Mhen dlscu381né‘anfraEEd*opthcaf b%éﬁg?%{ésf.brhlé 31mp}r-rf
flcatlon‘ls justified on the following.grounds. The com—-

plete,-independent set of allowed Wave vectors of crystal

22

‘the k ellipsoid do not‘necessarily coincide with the prin- "

o

12 ~’ o ’

or dIspers1on -of the optlcal constants.f Strlctly speak—..“n,g

P

vibrations.is given hy”the.firstiBrflicgin‘icnei‘which'fsﬂfh“

the primitive unit cell in wave vector space.22' On the

-1

scale of this first Brillouin zone (:107cm ), the wave

vectors for infrared radiation are very small (=103ch_1),
Con'servation of moméntum” requlres that for. a fundamental

tran31t10n the wave vector of radlatlon in the crystal K

be equal to- the wave uector of vibration h that 1s,,§={£.‘

e,

-
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It'can be seen that this'selection"rule'is'ohly“SétIsfiedi[nfi

when k'*O whlch means that all of the unlt cells in-thes.:

"‘»:v Ve e - e

crystal v1brate 1n phase Thus the k O éppf0X1matlon fj;..

-..‘.' “ e . A .. A

greatly Slmpllfles the descrlption of the crystal"s 1nfraéftﬁxﬁ‘7

E

“,131nce one pr1m1t1Ve unlt cel} glves all

S R .
R S o TR G e v e .r,,,f,.».»‘a

the requmred~anformatlon .;fwnggﬁgqg,kﬁjgzn el R
D L PRI T

In the 11m1t of k-+0 a

:AQ‘

1scu581on of the d1sper31on

Py
7 SRR e B e e R
sl . S e e R - S

of the complex dlelectrlcncohstant can he‘ estrrcted to its.

'.frequency“dependence.' Many dlfferent mechanlsms-contrlbute

to this frequenCy'dependence' in broad.terms,:th@setgreywﬁg'fq;l;
‘ reorlentatlonal polarlzatlon d1stort10n polarlzatlon .@f?‘”t”

electronlc polarlzatlon 23f_,In the 1nfrared reglon the

mechanism of 1mportance 1s dlstortlon polarlzatlon whlch
) arlses from 1nduced v1brat10ns in’ the crystal

. The general frequency behav1or of the optlcal constants

)

is most readlly explalned by ‘a class1ca} model whlch cons1—,m

= L & e @ -

” ‘ders-a-gplid-as- an assembly af’ damped ﬁhrmodic osczllators - .

-, o

R
el Y

Set'into motion by a driving electric field. This model
was originally formulated by Lorentz to explain the contri—i

butlon of electronlc polarlzatlon ‘to the dlelectrlc con—_,‘

R

VStant 24 An adaptatlon of . thls treatment 1s glven here to

]
i . . s

explain the contrlbutlon of dlstortlon polarlzataon~to the”‘;

o . .
TS L oy L e,

ﬂd1e1ecfr1c COnstant» e e -

R

T
D e

For'thls model the damped harmonlc osc111atordescr1bes i“
a un1t cell mode 1n the h O approx1mat10n ' Thls unit cell

com.

mode is a symmetrlzed 11near comblnatlon of“the molecular
-normal'coordlnates, and may descrlbe elther an 1ntermolecu—

L

s e 3 Lo e
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’3f353= hange in. dlpole moment of the*unlt :cell’ durlng
S P ithe Uit cell V1brat10n e B UL LT N
Q~l ué %‘the resonance frequency : Y T :
‘”yb»ﬁhdamp;ng constant:¢»~"V“ff'f""?;“~3f-~fw fg.“.[”.wf,j .

The allowed orlentations of - the dlpole moment deriva%ives;L,ﬂ'

of the opt1cal 1nd1catr1x Awhen the latter are determined
by symmetry (see Table 1. 1) To 51mp11fy the follow1ng

dlSCUSSlOD Sit. LS assumed that the electrlc field is’ para—

-~ o

Ead - 2o T -

tation may be dlscarded The wave vector “of” radlatlon is-
then perpendicular to du/dQ, and W, 1s.ca11ed the trans-=
verse optlc mode frequency wTO

For a tlme varylng fleld of the form E E exp(eimt);

¢'the“steady—state,solutlon er[l'gll is:

A _ . afad 1 |
Q- (dQ) pte— L (142
. (~.m 'Tu)o *1Q.Y,0) - |

v1n the crystal are glven by the pr1nc1pa1 axis directions .- -

o Llel”to°dufdQ and therefore_the dot product and vector no— o
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The polarlzatlon of the materlal a85001ated w1th thls unltt
8 ‘i?"'»v . ‘.,,,, _»\_“_A A . N | t
cell mode is: 7 T s w.';.h E
RE o W B
Ao m c CoE ; . :
- o o . e » :
: e v RSO .

where N represents the number of unlt cells per unlt vol— B

<.\.~< N . . . .

",dm " Thé tdtal"’ polarlzatlon is glven by

T ~

Q .4.TT_”T'A::'~

T e R S -
[
‘o o N .

#'where the hlgh frequency dlelectrlc constant e;;'encompas—ffiLA'

I N R A e e e
R B ««

.S€es the effect of all othei mechanlsms contrlbutlng “to- the

£

polarlzatlon at’ frequency W JA‘Complex‘polarlzatlon'medns .ri-‘i

that the 1nduced_polar12at;on differs_in phase from the

applied electric field at all frequenéies. T
From equation_[i.B],'the ccrresponding displacement .
vector is: f =
) f
- - du\2 4q '
D=E+ 47P = [—N (E%) - + ew] E = ¢E
i - (w + iwy. )
- - . . : [1.44]
This gives the complex dielectric function e as:
o 2y A"" g o 2 ‘
(w) =+ ann (32 L . [1.45]
Jeo S\aQ) - L 2 2.0 05 L ,
- (v =" =iwyg) N o
. At zero frequency, equation [1.45] becomes:
. : ) 2 ’
- : 41N dr \. v
= = . — 1 . R : ) .46
€ e(0) =€+ — (dQ) | e ]
' o ' :

..the static dielectric constant of the material.



E R

. 26 .
.With this result, ‘equation [1.45] can be rewritten as:
-2 .

e (egme) wg L
S E(w) = €.t . , ’ [1.47]
: 3 > 2 2 buv. ) C o TR

' '.,.:-Tw.o .._Aw:"— ‘w YO ‘

fe

Lo - : "oy R 2 . .
“aén _"_04;N- ap\ S . . e
The dlff e Eo.—e ~:1) : (‘aa) ‘v o -v “ ’ coe e ‘ oo ‘!A e o .‘['1 : 48'] St e

. et -

’ w

glves a dlrecthmeasure of the strength of the absorptlon

3

L If the prrmltlve unlt cell contalns more than one'

1nfrared actlve un1t cell mode equatlon [1 45}~can be gen-

) erallzed by‘81mp1y\summ1ng over all such frequen01es

el

‘- R ,“\ [ ‘:~ IR :.,.1_-.‘ Vil . 2 = oot e e A";, -
Ve = et NTR 1L oe r1.49) -t

C e e e ) BQ g 2 e Lo

LY TTC (\)Jv-\)“_,.__.l._\)ya,)_‘..,,hl..-.., = .

-

e, N B R

'eeWHefeivj'i'Tesonanéé'freggency,in”wgyepumpexfunitso,.,h,ao e

By -equating the real and imaginary parts:of'equation [1.4QT

with £(v) = €' (V) + ie"(v) ='32(v), the follOwihg results -

are-obtained.:

E'(v)==n2(v)—k2(v)=, +z _ﬁ_-<3£ >} \ A |
‘ ‘ 2 2 2
. i me 9Q [ (

A A P
" = . - N oM S .
e"(v) =2n(v)K(v) =1 <—— > -
: 2. 305/ [(v2 V2 .2\)..2]'

{1.51]

A time dependent quantum mechanical analysis'of absorption
"and dispersion gives equations formally similar to [1.50]

~and [1.51], although the oseillator pafameters have different

defihitions.z4
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_These equations‘fndfcate'that‘in”the neighborhood -of

v.=yj;‘ther.e' is an ,'abs‘o'rp’t‘i'on" "mas'c,i'mum and, that t‘d low fre-

quency of vj,fé ‘1ncreases w1th 1ncreas1ng frequency "Tnfs
'isicailed'normal dlsper51on.f However' atj‘or near the re-
'sonance frequency, the dlsper81on becomes ”anomalous” 1nthe-
‘fsense that e decreases w1th 1ncrea51ng frequency Beyond
thls reglon normal dlsper81on 1s resumed Flgure 1 5 11- _;b

‘e lustrates the frequency dependence of g’ and g P
: ' RIS
'The correspondlng frequency behav1or of the optlcal
wa}consfants % .and-k is deplcted 1n Flgure l 6, Comparlson-ofm_:
¥ Flgures I 5 and 1 6 showsﬁﬁhat n(v) and € (v)}exhlblt a s1m—'
-Mllar frequency dependence ,,Ln.the—case~of‘m0re than-pne |
absorptlon band, both €' and n decrease as we pass from'low
to high:frequéndy“tnrougn each.absorption, asymptotically
approaching unity at infinite frequenoyf"if‘should also be
noted that the k(v) curve 1is qulte asymmetrlc and that its
maximum does not 001n01de w1th that of the €' (v) curve,
However, the. opt1ca1 property con51dered of the most
fundamental significance in the study_of.so11d326 is ve'
. This can bé-dhdéf§£00duf£om’the characterfstics‘of“thisfuncf;
tion-undervthe damped harmonic oscillator.modelé

N

2

: W\ = T YLV S . .

" e N foy J. - :

- e (V) = b ( ) - . [152]
| §ome? 095/ ((v? —V2)2+Yf vl

The shape of the ve" curve is detérmined by the term:

Y4V o
25 2.2 2 2
- +v.

[(\)J v7) Yy oV ]

.



~

e

Ole , -V
Figure 1.6 Correspondiﬁg frequehcy behavior of n éﬁd_k.

Figures redrawn from Reference 24.

28
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For small values of Yj; this:eXpréss10n>can be written.as:
ﬂﬁvru‘f'f N ) . 4
3 Loy - J/ L

'[(vjz Wz),zgrijz v2] 4\,?/2(vj-v)2+vj2.v2 (v -v) +(Y /2)

'
l

symmetrlc

ThlS is.the equatlon of a - Lorent21an shaped band,y

“and full w1dth at half—

?

,fabout vJ. w1th peak helght of y
max1mum height (FWHM) equal to Y ‘This latter property 1s

,satlsfled even for values of YJ close to vJ The derlvatlve

o .o [r.s3]

of equatlon -T1.. 52] -shows that the resonance freguency,.:r,-,}'u

or transverse optlc frequency, Y roccurs at the‘max1mum'

TO’

value of ve” i.e.

. o, I o 3 |
(ve') = <—> - - - [1.54]
| max ncz an Yj ) , _
3

This%xesult is valid for any value of Yj and is the same re-

sult that Wwas obtained in ‘Section 1.1la from the identifica-

tion of ve" with the sample's conductivity, For small val®®

ues of Yj relative to vj, the peak position and half-width

of the e"(v) spectrum give reasonably good values of Vj and

,wvj ..The.percentage error in the'value of vj obtained from
the max1mum of the g" curve27’1s prOportlonal to (vy. /sz

Assoc1ated w1th each transverse optlc (TO) mode is a

vilongitudinal optic (LO) mode, for which.the wave vector is

parallel to 3u/3Q. » Recall from Section 1.la, that two sol- -

/”utions to the wave equation exiSt; since V.D=0, either when

\§Va§==0 or when €' =0. This latter.solution defines the con-

S~ .



dition for the LO mode. A more correct definition of the

1O mode is the frequency for which the sample's resiStivity'

. . & | \
is a maximum. " -Since res1st1v1ty is: the inverse of conduc—

tivity; thlS suggests that v is g1Ven by the.frequency»;

LO
- for. whlch (l/ve") is 'd maximum value. It'should be noted,
that the k-0 approx1mat1on requlres that the TO and LO

dees he'degeﬁeratef Slnce 1ﬁ general, does not coin-

O ' _ LO
'glde with Voo, k must be finite'

| ’In”the preCedihg'discussiod,;it has been assumed that
the effectlve electrlc fleld acthng on the molecules of the
cf&stal is equal to the” applled macroscoplc electrlc f1e1d
'However{ each molecule experlences an addltlonal f1e1d due
to the‘pelarization of all other‘molecules in the crystal,by
the applied field. vThus it is necessary to inelude,é:ldcal
- field correctlon factor F;a in quations [1‘50]. [1.511,

and [l 52] For the case of mole ules s1tuated on 51tes of

tetrahedral or hlgher symmetry, this correctlon factor is
29,30

glven simply by the Lorentz local |field:

oL _ C [1.55]
J’ |E| 3 S
;'The method of'determining the/ fiel

corrections for mole-
1 T

cules on crystal sites of lower syn etry is.described in“de;

tail-by Decius and HexterIBO, Because of the effect of the

local field, the damped harmonlc osc111ator resonance fre-
Quehc&, Vg RO lohger coincides with ‘the transverse optic

. 29,31 o o .
frequeney, V1o )

30



31.

. The expre551ons for the dlelectrlc functlons may be-

.81mp11f1ed by deflnlng an effectlve osc111ator strength 31

: ' 2 N {Qdu ) - : :
S. = F.  —s A\ ) ' v . 1.56
’ J J.ﬂcz (an. ‘ - ‘ [ ‘”]

L

Compa;ison‘with equation [1l54]_shows that:

:Sj = (ve )max Yj‘. ' | - K +[1.57]

Thus, it has been demonstrated that the dielectric
function, E(v) provides all of the desired information on
the tiansverse optic (TO) and longitudinal ‘optic (LO) fre-

, , , , . . L, e
quencies, damping constants, and’absolute~intensitiesnfor_;f

St

the various allowed absorption processes In summary, these

quantltles may be determined for. well separated unit cell

-

modes, under the class1ca1 damped harmonlc osc111ator approx-,A‘”

imation, as follows:
i) the number pf peaks in the e"(v) spectrum gives
the number ‘of 1nfrared actlve v1brat10ns
11)e VTO-IS W‘at maxlmum've
iii) v ‘is v at €' =0, or maximum (1l/ve").
v{:‘.}‘};‘,’ LO k] ) “ . N
. iv) y.is the FWHM of the ve" band. L

_y)_,Sj =‘(ve )max Yj;'

¥

\;1}2 Methods of Obtalnlng Optical Constants °

A varlety of methods is avallable for the measurement

Lot opt1ca1 constants 1 The ch01ce of method " is determlned

by the nature of the compound under 1nvest1gatlon and- the

|

3



particulat demands of the'experimenterge In the foilowiné“égt

Sy B

discuSsion” the varlous methods are chardcterized by thelr

m$¢;~A~H L
andswhether they are useful at dnly a few or a w1de range

i

32 -

. of, frequencres . Tgafa0111tate this d1scuss1on, the methods,

Lot L .

N :

are broadly classrfled"as‘g&ther dlrect (Sectlon°1 2a) or .
1nd1rect (Sectlcn 1. 2b3 procedures In order po obtaln the

L. u R
.

'optlcal constants of ﬁﬂéabsorblng medlum at,a1part1cular

‘frequency, two pleces of 1nformat19p are'requlréd The dir-
Ty 2 p,r
ect methods 1nvolve dlnect measurement of ‘two 1ndependent
) K R e
quantltles Wthh both depend upon the optlcal constants

»

while the indirect methpds anolveathe'measurement of one

‘D‘f " v e

[

quantity, usually the reflectanhe;ﬁoVer a wide range of fre-

quencies followed by e;ther,a.Kramers—Kronig integration to

find_thepcomplementar§.quantity, or a classical oscillator

fit to the data. =

1}

1.2a Dlrect Methods o . S o L.

If the sample is weakly absorblng and 1ts thlckness can

»

be accurately determlned the transmittance spectrum after

+

correction for reflectlon effects glves the absorptlonfco—
!

efflclent, a(v)r; In the usual case of stochastlc multlple r'

internal refLections‘within the sample, the relatlonshlp '
' between the measured transmittance, T*(v) and the truetrans;
mittance, T(v)L'Where T(v) =expl[-a(v)rl; r = sample thick-

32 A :
ness, is given by:. ) , ‘ ’

7, - . N




lT*(v)‘= T(vﬁ {1- R(v)} L o,
{1 R (\))T (v)}

-y - . |, _\ : -~

R usual primary reflectanc% from the entrance face

L4

.

It can be seen. that a measurement of tﬁe transmittance‘of_.v

two films of different thicknesses determines d(v). Alter-

C b
natively,cthe optical constants can be obtained from mea-

surements of the refiectance and transmittance of the same

e

film,33 or the transmittance and phase shift on transm1551on

for the same film. 34 This 1atter experiment has also been

A

performed for various film thicknesses in order to deter-

mine, and hence eliminate, the effect of anysurfacefilms 35

If the sample also possesses plane parallel surfaces, its

transmittance spectrum will exhib®t an interference’frfnge
pattern due'to phase—related multiple internal reflections
from the entrance‘and exitvfapes.36 The;makima'in the"chanl
neled spectrumYOCCUr when tne‘optical path_lenéth (i.e. thei
product of the sample's refractive 1ndex and’ thickness |
’h(u)r) corresponds to an integral number of half- wavelengths
in vacuum. . For this condition the reflected partial waves
differ 1n.phase by an 1ntegral number of cycles The mea-
sured reflectance or .transmittance is the,sum total»o;*their
‘respective partial wave components Thus‘ provided'the sam-
[ ple absorption 1sbnot too large, the real refractive 1ndex
'can be measured from the'fringe‘spacing. ,Once,n-is known,
the extinction coefficient, k, can be derived from the aver—
‘:aged transmittance spectrum.36_ This Channeled spectrum pro-

cedure for ohtaining optical constants is primarily used 1in

33
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N . .

the far- infrared;regioi_ihiﬁeﬂthe-restriotions~on the sam-

ple S thlckness and parallellsm are least(severe

' In the v151b1e reglon the refractlve 1ndex of trans—
Jparent materlals is most commonly determlned by a refracto-
meter ‘which measuresr:he‘angle of total reflectlon at the
boundary of the sample with a medium of known refractlve
index, nlr Assumlng n2 is real Snell s law glves 8 = arcsin
(n2/nl), 'Another ‘method which is frequently used for non-
absorhing'SOIidS’is to prepare the sample in‘the form of a
prism‘and measure‘the angle ofiminimumfdeviation, 8. lf
the’nrism has a refractingfangle of A, the refractive lhdex
is glven by37 n==sin(A+d)/sin A. This technlque has also
ibeen successfully used to obtaln the 1nfrared refractlve -
klndloes of %ermanlum silicon\\and selenlum glass.38h

Although the 51mp1101ty of transm1ss1on measurements

makes them a de81rable exper1mental procedure for obtalnlng

-
[

optlcal constants, there are many occa51ons~when they are

“hot feasible,or-provide‘erroneous results, particularly when

the_sample,absorption is so strong. that it is accompanied by’

strong reflection. . It then becomes necessary to separate
k]

‘.frequency dependent reflection losses from: pure absorpt1on

-
¢

2
losses Thus~'Dec1us and Hexter 6 note that thick samples

may eXhlblt a cbmpllcated transm1ss1on speotrum from which

it is dlfflcult to identify the transverse optic frequenoies.

yFor such;samples;za'the region of low transmission spreads/a
\ .
out unsymmetrlcally from Vro Problems are. also encountered

with very thin samples. There are experlmental dlfflcultles

a

34
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ass0ciated'With sample'preparatlon and accuratehfilm—thick—
ness ‘measurements and there often remains some uncertalnty
‘about whether the thin film is optlcallysgandstructurally
characterlstlc of the‘bulk sample In addition, some trans—
mission’ studles are further compllcated by a dependence of
-the spectra upon the sampllng technlque 41
These problems w1th transm1ss1on measurements are most
frequently met in the SOlld state with. varlous glasses
oxides, s1llcates and semlconductors.422 Ionlo-crystalsl
such as the alkall halldes also present dlfflCUltleS they
eXhlblt strong, broad .absorption in the 1nfrared reglon due
: .
to the large dipole'moment change associated with- -the oscil—
" lation of thevatoms or'ions,2?~and_ln the tar;ultraviolet
-region-their'absorption coefflcients43'are of the order'of
10° - 10° cmfli This makeS‘itwnecessary to use extremely

thin ( 1 pm) samples 1n order to obtain reliable transmis-

sion data. For these sltuatlons where 1ntense sample ab—

35

40

SOrption,oomplicates transmission measurements, reflectlon:

methods are-more commonly employed.

| The sample reflectance is usually measured relative to
la reflectlon standard of known, constant, and high reflect-
' 1v1ty throughout the spectral reglon of 1nterest Various
pairs of reflection measurements will unlquely deflne the
‘sample's optical constants at a glven frequency. “The form-
ulae; {1. 36]—[1 40] show that the reflected intensities at

oblique 1nc1dence; RS and Rp, are functions of.n, k and ¢

As the angle of incidence, ¢ is known‘from the experiment,

.l’



n and k-may'bevdeterminedifrom'any of;the’followingﬂmeasure;;

'mentS' b'and R at one- angle of 1n01dence the ratlo'
-

’R5/R at two angles of 1nc1dence (thus av01d1ng the measure—"

ment of absolute 1ntens1t1es) or the reflectance at two .
angles for 1n01dent light hav1ng a known state of polariz—
ation. _.From Figure 1. 2 Tit can be seen that the relative
‘sen81t1V1ty of these methods for ‘a particular angle of -inci-
dence’ is R /R >Rp >R3>R».' R /R measurements have a
further advantage in that the sample assumes the role of a

. limiting aperture in the optical system,'thereby enabling
very small samples to be studied 44 ’In these*experiments,
it 1s most desirable to make the measurements at angles
near the pr1n01pal angle of 1n01dence for Wthh r ‘and rS
‘are 90°‘out—of—phase. Unfortunately, this angle practically
coincides'with thedangle of incidence at which minimum R
reflection occurs and therefore the increase 1n accuracy due
to the optimum sens1t1v1ty is partially cancelled by the
errors 1n measurlng very small reflectance values 45
ing at large angles of 1nc1dence has further disadvantages.
Theteffect of apparatus_ polarization, that.is, the discrim—
ination-of the 1nstrument for a particular component of pol-

arization is more pronounced at large angles of 1n01dence

" and the demands on the sample become more stringent larger

36-

Work— .

. . 46 : .
sample surfaces are required and nonflatness and’ contamin—

ation ofithe surface have a greater influence on the measured

reflectance.
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For typical-me&als the pSeudchrewster angle is uear;
90°'1n the 1nfrared region. %7 The optlcal constants of

these samples canﬁot be usefully measured by the aforemen—

tioned direct'reflectlonvgrocedures. More accurate results

are obtained by-the”methcd Qf_ellipsometry. ThlS technlque

1s based on the fact that, for plane—pclarized'incident
rad1atlon “the s- and p- polarlzed refleq\ance‘components,
;é.anq ;;,-are generally phase shlfted and, therefcre, the“
reflected light is elliptiCally polarized. Equations [1:25].
and [1.26] give fhat; | . -

~
1Y

) - T
T < "p| e
. 721: EQEL%;Q) _T—T eXpl(e -0 ) = tang p expisa = [1.58]
r cos(y-9) ''s - :
'S e _
where tan p = Irpt/lrsl
and & = € -8 (
| p s N

Thus, n and k can be obﬁained'from measurement of.o and. A.
A serious dlsadvantage of elllpsometry is t%e requlrement of

two polarizers (one in' the incident:beam and one in the re-

* flected beam) which signif%gantly reduces the energy through-

48 o - L
put. The method is also very slow since it requires sev-

eral manual adJustments at each frequency. This greatly in-

creases- vhe rlsk of surface contamlnatlon In the visible

-achieved by the application of modulation techniques.

region, an improvement in the measurement time has ‘been

9,50

b

The determination of the optical constantS’from these
‘direct experlmental methods is not a stralghtforward problem

ThlS is because the Fresnel s reflectlon r’atlons cannot be



N 38
written in a form Wthh e»p11c1t1y deflnes n- and k 1n terms
‘of the dlrectly measured quantltles “This computatronal i

:problem has been tackled in a“ number of d1fferent ways ]
However these all employ some type of graphlcal procedure ;
for the s1mu1taneous solutlon of Fresnel S equat1ons Thev

- method of Slmon42 1llustrates the bas1c strategy A number'
of curves of the reflectance (R R _or R ) are plotted as a
function of n, for constant values of k and for a partloular
angle of incidence. Suppose the measured value of R for //
angleddl and freguency:vl'ls equal to Rl' Thls value of 'R

' corresponds to many pairs.of n and k,'which, when plotted

in the n-k plane,, _define’an 1so\ef1ectance curve for
(vl,R1,¢l). Slmllarly, a reflectance measurement Rz, at

' another angle of incldence ¢2, prov1des a second 1soref1ec—
tance'curve,(vl,R2,¢ ), and the intersection with the first
'curve gives the solution for n and k. .The sensitivity of
thls method is determined by the angle of 1ntersect10n of
the two isOreflectance_curves, i.e. the steeper the angle of
intersection, 'the greater is the accuracy;of the deriVed.
optlcal constants. %5 The angle of incidence at which the

maximum intersection angle occurs is the pr1n01pal angle of

'1nc1dence. It is for th1s reason, that 1t is, des1rab1e to

reflectance—versus—angle—of—;nc1dence'measure—

e principal angle. Simo’n"42 did not seem to

*perform,fh

' apprec1ate this fact 81nce he prepared families of curves for
R Rp and R at ¢€=20° and 70°. Various 1mprovements of

this graphical reduction procedure have since appeared#R the

[

oy
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.llterature. Avery 1 plotted a set of curves 6f Rb/Rs as a

function of n with k/n as a parameter, for several specific

angles of incidence. Lindduist and Ewald44 also measﬁred

Rp/RS,‘bufﬁb§'é simplé gedbmetric construction evaluated ¢’

and €'". -They defined the quantities:
R e ‘ 2 :
+ -
p2 = ﬁB S = Sl_EEl and m=sin ¢ tan ¢
S : (1-p7) '
. where ¢ = angle of incidence
’ and ¢= e'*—ie":=A-+BelT-+Ce12t’

The coefficients ‘A, -B, and C are functions of p,”S, and m.

For a given 02 and ¢, the last equation determines an epi-

cyc¢loid in the €' and ie'” plane, as the parameter T is var-

ied from O to 27.

value of.pz

%

intersecfion of the two

measured at

Field and Murphy52
angles.of incidence and

obtain n and k.

A second epicycloid is drawn for a second

another angle of 'incidence, and the
curves gives the values of €' and g".
measured the reflectance at three

used isoreflectance ratio curves to

The graphical routine was circumvented by

Juekner53 who produced the points of the isoreflectanceJ

curves directly by digital computation.. The opfical con-

stants were then determined via a centroid search program.

However, if can bé readily appreciated that all of these pro-

"cedures are long .and tedious} particularly if the optical

constants are desired over an extended frequency range. A

detailed discussion of the comparative sensi

Sk

various reflectance-versus-angle-of-incidence methods for ob-

taining optical constants is, given by Hunter.45



A variatioe of the reflectioh methed;vealied attenua-
ted tetal refieétance (ATR), has been eXtehsively used fer
compounds with abserption ebefficients too small to giﬁe
good refieetieﬁ.spectraﬂand yetrﬁoo large to give good
Fransmission spectra. This technique was first introduced"
by Fahrenfortsé in 1961>and_differS'from the conventional
reflection method in thaf the reflecting surface is the .
interface between the samplée and a dielectric of higher re-
fraetive index,,instead of thet between'thersgmple.and‘air.
If the angle‘ofrincidence, ¢, and the"dieiectri@ material u'

are selected so that sin<b311 » then total reflection

diel’ _
occurs for those frequencies where the sample is noﬂébsorb—
ing. If, for tbe.sample k #0, part of the incident'radiaf

Q&lon”ls ahé?r@gd thereby reducing the reflected energy

'The ATR spectrum then resembles a transm1551on Spectrum the

attenuation of.thejyeflectance’1ncrea51ng with increasing

- i"' - 1?3.

anomalous dispersion.55 The optical constants are der1 @d

either by measuring'Rp and R at one angle of 1nc1dence or

rll'

Rp at two angles of inbidence, followedFSy a graph1cal analu
ysis sim%lar.teaSimon's, or by measuring RS,”Rb, or Rp/RS'aS'
a function of frequency, at one angie.of“incidenCe, followed
by.a!KramerSfKronig integration proceq?re.v Although ATR is

mest useful for‘iiquid samples, it hgs‘also been successfully

55,56

applied to suech solids as naphtbalene - and alkali-metal

40
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nitrétebcrystais.57v The main_disadvantages,of this method.

9 o< ~

: are7prob1ems with incomplete optical contact between the
'sample and the dielectrie materlal and the necess1ty for
accurate COntrol otlthe angLe of. 1n01dence o !

The development of Fourler transform 1ntrared spectro—
scopy has 1ntroduced a new method for measuring opt;cal con-
stants. In this tec_hni(;;ue,58 a reference interferogram is
_recorded without the sample in" the infrared beam. The‘samv
ple is then placed in one arm of the Michelson interfero-
meter and a sample.interferogram is'collected. Comparison
of the Fourier transforms of the reference and semple inter-
ferogramg shows how the sample attenuates and.phase—shifts
" each spectrai component of the radiation. These meesured
differencesndetermine thé sample's opticalvconstants. This

metﬂbd is re'tricted to samples whi&h can be prepared in

a plene‘parallelhfaced slab, énd whosevthickness
can be accurately measured. It uas been used, for example,
to obtain the far-infrared optical constants of quartz.sg‘
Fourier spectroscopy has elso been applied to the mea-
surement of obtical constants from channeled spectra., This
method involves subtracting the Fourier transform of the
sampleeinterferogram'from the Fourier transform of the ref-

erence interferogram and normalizing the- resultant dlffer—

ence spectrum. 60 The analys1s dlffers from the prev1ously

@
@

dlscussed channeled spectrum procgdure 1n/tnﬂ\_the refrac-
' W

3

‘ ‘tive index is obtained from the zero crossings, rather than

the maxima and minimd, in the fringe intensity pattern. The

41



! - //42
‘extinction coefficient is obtained in the-usual mannery/ In

.eddition fc:the.strict.reQuirements of a tnin,'weakly ab-
scrbing éampiefwith plane paréilel'surfaceS"it isfneCessary
that all windows and filters be wedged so that thelr 51gna—
tures are removed entlrely from the measured’ 1nterferograms.

Another direct procedure has been recéntly developed.
It involves measurlng the reflectance an1ma and minima at
a glven_frequency, as a function of/the thickness of a
wedged nonebsorbing thin film ;ayer deposited on the sample
of interest.61 Again, a coéﬁircated graphical analysis ds
required to obtain the cptical constants.: This method is
limited to materials with moderate to large values of‘n and
k, capable'df being both fcrmed into a substrate of the re-
quiredashape and coated with ,.a wedged nonabsorblng film.
'i£ has been used to determlne the far infrared optical con—>
‘stants of fused silica and sapphire.61

Although this survey of direct procedures for obtaining
qptical'constants of solids is not comprehensive, it serves
to illustrate the wide variety of methods availab}e. The
main disadvantage besetting all these methods is that they”

do ndtfreadiIYfgive the detailed shape of'opticalrstructUre
over a wide frequency range. Also, the metnod of obtaining

n and k from reflectance measurements at two angles of inci-
dence can only be applled to 1sotrop1c materials. 62__As was .
seen in Section 1.lc, the optical constants of anisotropic
'materials are dependent&gpon both the direction of propaga-

tion and polarization of the .incident wave. The procedure
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\
for analyzing these systems is discussed in Section 1.4-

L

1.2b Indirect Methods
\

There are two main categorles of indirect procedures

for obtalnlng optical constants The flrst involves the

measurement of one optical: property over the whole spectral
range from ()-*0o frequency The complementary optlcal_pro—

perty can then be determined because of the existénce of

integral_relationships between them; the so—called‘Kramers—
: < ¢)~ ' . - . )
Kronig (KK) or dispersion‘re}ations.63 These relations con-
' . L S i : S T
nect the real and imaginary parts of a conlgquuantity“

which describes a linear reldationship ‘between two ampli-
tudes: The only otner requirements are boundedness and
_causality,64 i.e. the response of the system to fhe driving

force cannot precede the appllcatlon of the dr1V1ng force.

Becéuse only/éhese very general conditions have to be ful-

— LS T —

Y filled, di ersran relatlons are valid in many fields of e
Y

— —

—~— —

ik&ffffEL}ﬁd engineering.r TheY“are~%epmedrKK~reiEngns be~

cluse of the work of H.A. Kramers and R. de L. Kronig65 who
d~veloped these equations for the dielectric constant and

the refractive index. s .

The appropriate relations for the complex dielectric

constant aré:63

e'(v) = 1+2P S [1.59]
g T © v'2 -y .
_ =2V e' (V)dv'



‘"where P means the Cauchy pr1nc1pa1 value of the 1ntegra1.

Aapproaches unity, as the frequency approaches 1nf1n1ty

QIn tq§ case of metals.,66 which have a nonvanlshlng statlc

conductivity, o,, it is.necessary to 1nclude the term,

20p/cv, on the right-hand side of eqnation'[1.60]. The der-

ivation of these KK relations is given in Appendix'K. It

"can be fggdlly seen that the function, é(v)= e{(v)+-i€"(v)

satisfies the necessary criteria of the KK reiatlons it,
expreSses‘a linear relationship between the electric field

E and the electric displacement D, i.e. Q==g(v)§;-the dis-

4p1acement or induced pclarization of the medium, cannot

occur before the appllcatlon of the electric field; and g(v)

y In thﬁlradio—frequency reglon, the ﬁuanglty ve" can be
measured'as the condﬁctivity_Gz and, therefore,‘e' cahybe‘”
obtained.from equation‘[1.59]. However, this particular KK
relation is rarely.uee —

Am—gnalogous KK ation exists between the real and

imaginary parts of the. complex refractive index,63 since

n(v)=Vg(v):

n(v) = 1+2p p Yk Jdv : B .g1l:
i 12 2 L
: o ) -V }
~2v _ S in(vdv' : S
(@] A\ -V :

~An absorptlon experlment after correction for reflection

o K

,losses measurégwthe quant1ty a(v)==4ﬂvi(v) Equation [1.61]

"~



7]
expressed in térms of o(v) is: ‘
e L 1 2 a( v )dy 'bf o - . o ’
n(v) = 1+—=5 P ,-14——1——— - n - s3]

,e - '.‘2“ O-m '

o

L

Jones et aZ 68 have used thls partlcular 1ntegral relatlon‘

~

‘ to determlne the optical constants of a series of thlrteen

<

organlc llqulds over the range 250 4260 cm. l, via ATR mea-—

' surements Wllllams et al. 69 have also employed ‘this equa

tlon to obtaln n(v) from the absorbance spectrum of SOlld

ammonla.lnjthe range 950-5300 cm 1.

[

At zero.fregyency, the statiC'refractive.index_no, is

¥ R v

d given by :
n o= 14 ety Jdy [1.64]
’ ' '2'"" 10 \Y 2
. . . o .. ) . Leos - ] . ‘
. Thus the contribution sn. of an absorption band to ng ist >
f&fﬂ N 1 (v')dy'™ - - S
- An = 5 S (1_‘___ . ) . '[1.65’]
277 band v 2 o - :
hj”AFrom'equationu[lil7], it can be seen .that:
1 (v) . . | A ‘
o oafv)r N . ssl
1Oglo I(v) _“,2”303 oo [.eel™

. .o ) T.
Whalley et al. 70 Have determlned the film thlckness r, of

‘ samples of Ice lh at 100 K by equatlng the KK 1ntegral [1 65]

] to »the known 1nfrared contrlbutlon to the static refractlve

1“&_1ndex; via equatlon [1 66] 'they theﬁ“calculated the optlcal



and dielectric constants over the spectral range ~30-4000 -
v -1 ' ‘

cm .

However, the d1spers1on relatlons betwee 1 n ‘and k, andﬂ

1]
e and ¢

have'limited usefulness because ¢ the dlfflculty
hof obtalnlng any one of these quantltles,over a suff1c1ent1y
iw1de frequency range to accurately evaluate the 1ntegra1

VOn the other hand a Gbrrespondlng relatlon between the
phase anp the amplltude of’ reflectance has been frequentl&
used beJause refiecfance dataare more readlly avallable over
‘a w1de spectral range. Recall from Section 1.1b that the
eomplex emplitude refleCtlon coeiflclent, f, expresses a

linear relationship bet&een the amplitudes of the incident

and reflected light. It may be‘WrittenaaSL

r = |r| exp(ie) S [1.67]
" where |r| = modulus of reflection.
9, = phasegof.reflectiont

For a lossless medium, that is one with{zero damping,
. . . s ) .
=180°. The experimentally measured quantity is the power

reflectance, R=rr, which from equation [1.67] is simply -

{nlz. Thus, o o ' )

;1=ANIR exp(ie)

‘or n tnR+i6. - o [1.68]

v
|~

The appropriate KK relationGBiis:

L o - | H;E o

o(v) = 2P s ““?é“ ;49 N G E 1)
: o) Y : . - -

46



Te;s particular_R—e‘form of the KK relations was -first used

_ N
71 in 1953 to obtain the optical con-

by Robinson and Price
%tagts of po1ytetrafluorethylene and a crjstalbof urea.
Tﬁe'relationship befween R and é and n and k for nor-
mai inpidehcg reflé?tahcé‘cgﬁ be determined from equations
[1.32] and [1.68]/énhﬂﬁuief}g equality.[exp(ie) = cos efy

isin BT,-i.eh'at/any frequency,

VR (cos 6 + isin6). - - .. [1.70]

,Béparatipn of real and imaginary parts, gives:

1-R(v)

"n(v) = [1.71]
S "%+R(v)—2\/R(v)cos e(v)f 4 ‘
and  K(v) _ 2+ R(Vv) sin 6(v)

: : . [1.72]
lfR(v)—Z\’R(v) Qose(v) .

The singularity in equation [1.69] can be removed by

writing: )
v 2 nR(v)-2nR(v')de’
olv) =5/ 7 2 [1.73]
o vy
since ? 1 dv'~= 0
o 2 2
o v “-v
~An equivalent formulation of [1.69] is:
/-
‘ ) .
B(v) = —2-—1 J QH‘R(.\)‘ R - “n vV dv' e ’[1.74]
. a le) .d\) v'+v -
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Integration by parts gives: . . .

-1

8(v "5? [}nR(v')aln ] é%— / in v'fv ‘anR(? )dv
: . v'+y ' o v +v dv
. " fo) .
‘ . v 7
N . , |
where the first term is zero, i.e.: -
0(v) =.g= J an (=) GARRLY )y [1.75]
T o ' v +v dv ' .

N
- This equation is an exact“felationship and ddes not depend
upon any pgysical modellfor the_a’bsofption*process.72 In
- strict terns, it states that the phase angle 6 at a“giVem
: tnequency v dependé upon tne,power'reflectance.R(Q) at all
frequencieé from zero to infinity. However, in practice, it
is only possible to.obtain reflectanceAdata over a 1imited
aspectral range The. fact that this experlmental 11m1tat10n
’does'not pose a serlous problem for many appllcatlons may
:be understood from the nature of the 1ntegrand It can'be
seen that a constant reflect1v1ty term w1th zero derlvatlve
at all frequen01es contributes nothlng to e(v) and thus
correSponds to no absorption. A congbant percentage error
‘in the reflectance for all frequencies does not affect the
phase, since such errors still yield the ccrrect reflectance
‘'ratio. However, the magnitudes of the optical constants are
affected since they depend upon the absolute reflectance
- The logar;thmlc term gn{|v'-v|/|v' +v|} in the 1ntegrand

{acts‘as a wéﬁghting function. It peaks sharply for frequen-

RS o
.- BN . . -
] h . Lo :
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cies in the néighbofhood df‘v and décreases .rapidly for

more rembté frequencies.
This local character. of the KK ihtegrallenables accur-

ate results to bé obtaiﬁéd if the whole of the dominant

. structure associated wiﬁh an absorptioﬁ syspem is scanned,

and the feflectivity_is approximately constant over a mod -

. _erate ffequency range atJthe'extremities of this Ijegion.43

AThese'Conéitions éfé frequenfly met in infrared feflection
stuaies. It is 'still .not possible td exclﬁde the contribu-
iion éiqthe ldw aﬁd high frequency regions’}p the phase an-
gle. nThis unmeasufed réflectance data cah.éften be feééon—
ébly approximéted by replacing the low frequency end,

O<v<v . , with a constant reflectance R_. . and the high
= =" min’ . min _

v

<v<w, with a constant reflectance

frequency end, v
q cy v Vpax ~

Rmak'73 The expression for the phase angle can then be ex-

pressed as the Sum‘of'thrée integrals:

Vmin _ ' '
B(v) = = S nR(v) %gR(v )dv
o v'Z2.-owy
v Vmax, gnp(v)-4nR(v')dv’
0 : 5
Ymin viZ -
® - o .
+_:Ti s £nR(v)f-2nR_(v Ydv
. v vl__z _\)2
max

= el(v)-+92§v) +es(v)j : [1.76]



~

50

The integrals, 6, (v) and 64(v) may be solved analytically,'

to éive:
" L . Co R . \).+.\) _3 = .
- om [gs] w [Se]
e LELY min-
Ly ymax gnR(v)-¢nR(v ' )dv'
Ty | v'2 —v2
min_ ' .
: o R v =y ’ .
1 [ max], '[ max ] :
+ = n | == &n — - . [1.77]
27 L R(v) vmax+v . | ‘ ‘

For the caee_of absorption in the fef—ultravtclet-or
far-infrared regicns, this simpliinng éssumptidn cannot be
made since experlmental difficulties often prevent measure-
ments being extended to suff1c1ent1y hlgh or low frequenc1es
to cover the whole of.the absorptlon band system4’3

In these cases where the reflectivity is still>Varying i
at the limits of the measured feflecticn data, various ex-
trapo&ation ptpcedures have heen‘nsed.72f74—80. It is gener-
ally foun :‘at the region (O,vmin)'tnflnences the computed‘
phase very little except in the immediate vicinity of v

so that a constant reflectance can be assumed. 81 - Alterna-

min’

tlvely, an 1mproved set of low frequency optlcal constants

'may be obtained by generatlng a non- 11near reflectance wing,

based on an_undamped harmonic oscillator model. 72 However,
the magnitude of the derived optical constants is much.moreggﬁ
sensitive to the region (v

®), since most materials are
max’ "] _



51

characterized.by intense, continuous ébsorption from the
~far-ultraviolet to the X-ray region; Because of the iocal
nature.Of.the KK—integral,‘it can be‘seen that this effect
is most important.for optical studies in the ultréviolet
-and of minor‘significance for infrared measurements on:a
transparent materials. |

Two>main types of approximations are found’in,the liter-
ature. One common type of anproach;is to assume»so;e simple
behavior~of‘the reflecténce in the‘unobserved,frequency
72,74 N

regions, ’ e.g. in the high frequency region, R(v) =R

(v/\)

max

—s . ' A ~ .
max , where s is an empirical parameter chosen to

agree with known values of the refléctance.74 "Extrapolations
based on physical intuition have also been used,80 e.g. for
infrared measurements.on a transparent solid, it is neces-

sary that-the values of nvand k when»extrapolated to the

\

:v151b1e region be equal to the visible refractlve index and
zero, respectlvelyr Another approach has been to compute‘
the error in the KK+derived-phase angle by directly measur-
ing the op@gcal constants at various frequencies, and then

assuming the error term is a smoothly varylng function of

frequency 76-79 Leveque75 found that when the exper1menta1

range was (v ,V ), all qg these extrapolatlon procedures

min’ ‘max

'pr0V1ded good optlcal constants only over the range

(2v

o /2) "It should also be noted that none of these
“min max

extrapolatlon methods are theoretlcally JUStlfled and they

completely-neglect-ailﬁspec1f1c optlcal structure in the

wing regions.,



Aqother‘importﬁﬂgDCh;raéteriStic éf thé.KK infegrai
[1.751, is the fact that small reflectance values make a
lafgé‘contributién_to the computed phase. - Thus, the accur-
acy of the derived optical constaﬁts is Vefy&dependent upOn
tﬁe reliability of the‘reflectance measurementslin‘the low
reflectance region: A detailed evaluation of thé ééﬁsitiv-
ity of the KK methoa,to Varioué expefimental efrors is
given in Chapfer V. \ _ |

Although the KK procedure has been applied extensively
to thé analysis of reflectance data_at néar—normal incidence,
it is not restricted»to this particular type of reflectance
medsurement. Iﬁ<1965; Roessler43 showed that the optical

constants‘cou1d be obtained from s-polarized reflectance

spectra measured at an oblique angle. From equatioq.[l.BS],

A

L _ cos ¢ -(atib)
S cos ¢+(afib)

If r is expressed in terms of its argument, Y, and power

reflectance, RS, then:

cos ¢ -(a+ib) . _ = o
cos ¢ +(atib) RS (cos.y + isin v).

Separation of feal and imaginary parts gives:

(l—R')cos $ . ‘ ZVIQ‘COS ¢ siny . *
S . _ S . .
a = v b = o [1.78]
1+Rg-2V R_cosy 1+RS-2/ RS cos v : :

where a and b are‘related to the optical chstants n and Kk

by equations [1.3 and. [1.39]. The angle of incidence ¢ is

52
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known and the phase angle is determined by the KK relation:=

. _ #n Rg(v) = 2n Rg(v'ddv' |
. v S - - .
e = o a2 - A [1.79]

» e } S °
In 1967, Berre_man82 extended this analysis to p-polarized

radiation.

t The KK. d1spers1on method has also been applied to ra-

tio reflectance spectra,measured at an oblique angle, 83

where the ratio reflectance R is defined as R__=R_/R
, . ps ps p’'"'s
~In this case, the phase difference, A6__=06_-6

ps p s is given by:

© JLnRS(\)")d\)'

(v) = = p g P . [1.80]
S T B 2 )
e} v v

The express1ons for n and k in terms of Rps’
83

are quite complicated Although the advantages of R /R

5, andvAepS'
measurements'Were ‘cited in Section 1‘2a a serious disadvan—
tage is the fact that the entire experimental apparatus must
be calibrated for the relative efficiency with which it |
passes s- and p—polarized radiation. Also, the»noise level
of a Rp/Rs spectrum is mudh higher than for a usual relative
reflectance spectrum recorded at near-normal incidence. .

~ Hale et aZ.84 hav used;a modified version of the relative
‘reflectance metho in which a reference material is chosen
whose optical propérties are 31m11ar to those of the sample
under investigation. ' The phase shift is calculated via a

}

KK-transformation procedure analogous to equation [l 80].

In.this case, Aesw==es_6w’ where es is the phase angle for
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the sample, and ew is the phase angle for the reference ma-
terial. In Qrder to determine es, supplementary informa-

tion on the optical constants of the reference material is

- %
required.

The KK ‘method has also been extended to transmittanqe 
34,85

\

data. The apprbpriate disgersion relation is:

o
? 2n T(v) - 2n T(v')dv'

o. 'v'z - v2

B(v) =

+ 2nvd - [1.81]

2| <

VT ekp(ie)

= sample thickness

where
and

Q ct>
|

4

Thus, 6(v) is a function of n, k, v, ¢, and d. Because.these
transmittance measurements are necessarily performed on thin
films, the Fresnel's equations for t, [1.27] and [1.28],

must be modified to include the. effect of-multiple reflec-
tions within the sample. The resultant expressioﬁs for n

and k‘in terms of 6 and.T are very'.c:‘omj:)lex.s'6 Furthermore,
the thip film of the samﬁie.is uéually deposited on a thick
transparent substrate, so the‘refractive index'of the sub-
strate material is aleo needed. It can be readilylseeﬁ‘that
this'procedure'involves cohsiderably more experimental and
.computational time than the reflectance method. _ - )
| King87 has recently proposed an alternative formulatioh;v,
of'the Kkﬂintegral relatiohs in wﬁich the associated real

and imaéinar?ﬁbpgical quantities are written as conﬁrgate
Fourier se?ies. Becaase of- the present availability of fast

Fourier transformation procedures (e.g. the Cooley-Tukey

\



© algorithm), this method should significantly reduce the com-
putation time. - o
Another variation of the KK'procedure is the Subtrac-

v tive Kramers-Kronig (SKK) method.88’89

This method requires
a knowledge of the reflectance and phase at a reference fre—
gquency, the so-called ”anchof'point”, although this condi-

tion may be relaxed under certain circumstances. For this

55

"anchor point" frequency‘vo, the KK dispersion relation is:

-V ©  4n R(\)i)d\)i

_ O
0(vy) = —/— P J 3 9
O AV N -\
1 O

Subtraction of this equation from [1.69] giVes:

B(vj) ) G(vo) _ -1 5 ?_ n R(\)i_)d\)i L1 5 ? n R(vi)dvi
v Vo m 2 2 m 5 2_\)2-
i o vy vy vy 5
or
VL S o ¢n R(v,)dv.
v _ . J : V. i i
sk (V40 = 3 Vo) * [p_f R
O v (o] vV, =V
1 o
e Rn%}(v.)d’t\')., ' : R
P J VAN S . [1.82]
. 2 ‘ }
¢ Vi om v - .

The term in square brackets may also be written as a single

integrai,i.e.

©  2n R(vi)dvi

'J' o (v. -v: )(vf—vo )
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This “itegral converges much more rapidly fhan the normal

D

KK - xpression [1.69], and is less sensitive to the upmea-

sured spectral regions. This latter property is apparent

from the error term due to neglect ofhthguwing regiOns:

<v)=—J

' s ) 1\\ N ! )
V. [;min in R(vi)dvi Vmin &0 R(vi)dvi J

®skx T | ) = — 1 3 2
(o] AVEN -V (o] . V.. — V. .
i 0. : i j
v, [ 20 R(v, )dv. an R(v. )dv., |
1 1 _ 1 1 .
+ 7% [I 53 S — 5 3 [1.83]
Ymax vi» Yo Ymax . Vi "VYj

&

Thus theycontributions from the wing regions’ largely cancel,

and this cancellation is more perfect theucloser vj is to

o’ ( _ :
The first application of this SKK procedure was in 1970
by Bachrach and Bfown.go .They used the analogous n-k form

of the SKK integral to obtain the optical constants of solid

" films of TIC1 and T1Br in the visible region. However, it

is.Ahr'enkiel88 who is lafgely éredited with the development
of the SKK method "He derived the express1ons for the 6- %’
form of the SKK 1ntegra1 and dlscussed the attractlve fea-
tures of thls modlfled KK analys1s Since. then, this method
has been applled to several optical studies conducted over a

o 68,69,91
narrow frequency range.

A more general form of the
SKK function, involving multiple anchor points, has also
: 3 [4 X .

been'used.68

[4

. sical dispersion analysis of reflectance andYor transmittance
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The second category of indiiect methods involves a clas-



datgﬁgz, This method is based on the c1assical.damped har-

}fiC oscillator model, described in Section 1.14.

From equations [1.50], [1.51], and [1.56], the real

Widom,

and imaginary dielectric constants may be expressed as a

sum over N classical oscillators:

. ’ N >SJ.(\) -v7)
’ e (v) = e + .1 — [1.84]
© . 2 2
j=1 [(v. v2)2+y. \)2]
J. J
o ‘ | N - SJYJ'\)' N '
e (v) =1 7 2.2 2 2 | [1.85]
=1 [{(v. -v)T+y. 7 v7]
J J .
where de vj’ and yj are the strength, frequency, and line-
width of the jth oscillator. These constants are called

the dispersion panémeteisﬁ: R

The actuai procedu?e of fitting airefléétancevspectfum
consists of an initial guess of the dispersion parametérs
and ew,'subsequent calculatiohiof the norgal incidenée re-

-flectance from:

. o , | o
, ~ i . .

Rcalc(v) = Léiﬁlli;l ‘ [1.86]
[e(v)]®+1 : ‘

and'adjustment of the pafameﬁers-until the differencgage—
tween the calculated and measured reflectance is less than
some brescribed amount, ovér the frequency region of inter—
est.

The main motivation for this type of analysis is that,

in the case of resonance absorption, the oscillator para-
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meters have a phySicai’significance. 'HoWever, this is not
true for a spectrum dominated by electronic transitions.gz
It should be noted that this is an épproximate procedufte’,

since it depends upon a particnlar model_for the absorption

4

process. The fact that it worked“extremeiy well for some
. 9 "' . . i i ; ]
compounds 3 indicates that it 'is a good model for 'these

particular sitnatione. The KK method on the other hand,

&+
is exact and. does not presuppose any model or - band shape.

Another shortcoming of the classical dlSp%;Slon ana1y51s is

‘that the flttlng procedure may be very long and tedlous al-
though recent applications employ automatlc curve- flttlng
routlnes 3 Also, more than one set of dlelectrlc constants

- may f1t equally well the same portlon of a reflectance spec~

‘ , . e . 92 -
trum, so caution must be exercised. '

-

Recent measurements of optical constants, show that a

combination of. a Kramers-Kronig and classical dispersion
analysis may provide complémentary information.11’94’95' A
comparison of the results obtained by the two procedures

- enables :the error due to the limited range of experimentai

Co .
data to be estimgted;

3

1.3 Propertles of Ba(ClO

3)2 -

Crystalline compoUnds suitable for infrared optical
study must be available as large, eingle'crysxals'with well -

defined faces, capable of being polished to inffared opticaLmhm'

quality. Also, the crystal structure must bejwe}l known.

A further requirement, imposed by the constant reflectance
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,,v\
.8

extrapolation of ‘the Kramers—Kronig procedure is that the

.1

'"; crystal be transparent in the ViSible region
Tharcompound barium chloratemonohydrateBa(ClOB)2 HZO
ifsatisfies all these'criteria. It 1s>surpriSing that no de—‘

) tailed infrared reflectance study has been performed on

this crystal Since the analogous compoundsy NaC10396 -98 .

"and.KC1Q 99, have been well studied by this method For

T~

S

‘gll these reasons ‘and because of the need to supplement
hearlier studies of this compound in this laboratory,

Ba(ClOB)2 H o was con51dered an excellent candidate for.
;Study It readily crystallizes from a saturated aqueous

- solution to give fairly large colorless crystals of pris—

4 matic form.100 The solubility and density charaCteristics

roi Ba(c103)2 { O at various temperatures in aqueous solu—

tion101’102 are given in ‘Table 1.2, Morphological studies103

. have shown that the prismatic axis is the c- crystal axis
.'that the m planes {llO} are the most well- developed and
' ithat cleavage Ais perfect along {011} and distinct along {100}

directions h '1 Nt " o

The first detailed X-ray study of B’a(ClOB)2 H 0 was

- .

-carried out by Kartha104 in 1952. From Single—crystal ro-—.
'tation and Weissenberg photographs recorded at ‘room temper—v

‘ature he determined the crystal to be monoclinic space .
& - '

group I2/c(C b axis. unique, ith 4 molecules per body-

2h )
'~ucentered unit cell “and cell dimensipns of ‘a==8.86i0.021L

-—7 80+O 02‘A c-—9 35+0 02.A ~and B - 93° 26 A later

P

s1ng1e crystal neutron—diffraction study by Chidamba%am
. oo~ . ‘ .
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. Table 1.2 BSolubility and Density Data .for Ba(ClOB)z-HZO\\\

| : . (
at Atmospheric PresSurelQ¥

’

Gms. Ba(Cl03)g-HgO per 100 gms.

‘t(OC) Sp. gr. of Sat. Sol. . of Sat. Sol.
0 1.195 - 16.90
10 1.234 ' 21.23
20 1.274F 0 . . 25.26
25 1.263 o : - 27.53
30 1.315% o . 29.43
40 1.355. o 33.16
60 1.433 | 40.05 | ,
80 1.508 - .~ 45.90
100 1 '

580 S 51.2

YTValués obtainéd'fnomﬁReference 102.

14
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~, 105 '
et al. in 1968 confirmed these ba51c findings,; but modi—

fied the set of room temperature unit cell parameters to:
,'a_-—v8.9161_0.0104A, b=7.832i0.008;A, :c_=9..425t0.010 A, and'
‘B:=93°39Ji7{'. These crystal structure resuits are summar-

ized in Table 1. 3‘ |

The prOJection of the structure of Ba(ClOB)Z(Hzo on

th (010) plane is 111ustrated in Figure 1.7. The chlorate

1on\$are 51tuated on 51tes of C Symmetry and possess a dis—
torted low pyramidal configuration with an oxygen triangle
of average side 2. 377.A and chlorine oxygen distance of ':/
1.485 A The chlorine atom 11es at~a distance of 0.57‘A from'
.the okygen,plane.‘ These values are 1n good agreement with

those found in KClO3 and NaClO %95 (see Table 1.4). -

The Ba2+ ions and-water.moiecules are both situated on
sites'Of CQ symmetryr From Figure 1.7; it can be seen that
tHere is oniy one orientation‘of the water molecules. in
Ba(C10322-H2O crystaiy in which the proton—proton~veotors of
the various water moieCules all lie parallel to one another.
Thus, the water dipole moments are aligned along the two-

tfold‘ax1S' a result which was earlier. predicted by pmr find—
1ngs 106,107 The crystal structure also shows that the
water molecule'has an'O—H bond distanoe of O.958iQ;011 2,
7 and an’ H-O-H angle of 11Q.7°tl.4°.1 Since these.valuesvare
\g_ery similar to those found i a free water molecule .
(O 9572+0. OOOBAA and 104. 52+O 05° ), 108 this suggests that

hydrogen bonding is very weak in this.crystalyhydrate.v

l |
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Table 1.3 Crystal Structure Data for Ba(ClOsz-HéO

103-105

-

- Space Group: I2/c (CZ;})-fmonoclinic (Z2=4)

Habit: prismatic [001]

Cleavage: {011} perfect, {100} distinct

’ o .‘ ] .
Cell dimensions:' a=8.91620.010A4, b=7.832+0.008 4,

1

[«]
. ¢=0.425:0.010 A, B =93"39"+7'

Table 1.4 Average Dimensions of the 0103_ Ion in Different

Chlorateslos‘

/

Angle

Dista'nce of C1

‘ v from oxygen
. <C1l-0>,4¢ _<0“O>av, <0-C1l-0>4y plane
¢ ’ .- ‘o . ' K ° . 3
'Ba(ClO3)2-H20 1.485 A 2.377 A - 106.3 0.57 A
) o » Q e °
Kcl0,  1.4754 2.38A 107 5ot 0.54 A
) : .. o ) , ‘o . E . ’ o .
NaClO3 1.455 A /2.38A° ° 109.7° _O.48.A
- [{
/
t ‘

L 4

> "

-

These valueé'were incorrectly determined‘in reference 1057f
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Figure 1.7 Projection of the structure of Ba(ClO3)2-H20
on the (010) plane. The fractional\yacoordinate»(X103) of
the atoms are given in parentheses. "

Redrawn from Reference 105.

»
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Because there is onl& one kind of Qater molecule. in
the erystal and it is loeated‘at a site of relativeiy simble
symmetry, Bh(ClOs)2 HZO has been the subject of extensive
peron‘magnetlc resonance, 106, 107 109 deuteronllofllgyand
oxygen—l? 113 nuclear Quadrupole‘resonance,»and inelastic(
neu.t'ron_scatteringlqu—l1‘6 experiments. These studies were
primarily concerned with the dynamics of water motion in
the crystal. Several 35C1 nuclear.qqadrupoie resonance
studies}l7_121 have also.been perferned'en Ba(CiO3)2-HéO in
order to brbbe the reorientatiOnal metion of the chlorate
’grpup“” , ‘

By.contrast very little optical data is available on -
Ba(C103)2 H;O‘ The crystal is monpcllnlc and so belongs to <
the b1ax1ai optlcal system with only the b crystal axis -.
001nc1dent w1th one of the optical indicatrix axes. | The re—
mainrng two indicatrixaaxes lie in the ac plane, and their
_positiens can vary with frequency. ‘Only at the. sodium D-
line, has the relatiensnip between'the,eryStalkEiraphic and
1tndieatrixeaxes been-welledefined. At this frequeney{ the
crystal exhibits a Strgng birefringence.ef positive eptieal

103 . 103

sign. . The optlc ax1a1 plane .is-(OIO) and therefore'

b =g. " Flgure 1.4 111ustrates the relevant geometry of the

~ac crystal-plane' the acute bisectrix, 103 Y, makes ‘an angle"

of 23. e w1th the c-axis in the acute a:c angle 86 21" and

the angle between the two ‘optic. axes; 104 2v., is 55° 30“

¢ . -

D)
103 D j
The pr1n01pa1 refractive 1ndlces are oong = 1.5622,
nD = 1.5777 and oP = 1.635. . o . . .
B.‘ . Y | g | - . - ,



The low frequency dielectric‘nroperties;of Ba(Cl04) -
,,H 0 51ngle crystal Were studledknthanna.and Sobhanadrl122
1973.  They measured the real d1e1ectrlc constant:, e, and
the loss tangent, tan 6 (where M= tan §) along the thrée
different crystalline'axes in the frequency region lO2 to
105 Hz, and for temperaturesiranging from- 32 to‘325?C. Very
'little.anisotropy was observed in'the limitlng values of

the real dielectric constant at 100 kHz, that is, at room

temperature, ¢ =6.88, 6.96 and 6.86 along the x-, b-, and

"c-axis, respectively, where the x-direction is perpendicu-
‘lar to the bc plane They explalned ‘the hlgher value of
“b

'crystal axis. However these authors did not investigate

as due to. -the allgnment of water dipoles along the b— '

‘the " orlentatlon of the optlc axes W1th reSpect to- the crys—
tallographlc axes. Thus, no conclus1ons can be drawn from
»tbe relatlve magnitudes of. thelr measured real dlelectrlc

’constants, Bettergew&dence for thelr assertlon is found in:

" "

b,compa,red w1th-eX

and“e;” Only in the former case, was a loss tangent peak .
' . ° A

the different frequency dependeneefof\e

observed at 4 kHz which disappeared at temperatures above

65

e

__130 C. The temperature varlatlon of e’ revealed a sharp de-

crease startlng around 105°¢ (95 c for the b- dlrectlon) and
contlnu1ng until 125° C -where 1t'becan totlncrease agaln.
Th1s ‘behavior was attributec to- 1oss of the water of crys-
talllzatlon A comg}latlon of the,currently avallable optlf

cal data on Ba(ClOB)Q-HéO is given in Table 1.5.

The structural changes accompanylng the dehydratlon pro-

V-



Table 1.5 Optical Data- for Ba(ClOB)z-HZO

Monoclinic, class 2/m

at Nap, strong positive birefringence -
optic axial plane (010)

b=8 e
~c:y=23.75° in the acute angle 86°21' i)
aia=27.4° '

2Vp =55.5° _

D _ - D D

n’=1.5622, n..=1:5777, n_=1.635
a 8 » R Y

at 100 kHz and room tempe-ratureT

e'(b) =6.96
e'(c)=6.86

e"(x) =6.88

"Refererce 122. The x-direction is mormal to the bc plane.

These authors did not investigate -the relationship 'between -

the indicatrix and crystallographiC'axes in the ac plane.

66
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120

.

v.ceg@ ;n,Ba(ClOBXZ-HZO were investigated by Vérgas‘et‘aln
whq measured the 35&1 nuclear quadrqpolé resdnanpe'inténsi—
‘ty as a function of the loss of water. They 6bserved a

steep deCIine in the.inteﬂsity of the NQR signal'up'to ap-

' 2
proximately 3 mole % loss of ther; further water loss re-
sulted in a much less pronounced signal feduction. These
findings indicated that the dehydration occurree in two
.stages. The proposed mechanism Qas: (1) wgter vacancies
are created at different lattice sites, and after a critical
‘size of cluster ié formed, (2)»these‘vacancies act as nuclei
around'which cdntinuous regions ofithe ahhydrous phase begin
to grow. ThiS~mechanismVWQs also studied by thermogravi- |

R
metry, X-ray diffraction, and Raman spectrOSCOpy.lzoﬁlzs

20

In
the thermogravimetric analysis,1 the water loss was moni-
tored a1 the Ba(ClOB)z-HZOwsamples were heated in a vachﬁm
oven at a fixed temperature and for a fixed duration._7They
found thaf at room_temperéture} the dehydration proceéded
slowly,,yielding a‘maximumvloss of O.3.m6}ef% Water;rat
75°C, the dehydration was suddenly accélerated; and at 135°C,
the dehydfatioh.Qas pomplete. The activation energy for

this process was estimated from the isothermal decﬁy‘times

of the v liné_of HZO in the Raman spectra of powdered

1
123
309 Hy

For an assumed first order reaction,. they obtained an acti-

- Ba(C1l0 O samples, recorded at various temperatures.

vation energy ‘of 1.41 eV/boad and a frequency factor of -

. . . : \ . . - ' .
5.2 x1014'Sle}. Unfortunately, they gave no details of
this Caiculafion,,such as the number of data points, the

N imia st o e T e

EXS
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température‘range of validity, the estimated uncertainty in
'these values, or any representative data.

A subsequent kinetic study of thermal dehydration in

Ba(ClOB)2 H ) by Guarini et aZ 124/shoﬁ5dlthat a single kin-

- etic law could not fully explain the process: Their differ-
ential scanhing calorimetry experiments also indicated that
different kimetic laws applied to the single crystal than

to the polycrystalline material. ‘ o ' .

In order to elaborate the structural dlfferences be—.

125

tWeen Ba(glo H O and Ba(ClOB)z, Vargas et al. -recorded

3)2
the room temperature X-ray powder‘photographs'of'the tWO
compodnds. They noted significant differences in the powder

patterns, -thus confirming their coﬁtention'that a structural

phase transition'had,occurred This finding. contradlcted
the results of earlier werkers117 119 who had observed 1it .
o % .

‘tle difference in the powderupatterns of the hydrated and

anhydrous species. From the measured spacing of the pewder

lines, Vargas et'al.l25 deduced that Ba(ClOB)2
TR

hombic, spaee group Fd2d(C2V ), with 1attice parameters of:

was orthor-

=11. 74i0301 K B==7.70t0.01 Z and C=13.33:0.01 A. This

structure can be con81dered to arise from a doubllng of the

A ]

slightly deformed unit cell of Ba(ClO ) HZO, with the com-
mon axis B b -and é a+c, C=a-c.

" The 1nfrared absorptlon and Raman spectra of Ba(ClO )

HzO and Ba(Cl0 ‘have‘beenAstudled by several,research

3)2 v
groups. Because Ba(C103)2;H20 is a Centrosymmetric'crystal,

the rule of mutual exciusioh applies, i.e. Raman active
v ¢

\ ; , ;”.
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gr nujol mulhﬁ of Ba(ClO3) H 0 between 300 and 5000 cm

' oli, measured the spectrum of‘anhydrodé Ba(ClO

L3

\

-Ba(C10

’

bands aré infrareinnactive, and vice versa. Thus a-com—
plete vibrational énalyéis requires boﬁh infrared and Raman-
measureménté_in prder'to assign  the unéerade and gerade
modes respeCtively. In the following account, the rele-
vant spectral investigations carried out after 1952 are
briefly surveyed.‘ Unless cherwise specifiéd,‘the spectra

were recorded at room temperature.

" Miller et aZ.126’127 obtained infrared spéctra of

1

This work comprlsed part of a systematlc 1nvest1gat10n of’
2
the,lnfrared spectra of 1norganlc‘substances, and no attempt

at vibrational assignments was made. In 1956, Rocchicci-
128 ). in
372 %
nujdl'between 270 and 1900 cm‘l. However s spectra are

presented in the paper and: only the frequenc1es of the ab-

sorption maxima arejreported. In 1972, Fukushima et al. 129

measured the  infrdred spectra of polycrystalline samples of -

3)2 H 0O and Ba(ClOa)szZO over the region 30-4000 cm

The primary objective of théir-study was to obtain qualita-

vibrations of. the water molecules. 'The water rotational and

made. : -

tive spectral data, in order to correlate the nature and

strength of hydrogen bonding in various crystal hydrates

. '69‘

%

1

with the general appearance and frequencieslof the rotational

" translational modes were distinguished on the basis of their

[ 4 : °
isotope ratios (vH/vD), but ndé further assignments were

-

o ‘ e - p) .

In 1973, Bertie et aZ;lBO performed an extensive study
l.'. ' , :
A

=g
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‘of the infrared.and‘Raman spectra of polycrystalline and

single-crystal Ba(Cl0 .H,0 and Ba(ClO

3)2 2 3)2

298°K. The Raman and infrared spectra were recorded over

| :D,0"at 90°K and
:the regions 40-4000 cm_l and 90-4000 cm;l, respéctively. It
was found that the Rapaﬁ bands were genérally well-resolved
and(exhibited_blear.polarizgtibn behavior, so vibrational
assignments of the gerade ﬁodes were made with a greét deal’
of confidence. HoweQef, the infrared study_wgs_complicated
by broad, strong absOrptioﬁ, particulafly in the chlorate

stretching region (900-1000 cm—l), which made it difficult

to determine the trué number of active‘vibrafions and their.
polarization dependence. It was thought fhat refléc£ion
effects and combination and overtone bands were largely.re—
sponsible;for fhis sbectral distortion. Because the'thian
nest crystal they were'able to prepare was about 20 um
thick,{they‘Were unable to clearly resolve the fundamental
‘absorpéionﬂ ) | .

In 1976, Brink,131 J%parently unaware of the detailed

130 essentially repeated

infrared study by Bertie et al.,
somé‘of their earlier experiments by measuring the §bectra
of polycryS&alline samples of Ba(ClOB)z-Héo'and Ba(ClOB)z-
D20 at 128°K and 298°K. Brink's main interest wasgin:fhe
assignment of the water<vibrat}ona1-aﬁd.librational modes.
Although his_pbserved‘frequenéies-are in good agreemeﬁt with

130

the values reported by Bertie et al., his assignments of
. T2 ) .

the librational modes are different.

3

The previously mentioned Raman investigations by <

-~



Vargag et dZ.v120?123,conductéd in the 1ate1970's were

only used as a phy51cak means of monitoring the structural
changes in Ba(ClOB)z HZO during the dehydration process.
They also recorded room temperature Raman spectra of
Ba(C104),-H,0, Ba(c‘103)2, and Ba(Cio-‘s)z-xnzo-, where O<x<1".
Their spectrum of Ba(ClOB)z-HZO is consistent.with the cor-
‘responding spectrum of Bertie et aZ.130 reported at 298°K..

Their Spectra of,partially dehydrated Ba(ClO -xH O could

3)2
be interpreted as a linear superpOSition of the spectra due
to the fully hydrated and anhydrous spec1es '1ndicating that
‘the tiwo phases.coex1st. They also found that,‘when the sam-
ple of Ba(ClOs)z.yzo was heated above 85°C, new ehlorate\'

stretching and deformation modes ‘appeared shifted to higher
and lower frequencies; respectively. In the lattice mode

region, the various band intensities decreased steadily yith
increasing temperature; at ;90°C, the modes were almost com-
"pletely extinguished;‘dnd at_higher tempepatures,.new'bands

v -~ ) ’

appeared shifted to lower frequency and Qith lessvfine
4

structure than those of the'room—temperature singleecrystalv
sample.
- In 1978, Lindgren et aZ.132 gemeasured the infrared
3)2 H O and
Ba(Q&OB)Z-DQO at 90°K, over the region 2000-4000 cm 1, This
- . . : -

spectra of polycrystalline samples -of Ba(C1l0

work constituted part. of an investigation of several solid

_hydrétes lwhose'objective was to correlate the isotopic

ratios v H/vOD of the water stretching frequen01es with v

f

OH~
This data was also included 1n their correlation curves be-

- B Y
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_\vﬁtween deﬁ?g;;;\ggigjupole coupling constants and vOH'133

Later that year, Lindgreﬁ and Erikéson}34 published é more

‘extensive study‘bnv%é(C1Q3)2fH20. They}éxténded the infra-
red mégsu;ements on powdered samples'atilod°K-aﬁd 298°K to
40 cm_l. Of particular note, they.obsérved a weak band ét ‘
) 457_cm_1, thch had not been previously deteéted.. Their

132,134 14 vibrational‘assignment8134wafe in good

130

Spectra

agreement with those of Ber£ie et al. ‘However, in the
region 105—116 cm_l, Bertieiet al. observéa‘three strong-
bands, whereas Lindgren and Eriksson reported only one
strong.feature.at 109 cm_l. Thi§ éppareht discrepaﬁCy;mayf
‘be the result of réso}ution effects, since‘ﬁhe studies were
performed at resolutions of 1-2 cm_ljand 3'cm_l,lreépect—
ively. The only other sign?fiéant discfepaqcy is.foung ih

. their different aSéignmeqts‘vatﬁe water twistiqg.mpde, 
Lindgfen and  Eriksson aséigned the wéak bénd at 457‘cmf1.to
this.Vibratioﬁ, while Beffié,et alié'based on‘éariierAdeuter—

: . 110 o - ..
on magnetic resonance results,’ considered the water twist--

1 .

ing,éndewaggiﬁg_modeé to be degeneYaté'af 395 cm’
It should be ngted th;t a greét deal of controversy has
been éssociatéd'witb'the identificétion of the rbcking, wag-
ging, énd twisting vibrations of the water moleculg'iﬁ
B;kC103)2:H20' Figure 1.8 illustrates the fdrm.of thése-vi—

. brationgs, énd Table 1.6 compares the various assignments. that
. ) B . o

have been made based oh:dmr,llo inelastic neutron scatter-

ing, ' and infrarea'3%:131,19% studies. Consideration of

Figure- 1.8 allows some qualitative predictioné to bq.made
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ITlustration df,the libratidhal modes of .a water -

Figure 1.8
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that durlng the tw1st1ng motlon the dlrectlons‘of.the in-

/

',. duced and equlllbrlum dlpole moment ‘are the same Thus., it
mlght ‘be expected that absorptlon by th1s mode would be rel-

-atlvely‘weak. In fact, for a water molecule located on a
° 3

site of CZV'Symmetry Wlthlnuthe unit cell the tw1st1ng mode
should be\infrared-inactiveﬁlzg

hydrogens move im the'plane of the waterimolecule, whereas

In the rocklnglmode, the

in the tw1st1ng and wagglng modes{ the hydrogens move out;
of th1s HOH plane A neutron inelastic'scattering ekperif‘
‘ment‘should'be able to distinguiSh thWeen these two'caSes
.; by using dlfferent dlrectlons of the neutron wave vector

| transfer relative to’ the proton—proton vector Thaper

."et aZ 115 performed thls experlment on ‘a3 S1ngle‘9rystal of'

Ba(ClO H O and found that the rocklng mode was ‘to high -

3)2 T2-

frequency of the other two modes . The water librational

ass1gnments can be further ass1sted by polarlzed spectral

studieshon the single,crystal. Only in the tw1st1ng motion,

- abou¢ the expected behav1or of ‘these modes . 1t can bejseen"

74

&

is theicz symmetry preserved " The rocking and Wagging-modes_”

belong to the same symmetry spe01es under the- C2 ~unit- cell

group and if they are close 1n frequency, they can ‘give

rlse ‘to mlxed 1ntramolecu1ar modes Bertle et al. 130 have

r

studled the polarlzatlon dependence of these 11brat10na1

modes in s1ng1e crystal Ba(C103)2 -Hy O but their. results d1d B

" not permlt a clear dnstlnctlon to be- made
' 130,135

Normal coordlnate analyses;wu have also been_per— '

-formedﬁon the water molecule in.Ba(ClOB)z-HZO, Bertie/

O



<

 -‘. where ° .= W .

pr

et nZ,lSO calculated the effectlve 1ntram01ecu1arforcefleld’

.in-tWQ;ways dlrectly from the observed stretchlng and bend—'

0

1ng frequenc1es and after~correct10n~to thelr harmonlc

-

icity'constants_were used‘for;the stretching modes,,and the

L

anharmonicity constantsvfor thevbending modes Were estimated - -

»

from the fundamental and overtone frequen01es aCcording'to:

g G(v)-(v+§)w' + (v+é) WeXe ‘where w rs the harmonlc fre—

e

quency at equ111br1um and We Xg 1s the anharmonlclty constant

This second force f1eld gave excellent agreement w1th an 5

: 751;

,gvalues. " In thls latter calculatlon \}he gas phase anharmon—_

|

/

7
average error of. 0 046“ -Erlksson et aZ 135 repeated theSe s

N,
calculatlons but - 1nc1uded thelr observed 11brat10nal and

dltlonal frequenc1es were uncorrected for anharmon1c1ty
Whereas the deformation frequen01es were corrected in the

Hso N

same ‘manner employed by Bertle et aZ the anharmon1clty
\

constants for the stretchlng v1bratlons were . estlmated from

the-observed(OD and OH frequenc1es of 1sotop1ca11y ~-dilute .

HDOnmleculesin'sol1d,Ba(C103)2-H20at 90° K, accordlng to:

voH‘= we—Zwexe

o = 2,2
oD =P We "2PTucXg

we(QD).

by '11-14 cm -1 from the correSpondlng values of Bert1e etaZ

o translataonal water frequenc1es 1n the ana1y51s , These ad— o

| ThlS procedure gave calculated harmonlc frequencles dlfferlng
130



N

the type of comeu

>

U51ng the results of thelr normal coordlnate analy51s

;Erlksson et aZ 136 corrected the statlonary state neutron -

dlffractlon valueslos of the O- H. bond lenoth (0. 926+0 0105)

- . an d —O H, angle (110 7+1 40 ) of the water molecule 1@

Ba(ClO3)2 HZO for the effects of r1g1d body 11brat10nal and

v/‘

anharmonlc stretchlng motaons They computed correctlon

‘factors of 0 034 A and 2 29 'respectlvely, g1v1ng equlllb-”
© rium values of 0. 960‘A and 108 5°. Thls corrected value of.
"fthe O-H dlstance is in good agreement W1th the neutron dlf—

'__fractlon value of .0. 908+O 011 A ’obtalned by Chldambaram;a

et al. 105 after correct1on for thermal motlon'f :

Infrared Optlcal Constant Studles of Solidsa
. AR

In”thls-sectlon some of the s1gn1f1cant developments

.

in; the study of infraned_Optlcal propertles of_sollds, in .~

. oL __‘»- Y3 . . : - .
partICular molecular crystals will be\described;:’This is

'not 1ntended as a comprehens1ve review, but as a guide to.

:that have been studled the’ 1nforma'°

' tlon derlved from these stud1es “and how the research hasiff

?shlfted,fromwa qualrtatlve to a more quant1tat1ve,and deflnft:

\qtive apprpaCh;b - o a ;

°
'

The refsons for'obtaining‘optical constants_are highly

‘diverse" In'l953' Robinson and Price71'outlined the Kramers-
»dKronlg (KK) procedure for the conver51on of reflectlon data

' &

7to:optlcal constants.~ The - ellmlnatlon of the tedlous graph—

-1ca1 analys1s generated a renewed 1nterest in such measure—

'ments However,‘some of the earller studies were apparently

' motlvated by the novelty of the KK method ‘rather than a fun-



“'wmnot present any data towsubsia Liat thlS clalm

“‘ b B PR

ug_damental'de31re fer the optlcal propertles;w

:;iln 1956 Abbott and E1110tt137

'f'spectrw for reflectlon effects ; Acetanlllde is an orthor—”

u

hlch deflﬁé the

Thus Abbott and Eliiott meaa'

»

'aQ; b— and c— crystal axes These:authors reported that.th

3

ootlcal constants were determlned 1n tWO dlfferent way -

at an a1r crystal and a NaCl crystal 1nterTace

W

ithat both procedures were in good agre@gent but théy dld

\

Early candldates for Optlcal study were compounds whlch

s,

_were readlly avallable as large s1nglekcrystals and whose R

el
»» iy

.crystal structure andkmorphology were well characterlzed An‘
example is. gypsum CaSO4 2H20 whlch @C%urs as. exceptlonally

‘1arge 51ngle crystals in nature 'é i§ a monocllnlc erystab'ﬁ"

.»ﬂ :),

belonglng to space group C2h (CZ#C) : w1th the b ax1s unlque
Thus as 1n the case of Ba(ClOS)2 H2® only the b crystal

axis. cgln01des w1th one of the 1ndlcatr1x axes for a11 fre—'

,Aquen01es In 1956 Haas and Sutherlandlss'measured thenear— o

normal 1nq1dence reflectance of the (010) (1Q})Jan (201)-
. ) q T

"

O A

T



)‘

d4(201) faces the A bands exhib1ted»max1mum dlchrOLSm

oh Qﬁlectrlc vector was parallel to the b ax1s i These

’spectroscoplsts they determ}ned the band 1nte2s1t1es from

e

fkvdv fwhereas the relevant quantlty rn condensed phase

studles 1?ffa vdv (seeLSectLon 1 ld) For comparatlve pur--

fff;d<poses “they also recorded“polarized transmlss;on spectra of@

the (010) face‘ u51ng ‘a 15umthlcksamp1e These Spectra

L

clearly demonstrate the superlorlty!of the reflectlon method

e

1n deflélng the pos1t10n and contour of very lgtensefabsorp_i

5 Y . . ., - 'o‘ . ,1‘._'__ L - . . e L "ﬁ.
thn bands CT e B A o e ;: EEREUT
- b ot . . v o o L‘,‘ - . . C _;.

Another class of compounds whose opt1ca1 propertles
27 13Q 144

have been extensxvely studled are tne aiKallndllueb

:h;_ because they exhlblt a Selectlve reflecflon’of nadlatlon 1n

K . o

the 1nfraredﬁreglon ThlS 1s referred UJasthereststrahlen_f

e T TEL - , . - -

o band and 1s“assoc1ated w1th the fundamental optlc mode of
. V P L
v1brat10n 1n whlch the 1att1ce of alkall 1ons moves 180°°

e &

' out- of—phase w1th the lattlce of hallde 1ons " A typlcal

B vreststrahlen,spectrumJj;shown in- Flgure 1 9 It is 1nterest—

¥

' 1ng to note that for an 1dea11y 1on1c crystal w1th zero

=y

damplng, the reflectTvity would reach 100%,”the band of per-

fect reflectlon extendlng from the transverse optlc to long—'

145

1tud1na1 The 1nf1uence of damplng on the

-

R ]
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G

'reststrahlenpeakmaximum is 1llustrated in Flgure 1 10] ThlS

LY
should be contrasted w1th the behav1or ‘of -an absorbance""

oo

spec%rum for whlch 1ncreased damplng prlmarlly affects the

peak Wldth e I A .

Vi

- Because the alkalrehalldes all ‘possess a cublc 1attlce

’Qu

‘"f-»structure, thelr op&;cal pnopert1es are strlklngly s1m11ar

)

For example 'they all dlsplay sub51d1ary peaks on the hlgh

sa

h_frequency side of the reflecvlon max1mum 27 The 1sotrop1c

i

u'natnre of the alkall halldes has cons1derably 31mpl1f1ed

g@the requlslte Opttcal experlments no Spec1a1 preparatlon of

S
< - ,7;;

a partlcular crystal face is- necessary, the 1nc1dent radla—

& v

'a¢1on does nochave to be polarlzed at .normal 1n01dence and

iy 139,143,144 - - V0

Q
S

.beam convergence does not pose a problem as it does'ln ‘the

I f? . . c
sthdy of anlsotroplc crystals 1 6

Eatlng«factorsqenables a clearer 1nterpretat10n of such .
:studles as the temperature dependence of,the optical con-

R

pli

i

.("'\

stants _ e S ’ :-y

Because of the SlmpllClty of/the reststrahlen spectrum

Cey

'f;many wOrkers have analyzed it~ in terms of one.or two clas-

@s1cally damped harmonmc osc111ators 139,143,144 ln some

“‘pcases, the determlnatlon of the optlcal constants has “been

almOSt*1ncidental' their primary concern being theelongitud—
inal and transverse frequenc1es 142-whi_ch are'readily given

D

j~by the dlelectrlc functlon E(v) _ (?ee Section-l.ld).' Tﬁese

dfrequencles, in turn,'deflne~the.effeCtive charge of the pos-
itive apd negative ions, and give a.measure of the relative

ionicity or covalency of the bond.147

The absence of these com-

"'8‘0‘_ .



' Another characterlstac feature of.the reststrahlen band‘
vand 1ndeed the reflectlon band assoc1ated W1th any strong.
absorptlon process recorded at near- normal 1n01dence is'a
pronounced m1n1mum on. the h1gh frequency 51de of the peak

4 , S
- It has been found that a: KK ana1y51s frequently generates
phy31cally untenable negatlve values oﬁ the extlnctlon CO~

%57, 139

"eff1c1ent k, an thls reglon Slnce the KK 1ntegral

'i_ls acutely sens1t1ve to very small reflectance values ~it

,( . ) . - ’
has been suggested that 1naccurate»measurements of thls
' 140

Rmiﬁ reglon are the source of thisianomaly. A p01gnant

AN

fdemonstratlon of" how the shape and magnltude of fhe calcu—

3lated opt1ca1 constant spectra are'affected by the value of '
144

«Rmin‘ls glven by Hadnl et aZ for. the case of KBr. k
“mi -
‘Other compounds which have been the subgect of optical
studles 1nclude metals 148,149 semlconductors 94 150 153

conductlng layer compounds.-such as kth(CN)4BrO.3r3H20154

" and H I, 155?156 and'compoundg’possessing unusual optical

characterlstfcs ~Some enamples ofvthis 1atter category are:

the ferroelectric tltanates 157’158 KN1F3, Wthh is antlfer—

romagnetlclsg\at temperatures ‘below 275°K and thiourea \
SN

,crystal 169 which undergoes a ferroelectrlc to paraelectrlc:
phase. transition at a temperature of app}ox1mately 200 K.

A Optical studles of molecular crystals are surprisingly
few. Representatlve examples from each of the crystal clas—
se% excludlng ‘triclinic, w1al be given.

The 1nfrared optlcal propertles of the cublc crystal

NaClO . have been 1nvest1gated by Raman97 and by external96



-In'the‘infrared reflectance study by Andermann and Dows

82

7~and internal98 (ATR) reflection spectroscopy " ThlS crystal

‘contalns four molecules per pr1m1t1ve un1t cell and both the '

Pt

'{.Na+ 10ns’and'C103_‘1OnS'are located on.sltes of‘C3 symmetry.
. Because ofﬁthe'higﬁ crystal symmetry and severaj] molecules
 pér unit cell, NaClOs provides an ideal model compound -for

‘studying the ‘effects of factor-group or Davydov splitting.

96

over the region 409 1400 cm 1, the optlcal constants were'
ﬁ

calculated via~ the Kramers -Kronig phase relatlon ‘The tran §

sition strengths of the varlous fundamental modes ‘were then‘

computed”by four dlfferent express1ons;

EN ]

S oodv [1.87]

SI -2 I e''vdv =
B "band. - band
= IR [1.88]
S = — adv ' 1.
I nz band . . '
2 2 2
= , N a
St11 7 "= (VLo 7 V10 ) [1.89]
: : 5 9 9 ¢ . fba'nd nadv
S 2w -
SIV = (n) (.vLO Vo ) wtlere n fb'and-ad" . [1.90]

L
-

‘The values obtained.from the integrated conductivity (815

and absorption coefficient (SII):measurements gave reasonable

,agreement. However, the values derived from.the measured

LO-TO splitting (S;;p and S;y) were markedly different. The

authors explained thlsvdiscrepancy by stating that the latter.

two expressions (SIII and SIV%’are only valid for a single.



rmOde and’therefore '1nappllcab1e to NaClO .'Bec%use-OT ’

3’ 4
the1r fundamental 1nterest 1n understandlng how band 1nten—

‘81t1es are affected by a’ change from the gaseouS'03the crys—"

83

talline state Andermann and Dows also evaluated the dlpoleb.

moment derlvatlves for the varlous ClO3 ‘1nte$na1 modes

'_.’ v

_ They ba51ca11y followed the procedure outllned in Sectlon

1.14d of'thls thesis, with the assumptlon of a Lorentz local

field. Hdwever ?they incorrectly determlned the Vector sum :

of the molecular d1pole moment derlvatrves ‘so thelr resul-
‘tant crystal dlpOle der1vat1ves are 1n error. The correct

values are glven 1n De01us and Hexter s book "Molecular'

. O S 161 : . R S
_’V1brat1ons in Crystals”

Hartw1g, Rousseau and Porto97 laterfmeaSured;both the

Raman and 1nfrared reflect1on spectrum of NaClO from=-40-

1100 cm 1. The advantage of Raman Spectroscopy is thﬁt the

N

TO and 1O modes are both ‘excited and appear as dlstlnct

bands In an 1nfrared absorptlon experlment at normal inci-

dence, the LO'modeS'are never observed"whereas in a reflec-

tion spectrum the LO and TO frequen01es can be estlmated

from the peak 1nflect10n p01nts or d1rect1y measured from

the derlved dlelectr;c constant spectrum (see‘Sectaon 1.14).

AlthoughAall’of the'vibratlonal modes of NaClbg areihaman_
,active,.some were too.weaklv.actiVe to be apparent. It was
for this’reason that‘§0rto et.alﬁlalso recorded the reflec-
.tion spectrum. o : : - ea ¢

)

‘tudinal- and tranSVersejoptic frequencies were determined

’ o
5 :

The.transitionaStrengths,'damping constants and longi- .



. w * \
for all fourteen F optlc modes via a clas51ca1 dlspers1on

4.0;

analy51s of the reflectance spectrum. An 1n1t1a1 set of S.

were obtalned from equatlon [1 847, .with the assumptlons of

zero damplng and ¢ (v-;VLO) = 0, i.e.

ST N s _
e ) Tl T L kg2 0. - [1.en]
o , o J Voo )~ VLo

".These values of S andIEStimated values of the'dampinchon-

stant j’ were then substltuted into the damped harmonlc
osc111ator equations [1 84] and [1 85] >The,theoret1ca1‘re—.
fiectance curve was computed v1a‘equat10n [1.863,and comFl
pared withAtne measured spectrum. The valueswof\vLo ).
ufg. andvyj were adjusted unti} a satisfactory fit was

achieved. The correSponding fbest:fit”‘values of SS were

84

¢

.‘7@'

then cdmpared with the directly measUred‘transition strengths

" 96

‘.(S ) of Andermann and Dows The two sets of results are

’

said to be in good agreement (max1mum dlscrepancy'~30%)l sig-
nlfylng that the. LO TO frequency spllttlng can give. rellable
values of the trans;tlon strengths if the various S, ared

evaluated simultaneously. The’reason that the isolatedtmode»

~

approximation, 1mp11c1t in equatlons [1 89] and [1.90],

‘5breaks down for the case of NaClO3 is because it has several

. : ]
close-lying transitions which can lnteract appreciably with

one another.. v

4

In the‘optical~study\0i\3miaxial cnystals, the most

common exper1menta1 procedure is to measure .polarized re-=

‘fflectance spectra with the electrlc ‘vector v1brat1ng suc-



c9551vely parallel and perpendlcular to the c crystal ax1s
i 1
whlch.c01nc1deS’w1th the optlc axis. This 1s usually fol—
. hY

lowed by a KramerS—Kronlg dlsper51on analys1s of each spec—
trum -g1v1ng the extraordlnary— and ordlnary—ray optlcal
cOnstants respectlvely The ‘c-axis may be determlned w1th
'a polarlzlng m1croscope s1nce no blrefrlncence is. V1ewed ;ﬂ%ﬂ
_along thlS dlrectlon .orlfrom X-ray- measurements Hexa—Au
gonal tetragonal and trlgonal crystal classes belong.to

“this optlcal system Some examples of un1ax1al molecular

‘crystals whose 1nfrared optlcal propertles have been charac—

terizéd are: L1KSO4,11ACa10(PO4) @62 (hexagonal) )
8- NaN3,163 quart293 (trlgonal) and -LiOH, Zr8104,165

KHFZ166 (tetragonal)r_ Only the 51gn\flcant aspects of these'ii);t

' studies ‘with general 1mp11qat10ns to un1ax1al systems w1ll (;f
wd;he discussed -

| In 1976 lealshl et aZ 11 reported'the polariied infra;
red reflectance spectra (E}h: and E | c) of LlKSO4; from- |
100-2000 cm 1; the angle of incidence was 20°'and the R com-
ponent was measured In their XK ana%§51s they used ‘ex-
press1ons [1 78] ‘and [1 791 which exp11c1t1y allow for the
true-angle of 1n01dence 1nstead of u51ng the more common
normal- 1n01dence approx1mat10n Strangely, thelr KKmanakysis_
' generated darge negatlve values of k(v) ‘in the frequency re-
'glon_hglgy the reflectance max1mum at ~1100 Tm }. They '
attrlbuted th1s result to small dlstortlons in the observed o

reflectance These authors also performed a claSS1ca1 dlS—_

"per31on ana1y51s to obta1n the osc1llator parameters for the

C A e



. . . . .
% . ‘ I »

o i : “ _,,“L_;" . . . ‘."..‘_N__

:.»AISpeciesf(Ejlc)hand’Eﬁtspecies.(E_LC)‘vibrationsf ,Theyv

< 2300= 2000 em”

a‘,,’
“

’red reflectance of Ca O(PO4) over thereafg;300 16000m

'KI%}nman

foscll;atorsg;

'.found that 4 and 5 osc111ators respectlvely, satlsfactorlly

L)

diescrlbed the measured reflectanCe ;f%

86 .

In 1968 Krav1tz et ‘al. l‘Es‘a:-',‘studled the polarlzed 1nfra—;$

ot

1

>fw1th the radlatlon 1nC1dent on the sample at angles of 30°'
,i:45° ‘and 709 to the c~crystal ax1s W1th the electrlc vec-dg

':Ltor parallel to c (E]Ic) ie. when exc1t1ng extraordlnary

~

‘uoptlcal modes the resonant frequen01es-were notlceably de—

. .

"*strated the general anlsotrOpy of the extraordlnary wave -
f normal modes By contrast when the polarlzer was rotated
".so that the electrlc Vector was perpendlcular to c (E_lc)

Jfand pure ordinary waves were eXC1ted no such anlsotropy was

Ay

~f.observed The authors stated that a KK ana1y51s met w1th

:11m1ted success because of the relatlvely small frequencyv_

"‘pendent Upon the dlrectlon of\wave propagatlon Th1s demon—“‘

range of data ConseQUently, they performed a class1cal.dls-

1

'pers1o§ ana1y51s However 1t should be noted that they
?’”»térmlnated thelr low frequency reflectlon data in the mlddle

’{of ‘an 1ntense band so thelr Kh analys1s could not ‘e expec-

P

'f;ted to give satlsfactory results L"””““79_; ‘;Qﬁff'

AR IE . 3
-

The infrared Optlcal study of quartz by Spltzer and

93 mm 1961 was 31gn1flcant in that 1t was the flrst

'?}succeszul appllcatlon of classlcal dlsper31on theory to a2,

i 4: "
e . e

~fcomp11cated reflectance spectrum . In the frequency reglon

B ) B
I3

3

bothnthe ordlnary— and extraordlnary ray

ispectra were well descrlbed by 7. class1ca11y damped harmonlc

e
> .

teg T el
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'Althoush the'technique~for.extracting obtical cOnstant§s
".of 1sotrop;c materlals from reflectance versus angle -of-
1nc1dence measurements has been well known for many years
(see Sectlon 1. 2a) 1t was’ not untll 1968 that Mosteller and :

Wooten167 extended thlS type of. analy51s toéftrongly absor-

.

'bihg uniaxjal crystals They derlved the relevant expres—
'@s1ons for transverse electrlc (TE) and’transverse magnetlc'
(TM) polarlzed radlatlon 1nc1dent on: the basal plane i.e.

'7ﬂfor Wthh the Optlc ax1s is normal to the reflectlng face

i e
These are: ‘ |
.+ | cos ¢—(e"—sin2¢)%'. T .
ROTE) = | ——— S [wee2l
leesar, emiot| o e
R(TM) = |2 -~ oo [1.93]
— ‘ﬁi.cos ¢*'(l-Sin2¢/€-()% o

where ¢

-

angle of incidence,

ordrnary ray complex d1electrlc constant

m> M™>
i

extraordlnary -ray complex dlelectrlc constant

Surprlslngly, there are very few'applications‘of this-pro-“
cedure in the llterature De01us appears to be one of 1ts
maln proponents In 1975 De01us and"Fredrlckson163 mea—
‘Msured the TE- and TM polarlzed reflectance spectra of- the
(111) face of B—WaN at several angles of 1n01dence They'
then fltted their results to. equatlons [1. 92] [1 93] and
_the class1cal dlspers1on express1ons [1;8g]pandf[l{85], o

order to obtaln the optlcal dlelectrlc, and dispérsion para—

fmeters “Thelr ma1n concern was in obtalnlng rellable va1ues

&
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‘of the trans1t10n strengths and dlpole ?oment derlvatlves

'In addltlon to B- NaNB, Dec1us has applled fhls method to

164 168 , -
L10H1 , and CaCO & (trlgonal) s1ngie crystals
In 1971 Wllklnson et\az 16? studled, the polarized in-

frared reflectance of Zr810 ThlS work is’ noteworthy be-

[y
~

'gcause it dlchSses qualltatlvely how varlous exper1menta1
errors and llmltatlons affect the accuracy of the KK—analy—.
sis. From model calculations, thep found that if'the“reflec;
,tance spectrum was recorded with 1nsuff101ent resolutlon to

"

accurately deflne the ¢" peak max1mum then the KK procedure

could generate negative reglons of e (v)

Wllklnson et aZ 166 also performed a theoretlcally 31g—
vmlflcant optical study.of.KHF2 in?1973., The F-F distance in
_thls compound is 2. 26,A‘whlch makes it one of the shortest
‘hydrogen bonds found in nature. KHF2 is a centrosymmetrlc

crystal, so the rule of mutual exclusion applles In the

region 20—4000 cm.1

.2

the Raman—actlve modes are narrow, Sym-
metrlcal bands, whereas the infrared-active modes are very
\broad and unsymmetrlcal in transmission Spectra The reason
mfor thrsvdlsparlty, in partlcular the extraondlnary‘breadth;'
‘of'the HFZ— astmetric strétching vibration-at =1400 cmfly
has been the subJect of cons1derable debate However
Wilkinson et aZ ‘ from‘a comblned Kramers Kronlg and ciass1c—
_al dispersion analysis,,determlned the true half—Wldth of
fthls band to be only ;40 cm_l. They accounted for the very
h?large w1dths reported in the earlier 11terature as due to re-

,flectlon effects wh1ch completely dlstorted the true band

shape.
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In the b1ax1a1 optlcal system, very few %olecular crys—

'tals‘have been»studled The orthorhomblc crystal acetani-
‘ l1de has already been discussed. . Slnce the 1ndlcatr1x axes
c01nc1de W1th thelcrystal ax1s dlrectlons the requlslte ex—
: uperlments and the 1nterpretat10n of the Optlcal data are
.both quite stralghtforward The s1tuat10n is much more
compllcated in the cas¢g of monocl1nlc crystals ~ As was no—
ted in Section L;lc; nly the b crystal axis 001n01des w1th
-one of the indicatrix axes_(denoted;here-the y axrs); The
complex dlekectfﬁc tensor then has‘thefform:lt o

o~

| o o €2 (V) o
' “fgyi = eyy(v) AO‘ N R o [1.94]
0 e__(v)
. zz

5

It isvgenerally not possible to diagonalize thlS'matrix
since the. real part of e(v) may have a dlfferenttset of
pr1nc1pal axes than the imaginary part of e(v) - ThlS is re—
ferred,to:as ax1al dlsper81on129% Thus e(v) contalns elght
unknown functions of'v The formidableness of evaluating
these - quantltles has largely 1nh1b1ted monoclinic Optlcal
studies. However, because the largest group of | organlc mole— S
cular compounds crystallize in the monoclinic-system, there
has been a recent surge of 1nterest 1n‘c1aritying the di-
electrlc theoryyof monocllnlc crystals 20f169’17o One of “.‘"
the best descrlptlons-ls given by Koc¢h et'aZ5zq} They clearly

deflne the experlments necessary for a complete and unamblg—

L uous characterlzatlon of the dlelectrlc tensor
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[

' The dielectric function éyy(v) may be obtained from a
TE;polarizéd reflectance spectrum of a cfystal féce contain-
ing the b-axis (é&.g.. (001)) and with plané‘of.incidedcé

© (010), followed by a Kramers-Kronig analysisu.'Thgaquanfié'

~

ties e__, e__,
: - XX zz

-and'éxz_may be derived in eithef»éf two ways:
from,normél ihpidencefréflectance fromtthe‘(010) face, with
'_various‘ahgular éettihgs'of tﬁé polarizé}é in the incident
zand réTlec}ed beam,tfollerd by a KK-analysis; or from %M;» 
polarized réflectanée‘ﬁt various obliqﬁegangles<3finciﬁence,
.with (O10)‘aS‘fhé plane of'incideﬂce, folldwedvby a direﬁt
sélution.of a sygtem of simulfaneous.ééua;ioﬁs, :In.fﬁevf
‘eyéht of ﬁegligibﬁg axial dispersioﬁ;tfhe'experihénts are
simplifiéd by the remoValfof thevpoléfiéatiOn anaiyzer

(-,Exz =0). _

In the light of this discussion, it is interesting to
critiéaliy_feview some of the earlier monoclinic studieé to
asseSs théif fhgoretical signif;cance; ' |

Haas ahd Sutherland®>® in Eheir opfiéal.étudy of

CaSO4.2H20, correctly determined Eyy(v) from measurements of

'EIH) on the (TO})/aﬁd/(ZOl)_cryStal facés; Although they -
ﬁsed the'fdfﬁer data to*deriye E?y forvthg regioniéso_

1200 cm’l, and the latter data’ for the fegion 1400—370Q.cm—;,
they.étaté that essentially £hé'samé'féfiééfanpe'spéqtra -
" &ere'dbtained fof the two faces. They also measured théiré—
fléctanCeaf;om.thé‘(010)'face for aifferent péiarizatidns of

the incident electric vector. I the case of the Bu compoél

nents of the SOJL' ion fundamental modes, maximum dichroism

90
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was . observek w1th E. at 9° and - 99° to the a crystal face

If‘aX1al dlsper31on 1s negllglble these latte; spectra de— f;'

P

_f1ne Exx and e for the sulphate bands

1 1 1n 1980 measured the polarlzed re—'

Fr1nd1 ot aZ
flectance of 51ng1e crystal L1 SO4 HZO over the reglon 40-
: 660 cm: %,'w1th E|U3 and E_Lb followed by a c1ass1ca1 dis-
tper51on analys1s ' They did not 1dent1fy whlch crystal face -
was the reflectlng plane but from a polarlzedlllght study,~
"_they determlned the d1rect1ons of the X and b 1nd1catr1x
‘axes.’ _ The1r E_Lb reflectlon experlments were.referenced to
ﬁthls v1s1ble light x—pr1301pa1 axis, li.' -the B specres v1be
,ratlonal modes were observed with E_Lb and E||x lléince/ihe
X= dlrectlon is frequency—dependent thls type of specifica—
tlon is amblguous ‘These spectra only deflne Exx andfézz,
1f the indicatrix axes directions are the same for all bands
'1nfthe V1S1ble and 1nfrared reglons.' Th1s 1shagh1y'un11ke1y

Another monoclinic crystal whose optlcal propertles
have been qecently 1nvest1gated is’ sodlum‘formatel . In 1981,

Tajima et aZ;l72 recorded its near—normalvincidence (46 =20°)

-1

*Mreflectance Spectra over the r glon 30-4000 cm ~, with §|H3

for the (001) face and E_Lc fdr the (010) face. They derived
A S ‘ o
the correspondlng optlcal con tants from a Kramers-Kronig

analys1s; Dlsper51on parame ers were then estlmated from’

the dielectrlc constant spec ra, as‘described in.Section 1.14d,

and these values?were further refined by a'classical diSperal

sion analysis. 'This type ¢f combined Kramers-Kronig-classi-

o

cal dispersion analysis has become'increasingly popular in’
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“1nfrared optlcal stuﬁaes ' In more recent appllcatlons thé

\ e

j1error 1n*the derlved‘Optlcal constants has been estlmated

N ’q"'

-‘fromtthe two~sets of results 94 The flrst experlment of
,Tajima et'aZ ((El{b) fgr (001)) only determlnes e&y-uname
{émlguously 1f the - crystal Was orlented w1th the b-axis nor—_

'ﬁ'mal to tge plane of 1&01dence Otherw1se because of the‘

falrly,large angle of~1nc1dence there Wlll be cons1derab1e
g

adm1xture of the other dlelectrlc components Unfortunately,

; the authors d1d not glve tgés 1nformat10n Also the1r

‘second experlment (E_Lc for (010)) has no fundamental signi-

jficance unless ‘this polarlzatxen*dlrectlon was 001nC1den—

A

tally allgned along one of the 1ndlcatr1x axes.

‘The organic?crystals naphthalene55 56 and anthra—

cene173 ~175 have been the subJect of numerous optlcal stud-

ies. Most of. the work on anthracene has been carrled out in

the ultra violet region, where it exh;b;ts amn 1ntense - n*

transition. Of partlcular note is the épt1cal reflection L

study of. anthracene s1ngle crystals by Koch and Otto, 175

_over the energy range 4-10.5 eV. From dhly three well—

‘4,‘1._

deflned experlments they completely determlned the EBinax-

dlelectrlc tensor (assumlng negllglble ax1a1 dlsper31on)

One of the earllest polarlzed 1nfrared reflectance stu—
176

dies of naphthalene was by ‘Person et alv in 1955 They

measured the normal 1nc1dence reflectance spectra of naph—

thalene and naphthalene d from fhe bc and ab crystal planes

‘respectlvely Although they did not derlve the Optlcal con-,

stants, thlS work is. mentloned for the- fapt that 1t dlscusses

LA
L

— ' . . '@
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why light which 1s polarized either parallel or perpendl—

ular to the b—aXis and striking at normal 1nC1dence on a
crystal face containing the’ b—ax1s is not elliptically

polarized on reflection Thus an experiment with Ellb
l

or E{ib on any (h Oh ) face of a monoclinic crystal pro?

Vides definitive‘results : In the case of the ATR measure—

‘2

:'ments of s1ng1e crystal naphthalene by Tsuji and Yamada 55n'e

Spectra were recorded for the ab plane and Elh) at ¢ = 44 2°

v

and 54.6°. Solution of Fresnel S equations gave e' Cdir- -

~

ectly.. : - o I
x ’ i ) :

Because ofnthe difficulty in preparing large, single

U_crystals of many compounds of 1nterest there has heen\a4

recent effort to obtain useful 1nformation from polycrystal—_
'line samples.‘ However the number of these studies is still
quite small., and no oompletely satisfactory theory has yet
explalned the observed polycrystalline spectra A‘iewﬁex—.
amples will illustrate the particular difficulties associated

with polycrystalline optical studies
In 1964, Hunt et,aZ. 177 -measured the near-normal 1n01—
'dence'reflectanCe'ofgpolycrystalline MgF,, and, ‘from a KK—

analysis, determined the vibrational frequencies. Later‘that

year, Barkerl78‘rec0rded polarized infrared reflectance spec-
tra of the single crystaIUMng, with,Ellcvand E|c. Since

MgF, is tetragonal, these two experiments completely spe01fy

2

1ts optical properties A KK analysis of these spectral

gave s1gn1f1cant1y different frequenc1es from those reported

177

by Hunt et al. , Also, some of Hunt s ass1gnments were in

-



~

.errorg a consequence of thesfact that polycrystalllne spec-—
tra prov1de novlnformatlon on‘the mode symmetrles. "garherﬁ
makes the observatlon that since reflect1v1ty is a non- 11n—d'.
'ear functlon of the dielectric constant then an analysls
:of the'average reflectlvlty, as’was performed hy?ﬂunt etal.,
gannOt yield an average dielectric constant- L

) Another difficulty w1th polycrystalllne studles is. thatk

’ .the samples may not be truly 1sotroplc For example

Palnter et .al. 179 found that their polycrystall1ne samples

+ of anthracene, prepared by vacuum deposltlon ‘onto a sub—

' strate gave reflectlon spectra remarkably s1m11ar to those
obtalned.from the ‘ab plane of the s@ngle crystal 175 This
type of preferred orlentatlon problem was also encounteredi
by Tsuji and Ya_mada55 in their preparatlon of polycrystal—

© line naphthalene; They found that 1f:. ‘molten naphthalene
waSupoured onto a flat glass plate and allowed to cool,._ e
reflecting surface Waslapproximatelytghe ab plane. However,
by compressing a.powdeerf less than 300 meSh‘particle~siae,
they Qereiable to obtaln completelytlSOtropic discs. These
rauthors then attempted to correlate their.derived intensi-
ttles for the polycrystalllne and 51ng1e crystal extlnctlon
coefflclent‘spectral The relatlve 1ntens1t1es of a partlc—
ular vibration excited along each of the three axial,direc-
tions,(a¢b:c) were calculated from the.crystalastructure,
;,u81ng the orlented gas model. The ratio of the:intensity of

the b-axis component of the 51ngle crystal to that of the

'polycrystal wasvthen_determlned from-b/l/s(a+b+c), i.e. they



;assumed the polycrystallrne extlnctlon coerf1c1ent spectrum
to be a superp051t10n of the three derlved k(v) spectrafor
the s1ng1e crystal E||a Ellb and Ellc. However only the
'.bands belonvlng to Bl symmetry gave good agreehent between.
\‘thg\observed and calculated 1ntens1ty ratlos This pre01se
agreement mlght be fortultous although 1t was noted that
'bandspbelonging'to.a particular symmetry species behaved in

a.similar manner. ‘ ' e

?

To summarize, infrared optlcal studles have gradually
progressed from s1mple 1sotr0plc crystals to more complex
systems The theoret1ca1 development has typlcally lagged
the experlmental advances but with the recent‘empha81s on
obtalnlng deflnltlve Opt1ca1 quantltles such as band in-
tensities and d1pole moment derlvatlves there has been a
growing effort to understand the molecular nature of the
Optlcal‘constantsw ThlS, in turn, has promoted the clearer
definition of Optical_experiments. However, our current
.‘understanding of polycrystalline samples is still quite

POOT. i

1.5 ObJectlves of .this Work

‘95

The purpose of this work was to obtain- the 1nfrared op-

tlcal and d1electrlc parameters of a molecular hydrogen—
bonded crystal These systems are of partlcular 1nterest
to thlS laboratory, and compounds such as the Clathrate hy—

' drates s1mp1e carboxy11c ac1ds and ordered phases of ice;

’ have been the subgect of numerous 1nfrared transm1351on and

S
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Raman studies. | TheSe compounds generally exhibitverybroad
" 0-H stretching bands and part -of the motlvatlon for our

optlcal study was to deflne a technlque whlch would enable
-us to eventually determlne whether reflectlon effects con—
tributed to this extraordlnary breadth. ’However our prlm—
ary concern was‘ln a: complete descrlptlon of the infrared .
opt1ca1 constants - The, fundamental 81gn1f1cance of’ these

-

unantltles was detalled 1n prev1ous sectlons Of partlcular
1nterest was the evaluatlongof related molecular propertles
such as the v1brat10na1 frequenc1es absoluterlnten51t1es,
dampincr constants and dlpole moment derlvatlves for the
varlous 1nfrared active crystal modes

‘Before embarklng on thls progect ithas necessary to
develop the experlmental and computatlonal methods for de-
riving optical constants. The procedure adopted was to_fi
'measure the near—normal incidence reflectance, followed by
a Kramers—Kronig analysis. " This technique has the advan—
tages of s1mpllclty -and general valldlty Due"to the fre-
quent problem of overlapplng bands the KK method was used
in congunctlon w1th'a class1cal dlspersion.analysis.v Theu

inorganic hydrate, Ba(ClO H o, was selected as .the sub—

3)2
\ject of study; for the reasons enumerated in Sectlon 1.3.
Because of the paucity of data avallable on polycrystalllne_
samples, it was considered that a comparatiVe study of single
'_crystalland polycrystalline Ba(C103)2'H20 would be a Qalu—'
able undertaking. .It was also npted from the literature on

the infrared opticalrpropertiespof solids, that very few,

\
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studies éleéfIy defiﬁed-all'of the relevant experimental
‘parameters and thédretical apprqﬁimations used. Also; many
:“‘ofAFhetearli ,studieé werefhamperéd b?hfhéfpbériéignal;to_
ﬂoiéé pefform ngenof the gréting‘inétruments. However, .
Fogrier transfdrﬁ inffaredxspectromefers of vefy high.sig:'
Tnaliﬁo—ﬁo;se areggurréﬁtly“availabie to us, so we have the
':gapabilipy of:obfiihing_réliable;’quantitétive optical con-
stant.daga. in ordef'td’achievé\this ééal, our wark'ﬁés'

directed at analeing, and'reducing where possible, all

- sources of experimental and computational error.
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 CHAPTER II.

EXPERIMENTAL

2.1 Introduction

The experimental objecti?es were to prepare sampi?s of
i~Ba(C103)2 which were'bf*sufficient-siZe and opéical'
"‘quallty for study in the 1nfrared reglon and to develdp
" the technlques necessary for’ obtalnlng re11ab1e reflect~

-ance data. This chapter describes the means used1x>ach1eve

these‘two-goalsr“

“2;2"Sample‘Preparations

3)g HZO used—rﬂ’fﬁz preparation of the poly- .

crystalllne and s1ng1e crystal samples was used as Supplled

" The Ba(C10

,by‘AllledAChemlcals and Matheson Co. Inc.f7‘

Zazé \Preparatipn;of'Polycrxstalline.Ba(Cldélz;gzg_
Pdlyerystaiiine samples of'l” diameter were prepared
by compactrng the powdered materia; in a Iaboratory.press,
. using the apparatus illustrated in Figure 2.1. Briefly,
the apnaratus‘consisted of»a 1 tapered'conpression»ceil
resting on a 2.25" piston which floats ig an oil chamber .
When pressure wasnapplied to.the_oil by means of a hand—‘
pump, the 2:25" plston exerted an equ1va1ent force on. the
bcompre881on cell *The pressures dellvered_to the oil" and

2l

to the cell were thus related by:'

/"

, 2 -
b _f2.25 L -
Peel1 T( 1,00) Pog1 P 08xPosy -

o8 . . s
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Flgure 2 1. - The pressure vessel used'uaprepare,polycrysta]—
11ne samples of Ba(ClO3)2 HoO. : ,r :
A, top,p1st§ ; By bottom piston; C, 2.25" plgtongﬂjthepress
D, ~1" tapered i.d., 5" o.d. y11nder
~E, brass back-up rings; F, pressure dlstrlbut;ng block
G, 'stainless steel jacket H, support block I, sample
-d, platen of the press K, sample cup : : .
A, B, and ‘D comprlse the compress1on cell .
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In a. typlcal experlment =y known quantlty of powdered ,5 o

Cl.4n

’.-.L‘Ba(CIOB)2 HZO was placed 1n the cyllnder (D) on top of the
'2f7;bottom p1ston (B) - The sample was bracketted by the back—
iup rlngs (E) SO that 1t d1d not extrude between the cylln— SRR
";der and plstons The top plston (A) wxs then manually
.%; f~;_fpushed onto the.sample and th1s assembly was p051t10neddon

- J _
5.2fythe platen (J) of the press, as 1nd1cated in Figure 2.1.

f( Pressure was.slowly applled-to the vessel' flrstu in. small
_tincremeqts‘;to'take advantage of the- sample s better flow ‘
ilfcharactdplstlcs at low pressures and then .1n larger 1ncre—“
ments to compact the sample |
To extract the prepared d1sc from the bore of the'com—
i.pr9551on cell the support block (H) was removed and pres—c
jﬁafr;fvsure was gradually applled untll the sample dropped 1nto
» . the—cup—(Kj—"*ﬁamage to the dlSC s faces was minimized by
.wrapplng a rubber band around the top p1ston to prevent 1t
.from dropp;ng onto the sample ‘and by placing pieces of

ks

,k1m w1pe in- the sample cup to cushlon the dlSC s fall Qhe

f‘samples obtalned 1n this manner were powdery and readlly -

'“fractured if not. handled w1th care , Occa31ona11y, a face :

\ wof the dlSC stack to- the plston This latter problem was-“

Au.firemedled by pOllshlng the plston faces i they were mechanlc:l
i-) a11y pollshed tO an 8y 1nCh>f1n1sh :then further hand pol- s
Vlshed on 600 gr1t s;ndpaper w1th dlstalleglwater as. a'i
’wi;?lubrrcant prlor to each sample preparation R e
Approx1mate1y 10 g of Ba(ClO ) H20 were used in. Qhe

'1fadlsc preparatlons ThlS prOV1ded a m1n1mum sample thlckness'

. »-.\
0 -



”~:fface Was negllglble

‘101

of 6 mm wh1ch ensured that reflectlon from the back sur- o

ot

4

Several dlfferent pressure appllcatlon schemesmwere
followed 1n order to determ1ne the optlmum method for mak—
1ng sample dlSCS The ma1n crlterlon for th1s selectlon
was the reflectance of the dlSé'eXhlblted after a strength—tvn
enlng and pollsh1ng procedure Wthh w111 be descrlbed
shortly‘ The follow1ng sample pressures and lengths of

appllcatlon provided the discs w1th the bestoptlcalquallty

rTable 251 Applled Pressure Tlmetable for the Preparatlon

'of Ba(C103)2 H0 Pellets

Psample (har) .ﬁ;iTlme (mln)
101 § 90 ' . L o
202 . , 20 - Ve
-4y 405 . o . » 25 . e .
: 810 : 760
the dlameter .of the hydraullc ram of the press =2.,25" ' ¢>
the dlameter of theborecﬂ?thecompress1on cell = 0.9998"

3.

+ Comparedlwithithe'methodiof Table 2 1‘ it was found
that lower flnal pressures resulted in more crumbly dlscsv
_whlch possessed 1nsuff101ent strength wh11e hlgher flnall
~pressures resulted in. harder dlSCS whose 1n1t1a1v1nfrared;

vreflect1v1t1es-were hlgher but whose f1nal reflect1v1t1es

_measuredafterthe strengthenlngand;mllshlngsteps ‘were
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not as good'
Attempts to dlrectly pollsh a face of these samples

‘~caused the samples to rapldly d1s1ntegrate | For thls rea-
>son, it was necessary to strengthen the des1red reflectlng
-face of the dlSC prlor to pollshlng |

. r_This was acoompllshed<byvrepeated‘applicationSMOfia B

Satnrated_solntion'of Ba(ClOé)z-HéO iﬁ distilled water. The

.esolﬁtion waswsatarated at 40°C, allowed to cool to‘slightly

above room temperature then applied by means of an'eye—

. .dropper. In order to wet the d1sc s -face and have.the so-
‘"lution‘absorbed 1nto 1ts'pores the tlp of the dropper had .

‘ tovbrush;the solution ower:the face. Excess solut;on.was

carefnll§ scraped‘off with the straight edge of 4 microscope

W,SIide” The d1so was then supported on two glass rods and

allowed to dry for one hour .ThlS sequence of events was

Py

repeated untll crystals’ began depositing on‘the'disc's face.

The samples were then .polished. by a conventlonal win-
&

dow pol1sh1ng technlque : This 1nvolved initial grlndlng
“on a flat glass plate w1th a slurry of 1000 grlt‘alumlnnm
ox1de and 1so propanol ThlS step was contlnued untll the
:.shiny suﬁfaeefcrystallites.were groung'flat as determlned
..underilSX‘magnitylng.power. 'The:discs werelthen polished"
_onma ehamois;cowered board wlth a slurrylof oerium oxide
xvand iso—propanol. To maintain the flatness of’the disc's
vface,fit_was mOved'ln a figure—Qiéﬁt'pattern o&en‘the‘sUr—

faceiofbthefchamois and frequently rotated about its aXiSL'

Finally; the discs werée polished on a ‘clean ohamois with



5=either iSo—propanol orlShelly;Bt(hexaues). These'latterV
:ztwo pollshlng stages were. contlnued untll no further in-
’ﬂcreaSe in the 1nfrared reflectance of the dlSC was obtalned
"The fact that two 1ndependent dlSCS dlsplayed the sdame ul—

timate- reflect1v1t1es prov1des confldence in. thls emplrlcal

evaluation,of,optlcal qualrty.

.’2 2b Preparatlon of Slngle Crystal Ba(C103)2 -H O

"The most common procedures for the growth of large
good gual1ty, 51ng1e crystals involve crystal growth from
solution | These methods requlre a knowledge of. the com-
pound s solublllty characterlstlcs From Table 1.2, we see
'vthat Ba(ClOB)%Aﬁ O 1s readlly soluble in. water at room tem—'

\perature and atmospherlc pressure and 1ts solublllty in-
‘creases 51gn1f;cant1y w1th-1ncrease'in temperature. . For
'thése reaSOns,zthe_followihg three methods were‘employed-in
.‘the'preparatrou'of_single'crystals-of(Ba(C103)2-HZQ:
i) slow evaporation of a solutlon of Ba(C103)2 H20
.saturated in distilled water at room temperature

ii) slow cooling of a solutlon of Ba(C103)2 Hzo
’ saturated in d1st111ed water at 80°C.

‘1ii) circulation method.

'The‘firstitwohméthods didluot provide large, ortical
“‘quallty 51ng1e crystals 'HoweVér"'seed“cryStaIS“of‘suitable
:81ze and quallty were obtalned for later use 1n the 01rcu1a—

tlon-method The maJor drawback common to the f1rst two

procedures, 1s thelr susceptlblllty to external temperature
. .“, Cw -\: - .v-‘-‘“: T T b ()_ - . - -, f R N TP L B .\.;A . N
- :\ e T { : ! N N

. o
e T



fluctuations. The evaporation method also proved to be a

very slow process' while the cooling method required the

vtemperature to: be decreased accordlng to a very exact sche-

dule Another compllcatlon besettlng the coollng method
was the necess1ty of a constant temperature bath fllled
-w1th a 110ht paraffln 011 A small pump clrculated;the oil
~in order to ‘'ensure uniformity in the bath;S'temperaturel
However, it is-suspected that ump's'buffeting actlon

-

may have disturbed the seed cxystals' growth.

i) Production of seeds by evaporation

8l g of Ba(CldB)25H20 were dissolved in 275 ml of dis-
tilled water at room temperature To ensure saturation,
'the solutlon was slowly stlrred with a Fischer Dyna Mix
mechanlcal stlrrer for a perlod of two days then‘flltered
through a coarse slntered funnel. The filtrate was trans—

ferred to a 650 ml beaker, covered with a watch glass and

104

left: undlsturbed for one month. Although some falrly large

(>l cm) crystals were obtained, there were several smaller

: crystals embedded in thelr faces thereby»makingwthem use—.
_less for. reflectlon studles ‘»The small, . faultless crystals
"were washed with a water—moistened'klmwipe,bpatted drywon.

filter paper, and stored in a coveredtpetri dish. ‘The re-

,;maining crystals were stored in stoppered glass bottles and

.

were later used as the polycrystalllne startlng material in

the clpculatlon method
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ii) Productidn of seeds by cOoling'
l

. 86 g . of Ba(C103)2 H,0 were dlssolved in 114 ml dis—

tllled water at 80°C. The\solutlon was~conta1ned in-a

- closed tubular.flask, insulatedfby twoibeakers filled with -

.a iight'paraffin 0il. This assembly was securedbto;the
'tableuof'afColoraibath; The oil.in-the:bath'was eduiiibrat—
- ed.at 80°C until its temperature matched that of the oil'in
.the inner beaker;j‘The reCrystallization solution was,then.
cooled'to room temperature at‘the,rate'of 49c-§éf day,funder
manual control | o | ‘
The res1dua1 solutlon wa's decanted off and the best

51ng1e crystals were stored in a. covered petrl dlSh

Siid) Productlon of s1ng1e crystals by circulation method

The c1rcu1at10n method proved to be the most rellable
for the production of.large, good qualrty'slngle crystals.

The experimentallapparatus for:this procedure is illustrated

in Figure 2.2. . ”'fu
o - AN '
. The method180 1nvolves plai?ng both a seed crystal and

a saturated solution of the mater1a1 to be crystalllzed in-
a closed-container The upper part of the crystalllzatlon
vessel is malntalned at a sllghtly hlgher temperature than
‘the lower part of theé vessel A slmple means of accompllsh—h
1ng th1s requlrement is to use a water bath mhose eVaporé

,atlng actlon ‘creatés a constant temperature dlfferentlal of

0. 1-0 2 C with the surroundlng a1r

P
i
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. A
] B
4¢l|.hn.‘_
B — : Y
= -U<

Figure 2.2 Growth of Ba(ClO3)2-Hg0 single crystals by cir-
culation methody.. : = , _ .

A, cork stopper; B, teflon tape; C, nylon pouch used as poly-
crystalline material holder; D, polycrystalline material; o
- B, glass fiber; F, crystallization vessel; G, seed crystal;
" H, watér bath. ' :

Figure 2.2a "Glass crucible
used as polycrystallime mater-
ial holder. : . Y

I, 1id; J, hooks; K, coarse
frit. /
e

i

'13c~|



&ﬁlllne startlng materlal 1s held in the upper part of the con— S

B TR

‘ process contlnues

A nylon o

{OT glass holder contalnlng the polycryst jjflf

T

'talner and the seed crystal is S1tuated in the lower part of:

“the~conta1ner. The c1rcu1at10n of the solution occurs if

the-dens1ty of the saturated solut10n -increases w1th temper-

ature The solutlon of the warmer upper part of the tube

pthen 51nks to the bottom where it becomes supersaturated

,and some of . the dlssolved mater1a1 depOS1ts on the seed

S : 8.

4
Ahcomes less dense ThlS solutlon then streams upward “where

it dlssolves more of the polycrystalllne mater1a1 and the

For the preparatlon of 31ng1e crystals of Ba(ClOS)2

ithe follow1ng experlmental procedure was ‘used (w1th sllght

Y.

lifimodlflcations ‘as noted) 5¥:f:"l SRR

“'Vof Ba(0103)2 20 was prepared from'47 g of‘Ba(ClO )q H: O

The crystalllzatlon'veSSel was a 15 cm long glass’tube

5 cm’ 1n dlameter wlth a flat bottom . A, satuxated sqlutlop

- A . s

2
1n 150 ml dlstllled water Thls solutlon was stlrred w1th

ca glass rod for 1-2 hoursﬂ fhen flltered tw1ce through a -

'i .
coarse sintered glass fundel, tq ensure saturatlon at’rbom“
: : X : :

temperature. The material holder was filled with poly-

crystalllne Ba(C103)2 which had been prev1ous1y re-~
crystalllzed by ‘the evaporatlon method. In1t1a1 prepara—v
tions used .a. densely woven nylon stocking as the mater1a1
holder, while later preparatlohs used a glaSS'cruc1b18‘w1th‘

a coarse frit bottom and ailoose—fitting'lid, as jillustrated

B crystal 'As a result 'the solutlon surroundlng the seed be—ii”
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Tfn Figure 2 2a. " The Saturated solution'was.then’poured

LA,

through the holder ‘in order to wash out any small grains

and refiltered;,'This step was carrled out in orderito.
‘avoid the formation of parasite crystals, which.aot as
'seoondary nucleihand inhibit the érowth of~the~seed orystal.
The seed, crystal was supported from the holder eitherw
'by tying 1t to a cotton thread or by glueing it to a fine
glass fiber with glyptal cement ‘
" The saturated solution was then warmed slightly
(=28°C) and poured 1nto the crystallization tube. The ma—
~terial holder and suspended seed crystal were 1mmersed in
the solution and the mounted crystalllzation vessel was
'[lcarefully placed in a water bath The water level was set
T A . L
to a height approx1mately half way between the mater1a1 hol—
der and the seed crystal and this level was maintained

daily. It was 1mportant to allow the water to equllibrate

-.;to room temperature prior to 1ts addition. The.whole

e

assembly was then placed 1n LA quiet undisturbeduloCationff

‘9;,?\, in order to minlmize v1brations Wthh 1nduce defects 1n ‘the

Tgrow1ng crystal

The crystal growth was termlnated when the polycrystal—w
lline material in the holder ‘was exhausted, or when the for—
mation of'parasite orystals was severely retarding thegseed
c-r'§sta1 's gr'-ow-th o | ’
The apparent growth rate was not pnedictable Starting'

'w1th seed crystals measuring 1= 2 mm, a crystal 2 cm long

. was obtained‘after two weeks, while a crystal 3 cm long was

'



‘only obtained after sinweeksf A1l of the crystals;grown,

byfthe;circulation method exhibited a prismatic habit,

2.3 Crystal Cuttlng-and Pollsh1ng .",;'- ’

~ With the ass1stance ‘of Dr R. Morton of the Geology

108 .

Department at -the Unlver31ty of Alberta the’ s1ngle crys—m

tals of Ba(C103)2 H. O were cut on a’ Buehler diamond saw
using paraffin oil as =a lubrlcant. The crystals were-sup—\

: ported in an alumlnum chuck and cut perpendlcular to the -

'prlsmatlc ax1s In order to mlnlmlze Mechanlcal deforma-;a

‘tion of the s1ngle crystals "a slow cuttlng speed was used

Two . parallel sllces were cut from each crystal. The flrst

‘ sllce (= 6 mm’ thlck) .contalnlng the prlsmatlc cap, was used

. o/ .
‘1n the reflectlon studies.” The second sllce ( l mm tthk)

‘,fwas used to conflrm the orlentatlon of the crystal axes by-'

‘o .

~“ﬁ_the X- ray preces51on method

N PR . RIS PN '_"7'.'—.4 It PR
e T s

The cut face of the prlsmatlc cap was pollshed to

woptlcal flatness by a procedure 51m11ar to that descr1bed

for the polycrystalllne samples Inltlal pollshlng was

'M'performed w1th a slurry of cerium ox1de in 1so propanol

© upon a. Buehler AB Mlcrocloth whlch was afflxed to a flat
'”glass plate The crystal face was. contlnually rotated in
a flgure—elght pattern After pollshlng for approx1mate1y

five minutes, the crystal was thoroughly cleaned w1th a

kimwipe m01stened w1th 1so prOpanol then pollshed on a

-

‘-nclean Buehler'pad WLth elther aso—propanol or d1st111ed

. Skelly-B. By repeated applrcatlon Of these two polzshrng

€
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'stages* a surface was produced w1th fewer and fewer v1s1ble
‘flaws,-“The m1d 1nfrared reflectance was monltored after'
- each se331on, and polishiifig was . contlnued untll no further }

-

’improiement in'the~sample‘s-reflectance_was obtained.

2.4 PreceSsion X—Ray'Study of thefsingle Crystals“

The or1entat1on of the s1ng1e crystal axes was deter—'

fmlned by the precess1on method The chlef advantage of this
-etechnlque over the Welssenberg method 1s that it ,provides

» \an undlstorted map of the rec1procal 1att1ce layer 181 o _

'Th1s 1s accomplishedey coupllng the mOtlon of the re01pr0_ b T

' cal lattlce net and the: f11m SO that they are always par—_:

A

;The?basic experimental procedure is as"follows.‘ Thef
1 mm thick platelet (see Section 2.3) was affixed to a glass

flber w1th molten shellac _so that the flber axgs was ap~'

- - e e w0

"%iﬁproxlmately blsectlng the acute angle of thls crystal faee"“'.”J

'The flber was then attached to a rotatable gonlometer head
,and adJusted so tHat the plane of the<crystalws11ce was
'parallel to one of the arcs. The crystal was then mounted'
5?6h'a Noniﬁs.precession”camera and aligned as 1nd1cafed by .
"'3a11gnment photographs Absorptlon problems were’ mlnlmlzed
by arranglng the X- ray beam to 1mp1nge on the edge of the

crystal face, and by using MoKa radlatlon

' The allgnment photographs were taken w1thout the use

’*7 “of a fllter whire the Zero level and flrst 1eve1 photo-'

graphs were taken w1th~a zxrcon1um fllter The sampleetoé =



C s : ‘ o '37'c»-n’ h,s'.ffn;;iiih
Afrlm dlstance was 60 mm, .and a precession angle'of 25° was
used to collect the rec1procal 1attlce layer data "Typic—v
ally, ad»exposure tlme of six hours prov1ded sufflclently SO

-intense-éi¢, act10n4spots for\measurement‘purposes.

RN

4'2,5 ‘Instrumentatlon

Speculan reflectlon measurements on- Ba(ClOB)sz O were

performed over the . spectral range 20 7000 cm’ -1 for.the poly—

crystalllne samples ‘and over the reglon 100- 7000 ‘cm - -1 for

- N
L . o [ . ‘
e . - s

the Slngle crystal samples »In order to cover the range ) \n”v

20 7000 cm 1, two Fourler transform 1nfrared (FTIR) 1nstru—

- ,_.-‘u/“:_“

LT 7-ments ‘were: used Below lOOacm 1~~a Beckman "RLIT. C model h/f,
'FS 720 1nterferometer .was utlllzed ‘while fOr the reglon _{_

‘.100—7000 cm 1, a N1colet model 7199 1nterferometer was. used

The prlnclple of FTIR spectroscopy 1s the dlfferentla—_gyéﬁf

L D i - -

tlon of frequency elements by d1v1s1on of amplltude wheref:
as conventlonal ‘grating 1nstruments dlstlngulsh frequency
N?ﬂe&ementsbspatrally. The essentlal components of'an FTIR‘
‘instrument are depicted schematically in Figure 2.3.' Divi-
sion of. amplltude is accompllshed by means of a. Mlchelson
‘clnterferometer, Each 1ncident frequency is partially re-=
'flected.andftransmltted at the'beamspllfter boundary."A'a
"'phase diffeféhéé“ or;retardationb ‘is 1ntroduced 1nto the,

recomblned beam by the dlfferent path lengths to the mov1ng

and stat;onary~m1rrors Thls results in-a CO51nus01dal R

ru.~-2-\...

*fdependenceiof¥intens1ty:onaretardatlon, whose characterlstlc“



La. 81ng1e beam energy spectrum
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w‘frequency, f iS;giVen‘by;‘ . ;'

v’
= T o SIS S S
fu = 2vv v =velocity of movingmirror (cms Yoo
Voo oe v =incident ‘frequency {cm=1) . B
B . . ', (”
'The'experiment-measures the intensity of.this radiation'_~h'\'

reachlng the detector as a functlon of]the retardatlon and

thls record ‘is called the 1nterferogram For a broad band

source, the dlfferent ‘cosine waves add together to glve a
:beat pattern and “the measured 1nterferogram is the resultant'

of the 1nterferograms correspondlng to each 1nc1dent fre—
quencf The Fourier transform of this functlon is the

¢

51ngle beam energy spectrum (see Flgure 2. 4) and the ratlo
of the sample to the "background energy spectra gives: the
transmattance or reflectance spectrum

When the mov1ng and stationary mirrors are equldlstant

all of the modulated infrared frequencies are 1n+phase.

B

This produces a maximum in'the’interferogram, which is Known. .
as the zero path difference (ZPD) peak, anditspeak—to—peak

voltage. is a measure of the total intensity 1nC1dent on

~.

the detector’ I i .

. N R - - 4 G
o el o - P g

“For two frequenc1es separated by Av-—vl 2,'_1t is

4

necessary to t anslate the mov1ng mlnror a- dlstance X-—l/Av -

”.}n order to obse_ve one complete cycle” of the beat pattern o

‘ and therefore “to d1 crlmlnate between the two frequenc1es.~. .

-

L4

The nom1na1 Spectral resolutlon S AV is thus related to the e

!

'7max1mum retardatlon by X . l/AV ~‘b" , l-," -

max

Because of 1nstrumental 11m1tat10ns the interferogram'

cannot be recorded as a continuous.function;.but.must-beﬂ

-
A
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. digitized,
thionzrange , These phys1ca1 realltles can- cause*sighlflcant

Ydlstortlon .in the computed spectrum Towreduce thls dlstor—u;'

,tlon the procedures of apodlzatlon and phase correct;on S Q@

.

:.are carrled out

i

Apodlzatlon 1s‘a process uhlch improves the 1nstrum :tu“T"“}lf
";Tine-shape'vil' the computed shape of a 51ng1e sharp,

.fspectral 11ne ' Because the 1nterferogram is only collected-
hfover a f1n1te range the computed Spectrum 1s not a sharp En
_llne -but a band.wlth'several secondary-mlnlma or ”pods” - “t'
4u1t1p11cat10n of the 1nterferogram by an apodlzatlon func—
1t10n before Fourler transformatlon suppresses these ”pods”’
but W1th some: broadenlng of the" peak The ch01ce of apodlz—
':atlon functlon 1s determlned by the relatlve 1mportance of.

I

'fthese two oppos1ng cons1derat10ns

Phase errors result from dlgltlzatlon error and the

--frequency dependent characterlstlcs of the electronlcs andf

the beamsplltter Optlcal‘propertles.» An excellent dlscus- . ‘}j .

ids1on -of the varlous phase correctlon procedures can be found
182 183 LT ‘
41n several references - :
The s1gnal to n01se ratlo of the computed spectrum 1s
:affected by varlous,parameters‘< N01se is reduced by Optlcalp
»and electronlc f11ter1ng Optlcal fllter1ng restrlcts the

.range- of frequenc1es, or . bandw1dth 1nc1dent on the detector

“fwh11e electronlc fllterlng restrlcts the bandw1dth of the ;f' : 'py

Fuﬂ3amp11f1er Ampllflcatlon of the 51gnal enables greater

“'prec1s1on in the analogue to d1g1ta1 conver51on process and

,
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:;ﬁ-maypimprové'thé'signalétoénoise ratio when s1gnal aveﬁag—
oo . ¥ Wy e

;flng 1s performed A selectlve ampllflcatlon called gainr

e .
e e gty & .o

s . _ -

“ranglng or galn swatch;ng,,enables greater ampllflcatlon of _';‘

v _..,.--— P amen -
- " L9 Fro ez

p01nts at large retardatlons than of p01nts 1n the v1dlﬁxty e s bé..

’f of zero retardatlon ThlS is. oiten desirable when the
s1gna1 1s small%at large path dlfferences The nature of

the 1nterferogram dlctates the type of galn—ranglng to be . ;_;‘m.mn

s

« o

:used " An 1nterferogram due to a broad band cont1nu0us e wiiff;'
source has the appearance of-a sharp splke at: Zhh.about:h:{p‘,“f -
Wthh can Qg seen. modulatlons Wthh rapldly decrease to an:;f”;
unobservably low amplltude"whereas an 1nterferogram caused‘v
by a sample w1th very narrow absorptlon llnes shows appre—

vc1ab1e 1nten51ty even at 1arge retardatlons In the former_

-.‘case, a. large ga1n ranglng factor is used whereas 1n'the

) latter case llttle or no gain= ranglng is pOSS1ble , The@a”.'

R
247

mov1ng mirror veloc1ty should also be selected to optlmlze
: the 51gna1 to n01se ratlo of the computed spectrum ‘The - o
choice depends~upon the frequency rance of 1nterest and. the .

'ldetector sresponseas afunctlonof modulatlon frequency

1

‘1 The three varlable components of the FTIR 1nstrument

3

o

.

:"are thejy source, beamsplltter and detector
. The R. I I. C 1nterferometer Was used w1th a: water—- : 1? :}ﬂhf
cooled 125 W hlgh pressure mercury vapour lamp, mylar beam—}'f
'f splltters of various thlcknesses (12 25 and'50 um) nd - o
.a Molectron s1lloon bolometer Wthh operates at 1 3 K. | ;" :v .
.;' . The Nlcolet 1nterfer0meter was used w1th a water.cooled

.Glohar-source& and elther a;I;QUId n;trogen cooled type B



E 100 700 cm’

R

fqr A -room temperature trlclyclne sulfate (TGS) detectgr ‘%f:;é;QALG

‘HngTe detector sens1t1ve over the range '400-7000 cm -1

b

.(‘ “ . - =% . -

¢;w1th polyethylene w;ndow rsens1t1ve overcthe rahge ' "'?ljr-t~' X

1 "SeveraT“different°daelectpic-coated.andnwlar . B

] @ o=
g o e - -

. ; +

‘beamsplltters wene used dependlng upon the frequency re-

Lo .o
L "

glon of 1nterest Thesé varlous components Pnd thelr range  r;f0fé§

-

"of use are¢g1wen tanable 2 2. !ﬂ e Qm‘ﬂﬁﬂ-:_»r'-

. .

.TPe R I I C and the Nlcolet 7199 1nterfer0meters are.ﬁ e e

AT » g e Wk

dlfferent in several aspects of data collectlon and pro—Afvﬁ L S
> ‘~ceSS&nga aslnceﬂthese,dgffgrences‘are‘relevant to'any com=" * ¥

(e

>

parative digzussion of Spectra«collected'onhthese two instru- - .

v

.lments they are- brlefly llsted in Table 2.3... 7 ' _ R
;f.ge~ Of partlcular;note 1s the fact that the power soectrum6
By e : i
1. e. the square root of the sum of the squares of the sine . . "
NEFY : gﬂ‘é’f : wpth L RaeaEs T A I - . ’

ahd cos1ne transforms is comouted from the'R I 1.6 data e

i .

"*Thus the n01ser1s computed to be always pos1t1ve rather

R ‘: . (,‘
chan~randomly pokltlve and nematlve.t‘For a_n01sy spectrum”

'fthehi the helght of the basellne is -shifted above .its true

» trum and the‘spectrum ecomputed bynthe Mertz method, %anibe~

value ' The Nlcolet 7199 on the:other hand ufes the Mertz

multlpllcatlve meth d182 183 4n which the‘Fourier—transform

L

of the apodlzed 1nterferogram 1s mu1t1p11ed by a phase

error functlon calculated by Fourier- transformlng a short il

A

double sided portion of the 1nterfe}ogram . The power spec- S

" oo

represented as: y v - Lo

s

oy



-
- . - .
~ Y . 2 RN P a
* LS R S Wy 0 s )
- 7 3 - " -
L W X Ey al [ o
W > v e “h - < e wm e A
- - N . ,
" . i
P' . -
v .
.. PN - "

‘ Table 2 2 Source Beamsplltters and Detectors Used on the

R . ~ -

L Nlcolet 7199 FTIR Instrument

. Lo -
-3 R TN

™

¢

‘ Sourceé -

iWéterprQLed Globar - ' . - 100-7000 cm™t

Beamsplltters

[

Ge on KBr substrate .- 400- 4800 cm

Si on CaF2 substrate"‘ o _ 4 ' 1150 7000 cm

3 micron mylar - S - 250-700 cm”

-1
i

e e - “
5 - . . - P LA

l"Réngeiof’Use'”

B

'6.25 micron mylar . 140-390 cm %
~12.5 micron. mylar S _ o . 100-230 cm-l:
Detectors ' )

e By ¥, . o e L . L AL - ‘—1 P

«HngTe -B (L. Nzcooled) . 400-7000 cm

TGS detector with = . | | ©100-700 cm”
polyethylene window

\

1
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Table 2 3 leferences in Operatlon and Data Proce531ng

rowa w0y

-~ for. R I L. C .and Nioolet.7199 Instruments

R.I.I.C. . | " Nicelet .7199

*Slowfscanningnintérférdmeter;L_;apid~scanning’intérferometérﬂ""

P T - T T

uses remote computer o hds its own dedicated-minié
(Amdahl.-470) ‘ computer (Nicolet 1180) 1

5

data is colleéted from - data-is-colléCted'from
-X -to +X'a ) -X . to +X__ .
max - Tmax ~“min ” max
“(resolution, av=l/Xs <) o+ o » °

(resolution, A= 1/X ma x

max

triangular'apodization vHapp—Genzelzapodization

- “computes power spectrum ' uses Mertz multiplicative
g ' - phase correction procedure
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N 'IS_(V)_l = ‘{Tcos(-“)_ P TgptWTE
o Ty . : B
,and ‘/ . B(v) (v)tcos(v) + T (v)t (v)d
.where f]S(v)l.=-power”spectrum'
. B(v) = spectrum calculated via Mertz multlpll—
. -catlve method" .
.Tcés(v), Tein (v) are the cosine and'sine tranSe
.7 .. forms of the apodlzed full interfero-
~gram . '
S s sV, tgn(v) are the cosine aﬁd“éiﬁé/Qiahs;f*??f“¥‘>**
el U0TER L forms. of- the- -apodized, short; double~- -« -

's1ded 1nterferogram

A

2.6 Reflectance Measurements

The 1nfrared reflectance spectra were measured w1th a

modifled vers1on of the Harrlck retro—mlrror assembly(RwA)

Loow ® ou.u P L up-o».‘ B e 3 N sTas O = B g s g R g &0—44:«\«;«._»94 Lo

‘“ﬂ"*versatlae reflectlon aCCessor CVRA) ’*The RMA enab1e§ re~f99°“°f?
flectance measurements to be made over a contlnuous range

of angles of 1nc1dence Slnce this capablllty was not re—-

quired the RMA was used s1mp1y as a sample holder mountb
for a flxed,angle'of ancldence. vThe-optlcal‘pathway through.
this accessory is:i11UStrated sChematically-in Figure 2.5.

" The pre01se angle of 1nc1dence used was measured w1th the"f‘;"‘
v”Nlcolet 1nstrument s allgnment 1aser and the detalls of

‘a

‘Mthls procedure are glven in Sectlon 2 6a. By d1spens1ng
w1th the retro—mlrror system 1t was pos31ble to e11m1nate .
- one plane m1rror from the obtlcal path and thereby 1mprove .
"che accessory S energy throughput L
In1t1a1 optlcal allgnment of the reflectance accessory

was achleved in two stages Flrst a crude adgustment of -

Pt B
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turbed through the accessory ThlS was accompllshed with

Ve o oLig

.an aux111ary'5'mw Metro;qgl

—’c..- P v

'-»a<.
EY

‘1ng trough support with vertlcal and transversesltdeadgust—; ,;

,.'r,o"o- ) . ; -

ments’:”

of the beam at'some polnt across the room was noted The_;h

reflectance accessory was. then p051t10ned so that the front

' edge of-lts metal base was normal to the laser beam cand»

e e

thls conflguratlon was secured W1th masklng tape A
.52, 5” front surface alumlnlzed SlOz-coated mlrror

was used as the sample reflecting surface’;.The angular.f.:ff;f

< g

T seate ‘on - the RMA was’ set at ISW’T;M;rgorw'M ‘was adjusted - - -

I RN

'so that the laser.beam 1mp1nged at nearenormal incidence'on

; path was corrected by means of focus51ng m1rror M

‘sample compartment of the Nlcolet FTIR 1nstrument and mount—

the sample Mirror Msrwas then:adjusted so'that the~beam
followed the correct vertlcal plane . The tllt of the 1aser

2',_‘B'Y.

small systematlc ad3Ustments of" these three Varlables “the

oy . e

>

4

laser beam was brought into- 001nc1dence w1th its orlglnal
path : |

The.reflectance accessory was then transferred to the
ed on slldlng ralls wh1ch ran parallel to the 1nfrared beam.
The unlt was translated untll a max1mum 1nfrared 81gna1 was
obtalned.,“Thlsrwas,achreyed when the accessory’was moved-

a

s e 6 .4 4



to the,extreme rlght of'the sampie compartment w1th the

- ""ll-‘,r,.u

”'beam travelllng from rlght to left ' The/energy throughput-~~”'ﬁz

,;;Was further Optlmlzed by’sllght adgustments of mlrrors RN

N 1,‘ 55 and M3 3 When optlmaliy alfgned“ the energy cor«QQ»-Jﬂ

; reSponded to 2, throughput of 80 90% A throughput spectrum

c

;1s the ratzo of spectna recorded w1th and w1thout the re—.

2 e e 2

”ln Flgure 2. 6 ) The sharp peaks are due to water vapour
o , -¥.7K ol

1 :2.6a Determlnatlon of Agg;e of Inc1dence

Slnce the reflect1V1ty 1s a functlon of the angle of

" incidence, it .was 1mportant ‘to know thls quantltyaﬁcurately.
-Its'measurement was fa0111tated by_the’use of the Nicolet @
_ Vil

[}

1nstrument s allgnment laser When properly set the’laser

s1mu1ates the 1nfrared beam and glves a vas1b1e llght source

< .

for mapplng the optlcal pathway through the Harrlck reflect—

ance accessory (HRA) With the ald of a:clear plastic tr1—

e

angle the llght 1nc1dent and reflected at the reference
mirror surface was traced onto axplece of whrte paper hor1~
zontally flxed to the base plate of the- accessory :The'
angle between the entrance and exit beams was measured with
‘a. protractor By repeatlng thls procedure the angle of b
'1n01dence was determlned to be 9. 5° with an estlmated pre—f

01s1on of 0. 1° After thls measurement was made mirror

"'M1 and the RMA angu}ar settlng were never further adJusted

i

;4f1ectance accessory in the beam : ﬂtyplcal throughput gw¢;5»~7i'

CoNe LomL e i e
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| “2.6b_Design of Semple Rolders

The des1gn of a component 1n an optical accessory re—'

?quires an accurate knowledge of the radiation beam s path

'"land dimenSions-as lt traversesrthe System ' Thus ‘before:

e -

ndes1gning holders for the polycrystalline and 51ng1e crystal
;samples it was necessary to measure the- syze and p091tion

';of Ehe 1nfrared .beam impinging on the reflecting surface*\><

'This was accomplished in_the. follow1ng manner A'l” by 2' .

[

A R . ce g

front surface aluminized mirror was placed in. the sample

mount and 1ts pos1tion was noted ALY by 2"rmicroscope‘

.Sllde was then covered With black “paper (used to protect

photographic film from light exposure) and markings 0.10v -

.apart were made along its bottom and side edges. This

blackened microscope slide was used as an adjustable mask

K

in front of the aluminum mirror. The vertical and horizon-

tal p051tions of the mask corresponding to*the onset of

v &
-«.

s1gna1 attenuation, were -recorded by monitoring the size of

the ZPD peak. In this way, the beam size at the reflecting_

surface was determined t6¢ b€ 6 mm. To confirm this finding

‘and check the beam S 1ocation a 6 mm diameter aperture was

¥y
&

cut. olit of a piece of the black paper "This was taped to
-

the front surface of the mirror, at the position determined
from the.previous measprements.. It.Was noted that the

infrared signal was only reduced to 96% of its former value,

-

thus verifying the measurement procedure

[

The polycrystalline sample holder was fabricated from

k %” thick brass. Its design,is illustrated in Figure 2.7.

T
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Figure 2.7 Design of-polycrystalline sample holder.

A, brass holder; B, retaining plate; C, positioning pin;

D, sample or reference mirror; E, brass stop; F, 45° conical
rim; G, teflon spacer; H, Allen screw; I, black velvet
material. s
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aThewl”;diameter sampie"waSQSQafed on a 1‘mmfiip,‘so‘that
'f-[i‘t"s ':f:':ro‘r;;t;.‘uf;c:a:‘cch)‘irv;c'ié;dj{w'it”h‘__the r.e_q"ul’is'_'i\te"I"'ef‘fi‘ec:ti‘r;gq" B
,plane} A téfl§hf$pac¢rf;hd aanpehgringjfﬁtainiﬁé~plp%é'”'
v_be;q th¢ﬁ§émp1eL§écup§1§ iﬂ p1#cé, énd'a graés stop enabled
;reprqdugible'%psitioning of.fﬁévéaﬁgié.ﬁdidéfg>»fh¢;45f:,"
_§loping"rim; encircliﬁg the samplé apertﬁje, wés designed
tb“déTIethahy"radiation«an,incident»on«the*séméle'frbmfv“"

- , A
w're"élc,'h‘i“_’rig""cih'e'_d’etectori;,vs';'Hou_n,e'ver,"_t-he_m.‘t—:‘ats,ure'd"''r'fc;ffi_'f/Ik'f’t'?'c'tér:l:ce N
’with no sample was sigﬂificaﬁ%,Abérticulérly in fhé'far—
finfféfed £egibn,‘where it was %pprOXimately 2.0%.; Thié7Q;;‘

. Mue to the high reflectance’of braés, which is a monotonic—

ally ihcreasing function with"&%creasing'frequency. Various

1]

procedures were tried in order to.reduceothis background

7

refleéfion from tbe holder,'includihgza éandblasting,'
blaégehing 5y anodiZation, and painting with a black absorbj
ing. paint. Meaéurabie success was finally'achieVed by using -
a black velvet material,affixed to the front fade of the

14

holder with'contact cement. The percent reflectance con-
Se—

~ tributed by the holder was~thengreduééd to approximately

.0.15% in the far-infrared region.

The design of the single crystal sample hoideriproved,
.to be more difficulti_ Iniﬁiéily,hit waé‘desired to ‘have
twbbmatched‘sample hq;ders:which could accbmmodate thg_
‘sihgié crystal«samble and referencé mirrof, fespébti&el&;
vawéver, the constraints ihposed‘ﬁy fhe need for exaét

»dptiédlgcoplanarity of the'referepcé mirror and the crystgl

pfoved too demanding. Fof this reasdn,wthe same sample



. holder was used for the sample ihd background measurementsf

127

1-The preC151on of this procedure will be dlscussed in- Chap~f”-

‘ter N of thls the51s
The des1gn of the 51ng1e crystal sample holder is
shown in Elgure 2.8. It.waS‘fashloned from-0.125” thlcki
'TaIUminum?f A 578” hole was drllled SO’ that varlous cone—
ushaped pleces could be 1nserted | Th1s allowed some flexi-

b111ty in the 51ze of crystal that could be studled ‘For

the maJorlty of. the 51ng1e crystal measurements a 7/32”

dlameter sample aperture was used The 1ns1de walls of the

con1ca1 pleCe were tapered at 20° SO that the convervlng,

1n01dent 1nfrared beam was not 51gn1f1cantly attenuated

A second groove was’ made in the, gﬁh sample’ mount parallel

to the ex1st1ng groove for the polycrystalllne sample hold-

er. ThlS acted as a phys1cal stop for the 51ngle crystal"

sample holder and positioped the sample 1n the correct Te-
flectlnglplane A plece of " black paper (used to protect
photographic fllm) taped to’ the front face of the holder
"reduced the extraneous background feflectance to 0 02% in
the mid-infrared region, and to approx1ma‘e1y O 03% in the

far-infrared region.

o ‘
. ——

"2.6c Design of R.I.I.C. Sample Compartment.

In order to perform reflectance measurements on the

R.I.I.C., it was necessary to des1gn a sample compartment

that could house,the Harrick reflectance: accessory.A In con- /
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'Flgure 2 8 De31gn of %1ng1e crystal sample holder.

”vA Alumlnum holder B;-reference marklngs Cf cone- shaped

D, 81ng1e crystal or reference mirror; E, plaqtncone

‘lf; nylon screw; G, p051t10n1ng p1n H terlonsecurlngqcreW'

Qo
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g Jﬁ
: :des&gn 1lrustrﬂ!%dﬁln Frgure 2 9 was aaqpted

s fr"-"

The sample compartment 1s comprls%g of 3! maln pleces L
: . -.. “ L .,L‘,‘ . ._»\..,4“ e - oy B . R - . .
_aa;pl)_»a top plate¢'3vv;_~,5f !

ii) a - rectangular box.wlthﬁentrance and ‘exit ports
’ havlng vacuum seal. fi’tlngs to the 1nterferometerv‘
and detector respect vely x4 Pl '

iii) a bottom plate
. 9

[ B &
DR e LS d

. la‘.'il
B v o.

All pleces were cohstrdcted of 1/2” thlck alumlnum l'A .
vacuum tlght seal between these three components was pro—v
”v1ded by 3/16” th1ck O rlngs The.reflectance attachment

-was mounted on a. stalnless steel slldlng ra11 support whlch

. ._»1 e

*'was bolted to the bottom plate Thls feature permltted a

SR

sllght lateral ad;ustment of the accessory and opt1m1zatlOn ffﬂ

e .y '

of the energy throughput , However the horlzontal p051t10n—,:¥'

1ng of the accessory was’ flxed S0 - that the 1ncident 1nfrared
CIY
Abeam was dlrected at the center of the flrstpﬂanexnlrror Ml

' The sample compartment was’ also fltted w1th two brass

holders One was. used for the. Varlous polyethylene f%lters
"and the other enabled the use of a polarlzer v

» Sl . : ’
.

_2 6d Reference error and Callbratlon Stahdard
_ — - 5

Theameasurement of a sample s Specular reflectance on]H

-

t'.an 1nfrared spectrometer is a- relatlve measurement "The.w
5'power reflected from the sample (RSIO) is compared to that

eflected from a metal surface (RmI ) Thusu the ratlo of

'the two detected powers glves the relatlve power reflectance
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"Figure 2.9 Design of R.I.I.C. sample compartment.

A, top plate; B, rectahgular box; C, interferometer inter-
face; D, detector interface;  E, bottom plate; T, screw and .
washer. : ' .



of the sample (Rs/Rm)f Iﬁeally{ the reference surface is:

-perfectly reflecting; in which case, thls ratlo glves the
sample's absolute reflectance (Rs). The term-reflect1v1ty

is ‘only used to express the ideal" absolute reflectance of

a sample.184‘ Typlcally, ‘the metal reflector is a thin film

a

of-aluminum; 511ver, or. gold vacuum evaporated onto a glass
substrate.
4

-For my reflectance measurements the reference mlrror

‘was either a gold ooated pyrex. mlrror or a hard gold
g(occluded n1cke1 on copper) mlrror Both mlrrors were 1.0"

~d1ameter flats purchased from Orlel Corporatlon Although

.’they have a purported reflect1v1ty-of >98% in the’infrared

T

region,flt was hot expected that thls reflect1v1ty remain

constant with the mirrors’ frequent usage ,Therefore, "for
. 4 3 R rd ‘.

-
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precise measurements; it was necessary to calibrate‘the,ree

ferencelmirror“s reflectance.
The reflection standard had to satisfy the'following

requirements: )
- \ . ' . -
i) its'optical constantshmust be wéll,known.»
ii) it muSt be'optically and-mechanically-stable.
~and
©oiii) it must be capable of being Optlcally worked into
a plane form ,

v

Several pure, elemental semi-conductors meet these

-

requirements and, of these,; silicon was adopted in this

study. lts'optical constants have been sthdied by. several
‘workers over thg entire:infrared.region.381150’185

a
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A 1” dlameter boule of 5111con was prov1ded by Dr 5FL

Welchman of- the Phys1cs Department” at the Unlver51ty of

-Alberta.i Unfortunately, 1ts pur1ty is not.knOWn W1th the

assistance of Dr C Scarfe of the Geology Department tne

'boule was cut on a Buehler dlamond saw, u81ng.d1st111ediff'r

water as a lubrlcant. T ellmlnate multlple reflectlon

effects, the back face of the 8111con sample was wedged at f?-
. : ) . ) ‘,- . . .
10° to the cylinder axis{» The mlnlmum sample thlcknesi

was 0.28” (see Flgure 2. 10).

The optlcal pol1sh1ng of the: 51llcon standard was a

f long and tedlous procedure ~ Mr. B. Arnold of*the Electrl—

- cal Englneerlng Department 1nstructed me on the. technnque

The sample was first ground on a flat glass plate w1th‘
success1vely smaller grlt sizes of alumlna (15 9, and 5un0

us1ng ‘water as a lubrlcant ‘Each grlndlng session was

‘approx1mately 5 m1n in duratlon and each grlt size was used

until a unlform f1n1sh was obtalned After each grlndlng

'stage, the glass plate was cnecked for flatness and re-
‘ground, if necessary, and the sample was thoroughly washed

'With'rnnnlng water. “Pollshlng wa s thenidone on a hard-

nitch'lan. 'First! 1 um alnmlna‘ ' d _;_4 F”‘*O 28"
“'dispersed in a.soap.solution was

'nsed.“.This polishlng stage .was Y

continued for several hours; ) .}d : 11

Figure 2.10 Dimensions of silicon
calibration standard

]
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"agalnv,each ses51on lastlng 5 min. ) Between-sessions' the
"fpltch lap was. flattened by rubblng 1ts surface w1th ‘a’ slur— i
fry of the p0115h1ng compound and aﬁwarm plate thenlpress; o
_ 1ng the plate on the 1ap w1th a brass welght for 5 min. |
??1na1 pol1sh1ng was performed on a clean p1tch lap w1th a’
.vslurry of 0.3 um alumina and d1st111ed water

ThlS procedure produced an almost scratch free mirror-

ﬂ 1ike=surface.' The optlcal flatness was determlned to be

1/4 l_at_the'Helium_wavelength, Aé 0.59 um.

2;7_ Operatlng;Procedures and parameters p‘

- The- obJectlve of thlS research progect was . to. obtafni -
quantitative reflection resu1ts. For.Ehis‘reason, considj:
: erahle time7was devoted to.optimizingtthe'varfous.operating
condltlons and to adopt1ng a systematlc approach Thef“
basic exper1menta1 procedure w111 be br1ef1y outllned for
reflectance_measurements on the N1colet 7199 1nstrument.
This procedure was folloWed after the inltial alignment,
descrlbed in Sectlons 2.6 and 2.6a. ‘

A11 measurements were made at room temperature -Since
7surface condltlon greatly'affectsha-sample s reflectance,.

special care was taken to minimize'surfaCe contamingtfon:by
always wearlng surglcal gloves whenever handllng\the samples
or mlrrors. Any dust was - blown off the m1rrors w1th com— '
pressed air.

, The Harrlck reflection accessory was:- p051t10ned to. the

extreme rlght of the sample cdmpartment and secured by meansu

-
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'of;a'retaining'plate The gold reference mlrror ‘was’ placed

"~ in the sample holder and thls assembly was 1nserted into -

the“samplevmount of'the RMA The prev1ously optlmlzed ;'.

'la_operatlng parameters were then s t and the 1nfrared 51gna1

'was-mon1tored~on a CRT,dlsplay' By small adgustments of

mirrdrsfMZ‘and M3 (see Flgure 2.5), the-signal-was maxi-

o mized  For all experlments -the galn was, set so that the

ZPD peak measured 5 10 V. Instrument stabillty was then
checked via’ 100% llnes A 100% 11ne is' a, s1mple ratio of
two. succes51vely collected spectra taken w1th the gold
'mlrror 1n~place;“The@dev1atlon from 100% gives a measure
;or the Signallto—noise-ratio and the instrumental drift.

lf the 100% lines- were satlsfactory and the energy through—

| A
put of-the accessory hlghu(l.e, 80-90% of the open beam
ualue),then'no further.tuning.was done. *However; in some
cases,-the‘dnstruméﬁtal performancevcould'be improved.by'a
',c‘slight realignment ofcthe‘stationary.mirror of_the inter-
';ferometer. | . R |

'The instrument was then purged with dry.nitrogen‘gas
‘from a 11qu1d nitrogen reserv01r in order to Tremove atmos-

pherlc water vapour and carbon dioxide from the optlcal

path After collect1ng several backvround spectra ther

goldvmlnror was replaced with the 5111con-ca11brat10n
standard A series .of 511100n reflectance spectra were .
taken in order to check the reprodu01b111ty of. the p051t10n-.

:1ng of the sample and sample holder The spectrum-used for :

fcallbratlon purposes was the average ofthesevar1ousspectra.



The polycrystalllne sample of Ba(C103)2 H 0 was '’ pol—v“
"flshed on-a chamois w1th iso- propanol or Skelly B 4d B
lallowed‘to dry The sample then replaced the s111cona'!
'standard Two successive 250 scan collections were taken‘
eimmediately, w1thout purglng It was found that prolonged
tpurglng caused 31gn1f1cant deterloratlon of the sample S
reflectance. This" phenomenon is dlscussed more fully in-
:Chapter IIIl The sample was. then repollshed and a furthe/
set of spectra were collected o 4

For reflectance measurements on the 81ngle crystal
:samples the above procedure was’ §l1ghtly modlfled Be-

- ‘cause. of the anlsotroplc nature of the s1ngle crystals it

'pwas des1red to probe the dependence of the optlcalconstants-

on the dlrectlon and polarlzatlon of the 1n01dent llght
relatlve to the crystal onlentatlon Therefore, it was Am-
portant to§have these quantltles wellddeflned for a glven
,'experiment.' Polarized.lnfrared radlatlon was produced by_
various wire grid.polarizers. Thevditferent substrates'v
’uwere: 'BaFQ-(near;infrared) AgBr (mid—infrared)
.polyethylene (far infrared). The spectra of thegoldlnlrror
Alreference surface and of the 51ngle crystal s reflectlng '('
face were measured w1th 0° (TE)‘polarlzatlon i.e. with the
.electrlc vector perpendlcular to the plane of 1nc1dence.

Thev51ngle crystals were rotated so that the degared crystal

axis was. allgned parallel “to th1s dlrectlon : The~reasons

o for rotatlng the sample rather than the polar1zer were

‘two—fold,.wA



that the energy throughput was generally greater
— for -0° polarization than for 90° polarization,
NS particularly in the far- 1nfrared’reg10n

Sii) ’O° polarized radiatlon is always parallel to the
_sample surface, whereas 90° polarized radiation’
"1s only parallel to the sample surface at: normal
incidence. Therefore, for an angle of incidence
of 9.5°, some polarization information is lost
if 90° polarized light is used.

-i)f for: our- Nacolet 7199 1nterferometer it was notedg

136

Although the basic procedure for obtaining reflectance

measurements was - the same for the various spectral regions

the-particular operating paramqters were different, as de-

. tailed below.

A

" 2.7a Near Infrared (1800 7000 cmal)

., -‘3‘ ) .. e, N >_‘

e

~The globar source, CaF -Si beamsplitter and HngTe—B

detector were used in this region. The spectral bandwidth
3 - : _ a i . .
was: set at 15798.0 cm 1 and the high—pass (HPS) and low-

pass (LPS) electronic ‘filter settings (at which they atten—vp

uate byWSdB)gwere set at 250 Hz and 100 k Hz, respectlvely

The source aperture]was'6.35,mm-in‘diameter and the moving'

‘Lmirror velocity was 0.783.cm/sec,
| lt WaS‘found that careful alignment of the interfero—.
meter stationary mlrror was necessary for eff1c1ent opera—
' tion in th*srregion It was also necessary to allow the ‘
' system to equ111brate for seVeral ho ~after alignment,
”’otherw1se the high- frequency performance 51gnificantly
deter1orated with time
Because the Ba(C103)2 HZO samples exhlbited very weak

brOad—featured, reflectivity in‘this region, the'spectra
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were'cellected“at“Sycmfl resolution, and with a gain-range’
factor of 8.

_1)

2.7b Mid-lnfrared"‘h00-4ooo'cm
| }The,glehar squree, KBr;Gereamsplitter} and ﬁngTe—B;
_deteetor were usedvin this,regibn; The spectral‘banduidth
was set at 7899.0 cm -1

i

ters were set at 100 Hz and 50 kHz, respectively. iThe

, and the HPS and LPS eleetronic-fil—g

source aperture and mov1ng m;rror Velocity were the same as
fof the'near—infrafed Tregion. However, no gain-ranging was
used beéause the sample 1nterferogram dlsplayed large

.algggnatlng 1ntens1ty over the entlre sampllng 1nterval

Spectraﬁwere~collected at 2 cm»l'resolutlon

1)

The glé%ar _;urce mylar beamsplltters ;'

o,

. . W - a
12.5 pm) and TGS détectq{ w1th polyethylene wL_

used in thls reglon A black polyethylene flitéfﬂ

the . unwanted modulated energy aboVe 1300 cm -1 from reaching,

~the detector and resulted in a gygnlflcant 1mproVement 1nA

‘the 31gnal -to-noise ratio. L

The spectral bandw1dth was set at 7899. 0 ‘cm -1 aﬁd the '

~HPS and LPS electronlc filters were set at 10 Hz and

L} .

.2 kHz, respectlvely The source.aperture was 10 hm ‘in dia-
xmeter and the mov1ng m1rror ve1001ty was' approx1mately
0.15 cm/sec. No gain—ranging was used'for’the reason given

in Section 2.7 b.
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Because the unsupported mylar fllms are very suscept—
'1b1e to pressure fluctuatlons whlch can cause. varlable

.optical path lengths,,lt was 1mportant to decrease the

 instrument's purge rate. SlnCe the data collectlons were

necessarlly 1onver in this spectral. reglon the .reduced
purge rate also helped to minimize surface deterloratlon

effects of the Ba(ClO -Hzoysamples (Chapter III).

3)2

Spectra were collected‘at 2 cm_1 resolution.

2.7d  Far-Infrared on R.I.I.C. (20-250 ©m 1)

The Hg lamp, mylar beamsplitters (12, 25and 50 um),

~and Si bolometer were used ip this'region; _Filtering;was
accomplished'by various Beckman cut—off,filters; which are.

listed in .Table 2.4,

Table 2.4 Frequency Range Covered by the Mylar Beamsplit-

“ters on the R.I.I1.C.

Beamsplitter - Filter #‘(Cut—off'frequency) Range of Use

12 om #4 (250 em=1) - 60-200 cm~l
25 um #2 (125 cm~1) © 40-100 cm~l
50 um #1 (80 em~1) 20-50 cm~!
; 2
23

ior ollecti  interfer am_data, the sample
Prior to collecplug the in ec erogr /da\\, . samp
‘ccmpartment was ebacuated to =0.05 torr. Three successive

‘backgrounds were recorded with the gold mirror, followed by

138

three successive sample collections. The resultant reflect-.-
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.ance spectrumfwas the'average of thesé three sample runs

rafioéd agaihst the Corresponding background runs. The

resolution obtainéd after apodization was either 8 cm—1 or' 

2 cm‘lx



CHAPTER III.

SAMPLE CHARACT RIZATION DATA HANDLING PROCEDURES

AND REFLECTION RESULTS FOR Ba(ClO

4

3o Hy0

-This chapteftdescribes the treatment and evalnation of
the éxperimental reflegtlon results for polycrystalline and
single crystal Ba(C103)2 2 - This invo&sedaggmple charac-
terization via X—fay methods to détenglne crystal axes Or-
ientation' optlcal quallty checks, as measured by ult;mate
reflecfance; And consistency Qf samp¥e preparation; by‘au
.‘,eompahative study of twe‘e%mples ( ectionlB.l). The reflec-
Stance dnta were then averaged, segfed,vénd célibrated to
Optéin a‘high signglfto—noise ratio, snooth overlap between
epectral regions, and aCcurafe results,‘respectivel§ (Secf

tion 3.2). The final composite reflectance spectra are pre-

sented in Section 3.3.

3.1 Sample Charaeterization' a

@

3.1a cnaracterization ot Single Crystal'Ba(c1OBlé%gzg_
Large, single crystals of Ba(ClOB)é-H2Q were grown from
a satnrated, aqueous solution by the_circulapien @ethod (Sec—
" tion 2.2b). These crystals all exhibited a prismatic habit
fand, from mdnphologicalhstudies,}q3vwe know thit'fne‘nrisma_
tic axis coincides with the o-crystal axis. A typical sin-
gle crystal and its‘dimensions gre'shown in Eigure 3.1. Thé;é
-relafionship between the externel morphology“end;thecrystal'e
-point-group. symmetry is depicted in Figure 3.2; the two—folq‘

L : Y
rotation axis is shown coming out of the page. It can be
/ \ A . o

/.

( N 140
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Pl

';_ Figure 3.1 A typiCai,Single”cfysfal'of.Ba(ClOg)z-HZO

—=—--»a

not drawn to scuale

e
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seen that the crystal has well developed (lOl), (Oll)

(221) and (110) faces These faces were 1dent1£1ed from '

105

the known lattlce parameters and meas\rements of the

1ncluded angle between symmetry related adJacent faces

The crystal was cut perpendlcular to the prlsmatic

':ax1s (Sectlon 2 3) and thls cut face was used 1n the re-

flectlon studles A second parallel sllce ( l mm thlck)

was used to determlne the orlentatlon of the crystal axes

SR

o 1n thls a 'b reflectlon plane “The a' dlrectlon deflnes
;c«the progectlon of the a- ax1s onto the plane normal to then
| c ax1s | A prellmlnary v1sual examlnatlon showed that thls
t face was a parallelogram w1th measured edge angles of

82 +l°.and 98 1 Comparlson w1th F1gure 3. 3 Wthh de-

«

scrlbes the geometry of the a° b plane based on neutron—

dlffractlon valueslos of the lattlce constants 1shows that'

i the a ax1s b1sects the 82 angle i Slnce the observed

crystal morphology does not always mlrror the crystal sym-‘

a; metry, thls assrgnment was checked by X—ray precess1on

measurements (Sectlon 2 4) 'f_ o ' _ ./‘,r;T' o

]

The zero level (hkO) preces51on photographs dlSplayed o

mm symmetry, @;e, mlrror symmetry W1th respect to both

'.axesv- The observed systematlc absences were hkO h-kk-h'

2n-+l ThlS 1nd1cated that the crystal was elther C‘ ori

'ﬂ I"centered The reflectlons were 1ndexed and the ax1a1

lengths determlned from the standard equat1ons

X
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) . s

Flgure 3. 3 Crystal face of Ba(C103)2 HZO obtalned on '
: 105
cutting s1ng1e crystal- perpendlcular to prismatic c-axis.
, a' *,a.cos ¢8-90°) . _

Table 3;1~“'Compari'son-»ofLiteraturélo5 and Measured Axial

" Lengths for a'b Crystal Face-of:Ba(Clos)é.HzO

ST L : : ~ Measured . (A)
Literature 0°(8) - = SC- BCL H20 01 . SC-BCL. 20 02

Coat=8.898. 00 o ;.x8.86}ﬂ 8~92~1,7°ff;& se1

I

e




V'ZYn
£n x 60.0mm x '0' 7107 A

wheré n = h or k index for reflectlons along a or b
‘ axis, respectlvely :

< -
Y = separatlon (1n mm) between +n and -n layer
-4 . lines - . : ) K
t = reciprocal-lattice axial length (a* or'b*)
, = 1f' , " 1: v
b = =, a = 54—
b - a sinB

e

' The literaturelos and measured results are compared inv/;/”

Table 3.1 for the two s1ngle crystals studled (denoted

//.

SC BCL H20 01, and SC BCL H20 02) , Because every second

/

Ir"\

reflectlon 1s absent, these results are,the average of~

only three or four measurements ;n/the case of sample{;

SC BCL .H20- 01 the ax1a1 lengths were determlned for two ﬁ,_jzﬂ

dlfferent phOtOgraphs recorded w1th exposure tlmes of T
osix hours and eleven hours respectlvely ‘ These X ray.

flndlngs conflrmed the tentatlve 1gent1f1cat10n of the

/

crystal axes/based on measurements of the edge angles
Because 1t is not pos31ble to dlstlngulsh mirror sym—

metry from two fold rotatlon symmetry 1n a-zero- level pho—

,:.;:-» i

stograph a flrst level (hkl) photograph was also obtalned
It was - found that the mirror symmetry was conserved about
the a* ax1s but not @bout the b* axis; the 1nten31ty»of~
the’ spotéfdlffered fo},correspondlng hkl and bkl reflec-

) ST . \
tions;:_ThislindiCatei that there was.a two fold rotation .
r-4

:aXis along b. The observed systematlc absences were':



~hOl for all'valuesfof h, and.hklvtor even Values vathett
‘sum h-kk (t e. h-*k-+t=;2n;+l)'f'These absences;nin coﬁ;*'
Junctlon with the dlffractlon symmetry observed in the
l”zero 1eve1 photograph 1ndlcated that there was a c- g11de
'plane perpendlcular to b and that the crystal was I cen4
tered giving the total dlffractlon symmetry as 12/c the
expected space group for Ba(ClO3)2 HZO (see Sectlon 1 3):
After conf1rm1ng the or1entat10n of the crystal axes
hln the a'b plane the cut sectlons contalnlng the prls—‘
(
‘matlc cap, were pOllShed accordlng to the procedure de-.
scrlbed in Sectlon 2.3;. Pollshlng wrth cerium oxide and
'1so propanol was termlnated -when no- further 1ncrease in

-~

the sample s reflectance was apparent ' Fléures 3.4 and

145

3 5 compare the polarlzed m1d 1nfrared reflectance spectra

fof samples SC BCL H20- Ol and SC BCL HZO 02 _at a s1m11ar‘

stage of-optical finish.' Itxoan be seen that the agreement |

is extremely good However, 1t was pos31ble to ultlmately

":obtaln a sllghtly better finish for sample —09 than sample

—Ol The only s1gn1flcant dlscrepancy between the two sam- .

ples was evident in the reglon 750 850 cm -1 Wthh hasbeen

7

,expanded'for clarlty in the-insets. Sample'—OZ (Curves B)

"exhibited several weak reflectance features at 788, 809,

-1

'vand'816 cm 1n the b- polarlzed spectrum at;786me_.

1&1n the a —polarlzed spectrum »whereas,,sample -01 (Curves
A) dlsplayed only a smooth reflectance edge 1n th1s reglon

under both polarléatlons Th1s may be explalned by the |
’¢‘t@ct that sample SC&BCL-HZO—OI wasvprepared_from

A

DI
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7.5

- B Curve A= SC-BCL.H20-01
fe— A Curve B= SC-BCL-H20-02
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4

Ba(ClO

‘4

3)2 HZO obtalned from Allled Chemlcals whereas“the )

148

startlng materlal for sample SC BCL- H20 02 was supplled by’ ‘

Matheson Co .Inc. and was undoubtedly sllghtly 1mpure

= Thls trace 1mpur1ty is most- llkely Ba(Br03)2 H,O, Wthh is

2

1s_omorphous106 w1th Ba(C103)2 2 and which acc0rd1ng to‘p‘

?fRocchiCCioli‘lgé exh1b1ts 1nfrared absorptlon peaks'%t ;

ance peaks show a polarlzatlon dependence thls suggests

that Ba(BrO H,0 "co- crystalllzes with Ba(ClO ) HZO 1n,a‘

3)2 2

regular manner

3 1b Characterlzatlon of Polycrystalllne Ba(ClO )(2 29_

The polycrystalllne samples of Ba(C103)2 HZO Werezmade

by compact1ng the powder 1nto a d1sc us1ng a hydraullc

press (Sectlon 2a) A flnal sample pressure of ~800 bar

gave the best quallty dlSCS, as appralsed by their ultlmate

_‘reflect1v1t1es after a strengthening'and-pollshlng pro—

cifically des1gned to accommodate these v dlameter dascsf

(see Flgure 2 7) 1t was found that more, reproduoible re;

sults were obtalned w1th the single crystal holder and anﬁ

aperturegof_7/32” (Flgure 2.8). Thus all flnal reflect-f,f

ance Spectra— reported for Ba(C103)2 H20 in thls the51s

- were measured w1th thls 51ngle crystal holder

To ensure that the pOllShlng procedure did not 1nduce

B structural changes in the samples the reflectance was

monltored prlor to, and after each pollshing stage 'Fige

, 810 and 816 cmyl. Slnce the correspondlng reflect— S

: :cedure Although a- polycrystalllne sample holder was- spe—_"’



ﬂ ure 3 6 1llustrates the dramat1c 1mprovement in the optlcal

- qua11ty of the sample achleved after only a fgw pOllShlng
’ =1

sess1ons It 1s suspected that the features at’ ~18500m =1

and 2900 cm 1 in. Curve B of Flgure 3. 6 are spurlous slnce

they dlsappeared upon further pOllShlng i The'other spec-'
tral features however ;emalned falrly constant 1n rela-'.
;tlve magnltude SO they are. con51dered‘genu1ne.

‘ Two samples were studled in . deta11 andfthese are‘de—i
"noted POLY BCL- H20 02 and POLY BCL H20-05. The final ree
1.;flect1v1t1es exhlblted by these two samples were 1in ex;.:‘
‘cellent agreement as can~be seen from Flgure 3 7;

- To confirm the sample s polycrystalllne nature .its
reflectance spectrum was recorded w1th polarized’ radlatlgn
(F1gure_3.8)..‘1t was;found_that, for a partlcular sample‘
orientatfon; all.spectral features observed under TE po-
larization were retained in the same'relative proportion

.under TM‘polariZation, Thus,'the sample was truly come

posed of randomIY‘orientedfmicrocrystals, The only differ-

ence between the two spectra.Was a higher reflectance in-
"the case of TE polarlzatlon Th1s is a consequence of the
”‘fact that the angle of 1n01dence was 9 5°4‘and not 0°.
.4From equatlons [1.36]-[1. 40] it can be determlned that 1f
;the normal 1nc1dence reflectance Rotrs 0. 05 and the 'sam-
plells non absorblng, then at 9.5° 1nc1dence the s-(TE)
.and_pf(TM) polarlzed;reflectancesﬁare. -0 052 and

35350;048,;g1ving anfexpected“ﬁifferéﬁce'Of ARSp= 0.004 or

e

-
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Flgure 3.6 - Reflectance spectra of polycrystalllne
Ba(C10g3)2- Hzo before and after polishing treatments.

. Curve A: strengthened sample, before polishing

Curve B: same sample, after polishing with cerium oxide

o and ‘iso~propanol ' .
Curve C: same sample, aft further pollshlng with- cerlum'
: S ox1de and 1so pf%ﬁanol -
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0. 4% reflection. ﬂ This corresponds exactly w1th our mea-
sured dlfference of 0.4% reflectlon in the reglon 1800—-_

:3200 cm 1, where this calculatlon is roughly appllcable

A problem pecullar to the near—lnfrared 1nvest1gatlon,

_of polycrystalllne Ba(C‘lO3)2 HZO was ‘an apparent day de—ﬁ'
pendence of the absolute reflectance ThlS phenomenon is f
.111ustrated in Flgure 3 9. Comparlson of the unpolarlzed
near- 1nfrared reflectance spectra of both samples POLY—‘
‘BCL HZO 02 and POLY- BCL H20 05 recorded on two dlfferent
days shows that on a glven day, the two samples were in
very good agreement. However, dependlng upon the day the
spectra were recorded, the(absolute magnltude of the spec-
tral features(changed slgnificantly. Several<possible
;contributing faétors were.investigated, such as sample po—
51tron1ng, apparatus polarlzatlon and deterioratin :ref—

- erence m1rror performance but the source of this e“erl—

mental anomaly has not yet been determlned

153

<1

Although our 1n1t1a1 reactlon was that the higher re—pL[

flectance was due to.a better pollshed sample this was
not found to be the case In fact the lower reflectance

curves (e.g. Curves 1 in Figure 3!9) gave a jcloser corres-

pondence with the mid- 1nfrared results iﬂltheir-regiOn of

spectral overlap (= 1200 4800 cm 1).

It is ‘also: expected that the polycrystalline

Ba(C103)2 HZO possesses a reflectance of -0, 052 1n the v1s-’

ible region, based on the pr1nc1pa1 refractlve 1ndlces of

\ .
the s1ng1e crystalié? t the sodlum D line. From Flgure;

\



&

154

D . ~
© | -
| « \
-_ S
o , .
. r~
Z |l
D .
[ o ]
0.
U .
u.! (s}
o
s
o
L L
1

g4.0

+t00 6700 6000 5300 . 600 39b0
. WAVENUMBERS | e

4

Figure 3.9 Day;dependencé of near-infrared refiectance

of polycrystalline Ba(Cl03)2-H20. - .
Curves 1 and 2 répresgnt spectra takénq:p_different-days.

. The a and b symbols refer to samples: POLY-BCL-H20-02 and
- POLY-BCL-H90-05, respectively. - '
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{T 3.9, 1t can be seen that the lower reflectance curves are_“7“ﬁ"

_1n better agreement w1th th1s anticipated result ~d ,"' B o

For these reasons, the near- 1nfrared spectra Wthh
‘garejfhe best overlap w1th the more reprodu01b1e averagedfi
umld 1nfrared spectra were used in the merglng procedure

The reflectance of Ba(C103)2 Hzo was found to depend
upon the length of" t1me that the sample was purged w1th
-“dry.nltrogen gas, before the spectrum was rgcorded (see
:Sectfons12.7.andr3,2a); This,prompted an 1nvest1gat10n oft,_
whether exposure to vacuum in the R.I.I.C. samplevcompart—'
ment 51m11ar1y affected the. Ba(ClOB)Z H20 reflectance
Th1s test was conducted in the folloW1ng manner A sample'
of polycrystalllne Ba(C103)2 H, O was freshly pollshed w1th
1so—propanol on a cham01s and its mld 1nfrared reflect—
ance- spectrum was recorded Qn the Nicolet FTIR 1nstrument
The sample was then evacuated for 20 mlnutes:unthe R I I C .
at =0.07 torr. - Immedlately thereafter the‘samnle s mld—.?
1nfrared reflectance spectrum was re- recorded ‘ It can be
seen from curves: A and B of Flgure 3.10 that no131gn1f1cant_
change ‘had occurred. However,-lf the sample was evacuated
for a period of-13 hours in the R.1.I.C., its midfinfrared
ref%ectance decreased, particularly for{frequencies grea-
ter than 1800 cm_1 (Curves C and D. of Flgure 3.10). ~In

‘1, the changes were sufflclently

.thedregion below 1800 cm
small to suggest that the sample s far infrared reflect-

ance was not affected by evacuatlon | Thus the R I. I C.

PR . : . v



' f53ref1ectance of polycrystalllne Ba(0103) 2
" Curve A: 'sample freshly polished . . *
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'h3 2'iData Handling“
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s

dataﬂis.consideredarepresentative of”an'undistorteddSamplér

of Ba(Cl04)y Hy0

In thls sectlon the data handllng proceduresrequlred o

‘,to analyze the Ba(C103)2 H20 spectra ~are descrlbed in de—

1

~tall Representatlve examples have been . 1ncluded to 11— )
Jnlustrate these technlques and the spectral 1nformat10n

._used to construct. the compos1te reflectance Spectra is

»'tabulated.’

3;2';.éuhtraction;of.WaterdVapourAandCarboniDioXidef.

Features. 1.l;f. , , : L AR
Prellmlnary spectra of both polycrystalllne and 51n—

gle crystal Ba(ClOS) 1ndlcated that the spectral

features changed w1th prolonged 1nstrument purglng Flg—

‘ure 3. 11 111ustrates th1s forpolycrystalllneBa(C103)2 H20

| Comparison of Cufves A and B clearly shows that the chan—

. O

_ges d1d not’ 1nvolve a gradual deterloratlon of the surface

7920‘cm’¥ 1ncreased and a new featureappearedat elOZOcm

a T

"1observed prlor to purglng (Curve A)

‘451nce thlS would have been characterlzed by a reductlon 1n

the reflectance at all frequenc1es Instead the changes

‘ were most pronounced atfthe peak max1ma Although the

' 1nten51ty of most peaks decreased w1th time the-peak‘at.-

-1

If the sample was repollshed w1th iso- propanol and 1ts _:

.T,reflectance spectrum 1mmed1ate1y recorded the spectrumVV

(Curve C of Flgure 3 11) was’ essentlally the same as that

1mﬁ_. o ' B ' ' ' '
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Flgure/B 11 Effect of sample purglng with dry nltrogen gas'
.on mrﬂelnfrared reflectance of molycrystalllne Ba(C103)2
HzO’
/ - . .
-,Curve_A; before purglng
- 'Curve B:: afterrpurglng 2 hours
¥:CurvejC: ;after .sample was repollshed wlth 1so prOpanol
S anE cham01s. B D , ,

N For clarlty f presentatlon the Curves A and B have been‘
ﬁjoffset by O% and 3. 0% reflectlon respectlvely. T .
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Slngle crystal samples of Ba(C103)2 HZO also eXhlblj

“»hted a preferentlal reductlon in peak 1ntens1t1es w1th ex—_‘

tended purglng, and a restoratlon of the orlglnal spectrum
'w1th repollshlng However -because of our. prevrousuexper—'
31ence w1th the polycrystalllne samples the 51ngle crys— |
/tals .were never purged ‘long enough to observe ‘the appear—
_ance‘of any new features .f; ‘ ) v"" a - o
~Slnce Ba(ClOS)2 O is. relatlvely 1nsolub1e 1n alco—ﬂ-.
:‘lhéif these flndlngs suggest that purglng only affects a‘_.
very th1n surface layer ‘\The*most probable explanatlon is

;that'the surface dehydrates when the surroundlng atmosphere

vbecomes very dry | Consequently, the reflectance spectra

-;} used in thls the51s were measured for freshly pollshed

;samples, 1mmed1ate1y after they were pos1tloned 1n the 1n—A
'_strument' The rate of any spectral change was approx1mate—l

ly gauged from the dlfference between two successive 250

-scan collectlons, ~In the m1d— and near 1nfrared reglons

thls collect1on perlod ( ~10 - mlnutes) was suff1c1ently

short that’ 1nslgn1f1cant change took. place The background p:f
”spectra<of the reference mlrror on the other hand were
'always recorded under well—purged 1nstrumental condltlonsb

2

A problem assoclated w1th th1s procedure is that at—; S

2 HZO reflectlon spectra "fBe4"

':,fore conductlng a Kramers Kronlg analys1s of th1s data 't;;'

,,,,,

'"was necessary to remove these extraneous features ' Thls =

' ﬂfwas acc0mp11shed 1n the follow1ng manner Recall that a



reflectlon experlment measures the relatlve 1ntens1t1es of»

“1nc1dent radlatlon reflected from the sample and from a
_reference m1rror i. R /R . where the subscrlpts s and

‘m refer to the sample and mlrror ‘respectlvely. The-pre—'

”5gsence of a1r in the sample COmpartment modlfles thls mea—

.:sured.ratlo}vaeas .to R /R [exp (al)] 20[e:kp (ag)] Oé"‘

161

where the two bracketted terms deflne the transmlttance of‘_-'

water'vapour and carbon d10x1de _ The other symbols are

1)

. :.

o sample absorpt1v1ty (cm

o optlcal patn length (cm)

iIf the negatlve logarlthm of thls quantlty 1s taken
T i.e. —loglo(Rméas)' it becomes p0s31b1e to remove the wa-— .

n_ter vapour and carbon d10x1de features by 11near1y sub-—~

’ tractlng welghted absorbance Spectra of these 1nterfer1ng"

Thspec1es The reflectlon spectrum of the "pure” Ba(ClOB)2 -

H20 can then be recOvered @w'taklng the antllogarlthm of

4
th1s corrected spectrum ; ThlS was the technlque used

Slnce the relatlve amounts of carbon d10x1de and water vae‘

pour in the Ba(C103)2 H20 spectra were not constant thesem_'

spectral features were 1solated from a transmlttance spec—

1:9 '

'%trum of a1r and stored 1n separate flles In Order to re—gﬁﬁ

duce the 1eve1 of ‘noise generated in the subtracted spec—

A\

‘T"trum the reglons dev01d of water vapour (or CO ) absorp—‘

o,

i'.'-11nes of zero absorbance The subtractlons Were performed'

‘_Wby v1ew1ng a reglon of unamblguous absorptlon by water va—'

_pour (or coz) 1n the sample spectrum and adjustlng the_

LIS .

;tlon 1n the refere\ﬁg spectrum were replaced by horlzontal T
‘ . o



lcfnecessary that'the'reflectance-of the referénce mirror'be
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- scale factor of the reference spectrum”until completepsube"
'J;tractlon of thls feature was noted Thls stepw1se sub—l~
'{.tractlon procedure ds 111ustrated 1n Flgure 3 12 for the

hmld 1nfrared reflectance spectrum of polycrystall1ne
1f}Ba(C103)2. é‘f In the m1d— and near- 1nfrared reglons this.
'method was qulte stra1ghtforward but in’ the far 1nfrared e

. N .

'Qireglon where there is. 81gn1flcant absorptlon by. water

‘vapour, '1t proved to be con51derab1y more dlfflcult

t 3.2b Calibration of the Reference Mirror

"In order to cbtain accurate reflectance values, itiis -

Coe

. well deflned for ‘all frequenC1es of interest This-was';//(ﬂ__‘ -

4’;_-accompllshed uy a comparlson of the known and measured re-

flectances of a callbratlon standard 1n thls case; 31l1—
?CO. lsoy-Because of the-gradual deterloratlonvof the:goldiz
m1rror thls ca11brat10n was only strlctly va11d for the
-day on whlch it was carrled out The cuttlng and pollshlng
" of the wedged.s111con standard were - desorlbed in detall in
Sectlon‘z 6d Although the pur1ty of our 511100n is not

187

'known _1t is belleved that the res1st1(fty exceeds 0 12 gcm.
-Accord1ng to Runyan . s111con samples posses51ng lower

”fre51st1v1t1es dlsplay a marked 1ncrease in the1r reflect—

'”fance w1th decreaslng frequency » The reflectance of our

. * 1 .
slllconiwas-measuredudown to 100 cm™ . and no such anfease

~was apparent.. . S
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5;'F1gure 3 12 Subtractlon of water vapour and carbon dlox--,fL,
:;1de features from observed reflectance spectra -

'Curve A measured reflectance of polycrystalline C ‘l
-Ba(b103)2 H2O . =

‘Curve B: after subtractlon of COz ’l-jl fl‘“'rgp
Curve C: fafter subtraction of. HzO ‘yapour. and coz

‘Curves A and B have ‘been offset by 6. 0% and 3 0% refleC*'*
tlon, respeétlvely . :



The calibration'prOGEdure we,employed.involvedf%eyere
.al steps. _First;'the extent'of apparatus polarization was
, determined by measuring the relative contributions of s-

and p- polarlzed reflectance to the reflectance measured

w1th unpolarlzed 11ght These measurements were made from .

transm1s51on curves, such as those shown 1n Flgure 3 13

_Wthh were recorded at 9. 5° 1nc1dence, with the gold mlrrorz

‘as thevreflectlng surface, and'with'the wire grid.polarizer
- set to transmitbeither s; or'p—polarized lightt' The back-
vground spectrum 'in each case was recorded without the pol-
ar‘zer in the beam. . The relaélve s—.and p- polarlzed re- |
flectanCe contributlons: Rs/Rt and Rp/Rt,‘wherelﬁt-Rs+3p,
are given'in'Table.S.Z_for Seyeral frequencies in the’mid—
infrared.- For anvideal system ~at Opfincidence, both-these
‘quantltles would be 0. 50 for all frequenc1es //lhe non- |
Aldeallty of our. particular system 1s clearly demonstrated'
in FigurewB'IB by the'oScillatory behavior of the s- and’
a-p polarlzed reflectance W1th the. s- polarlzed (TE) compO—
’nent 1ncrea31ng dramatlcally at low frequenc1es

| Slnce the 1nfrared extlnctlon coeff1c1ents of s111con

‘}at room temperature are: very small 188 its expected normal-
1n01dence reflectance can be determlned to a'good,approx1—

' matlon from llterature values of the refractlve 1ndex _nﬁ,

‘iaccordlng to R ~(n 1) /(n+1) 1In‘the mld—lnfrared-regxon,

i*“'these values were obtalni?fromEMWard sandcmhoa s¥50r00m4v‘

/

_'utemperature channel spectrum measurements on n- ty e, SlllCOD

‘f(p:;p-4ncm), and are llsted_for several frequenCJes in’

IV RS

P
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Figure 3. 13 Percent transm1881on curves for s= (TE) nd
- p-(TM) polarlzed 11ght through Harfick reflectance
"accessory (¢==9 5 ) in Nicolet: 7199 1nstrument

o

Table 3.2"InfTared Reflectanéeﬂoffsiliéon for 10°. Inci-

- dence and Corrected for Apparatus PolariZatiqh 

\; ' Literaturelso ' ;Experimental_ Calculated
viem ©) 'Ro' % Rs oo Rp ,Rs/Rt Rp/Rt RlO .
4000 '0.3023° 0.3077 0.2969 0.481 0.519  0.302

. '2925  0.3012 0.3066 0.2958 0.534 0.466  0.302
2000 - 0.3005 0.3058 0.2951 0.461 0.539 0.300
1000 0.2999 0.3053 0.2946 ~ 0,531 0%69. 0.300 -

800 0.2999 0.3053 0.2946 0\511 0,489 0,300
609  0.2098 0.3052 0.2945 . 0.601 0.399 " 0.301
500 - 0.2998' 0:3052 0.2045 0:518 0.382 . O. 301;;)f

TValues\fpr 10° inoidence..
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Table 3.2. 'The corresponding s- and'p;polarized reflect-
ances'for =10° incidence, were calculated via equations

[1.36] and [1.38], i.e.

R - [a-cos 10° 2 g = (2acsin 10° tan 10° 2
s \a+cos 10° p a+sin 10° tan 10° -

J.

where ‘a = \/hz—sin2 10°,

and theSé.valuesfare also. given in Table 3.2.
aThe;reflectance of silicon expected for*the unpolarf.
ized condltions of thebinstrument at 106° incidehce, and
for a’ perfectly reflect1ng reference mlrror Lwas then'de—_'
rived- from the sum of the S- and p- polarlzed reflectances

welghted by their respectlve contrlbutrons:

o Rs 4 - EE . - . .
@@

‘A'codparison of thelﬁ and RlO values in Table 3.2 shows

'that”aﬁ7assumption of hormal—incidence-entails uegligible
error; the maximum .error is. ~O 3% at 500 cm -1

The second step 1n “the callbratlon procedure 1nvolved

. recordlng several unpolarlzed reflectance spectra of sil1—-
7,5_ to obtaln an estlmate of the experlmental reproduc1-d

: b111ty The gold mlrror to be calibrated was used as the

»reference reflector and 1n the flrst 1nstance ‘was assumed '.=fp’

:to be 100 reflectlng ' The reflectance spectra were then
x:coadded to’ produce an average spectrum ?heuterm cqaddlng

v reférs to.the,process Qf?pak;ng a,weighted average‘offa
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' number'of'spectra; the weightingjfactor for”each spectrum
being determingaﬁby the relativednumber’of‘associated in-
.terferograms (scans5 Figure 3.14 shows the average mid-
1nfrared reflectance of 5111con measured on the 13/01/82
and in Table 3. 3 .these reflectance values are tabulated
for several“frequencies For 9his-particular experiment
the sample and background spectra were collected w1th galn
'«settlngs of 2'and 1, respectlvely. It was later (20/01/82)
'found that an error ex1sted 1n the ga1n settlngs of the
Nicolet 1nstrument (see Chanter V) and that for a sample-
- to- background gain ratlo of 2/1 (all other parameters the
same) , the resultant reflectance was:” too large by a factor
of 1.013. :?herefore, 1t was necessary to scale the mea— \,
sured reflectance QV the factor 1/1;013,_beforefoombarison
with -the calculated lO° incidence reflectanCe Values.

These corrected reflectances are glven 1n Table 3.3. as

corr

R . The actual reflectance of the gold mlrror was then

computed from: R -These mld—a?frared call—

ir IO/Rcorr
.bratlon results for gold mirror #3 on the 13/01/82 are -
’summarlzed in Table 3 3 and represented graphlcally in
Flgure 3. lo |
Slnce thls calibration curve is strlctly only appll—

cable;to reflectance spectra'of Ba(ClQB)2~H20,recorded,onvlyl’
the same.da%, it was of interest'to compare:the balibrated :

Ho |

Ba(CLO )' reflectance w1th the averaged results from

.seVeral\determln tlons on" different.days to see 1f the
[ 4 - C . S g .
reproducibility justified the: labour of calrbratlon. . The

: Rl B
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Flgure 3. 14 Average mid-infrared reflectance Spectrum of
31llcon calibration standard, on 13/01/82. \Q\g

Table 3 3 Callbratlon of Mid- Infrared Reflectance of Gold -

et

error #3 for 13/01/82

vem 1) R SRR U Ryt %r_ T
R meas corr 10 ' mir
4000 0.3144  0.3104 0.302 . 97.3
2925 0.3130 053690 0.302° - 97.6 T
2000 0.3109 1 0.3069 . 0,300 . - 97.8
1000 0.3104 . 0.3064 0. 300 "l ¢8.0
800 0.3092 0.3052 . 0300 - -  98.3
600 '9.3087 - 0.3047 - 0.801 98.8
' 500 0 0 - 0.301 1

.3076 0.3037 .301.. -~ 99,

* corrected for ampllflcatlon error, factor =1/1.013
(Chapter- V). A : ‘ - :

+calculated values for 10°’incidence are from Table 3.2.°
"fmeir‘ O/Rcorr f
T A v L R -
SR = t 1
Rmeas‘ averaged 5111con snec,rumtgeee Flgure 3 ?).",.

.l/
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Figure 3.15 Mid-infrared calibration curve for gold
mirror #3 on 13/01/82. e ..
P i o o .
Table 3:4 Comparison of Calibrated and Averaged-
¢ ' -b—ﬁolarizedfMid-Infrared'Refleéténce‘o? Single’
Crystal Ba(CJQs)ZﬂHZO: _ .o :'>~f"
B ¢ N
. -1 e . e * e o . ~+ - +
viem. ™) “ Rieas . % Buir % Roan * Ryy 10
4400  5.08 ' 297.3 ".4.89 4.87 . <.«0.004 -
3529 - 1.97 97.5 . 1.92 1.96 ' +0.02Y o
3510 - 9.36 97.5 9.13 9.04 . . -0.010 , y
‘2800 4.95 B7.6.  4.83/ 4.89 -~ +0.012
2200 4.70 S 97,7 " 4,59 "4.84  +0.011°
- 16%4 $2.05 97.8 . - 2.00 2.04  +0.020
11604 _ 9.00 ' 97.8 8.80 8:82  +0.002
1049 . 0.0648 " 98.0  0.0635 ~ 0.0625 =-0.016
979 71.54 . 98,0 '70.1 - 70.72 +0, 009
932 24.3% - 98l 23.9 - '23:99  +0.004
609 - 13.14 98.7 13.0 . . 12.93 . -0.00s.
508  "41.07 . “99.1 . 40.7' - 40,92  +0.003
479" " 11.71 . . 99.3 11.6 .-11.43 . =0.015

/

* callbratiOn results are: for 13/01/82 esiima;ed;uhcefF}

ta1nty in % R mir = £0.4% reflection. © . v
K L Averaged data is the result of 6 1ndependent spectra
- *collected on 3 different days ., _
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_results of such a study .are presented 1n Table 3. 4 for the_‘

b—;\larlzed m1d 1nfrared reflectance of 51ngle crystal

-2

'Ba(C103)2~ ﬂ_ The reflectance was measured at several

npeak and trough frequenc1es These values were not cor-

t r e

. récted for ampllflcatlon error.’ s1nce both the calyhratlon'

£ .

“and. averaged spectra were recorded with the game sample to-

\ .
background galn ratlo of 32/4 : 3Af

»

N § can be seen. that the measured Ba(ClOB) H 0« reflec—. |

¥ 2 72

Y

"ftance on the 13/01/82‘ after c0rrect10n for the reference

mlrror s reflectance accordlng to RcaliR xR

\

meas ’

«

;very well with .thé averaged Ba(0103)2 HZO results,'whlch

) Qwere obtalned from six. 1ndependenﬂ collectlons on three

'l neéative with a max1mum absolute value of 0. 020 How—

\temat;c, s1nce the dlfferences are randomly pos1t1ve and

° \

dlfferent days - The fracthnal dlfferences are tabulated

1n the last column of Table 3 4. : ThlS error 1s not sys—,

oL

\
A,

~ever, 1f our’ comparlson 1sconf1nedto reflectance values

~

t
greater than 5. O% and 1f the 479 cm 1measurement~1‘s ex-

cluded because of- poor reference mlrror callbratlon in this

3

e‘vreglon then “the max1mum dlfference is reduced to "+0.010.

'1n the callbratlon of the reference mirror above 500 cm

Ba(ClO

-\

'ThlS compares w1th an estlmated fractlonal error of +0. 004

1

)

and an overall fractlonal reprodu01b111ty in the Ba(0103)2

HZO reflectance values of +0.030. 'Thus, it was decided.

.

“that the averaged polarlzed reflectance of s1ng1e crystal

Yo H O 1n the mld 1nfrared reglon, represented the
372 %

,f”true” reflectance, within the experimental uncertalnty.

agrees

}\ N

Il
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ThlS same conclu51on‘was arrlved at from ca11brat10n

“. > e

‘ experlments in the far-infrared reglon For example W1thg

<'greater‘fhau 5.0%). This comparesvwith a fraectional over-

-

th 3 um mylar~beamsp11tter the gold reference m1rror“s

«

reflectance was determlned to be O. 994 0. 016 This large
uncertalnty was due prlmarlly to the poor reproduC1b111ty
of'success1ve ‘data collectlons w1thvthe DTGS detector.

The maximum fractional difference'betwefn the calibrated
- . ’ . .

and averaged Ba(Cl0j), H,0 results was :0.03 (based on

309

eight determinations; whete the measured reflectance was

all reprdduciblllty of +0 07. . | £

The callbratlon of the reference ,mirror proved. to be

r

" 2. Hpore 1mportant in the near- 1nfrared reglon .Flgure 3.16

"shows- the near- infrared reflectance of gold mirror #3 dq@

rlved on the 03/02/82 The equatlon of ¢h1shllne, deter—

mined from a least-squares fit, was R(v) = ~1.823E-0.6V
+0.976. This calibration'function was then‘used to correct -
»

the Ba(C103)2 H (@) reflectance spectra, measured onthesame

day. The results of this procedure are'illustrated in

o~

" Figure 3.17 for the near-infrared a'-polarized refléctance

from the (001) face of .single crystal Ba(OlOé)z-Héo.

JCurve'A shows the measured spectrum; Curve B is the spec-

trum after’ correctlon fe; the reference mirror's reflec—
tance' and Curve C shows the correspondlng averaged m1d—

1nfrared spectrum Thezoverlap,ovaurves B{and.C in the

'\-reglon 1200-4800 cm it s excellent, thus verifying this

\

-fcalibration procedure.
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Figure 3.17 Comparlson of overlap region for calibrated
near infrared and averaged mid-infrared results for

a —polarlzed reflectance from (001) face of single crystal
Ba(C103)2 H90.

- Curve A: uncalibrated, near—infrared Spectrum

.Curve B: <calibrated, .near-infrared spectrum (see Figure
, 3.16) C : '
.Curve C: averaged, mid-infrared spectrum
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3.8¢ Merglng oi Data from-Varlous Spectral Reglons %1
In order to obtaln inYrared reflectance data over a
‘w1de frequency range several beamsplltters.ahd two dlffer—
e;% FTIR 1nstru%ents~were usg “”Tﬁ&‘exp@rlmental detalls ;‘
Qfor these various spectral ranges are desc 1bed in Sectlon dﬁ
N ”2:77. To s1mp11fy the follow1ng dlscuss1on the spectra N

\ o

. Vo : N l
collected for a~part1cu1ar expeqlmental set of conditions, s
w1%& be denoted sub—spectra These Sub—SpectnaEWére-merged

to produce a comp031te reflectance spectrum .In thiS'sec—

I“‘

tlon .a brlef technical descrlptlon of_this procedure w1ll

be given followed by 1llustrat1ve examples detalls o

[}

the merglng process for«the varlous comp051te spectra‘

v
an‘evaluation of the.spectral overlap achleved by this

N
~method. - .

" The Nicolet sUb—Spectral data’were stored in separate -
FTIR integer files. These 1nteger f11es are characterlzed

' by the fact ‘that the flrst block of memory (352 dec1ma1
'words)\contalns the frle status.lnformatlon such as the
sampleispacing interual (SSP) and the number of data pOints :

(NDP) ; tﬁg rema1nde§ of the file contalns the reflectance

bfdata w1th each . data.element-occupylng one word of memory .
“TThe correSpondlng frequency, elements" are calculated from

the - He/Ne 1aser frequency of 15798 0 cm™! and the values

of SSP and NDP used to record the spectrum

The flrst step in the merglng~procedure 1nv01ved plot-

L]

’jtlng and cqmparlng the frequency reglons of 51gn1f1cant
oy &

energy common to a glven palr of beamSplltters On the.

§



gand all other sub spectra ﬁbre scaled 1f necessary;
E prov1de smooth contlnuous overlap of the spectral reglops

'Scaled spectra were stored 1n new: 1nteger flles : A menge'n;f

C .~ s .
'-". .

reflectance results (see for example lable 3 4) ‘1tfwas

‘assumed that the m1d 1nfrared sub spectrum was correct

. . : N ]
*'1 oL i

jp01nt WaS. then chosen at a frequency of excellent Qverlap,a_v

“and its correSpohdlng flle p01nter was determlned ~A “‘f;ff*

~"Merge”'program was wrltten 1n BASIC to combgne these sub- f'_” o
'operate on floatlng p01nt data‘ 1t was flrstunecessary to

make th1s data convers1on - After mergln the comp031te 3

‘reflectance data and assogaat%d frequency data were stored

Adata from the R. I I. C 'was sllghtly more complldated As

-b,-'~

spectra at the selected merge p01nts @ Slnce BASIC can oﬁfy gg

v

-.‘tv
o

“ ry g

pei AT R

“1n separate floatlng p01nt flles Thlsfprocedure for mer— "

glng data collected on the Nlcolet 7199 1nstrument 1s sum— '

- ! it} A Do T A )

marlzed schematlcally in Flgure 3. 18. - . ~ft7 7 T
The method for merglng the farelnfrared reflectance »

was noted in Table 2.3, the’ R.I.I.C 1nten51ty data were

A ]

processed v1a a remote Amdahl 470 computer The three "S

success1ve sample and background collectlons were Four1er—4

transformed and ratloed to glve three reflectance soectra 3

’ ¥

The. averaged result Was then punched onto paper tape and
termlnated by a Ctrz/D character Thls for;at permltted g e
the tape to be 1nterpreted by a’ hlgh speed reader 1nter— ’ |
faced w1th the Nlcolet 1180 computer and stored 1n an ASC

code flle The Vlcolet DEDIT routlne was used to’ correct
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o s

0 . : ,.‘ > . N:‘; ’ . c “ v- » b. | N
.k:}:gflgure 3;18:‘
. ! {,\/} A ..';'.'3_. : . ‘. X ‘ i _: :

Procedure fon M

erglng Data from Varlous
Spectral Reglons

.on. Nicolet 7199 Instrument

R

COMPARE overlap reglons of T
',;‘,Slgnlflcant energy for: varlous, L
el : beamsolltters

i
N .

A o -
. . - o )
r . oo ( .

f~iAssum1ng averaged mid= 1nfrared'
E ‘g.uljﬁspecttﬁm to. be correct' SCALE
AT T other reglonsr as requlred :

& . R . P

u

. .
o~

o<
D
\

e R b STORE scaled spectra in new
PR i ’ FTIR 1nteger flles

: o Lot
R N DI : S B -
- L0 - :
. St 4 . ’
TN .

. S B S
“Select MERGE polnt ide.

frequency
for which there is excellent overlap

RN . - =from SSP, NTP, and He/Ne laser . . 1tﬁ~; o
- : ,'frequeqcy, determine ‘its correspondlng . r;
L T ;; FILE POINTER . o R R

. . . . - -

7 Read data from each FTIR .
‘reflectance file, in turn, and STORE, ..
accordlng to . file pointers; the de51red
' . data 1n floatlng p01nt flles

¢

-
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" lany erroneous characters generated by this prafedure

7”*ava11ab1e f11e un1ts

lalso in good agreﬁment over the range 700 520 cm

' "\ R . R \

fyﬁ}After thls data flle was#redeflned to one: of the s1xteen”a-

-

1t,could be accessed-by the BASIC 2
- ; .

‘_af”Merge” program via . ;an: "Input #e":statement where 'efa

---refers*to the un1t a351gnment number

, An)lllustratlon of th1s merge procedure is. shown 1n
A

- Flgure 3 19 These spectra are of the a —polarlzed (001)

A

lw-fwce of s1ng1e crystal Ba(C103) H'O . The upper curves

demonstrate the eXCellent agre ment between the KBr ahd

\; B

3 um mylar‘ﬁata w1thout scalnng; over the réﬁb@ﬁf%ddg.

4ﬁO-cm ..[ The merge p01nt was chosen at 500 cm” ;d;'The .

1. Wthh
‘ ¢ ‘ . 'G Y )
corresponds to the mylar s second 1nterference fr1 3 or
w7 i _—

;.

3 um and scaled 6. 25 um mylar data Agaln the agreement
-9 .

is, extremely good the merge p01nt belng chosen at 2500m 1.

-

Tt was con51dered Justlflable to scale up the far 1nfrared

espectra since they were obtalned for muchalonger sample

\ .

”collectlon perlods than the mld— or near 1nfrared data

v

'”-and therefore the concomltant risk of sample deterlora—

*tlon ‘was. much greater

‘3

' {
R. I I C far- 1nfrared data - The agr’aent 1s agalm fairly

J

. ? »,3 )
good A constant value of d\ﬁls\has\been subtracted from,

—~ \ 17 . K I

the R I I1.C: ~measured reflectance *‘Thls value was estlma—f'

ted as the contributlon of noise to’ the spectrum Recall
. .. . T
5 : . » 1

iFy

6. 25 pm mylar data after scalrng by a factor of 1 04 Was;‘

W
Q
.]'

iuwhlndow”;” In the lower plot the overlap 1s shown for the.ﬁ_b

Flgure 3 20 111ustrates the overlap of the Nlcplet and "

R
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. Figure ‘3. 20 Overlap of far- infrared. Nlcolet and R I I. C
data for polycrystalline Ba(ClOgY/ HsO.

Curve A (170—125 cm )~ 12.5 un mylar spectrum on Nlcolet

Curve B (175-50 cm l) 12 um mylar Spectrum on"R.I. 1.C.

,( 1.5% for background n01se)

Curve C (100-25 cm” 1) A 25 uym mylar: spectrum on R I.I.C.
Curve D'(7O—O,cm_1): artlflcial wing . generated from

R(v) = a exp (bv) - 0.015; where a=0.17, b=0.007.
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‘ from sedﬁibnﬁz,s that the R.I.I;C. intensity-data is trans-.

formed‘to a power spectrum, for which the noise is always
computed to be pOS1t1ve The.low frequency'25”um mylar’

-

'reflectance ‘data exhlbated an apparent exponentlal decay A
to zZero frequency Tbls observatlon was verlfled by fit-
.tlng the reglon from 25— 7o cm -1 to R(v) —a,exp(bv) with
"a=0. L7 and b=0. 007 'It.canibe seen that this artlficial
w1ng (Curve D) 31mulates extremely well the low frequency
12 mn(CurveB) and 25 mn(CurveC) mylar reflectance data.
The merglng data used to construct the compos1te re; e
flectance spectravof polycrystalline and single crystal '

».

Ba(C10 are compiled in- Tables 3.5 and 3. 6.  The

3)2 ;
relevant 1nforma?&on 1ncludes frequency reglon employed
the number ofaaveraged‘spectra, the total number of scans,
-and the scale'factor used in the merging.‘,The'validity of”
this procedure was ultlmately assessed by the maximum frac=-
‘tional errors (AB/R) observed 1n the. peak and trough re-
flectance valuesvfor a glven-palr of merged sub—spectra.
Thege fractional discrepancies are listed in Table 3.7. It
_can;be seennthat the'overlaﬁ is generally very good, except

in regions of very weak reflectance. i

3.3 Reflection Results for Ba(cmslz-_n'zg_j

| In the previous sections‘(B.l and 3.2), the techniques
fo; characterizingbthe Ba(C103)2~H2O”samples, and treating
the primary reflectance Spectra, wefe detailed. {Tbe'final

compoiife reflection spectra, which were'obtained after

¢
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Table 3.5 Merglng Data for the Comp051te Reflectance
Spectra of. Polycrystalllne Ba(ClO ) “H,0

-

o v ; Frequency reglon #Averaged vTotai; “Scale
- Beamsplitter ‘employed (cm-1) .Spectra \ #Scans /-Factor .
CaF,/Si © 4000-7200 5. (1250). . 1.0
KBr /Ge [  s50-4000 7 (3100) 1.0
or o or N
XBr/Ge . 550=4400 7 (3100) - 1.0
3.aummylar ~© 203-550 4 (2500) 1.0
' 12.5 wmmylar - - 170-203 4 (3500) 1.0
(Globar) - Lo - ' ’ |
n 12‘mnmy1ar-.‘ 50270 - 3 " .(3) 1.0
(Bg lamp) | _ , : . , _
. : - : . *
12 ymmylar | 64-170 .3 (3) 1.0 "¢
(Hg lamp) ° ' 3 o o
art1f3c1a1 . - 0-64 , 3 (3) 1.0*

\
v,

where a =0.17,

a constant background reflectance of 0. 015 was subtracted
before merging. :



A f.1 . - j C : i. - . i ..“‘L:;.f S ‘
S asrl
Table 3.6 MergingiQata for the Composite Reflectance

-Spectra of Single Crystal Ba(C10,) - Hy0'

L Fey
N e - _a'epoiariZéd'.
. _ Ffequgncy region #Averaged - Total Scale )
»Beamsplitter : employed (cm—1) Spectra #Scans | Factor
) o T v i
KBr/Ge - - 500-4400 . ' 6 - (1344) . .1.00
3um mylar - 250-500 6 €1500)  1.00
6.25 ummylar  105-250 . - 8.7 (2000) = 1.04,
- . - b-polarized ‘ .
KBr/Ge ~ 500-4400 6 (1375) -~ 1.00°
"7 3 um mylar 250-500 6 (1500) ~ 1.00,
6.25 ummylar  160-250* 6 (1500)"  '1.05
©12.5 ymmylar  115-160 6 . (1500) 1.07
\ I\
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'thése'data handling procedures are presented»in thlsﬁSec—
tlon along W1th a tabulatlon of the fundamental peak re—

flectance values

T

_3;‘ Near Infrared Results

o

.

”The room temperature near- 1nfrared reflectance spec-

tra’ of both polycrystalllne and 51ngle crystal Ba(C103)2

183

HZO recorded at 9 5°° 1nc1dence and w1th a resolutlon ofv,e

-1

| 8”cmpl, are-shown in Flgure 3.21.

Curves A and B were measured w1th the electrlc vector

perpendlcular and parallel respect1vely to themb ax1s in
the'(OOl) crystal‘face polarlzed\radlatlon waswproduced
by a barium fluorlde W1re grid polarlzer Both of»these
reflectance spectra represent the average of four 1ndepen—:
dent measurements made on the‘same day. for samples,

SC BCL H20 Ol and SC- BCL H20 02, and callbrated accordlna

to the procedure of Sectlon 3 2b

e 0

Curve ek deplcts the unpolarlzed near 1nfrared reflecte

1 ance of polycrystalllne Ba(ClOB)z HZO Because of the
apparent day dependence of this Spectrum (see Flgure 3. 9)
the experrment whlch gave the best agfeement ‘with the

averagedfmld infrared- results was selected for the merg—'

.a.

1ng procedufe Slnce the mid- 1nfrared results were hlghly‘

reprodu01ble thls selectlon orlterlon was con31dered.to o

l

be reasonablyfvalld N ThlS “best” near 1nfrared spectrum
. o ,t.'..o N
is shown in Curve C of Figure 3.21 and also 1n5F1gure 3 22

where 1t 1s compared with the averaged°mrg 1nfrared spec—

i - P
] . TS W
LR
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"Figure 3 21 Near 1nfrared reflectancé Spectra of’polv—

x -crystall;ne and, pola ized (001) face 'single crystal

Ba(C103)2-Hg0), -208°K and 8 cm~l resolution.
"Curve A: a -polarlzed Spectrum of (001) face
Curve B: Db- polarlzed spectrum of (901): face

. Curve C;' unpolarlzed spectrum pf polycrystalline sample
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" infrared’ and averaged mid-infrared results for polycrystal—
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Arrow- indicdates merge point for composite spectrum.
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trum It represents the- average of flve 1ndependent sets
of reflectance measurements on samples POLY BCL- H20 02 and
POLY BCL H20 05 lrecorded on the same day.! The spectral
'overlap W1th the mid- 1nfrared data in the freduencyvreﬁ
,glon where the CaF /Sr and KBr/Ge beamsplltters both pos- -
sess. s1gn1flcant energy,ils excellent .

| It is 1nterest1ng to note that the spectra obtalned
for the (001) face were relatively featureless, whereas
the polycrystalllne spectrum exhlblted several broad re-
pflectance peaks and a hlgh frequency reflect1v1ty greater

\

‘,than that found for either s1ng1e crystal spectrum

3.3b Polycrystalflne Ba(0103)2 HZO———Mld and Far Infrared
"The room- temperature unpolarlzed reflectance‘of poly—

crystalllne Ba(ClOS)2 H O over the range 50-4200 cm 1, is

Ashown in Flgure 3.23. This spectrum was recofded Qt.9;5°

I

1 J

c¢‘1nc1dence and w1th a spectral resolution of 2 cm . Other

data pertalnlng to the production of this comeS1te reflec-
tance spectrum are summarlzed in Table 3.5.

| The fundamental reflectlon bands are characterlzed by
" their peak and trough reflectance values in Table 3. 8 - The
‘minimum reflectance of 0.002 at 1063.5 cm -1 ocCcurs | to hlgh
frequéncy cf the maximum observed reflectance of Q.586 at

976.7'cm—l. A more detailed compilation of the measured

reflectances is given in Appendix:B' where data are tabu-

RN

'"t,lated at frequency fntervals correspondlng to a change in

reflectlon of 1. O% below 12000m

~

-1 ana o. 29 above 1200 cm 1
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Table 3.8 Peak and Trough Reflectance Values for' FundaZ S
A R U R A
mental Bands. of Polycrystalline Ba(C103)2-H§O o
at'298?K;'resoidtion==2'cm4l o
. J " .
] - ' £
PEAK ' TROUGH _
vmaxgcm' ) max min(Cm ) “min
196.3 0.562 104.3 0.385
108.5 © 0.390 116.5 0.178
126.2 0.377 131.1 0.302
133.5 10.337 147.6 0.068
149.4 0.072 157.3 0.055
164.0 v 1 0.078 170.1 - - '0.049
173.5. 0.052 180.3. 0.045
206 .3 0:105 244.9 0.041
255.0 - 0,050 273.8 0.064
391.4 0.111 433.9 . 0.061
458.0 0.071 463.8 0.069 o
480.1 0.114 482.1 0.112
486.9 0.119 498.5 0.097
N .
504.2 0.143 514.9 0.014
- 613.2 0.114 626.7 0.028
921.8 * 0.371 938.2 0.136
976.7 0.586 1063.5 0:002
1603.5 0.054 1613.1 0.034
3511.7 0.069 3529.1 0.046
3576.3 - 0.065 - 36081 0.034
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- 8:3c Slngle Crystal Ba(ClO?§} -H O——*Mld— ahd Far Infrared
The room temperature reflectance spectra of the

’(OOl) crystal face of"- Ba(ClO3§2 2 over the region 100-

e !

f4200 cm %, are presented in Figures 3 24 and 3. 25 | These'
(Fig re 3. 24) and b (Figure 3 20) polarized spectra

were measured WI}P.the eleCtr%g vector perpendicular andb.

.parallel to'the‘b—aXis, respectiVelﬁg Both ‘spectra were
. i M . T
recorded at 9:5° incidence with a rescﬁution of 2 cm_l.

The polarized radiation was producé@ either by a Silver
bromide (500 4400 cm ) or polyethylene (100 500 cm'l)

wire grid polarizer ' The weak £E£Ehre agf786 cm-1 in- the
a'-polarized spectrum is most likely'due to a trace impur-
8)2'H20 (see Section 3.la)i L

Merging data, relevant to the producticn of these com-

ity of Ba(BroO

posite spectra are compiled in Table 3.6. The peak and
trough reflectance values of the fundamental %;%lection
bands are listed in Table 3.9. The minimum observed re-
flectance of 0‘0004 at 1048.1 cm~} in the b- polarized

spectrum 1ndicates that the contribution of stray rad;ation

"to the measured reflectance is negligible. -The maxi%%m“

observed reflectanCes in the b~ and a'-polarized spectra\j
a-were.0.7l4 4t 979.6 il and 0.679 at 921.8 em™, respect
tively. A more ccﬁplete tabulation of the measured reflecér
.tances is given in Appendix C in which the data define
'changesvin the reflection of 1.0% below 1200 cm > and 0.2%

above 1200 cm_lw
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Table 3.9 Peak and Trough Reflectance Values for (001)
Face of Single Crystal Ba(Cl0,),-H,0 at 298°K;
. .‘ — C\ ' ' . ’
resolution =2 cm 1
E b
‘\\ ) . . . ‘ . . . -
 TPEAK . | TROUGH ' ‘
v (cmfl) - R , ‘ v, (cm_l)' R_.
max max . - - min _ min
123. 4 1 0.504 - ©131.1 0.134 " .
134:9 .0.261 143.6 . 0.023 e
162.9 0.199 : 173.5 0.011 '
231.4 0.140 . -247.8° 0.016
383.7 1 0.068 393.4 0.064
479a? ; 0.115 - 483.0 0.084
509.1 0.408 - 515.8 0.013
609.4 0.128 . : 620.0 . 0.026
931.4 0.237 - 937.2 0.207 .
979.6 0.714 1048.1 0.0004
1604.4 0.088 1614.1 - 0.020
. Eflb
112.8 0.230 : 117.6 0.175
139.8 0.608 147.5 0.087
151.3 0.194 161.9 0.042 .
171.6 ©0.071 - 182.2 0.042
210.2 . ¥ 0.123 227.5. 0.034
398.1 0.119 440.6 0.041
491.7 0.140 . 509.1 0.015 -
- 618.0 - 0.275 . 628.6 10.009 -
921.8 . 0.679 © - 942.0 0.008
970.9 0.588: +1026.9 0.002’
3571.5 0.073 . 3610.0 " 0.022




'CHAPTER 1V. ‘ .

" THE OPTICAL AND DIELECTRIC PROPERTIES OF

' POLYCRYSTALLINE AND.SINGLE CRYSTAL Ba(C1Qg), Ho0

/

Thisvchaptervprésents thé Optical and dieiectric con-
stants defivedlfrom thg‘measpred polycrystalline and polar-
iéed singlé cfystal reflectance‘specfra of Ba(ClOS)ziHZO.
In'fhe case Qf the single cfygfai daﬁa{'tﬁese parémeters,

were obtained from both a Kramé?ézKronig’(Séction_4.2b)

and a combined Kramers—Kronig/cléssioaI dispersion anaiy—
sis (Section 4.3). For the polycrystalline data, only the
former method was used (Section 4.2a). These fesu1ts are

prefaced by a description of the Kramers-Kronig computer
program (Section 4:1a) and an assessmeni of its accuracy

with<simuléted reflectance data (Sectién 4.lb);

4.1 Kramers-Kronig Method for Obtaining Optical Coﬁstants
The Kramers—KroAig (KK) ptoceQure for fhe conQersion
of measﬁred'feflectéﬁce‘to pptica1 constants was described
in Section 1.2b and its, general mathematical basis is out-
lined in Appgndix A. This section déscribes the implemen-
tation of this KK method in the'analys;é of the Ba(c10352
-HZO reflectancé data. Details oﬁ{fﬁé computer proéram
are given, including how the KKyintegral was evaluated,
and any approxim;tions involveé in.the célculatién. Tﬁé.
program's accuracy, and the effegfrgf the finite integra;

tion range are illustrated with theoretical reflection
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data, for which the optical constants}areuaccurately?

~,

. known. . ‘ ‘ ' . L

4.1la Description of Method

DY

generaqusefon'tne'Nicolet 1180 computer. The following

form of the Kramers-Kronig integral was employed:’

o v, anR(\);.)—QnR-(\)i)dv.
e(v,) = =% 5 e e : [4.1)
: J m O : V. —V. . :
’ 1. :J ' ~

Because experimental data is only available over the finite

frequency range (vmln Vmax)’ this integral was rewritten

“as the sum of three integrals with integration bounds, of

[O’vminjf [vmin;vmax]’ and'[vmax,w], respectlvely. This
formulation is shown in Equation [1..76]. The contributions
from the reglcns (Q,vmin) and;(vmax’m) are unknown, there-

~

by making it necessary to assume'some form ®{f reflectance
"behav1or beyond the measured frequency limits.

Since the near- 1nfrared reflectance of Ba(C103)2 0

2
is relatrvely constant, and the crystal is transparent to
visible light,ﬁgﬁ is reasonable to make an extrapolation
of constant reflectance from v .. to infinity{ with the
reflectance equal tO,R(ymax)' Although a constant refiec—
.tance‘extrapolation of the low frequency data, with the
reflectance equal to that of R(vmin) is‘ncre tenuous, the
range of extrapolation is'very narrow (less than 1OOcm_1).

It is expected that the error 1ncurred by these approxima-

tions is small because of. the local character of the KK-

tThe‘Kramers—Kronig'program was written in Fortran for -
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integtral (éee(Section 1.25);‘and the faft that the region
of prominent infrared absérption was measured.

The“éssﬁmptioﬁJoffR(y) equal to R(vmax) for frequen- .

and equal to R(v

max

cies greater than v .
- _ min

) for frequencies
less than Vmin’ enables the contribution of these wing re-
gions to be determined by rigorous integration according

to. equation [1.77]. For the measured region (v

_ min'vmax)’
the.integréi was_évaanted by‘a'B-pbint'Simpson's rule.
This procedure is illustrated:schematicaliy in Figure'é.l
and the relevant mathematical expressions are summarized
in Table 4.1._ Thé.only difficulty arose when.fhe frequen-
cieg_bi ahdavﬁ were equal. . It can bg seen from equation
I4.1]; that tﬁe integrand is undefined for this limiting
i«condition. This problem was cirCumvénted‘by assigning the
.:.average value of* the integrand fuﬁction for the.nextf
ﬁpeighbqgring pdints;.vi+1vandvvi_l, to the freq@éncy Vi=yj;
Thiéfbrocedure'is:merely an applicatfbn of R'ﬁépitalé rﬁleﬂ
When this conditiqn'OCCUrréd.at the bofder of two integra-
tion sub—intervals.of different'grid sﬁacings, § and'AJ

then the weighted average value of the next-neighboring

points was assigned to the integrand function, <.e.:

: @
)

. + :
GF(vj,vi+1) AF(vj,vi_l

5§+ 4

——

[og]
li

<
1

<



Flguré 4.1

=

‘Schematic of Kramers- Kronlg computer program

with- Simpson's rule 1ntegrat10n procedure

FOR I =1, NPTS

" READ R, ,v.
R 1 1

SET v

It
<

°

CALCULATE °i<“j)*°3(”j)f

FOR I.=1, NPTS

it . ,
F(Vj;vi) = F(vj’vi)
i=j . , .
. . —1 : . . 5
F(\)Jyvi)—'z— [F(\)J,\) _l)+F(\)J;V1+1)]
. \
3;}9_]2(“\».) = F('v.,vmin) +F(“’j’“’max)
Aygf (NPTS-3)/2
+2 2 F(v., Ve, 1)
i=1 jro2ivl
(NPTS-1)/2
k4 Z: COF(v.,Va.)
i=1 3’21
- ] " .
8(vy) = By (vy) * 8p(vy) + 850050
' CALCULATE
' \ ’ "
mlvy) kO ety ey
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Because of the Slmpson s rule algorlthm each dlStlnCt.“

hup01nts A check for thlS conhltlon and a sultable correc—h

* ;-

dtlve measure were therefore 1ncluded in the program

It was found that ‘the. program executlon requlred typl—»

4,;cally six hours for the calculatlon of the phase\at every

N 4

ﬁp01nt in 2 4500 data p01nt array,'that 1s (45001/

"_leons of the 1ntegrand functlon -To permlt‘m”/e rapld

-qualltatlve checks of the KK derlved spectra prov151on
"was made to calculate the phase at: only certain spe01f1ed
: frequenc1es S .J

: From the derlued phase angle and.the measured reflec—
tance the correspondlng optlcal constants n andlk were oOb-
: talned from equatlons [l 71] and (1. 72] “which haye been
rewrltten in Table 4.1. These;equatlons assume normal
1nc1dénce,’a1though\our experlmental measurements wereper;
formed'%t“9t5°(incidence.' HOweverJ it was preyiouSly
shown- in Section B.Zbdthat the error,introduced by this

:_approximation is generally Veryvsmall.

4.'1~b Analysis of Method

Before the Kramers Kronlg program was applled to ex—

o .

perlmental reflectlon data 1ts-1ntegr1ty was checked_w1th

'tpeoretgcal reflectance data,‘ior,which’the optical con-
hstants were accurately known‘ "Since the uncertainty in

the measured reflectance wa§ e11m1nated it was‘possible

-

‘to focus on the errors due to the constant reflectance

“xextrapolatlon and. the mathematlcal approx1mat10ns.

evalua— -

.;rlntegrat on sub—lnterval must conta1n an’ odd number of data ‘
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The classicalidispersion method, described in Section ‘

.
o e

l 2b was used to generate synthetic reflection spectra 0
.Recall that thls model assumes that the real and 1mag1dary
dlelectrlc constants can be expressed as the sum of damped
harmonic oscillator functions. The band proflles of ¢ (v)
and?e”(y)‘are then detefmined‘by the_oscallator strengths‘“
Sj:'the‘resonance frequencies vj’ the'daﬁning eonétanfs.'

§j’ and the assumed constant contributibn from all unob-
served oscillators to high frequeney e_. The apprepriate
relatlons for e (v) and e'(v) in terms of e.,-Sj, yj,;and ‘
Vj fer N osc111atdrs, are given in equatlons [1.84] and
'.[1.85]i’ The-reflectance spectrum R(v) ;s then calculated
from fhe compiex dielectric‘fdnction, E(v) = e (v)+ie (v),

according to:

2
R(v) = l'é(\’) -1l . (n—1'32+k2
: Ve(v) + 1' (n+1)° +% ’
where @

o]
Il
N =
S~ L
ﬂ |
+
o
)
+
m

and

/i/é'2+e.."2-— e'l . . U 14.2]

| =

These steps in the.generation of a synthetic reflection
}spectrum are summariied in Figure 4,2. To distinguish
# : : )

this data as theoretical, it is denoted with a subscript

t'.



Figure 4. 2 Schematic for checklng Kramers~Kron1g program

'w1th theoretlcal reflectlon data

y

‘Ireflection spectrum:

Y

- |GENERATE theofetical

INPUT: # oscillators, N
.;S.; . for j= 1,Nb
VirSy Yy T
, Vo .,V , Av
»’ ‘min’ max
\J A
FOR v=v_._,v-_ - -STEP Av
, min’ ‘'max -
.CALCULATE{'E?(v), Cer(v)

CALCULATE and © .V
’ Rt (v)

PLOT:
Y
CHECK Kramers-Kronig
program:
Y
INPUT: v, Rg(v)

Kramers~Kronig transformation.

‘ o
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A

PLOT and PRINT

é{(v),

e{(v)

|

|

COMPARE
theoretical
and
KK results

max-STEP Av

E”(\))

FOR v-—vmln,

- CALCULATE: € (v),

 PLOT AND PRINT

e (v),

E_‘.”(\))




In our case,ﬁthe~assumed,csciliafcr parameteps[Were
obtaiued-from Spitaer'and Kiéihman'SQB dispersion fit.to
the ordinary ray (E_Lc) reflectance spectrum,oquuarfz) and
are'Iisted in Table 4.2. The reflectance spectrum computed
from thisjset Gfléaramefers_on a 1 em™ ) grid over the fref
quency region 200-2000 cmP1 is shown in Figure 4.3. It can
be seen rhat‘it bears a superficial.resemblance to the in—‘
frared reflectance spectra‘cf‘Ba(C1Q3)2-H20 aud,Atherefore,
should provide a realistic analytical model.

In order to undersrand the effect of the.finite inte-
gration limits on rhe accuracy of the derived optical»con;A
Stanfs, the'Kramers~Kronig analysis was performed forathree

_different frequency ranges: . \f

i) 1801 points. encoded at 1 cm_l_intervals from. A\

-'200-2000 cm—1 (Spectrum A)

ii) Spectrum A+ 39 p01nts encoded at 5 cm -1 inter-
vals from 10-200 cm- 1 (Spectrum B)

iii) Spectrum B+ 401 p01nts encoded ‘at 5 cm -1 inter-
vals from 2000-4000 cm=~ -1 (Spectrum C)

The real dielectric.constant spectra/e'(v): compured for these
variousuntegratiOnranges,arecomparedin}ﬁgure 454 with
the "theoretical"” sr(v) spectrum; and a list of the e (v)
and e"(v) peak and trough values is given in Table 4.3.
_The'theoretlcal values are underscored for easy comparison.
It can be seén that the choice of 1ntegrat10n limits has

iittle effect_on the calculated.frequencies of Opticall
structure,;bUthas;xsignificant effecton rheampiitude; of

these featunes' The narrowest 1ntegrat10n range, Curve A

- (200-2000 .em” ) gave relatlvelv poor agreement with the

201
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: '?Table 4.2 Parameters for a 7-Band Simulated Spectrum Gen-
erated f‘ront a Set of Damped Harmonic Oscillator

Functions

: £ééonanqe Frequency Oscillator Strength Damping Constant

._ - i \)J(Cm—l) B ‘ . SJ(Cm—z) yj.(cm—l)

.. 1227 1.35 x 104 | 135.0

1163 +1.35 x 104 : 6.98

11072 7.70 x 109 7.61

C 707 6.98 x 10% 7.17

697 8.73 x 103 . 8.36

450 1.66 x 105~ 4.05

394 5.13 x 104 . 2.76

€, = 2.3559; frequency range = 200-2000 cm=1; resolution = 2 cm-1,

. ‘L

100

[

80

60

40

% REFLECTION

e

20

%

o

o/ A ' ' .
2000 1700 1400 11DO 800 500 200
| | WAVENUMBERS

Figure 4.3 Theoretical ref]egtion,spectrﬁm derived from
dispersion parameters of Table 4.3. C
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Figure 4.4 .Comparison of tﬁeoreticai e’ spectrum and Kramers-

Kronig derlved €

spectra for various integration ranges.

Curve A: 200-2000 em~l: data at 1_cm-l intervals

Curve B: 10-2000 -cm-1; 10-200 cm-l.at 5 cm-1 intervals,

' t 200-2000 cm~Y at 1 em~! intervals - -

Curve C: 10-4000 cm-1: 10-200 em~1 and 2000- 4000 cm-1 . .
) " at Scm‘lintervals, 200~ 2000cm‘1at lcm‘llntervals
Curve D: theoretical ¢' spectrum '

2
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“Table-4.3.

- %
o

B electrl

Comparlson of Theoretlcal and Calculated D1—

onstants for‘VarlousIntégrationﬂanges

- Integration

e ).

max

coomaXx.

s, ;,_:r‘apg‘(e (cm-1)

‘o

A zoo 2000

B 10= 2000 "
C

:bd»d‘dmﬁciow>U hm>b

GWSU

1024000

200-2000
10-2000

:10-=2000

10-2000

10-2000
104000

10-4000

lO 4000?.

 200 2000

10—4000’*?**

200 2000”;

10 4000(_;_;

'200,2000

zoo 2ooofu
10-2000

BQBWT

29,259

V.
“min

min

v sl'(\))

max

~

305

215,456

364

47.§b1

'*5392%
3‘92,

448

T

24,795

. 28.687

48.042

395

- 395
. 395

452

-15.476

- -15.548
.=-15.464 -

_43.040

394
394

450,

394

41.303
43,464

1 46.862

91.209 -

447

447

..448

693

34,992

°.38:035

47.121

. 982,

452

- -452. .

452

2701 ‘

. =37.496
-39.141:
~42.746

- 2.568

450

450
- 450

. 697

72,511
- 77.917- -
1 89.998"

1.531

893
693 -
693 -

Y793

3 .

3.877
3.894 -
3.975

413

701
701 ..

701

-801-

2.493

2.505 .-
2.563

~2.679

697

697 .
697

797 -

1.667

1,648 - -
L. .540

€ . B
. maﬁ N -

12. 248Mv-‘ o

793 ..
793
793

..1068

1 49.359

.234
.376 -
. 335 . .

800
800
..801

11076

-2.%20

_44 .859

~2.715,
- -2.6777

- 797
797,

1072

11.257

11.377

12,179

G4.370

- 1065

1065
1068

T 1160

L0085

27.476

28.45%7

’47“29%:

1075

1075

1076

1166»

-34.856
-35.439

244,005

.~—2 368

1071
1071
1072

1y

63.709
657351
_;91 652

&

;1F877

.. 1160

1160

T0.883
~0.977

1166 . .
1166+

1166

22,070

2085

-2.346.

1163
1163
1163

T 605""
1618
1.848]

Theoretical data are

cm—-1

underscored.

Frequencies are in
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. e

”theoreticalﬁsPectrum CurvefD" Includlng reflectance data

'

down.to“ioicm‘?rmade a sllght 1mprovement partlcularly for_

P
o

the 1ow frequency features ‘However,hextendlng ‘the hlgh'

frequency reflectance data to 4000 cm—l (Curve C)’ﬁade*é""

dfamatic imbrovement tc all calculated‘features.~‘Visua1
comparison.of Curues C and D shows excelient agreement;'al—-
though the disScrepancy ihCreases‘with incteasihg frequencue
The most'iikely source of this residualvefror'is t he ccn—

stant reflectance extrapolatidn from 4000-#w.cm-1;

4.2 Kramers—KronigDerivedthicalConstantsforBa(Cloglz;ﬂzg

This section presents the results of the Kramers-

13

.Kronig analysis of - the measured pclycrystailine and single

,crystal Ba(ClO H.O reflectance spectra. . The basic pro-

3)2 "2
cedure was that outlined in .Section 4.1 for the transfor- .
mation of the theoretical reflectance data. However, since

the R.1.I1.C. far-infrared data and the Nicolet near-infra-

red data were obtained‘with a different spectral resolutidn

f{ithan the.Nlcolet mld* and far- 1nfrared reflection results

it was necessary to treat these dlfferent frequency reglons

ﬁ:ﬂas dastlnct 1ntegrat10n sub 1ntervals Furthermore,_be-

ccause of the requirement of an odd number of points per:-
sub-ihterval, there was usually no freduency.commdncto"'

neighboring inteéfatidn regions. Thus, trapezoidal inte-
U , . oL
" gration was used betwéen the lowest frequency data point

of one region and the»highest frequency point of its neigh—'

&



borwd Thesé-integration sdbfintefvals are defined in Fig-

ure 4.5, and the method of integration employed in each

region is iddicated;-“

4.2a. Polycrystalllne Ba(C103)2 2
The polycrystalllne Ba(C103)2 H,0 reflectance data-"
were processed in three dif ferent ways

i) us1ng measuredjgeflectance data from 50- 4000 cm
(Range 4)

ii) using measured reflectance data from 64- 4400 cm
and an artificial wing generated from R(v) =
a exp(bv)- 0.015, where a=0.17 and b=0.007, in
'the reglon 1- 64 cm™ 1 (Range B)

iii) u51ng measured reflectance data from 50 7200 em—1

(Range C)
'AThe 1nput data to the KK- calcuiarlons are summarlzed in
Table 4.4, Wthh glves the number of data p01nts the ex-
_ trapolated hlgh and low frequency.reflectance Values 'and
;the modes of 1ntegratlon ‘

| The optlcal and dlelectrlc cons\ant.spectra derlved

for 1ntegrat10n range A are shown in Eigures.4--6 and 4 7,-1

respectlvely N A detalled compllatlon of the £ (v) and

R

et (v) va&ues lS glven 1n Appendlx D at frequency intervals -

corresponding to a change in €' (v) of 0.2 unlts.below

-iéddvcm;lAand 0.04~units abqve.lZOO cmfl..ZSpnrious_nega—~

5

~tive dips are ev1dent «in- the. k(v) and ¢ (v) spectra at .

_1 -1

=830~-900 cm (—0.55), 1900—2450 cm ~(-0. 14) and 3700~

-1

4200 cm (-0.06). The numbers in parentheses are the max-.

-

imum values of the dips in ¢"(v) over the specified re-

206

, gion}f'Thisiphys;calfy Unacceptable result has been en- .. .

Ty
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Flgure 4 5 Deflnltlon of integration sub- 1ntervals for
Kramers;Kx\plg 1ntegrat10n procedure.

Sub-intervals | Descrigtidn‘
1 - ‘R.I.I.C. 2 cm™ ! resolution far- 1nfrared
data (+ artificial wing) '
LI - - -+ Nicolet 2 cm -1 resolutlon_mide‘aﬁd”far—"
L . - * .infrared data
Y - -  Nicolet 8 cm =1 resolutlon near 1nfrared -
: . data D st e e
I1,1V L ~ merge_zones - .' ' LT e
;oo -

Integration method:

o /) Trapezoidal =~ - =
c -Simpson's

O '

: Q .

o

0' .

- ’ .

Ny
¥ 7
e >
o

4N

— Y (crn‘1)'
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Table 4.4 integration Rénge¢DataV}Qr'Kraméfé—Kronig Trans-

formation bf~Ba(Clog)éJHZOHRéflectance Spectra

Frequency

range(cem—-1). #Points

_Single

crystal -
“E b 115-4400
E|lDb 105-4400
105-6500

co.o-e ) 1-4400

© orystal. °0-4400

- Iso-7200

..4445

4534

4664
4584

-+ 5009

R(w )

.min

R(v

max

Sub- .
intervals*

)

0.363

0.205 -

0.205

10.156
0.236"

0.236. -

o

O

049

.053

. 044
. 045

.053

059

ar
111
ST
;'"TﬁiI,TIi“”"‘““
I,I1,111

; v ..

Y -
- e
o T A
See description: of integration sub-intervals in Figure
4.5, o
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\'Flgure q, 6 Optical” constants ..and . k for. polycrystalllne
"Ba(C103)2 H20 at 298°K; resolutlon = 2 em-1.
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. .Figure-4.7: Dielectric cbhéfénts.s' and ¢' for polyctrystal-
-line Ba(€103)9-H90 at 298°K; resolution = 2 cm—l?



counteredbby several'other workersiln theeramers.Kronlg
analys1s of reflectlon data (see for example Sectlon 1 4)
} . ‘ ~In Table 4, 3, the KK- derlved values of £ (v) and

;e (v) for 1ntegrat10n‘ranges B and C are compared w1th

those of range A for several frequenc1es Con81stent WLth)

Vl:’c“' \qg,

our theoretlcal model calculatlons the pos1t10n§ of- Optl—*

cal structure were 11ttle affected by the. ch01ce of 1nte—

gratlon rance However 1nclus1on of the 51mulated reflec— {ég

;vtance w1ng for the reglon 1 64 cm _ (range B) 1ntroduced a
falrly Large. negatlve dlp in the a (v) spectra from 1 72 em=1,
.h.and“increased the negatlve dip at’=900-cm.1 by ~12%. Above
"lGOQ'cm—i, the derlved optical results were in close’ agree<
ment’Wlth_those-of.range A. For-these‘reasons, 1t is be—
lleved that the-artiflcial‘wing, although it reproduces
the observed reflectance in the reg1on 30~ 70 cm'l extremely:
'.hwell, does not accurately descrlbe the reflectance behav1or
h_for frequenc1es below 30 cm'lr- The results for 1ntegrat10n
range B are therefore consldered'less reliable'than those
of'range‘A s ¥ | | | |
_ ? When the measured near- 1nfrared reflectance data was
- uded in the transformatlon procedure (range C) there
//;i:lllttle change 1n the ‘derived ¢ (v) and e (v)- results'
for frequenc1es below ‘800 cm.l. _However, .in’ the reglon of
the strong C103‘ absorptlon froﬁ ~960—1000 cm_l,.there
'were 51gn1f1cant dlfferences w1th the results of range A;

in partlcular, the negatlve dlp 1n the. ¢ (v) spectrum at

~900.cm_1 increased by ~20% The - range o data also pro—

S PR TOUELIRSO L



values are for v

EH ).

max

3587.9 cm (calculated positioh‘ofﬁldchl

. -if - foﬁgg-
N 5138
,/;‘
Tablg 4. 5 Effect of Integratlon Range on’ Calculated Dl:
. 4e1ectr1c ponstants for Polycrystalllne
e v e Ba<ci03>2 e e
e I e :
e (V) CRNG DR > e
;'Frequency o .'J e P o . ;
v(cm 1y | A* CB* .. oS A T B .
——— - “ o oam " - —"L‘—
62,2 .-8:84" ~g:88" " B.84 . v .1.58.-0.37. & 1.57
“92.7 ©  8.26 10.107 .8:3a4:.. 25.19 7.19% - .25.22 ©
122.6 *- 0.97 1s44  0.98 6.87  7.24 . L& 88
164 .1 1.80°°1.87  1.81v T 1956~ 1.55  ~1.56.
209.2 . 2.60 2.67  2.60 1.85 1.81 ° 1.84 ,
402.1 2.91° 2.95  3.92 , 1.74 1.72 1.73 T
490.8 2.83. 2.86 . 2.85 2.02  2.00 2.01
. 503.3 2,12 2.16 = 2.14! 2.66 2.67 = 2,67
~ B19.0 - 2.30 ~ 2.33 2.32 1.77 0 1.76 0 1.76
. 898.7 - - 7.17 7.41t '7.40f  :z0.55 -0.62% -0.66T
921.8 5.57 5.73 . 5.83 10.51 10.53.  10.55
932. 4 0.60 0,63 0.65 5.0 5.12. . 5.15-
" '939.2 3.17 .3.19  3.21 2.50 2.49° 2.48
948.6  6.32 6.40  6.46 5.74 5.70  5.68
959.4 . 1.28 1.38  1.47 = 10.65°-10.74  10.81;
971.0 - -4.19 -4.21 424 5.14° ‘5.21  5.27
1607.4  2.31  2.31  2.32 - 0.46 0.46 . 0.44
3518.5 = 2.61 -.2,61  2.65 0.61  0.60 0.52
3586.9 2.40 - 2.40 2.415 0.75 .0.75 0.688
*Range A = 50- 4400'cm-1;‘Range B = 1—4400 cm-l; Range ¢_=
,50-7200_ cm -1, o A ' -
values are for v = 93.3 cm"’1 (caiculgtéd position of 169a1
e"max) - . RANEE s S
values are for v=2899.6 cm-! (caiculated position ofgiocalﬂ .
ain) | e el
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A

‘duced negative valueés of e''(v) ‘over a wider frequency in-

"&.cul%y 1n measurlng “tHe: low reflectanoe regLons (§ect;on AR

fion 3. 1b). o

~ l_’.

-1 1

“terval: from 1856s2650 em™ (-0.17) and from"34oo-3soo cm”

-1

and 3600 7200 cm ( 0.24). Aaa1n the maxlmum values are

N A s Wt

glven 1n parenthesest. These observatlons prov1ded strong

ev1dence that the range C optlcal results Were less rella—v PR

A A EYN

®e

bIe than those"of'ranve A~ It is expected that these-spur—,...

1ous negatlve reglons of e ( ) are prlmarlly causpd by'

&

M / B L . - .
,. too large reflectance Salue belng extrapolated from v

max

Rkl ~ “ N . . - - .
[ , s - Boaa A - ~— e

—to 1nf1n1ty' Other}pos31bleﬂexpLanatlons such as dlffl—,. e -

Yo m ®

‘4 2b)‘ and anlsotropy of the polycrystalllne sample (Sec*g.:

tlon 3 lb) have been dlscounted Lt*can be seen from

7

Table 4 .4 that for ranges A and B, a constant reflectance"

of 0. 05? was used for frequen01es greater than vmax,iwhereas:

N kS e B
$or rance C‘ ‘a value of 0;059 was used. This compares with
the expected v1s1b1e regloh réTTectanc%*of“0#052@{seeﬁsec7;};;'

1

‘“

4.2b Slngle Crystal Ba(C1l0

3)2’H 0 A | .

This sectlon presents the results of a Kramers Kronlg
analysis of polarized reflectance Spectra {rom the (001)

crystal face of Ba(ClO H,0 (Figures 3.24 and- 3. 25).

3)2
The room—temperature optical gonstants, n{v) and R(V)L

Y

calculated for the b-polarized data over the range 115-
-1

2

4200 cm are illustrated in Figure 4.8. The correspong+ ;

1ng d1e1ectr1c constant Spectram € (v) and " (v) are h
- o ’
,shown in F1gure 4 9. It should be noted that the n(v) and

"(v) spectra’ haze been offset for clarlty of - presentatlon
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Flgure 4.8 Optlcal constants n and k for (001) face of

'Ba(ClOg)z Hs0 measured with’ the electric’ vector parallel'to

the b-axis at 298°K: resolution = 2 cm-1,

Inset A: - offset by 0.06 units;,scale = 5%.
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Figure 4.9 Dielectric constants e and e¢" for (001) face
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and-that the weaker features.haVe been scaled by,factor of

1

five in the insets. These spectra were derlved from ‘mea-

surenments at. 4445 data pOlnts ;q»the range 115 4400 amT 1;p¥='

-1

2

~The high frequency data, from 4400-¢ cm were approxif

‘mated by a chstant,reflectance of 0;049; this compares

with an expected visiblehreflectance‘of 0. 050 along the

b-crystal axis103 (assuming zero absorption). In Table

,4.4:‘this'input data to the KKfprogram is summarized, and

in Appendix D, the values of ¢'(v) and e"(v) are compiled . .
" foriwhanges "ine"(v) of 0.2 nits. bélow 1200 em L'ahd 0.04
e g | ST

e xove s

*unlts above 1200 cm’ \
To 111ustrate the effectiveness of the reflectance
method for measurlnﬂ the opt1ca1 propertles of a strongly

absorblng compoUnd such as. Ba(ClO )2 HZO the correspondlng

S transmlttance was carpulagpd via*~ v o fwn--? oo fnu».vp

E O T T B s I A SEPRCIIC PRL -

[1-R()12A()
~[A(V)R(v)12

T(v) =

4ﬂvk(v)b » a €.

where A(v)

b = sample thickness (cm).
In Figcfe 4.10, the calculated transmittancetfor single.
crystal Ba(C103)2 hZQ polarlzed along"b in the (001) plane
"/1s shown for several sample thicknesses. It can be seen.
that for'a crystal 0.2 um thick the minimum percent»trans—
' mission at 960‘cm_1 1s only 5%, this accounts for the dif-

ficulty encountered by prev1ous workers130 in the measure-

ment of the 51ng1e crystal s transmlss1on spectrum.
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i the derlved optlcal constants

“puspectgummoflsample sc BCL H20 01 ‘i ‘the reclon 500 llOOcm

vuf(see Sectlon .3 la)n

of Ba(Cl0

dlt was necessary to remove

o

---,». - el

the spurlous feature at 786 cm L 1n the COmp031te a-—polar*,jﬂ

’i“lzedtreflectance spectrum (Flgure 3 24) before proces31nc,uQﬂ“

A oea .
B e,

e thlsfdata~ ThlS was accompllshed by substltuting a’ scaled“'él' e
. .

Sy oaa - L «:- o e "

tThe Kramers—Kronlg calculatlons were

" LT * e B _-‘_“ L Tee _-.,-. S m o S '-, o

U then- performed at each data p01nt in- A 4455 p01nt array >‘1f337w73>

B SERAN

4"over the range 105 4400 cm %;; A value of O 044 correspon“d“dlhi‘”

~0r.r.-q -

:‘dlng to the measured reflectance at 4400 cm;?g was. extra—r 4

»Lpolated from 4400 to e cm’ I - this’ compares w1th ‘an. expected;

v131ble reflectance of O Q48 along the a- crystal axis. l03

dehe resultant real and 1mag1nary‘optlca1 and dielectric con-

stant spectra are presented 1n Flgures 4.11° and 4.12. A

detalled compllatlon of the € (v) and e (v) values is glvenv

Uit Appendax E for ghaqges in c (v) of 0. 2 un1ts below

» D 5" e e o a

1200 cm™ ) vlff_’“f""

o

and 0. 04 unlts above 1200 cm

It is a 51"n1flcant result that no negative values of

" “the- 1mag1nary d1electrlc constant were calculated for ei-

ther the a - or b- polarlzed spectra One of the most com—t

mon- explanatlons for the negative values of e (v) belng'

vgenerated'by the'KK—proCedure is the difficulty-in accur-

140

~ately. measurlng small reflectance values In our study

3)2. 2 , the minimum reflectance observed for the

e polyCrvstalline samples waSNO.OOZ whereas the minimum in

"}the‘b—polarized reflectance spectrum was ohly 0.0004. This

suggests that error in the -measured reflectance is not re-
3
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the near- 1nfrared reflectance of 81ncle crystal Ba(ClO

reflectance of O. 045 was extrapolated from 6500 to = cm

@

spon51ble for the anomalous negatlve values of e (v) belno‘

computed for the polycrystalllne data

-

‘>In the preced;ng calculatlons; polarlzed reflectance
data ‘was only included to 4400 cm~
S .

1, although it was mea—

_sured»to 7200 cm . This"simplification was'made since

3)2

H2O was relatlvely constant (see Curves A and B of Flgure

= 5

‘vv'3 21)*' To ensure that - thls procedure was valld 'theKramers—

V%Kronlg calc&latlon was repeated for- the a —nolarlzed data

for frequenc1es up to 6500 cm 1}: Th1s upper limit . was o

chosen s1nce the spectrum becomes qulte n01sy for hlgher

221

frequencies,,‘Thehexcellent‘overlap of this calibrated near -

infrared spectrum with the,averaged-mid—infrared‘results

was demonstrated in Figure 3.24: the merge point was sel-

ected at 3800 cm~1. Phase calculations were performed at

ever3 p01nt 1n the 4534 data point array, and a constant
-1

w

This value corpesponds to the measured reflectance at

-

6500 em™! and is slightly closer to the expected visible

reflectance of 0.048, than the value of 0. 044 at 4400cm—

i

In Table-4.6, the derlved £ (v) and ¢''(v) results are com-

pared for several frequencies with the valuese. obtained for

the more llmlted integration range 105-4400 cm 1. It can

be seen that the discrepancies are very small thereby

:justifying the use of the narrower integration range in the

‘KK'calculations.

1
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Table 4.6 Integration RangeQDépendence<of~CélculatedvDi—

"electric CénStant‘Yalnéslfor a' -Polarized (001)

Face of‘Ba(ClOB)sz29 4 :
vy - L et
_ _ .

Fi‘?g;??%y A* . .B*' »A(»:"t A o B . pe"
10471 -5.18 5.18 0.00 ~ 3,50 3.49  -0.01
1272 14.63 © 14.64  +0.01 11.04 11.04 0.00
401.1" 2188 2.88  0.00 T 2.08 2,08 .0.00
616.1 3,07 -+ 3.07 .* 0.00 - 5.21 5.21 . 0.00
906.3 16.20 16.25  +0.05 10.81 10.76  -0.05°
910.2  6.52  6.61  +0.09 22.37 22.41  +0.04
01470  -7.91 -7.92  -0.01 .10.45 10.49  +0.04
934.3 0.42  -0.42 0.00 - 0.54 ~0.5& °  0.00
963.2 1.00 1.02  +0.02 11.64 11.66  +0.02
966.1 -4.24  -4.25 -0.01 ~ 6.27 6.29  +0.02

35821 2.40 2.41  +0:01  1.16 1.16 0.00

3673.7 2.16  2.16 0.00  0.02 . 0.01  -0.01l.
L | A o
*Range A = 105-4400 cm™'; ¢' (4400 cm™1) = 2.35
Range B= 105-6500cm™; ¢' (6500 cm T) = 2.37

ATAE' = s"BA— EA che = eé ~ €,

‘EA\ o ) : .\ ;
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'In;the_introduc¢ofy‘chapter (Sectioniiild), ituwaé
shown that the optical propérxy of fundamental significance

v

in the-study of $61lids is ve'.”  Figure 4.13 illustrates the
. conductivity spectra; d(v)='ve"(v)/2 derived‘for~the inci-

dent electrlc vector parallel and perpendlcular to the
d

b ax1s 1n tbe (001) arystal face of Ba(ClO Com—;

3)g B

plete polarization is exhlblted by‘these conduction bands.

”This.fact 15 mbstvclearly,demqpstyated;byzthe_peak“at,f

1606 cm” T

in the E ||b' spectrum, which is completely absent
"in'tﬁé Ej_b spectrum. Thus, no change in the.polarization '
9 character of the incident wave can have occurred on reflec-
. . Q A
tion. :

P . oo - .

The peak éharacteristiCS'of the o(v) spectra are de-

_ scribed in“?able 4.7, that is, the band center frequency,
the peak height, and the full widtﬁ at half maxihunl(FWHM).
Becaﬁée some of Fhe.bands are QVerlapping, these p;rameters
were roughly estimated by drawing a peak symﬁetrical about
the band center, whose envelope matched that of the unen-
cumbered s1de of the ‘peak. The positions of peak inflec-

. tions are 1n§1cated.1n Table 4.7 by a shoulder- (sh) desig-
ﬁation. ) |

.

- 4.3 Combined KramersﬂKronig/Classical Dispersion Method

for Obtaining Optical Constants

-

This section describes the technique for obtaining a
set of dispersion parameters by a combined Kramers—Kfonig
analysis and classical oscillator fit. The attractiveness

.

of this procggure resides in its ability to determine the
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. ‘Table 4.7 Peak CharactériStics of Conductivity Spectra for (00I)

:Crystal Facelof Ba(C103)2~§20 S : | S
" ’ E|b
v o o .. Peak ’ _i L
Band Center(cm ) = oo eight(x103cm 1) FWHM(em™ ) " o
119 - - 0.304 - A - :
133 o _ 0.138° © 8.5
159 - o . 0.247, S 115
"230 : S . 00395 L
389 : v.025 . - - TuT 8
480 : o ' , -pv290 . - - 6.5
.0s507 s T . o Te.2.08 S .4
. 611 L , L. 50,6907 10
927(sh) 933 - . . ‘ R B 11
959 : TR * B o [ R ‘ 13 .,
1608 : Ce Tt e 07,1020 : .9
3514 ; RS . 2.67 I ¥
Elv
110(shy,114 0.240 11 T
126(§h) 128(sh), 130, 132(sh) 138(sh) 1.09. 8
150 , 0.190 7
173 0.120 19
210 - 0.240 20
404 o . 0.440 . : 52
487(sh) 492, 500(sh) 3.220 ' L 19
K 6816 . T N : . L ~1.5 .
S 909 ’ : : 10.2 i%?r\\
’ " 963 ‘ o 5.61 , 8
- 3584 - ST 2.14 34
) WS . - 5 \
s _ -

@&
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: truncatlon effects whlle the‘class1cal dlsper51%n method«'t

d‘stants Yj’ and the oscillatorfstrengths Sj,'arg}approxima_

226

a

i parameters for overlagplnv bands As prev10usly dlscussed_n-

the Yramers K?enlg methoaagdsgers°fro% 1ts sensit;v1ty to"

l

- . ‘.

frequently does not produ@e a unique solutlon because,oi :
- L ja [ Loat
hlch correlatlon between the dlspers1on terms "The error. E

- S,

1n°the dlsper31on parameters is. m1nmm1zed by requ1r1ng them

9

to 81mu1taneously satlsfy the KnamersAKronlg derlved re-

» -~

sults and reproduce the observed reflectance ’ o i

R
-

Good initial'estlmates.of~the dlsperSIon parameters
) . g 21 - i . .
are obtained from the cQnductivity .spectrum o(v); by the
s _ ‘ - O

procedure-described in Section lrldf * The number of oscil—‘

'lators‘N, the resonance frequencieslvj, the damping con-

u ‘g'

o

ted from: B R . R o -
1) the number of peaks in o(u) > N o SRR

ii) the frequenc1e§‘of» . > v, S - ;
; fogn max  J . . e e T

iii) the FWHM,of a.bands‘+ Yj
~iv) ZUmaX.yj_? Sj‘ : s , o

- These parameters are then refined by a two-step process.
N . 3 N . . 3

First theygare adjusted by'trial;and-error’so that the
dlspers1on calculated e'"(v) spectrum matches the KK—derlved
e (v) spectrum Secondly, :hls 1mproved -set of!oscillator
parameters is further reflned tdsbring the dlspers1on—

: calculated R(v) spectrum into c01n01dence w1th the observed

R(v) spectrum ) ThlS method was ddopted since the peaks in-

the.c' (v) spectrum are better reéolved than those in the

-

R(v)wspectrum.and, thereforef the correlatlon between the
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g

dlspers1on terms is smaller ’ This shOuld 'in turn- reduce

o

the number of iterations requlred for an adequate fit. A

schematic-descrlp_;on of this*combined Kramers—Kronlg/clas— o
7 . N . . '

sical dispers}on procedure is given‘in Figure 4.14. )

. Only the ‘'polarized single crystal results were sdb—
.Jected to thls type ‘of analy31s Table 4 8 llsts the dlS—
per51on parameters computed for the major peaks in the con-
duct1v1ty spectra of F1gure 4. lB The E ||b and E_Lb

(a'b plane) spectra were modelled w1th twelve and eleven

B
L
-

0scillators,“respectivelyq and the values of € were'as-”
signed to thehNa—D line value of ¢' along the apprOpriate
axlal dir'ection.lo3 ‘ |

| 4Thisvinitia1 set-of parameters was*then checked-for-
1ts ability to reproduce the‘observed reflectance and KK-
derlved imaglnary dlelectrlc constant spectra ' The results
of this comparisoh‘are-shown in Figures 4.15 and 4;16 for
the.a'qpolarized data, and in Figures,4;l7 and 4.18 for

‘the b—polarlaed data.v Theitheoretical curves can usually
be distirnguished by their smoother band profiles but, where
ambiguity‘exists the different spectra are clearly identi-
fied\in the figure. It can be seen that the agreement be—)
tweennthe dispersion—calculated and KK—derlved e'(v) spec-
tra is exceedingly good;.although theory generally‘undere
estimates the backgrOUnd level between the bands;' In'the
reg1ons where several strong bands overlap, there is ob-
.'v1ous disagreement between the observed and calculated Te-

.

flectance spectra; this'illustrates the greater~sen31t1v1ty
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i.Flgure 4 14 Comblned Kramer ron1g/C1a551cal ‘dispersion
-‘procedure for obtalnlno a class1cal 050111ator fit to

" sreflection data. cee

' Obtain INITIAL values of
oscillator parameters from
e KK-derived a(u):

#bands -~ #osc111ators N

' (V3 <«—— v of Opax .
j=1,N Y j ‘«————— FWHM of  band
Sy T Pemax Yy
¢ -=-————— NaD- line value of e

QR T -~

4

'

PLOT R(v) and e'(v) calculated for this
W set of oscillators - via DAMPED HARMONIC"
e ‘ \ OSCILLATOR‘EQUATIONS

'DESIGNATE these spectra as Rt(v) and
”(v) - since they are based on theory \ :
o R 4 : 3 \

,Leave em,\)J,#yJ FIXED ‘
' ADJUST S to give correct WIDTH

J ,
to By (V) and HEIGHT to e (v) '
| - | T
Leave €w, vy, and new Sj'FIXED ’ COMPARE with
: : L observed R(v)
ADJUST v toglvecorrectHEIGHT | " and KK-derived
“to R¢(v) and WIDTH to eg(v) - .| €"(v) spectra
T ,

Adjust vj to shift Ry(v) and
(v) into correct ALIGNMENT
w1th R(v) and " (v). -

+

CYCLE through previous 3 steps
for each band, IN TURN, until
further ITERATIONS produce insig-
nlflcant improvement

[+
s
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A
\

Table 4.8  Initial Set.of Classical Oscillator Parameters -

for Polarized Single Crystal Bé(ClOS)Q»Hzo Data

¢

- mz_v . - . E Hb .'"‘“"""*'"_‘ TR T Ty

. vl (em™ty S.(x10%4cm-2) Y o(em™Yy «
1 119 0.456 x 7.5

2. 133 0.179 , _ 6.5

3 159 0.568 Yo11.5

4 230 , 1l.10 : 18

5 389 " 0.040 SR 8

6 480 0.377 ' . 6.5 .
7 507 1.66 4 ‘
8 611 1.38 _ . 10

9 - 933 3.85 11 -

10 959 23.4 - 13

11 1606 2.16 9

12 3514 10.1 19

e_ = 2.49
N ‘ S
N : ‘ ‘
. Elb -

1 114 0.528 11

2 130 1.74 8

3 150 . 0.266 7

4 173 0.456 19

5 ) 1210 0.960 20

6 404 4.58  * 52

7 492 2.47 19

8 616 2.61 , 7.5

o) 909 : 19.4 ' 9.5

10 963 6.73 ' 6

11 3584 14.6 34

€, = 2.44
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Vi

of the reflectance spectra to errors in the dlsper81on para—
meters and/or dispersion model. The exact 001nc1dence of

the observed. and calculated high frequency reflectance for

‘fhé b-polarized data verifies our choice of e,. However, .

" for the a' -polarized data, the high frequency reflectance

5

is slightly overestimated, suggesting that a smaller value
of e be used in the flttlng procedure. - e

Next began the task of refining the dlsper51on para—

- meters. This trialeand—adgustmentvmethod is suc01nctly de-

~vas tne scle function of this additional oscillator and no -

scribed in Figurew4+14, ind employed the following observa-

tﬁgns as gug&%lines o \'

i) the number of oscillators required for an ade-
quate fit and their approximate frequencies
were estlmated from the 'positions of signifi-

: cant.’ peaks dips, and shoulders in the KK-de-
. rlved CGH@ﬁmﬁlvltygspectra (sea .Table 4.7).

ii) the w1dth ot theve"(v) peak and thé" ‘height.. Qi
the R(v) peak weﬁe.prlmarlly affected: hy the "
damping constant, de B IR o :

iii) ‘the height of the ¢"(v) peak and the width of
the R(v) peak were most sen31t1verto the value
of the oscillator strength. '

- omet?
b

A minimum number of oscillators werekidfsed to satisfy.

guideline i). _However; in order to simulate thellowﬂfre—
‘ , _ s
quency reflectance behavior, it was necessary to assign. an.
oscillétor to a frequency below the measured region. This
. -..‘_‘ .

.

.physicai significance was ascribed to its disﬁ%rsion para--

meters.

In each adjustment cycle, oniy one parameter was var-

ied. The effect of each change wdas monitored by comparison
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B

" with either the KK- derlved e" (v) spectrum (1n the first ap-..
jprox1matlon) or the observed reflectance (in the second
‘approx1oatlon),_and the_process was termlnated when‘further
iterations produced insignifiCant improuement in the fltied
result. ‘Iffﬁafter exhaustive studykvit was found not pos-
sible to s1multaneously satlsfy the Kramers- Kronlg e (v)
snectra and reproduce the observed reflectance only the
former data.were used in the fitting procedure. This choice
is based on oUr earlier observation that the shape and po-
sition of the.s”(n) peaks were almost insensitive to chan-
ges 1in the 0scillator.parameters of remote bands, whereas
the R(v)‘peaks changed.dramatically. 0It,is therefore ex-
oectedfihat'neglect of the contribution from the weak back-

ground continuum will more seriously affect the reflection

~

spectra and:prevent the achieuement of a good fit.' Thus,
the s”(v)-spectra are considered to be a more reliable riE—
‘ting constraint..

The final theoretical fits for the reflectance and
e (v) speCtra‘of‘Ba(Cldé)z-HzO are compared with the cor—‘
responding experimental results in Figures 4.19 (b—polar—

ized) and 4.20 (a'-polarized); the theoretical curves being

@

distinguished by small arrowheads. . ghe measured b-polar- ’
o7

1zed data was modelled quite well w1€n 14 osc1llators and

a high frequency dielectric constant, €. of’ 2.4Q4waECh

corresponds with - the sodium D-line value. The a'—polarized

data waslsuccessfully-modelled with 17 oscillators. and an

€, value of 2.40. -This fitted result is 0.04 units less
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than the expected sodlum D-line value along the a.—ax1s
and suggests that the measured reflectance, for this polar—
ization might be sllghily low. A compllatlon of these 057
cillator parameters and.their estimeted accuracies is‘given
in Tables 4.9 (b%polarized) and‘4,1O.<a'—pelarized)r»1The
.error allowances indicate te‘Whatvextent'a‘particdlar para-
meter could be adjusted.before causing a measurable deter—_
',ioration in the fitted'result. Strong,Arelatively‘narrowv -
bands (FWHM < 8 cm_l) are estimated to héie peak fredden—
'eies aceurate“toviO.S‘cm_l. For most other bands, exdebt
those with‘very.ldrge‘damping terms, the_estimated fre-
quency accuracy is reduced to #1 cm—l. The w;de variation
in the errors assoq1ated w1th the escillator'streﬂéths and

~ \

damplng values 1hd1cates the dlfflculty 1n accurately de-
vtermlnlng the parameters of weak reatures partlcularlv
when they oCcur in the vicinity of a\sfrong peak. However,
‘fdr the majority of the fittedvpeaksh the estimated uncer-
tadnties in,Sj and'yj,are less than 10%.

Except for the C103_ ion stretching region (:850—‘

1100 cm_l),land to a lesser extent, the regions of strong

water\ebsorption, it -was possible to simultaneeusly.obtain
ahéood fit to the measured reflecteqee and the KK-derived
e'(v) spectra. This result is significant since &ﬁ?} a .
rew complicated reflectence spectra have been successfully ~
modelled with a set of damped harmonLc dsdrllators93’94’172

and, to our’ knowledge, Ba(ClOS)z H 0 represents the most

eomplicaﬁed example to date.-
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Table 4.9 Final Set of”Classical.OsciIlator Parameters for

b-Polarized Single erstal Ba(ClOB)Z-HZO Data

Elb

3 vj(cm—l) | Sj(xlld4cm_2) vj(em ™)
1 » 105 :2. (2.15) +.3% '7.2:0.3
2 .120:0, -(0.235) + 10% 5.5+0.5
3 133 : 0. (0.082) + 10% 4.5:0.2
4 160 + 1 - (0.450) + 5% 8.7:0.2
5 230 & 2 (1.20) : 5% 20.0+1.0
6 388 + 1 (0.863) + 10% 8.0:0.5
7 481 + 1 (0.349) + 1% 6.3+0.2
8 507 + 0.5 (1.81) = 2% 4.2:0.2
9 612 +1 S (1.34) £ 1% 9.52:0.2
16 925 +2 (0.968) +20% 13.0£2.0
11 933 =1 “(1.64) £ 7% 7.5+0.3
12 940+ 1 (0.555) + 20% 10.0 2.0
13 959 + 1 . (22.5) 3% 12.1 £ 0.3
14 1606 + 0.5 S (1.91) £ 2% 7.8 0.2
15 3514 + 1 (9.31) + 3% 17.5+ 0.5
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Table 4.10 Final Set of Classical.Oscillator Parameters

fqr-a'—Polariied,SingIeJCrystél'Ba(ClOB)-Hzov

‘ - Data .
E]b

J o | vj(cm_l) - Sj(x»ldQQm-z)‘ yj(cmn?)
1 922 (0.043) * 50% 8.5+2.0

2 109°+1 (0.134) + 10% 7.0+1.0

3 114 + 0.5 (0.180) +10%. ~~ 5.5%0.5
4 120:0.5 (0.415) + 20% 5.7:0.5 -
5 131:1- (0.604) + 10% - 8.5+2.0
6. 133 :0.5 (0.667) + 20% 4.7:0.5 "
7 151 0.5 (0.143) :20%  5.5:0.1

8 176 +1 (0.263) £ 20%. 15.0 ¢ 3.0

9 210+1 - (0.887) + 5% 19.0: 0.5
10 40412 . (3,90) +'15% 48.0:5.0
11 487 +1 1(0.209) +15% - 9.0=x1

12 493 1 : (1.31) x2% - . 12.5:0.5
13 502 + 1 (0.380) £20% .12.0:2.0
14 616:1 (2.38) & 5% 7.2.:0.3
15 : 909:0.5 .. (4.46) + 5% . 7.0:1.0
16 912:0.5 . (12.9) +4% 7.7 +0.2
17 - 963.3:0.5 . (6.65) + 2% 1 6.0:0.2
18 3584 + 2 (13.7) ¢ ‘ 8+1.00

5% 31

o+

s~



‘The fact that the C10,~ ion and water molecule stret-

ching modes do nothonform well to a description based on

4

damped harmonic oscillators can best be explained by the
tendency of these modes to uﬁdergo'anharmonic coupling.
"Evidence for this perturbation is seen in the fairly large

oscillator strengths and damping constants associated with

these modes158 (modes_lQ—iS'inuTabie 4.9»ahd modes 15-18 ig

TS

Table 4.10). To appreciaté the magnitude of these quanti-

ties, ‘it is useful to compareée them With the corresponding
values in a related crystal.. Such a dispersion analysis.

has been conducted on NaClOé Crystal by AndermanzuyiDoWs.96

For the.CIO3 ion strétching modes, they obtained damping

constantS.ranging from 5-6 cmt_—1 and a maximum'oscillator

>

strength of 16.4 cm_zl(for vaJ; this compares with our
~values of 6-13 Cm—1 for the déﬁping constant énd a maximum-’
N . e ,
oscillator strength of 22.5 émfz,(hode 13 in Table 4.9). -
R . R -~

Obviously the C10,” ions in Ba(ClO4),-H,0 are undergoing
some additidhal relaXatidn‘pfocess. The presence of hydro-
geﬁ bonding intBa(Cios)z-HéO strongly suggests that the

i

appreciable width of these €' (v) bands is due to apharmonic -

coupling of tbé{éEOB_ ion stretching modes to the water
molgiule vibrafiéhal states, pafticulariy overtone étates
of the rotational Qiﬁfatfons.’ i%similar explanation was
put erward.by Wilkinson:et'ai. to accdunt'for the in-:

creased‘bréadth of the SOi}i ion modes in CaSO4-2H20,com-

pared with CaSO4.
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_However,‘strong.anharmonic coupling can also occur be-
) \\ . » . ’ B —
tween the symmetric (v ) and antisymmetric (v ) ClO3 ion

stretchlng modes S1nce they are close in frequency, of con-

'S

siderable strength, and their reduc1b1e representatlons con-

taif unit-cell-group symmetry spe01eS'of the’same type

(Chapter VI). | [Thus, the ClOB— ion stretching region may be

’ compliCated by the presence of theriOnic coupling and in-
teraction with water vibratiohal modes. The exact nature
‘of this distortion cannot be easily predicted.

TheAeffectS'of‘mechanical anharmonicity have been

Iy
o

- > o
treated by several different quantum-mechanical model's.l"0

r

Although these various theories haye~fundamental.differen—
, ,

ces, they have certain common features. The main .conse-

quences of cubic or higher order terms in the crystal's po-

tential energy are: ‘that the damping is not a;constant'par—h

&
ameter, but is. frequency and temperature dependent and

that the resonance frequency is not prec1sely the harmonlc
value, hut is frequency—shifted by an amount whrch is tem—
perature_dependent. The unusual success of the claSSiCal
_mOdeldis related'to the'fact.that these deviations are
usually very small compared w1th the resonance frequency,

Vj’ and that this. model glves almost 1dent1cal results t0

o

the varlous quantumrﬁechanlcal theorles at V=JVj- "~ The

damped harmonic 030111ator model then is strlctly valid at
the center of the dlsper51on region. Since the ¢''(v) bands
exhibit a much narrower region of dispersion than the cor-

responding R(v) bands, the oscillator parameters derived
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‘from'a‘classical'dispersion fit to the e’ (v) spectra should
‘be more reliablev thus substantlatlng our earlier emp1r1ca1
conElUsion. Any effects of anharmonlc coupllng should be
_‘mOSt apparent in the Wings of.the bands. Comparisonrof
our fitted ahd KK-derived c (v) spectra shows that th1s is
indeed the region of greatest dev1at10n |

In order to satlsfactorlly reproduce the peaks vdips,
ahd‘shoulders in thevexperlmental spectra (see Table 4.7),
it was necessary to use several more oscillators in'the
fitting procedure. However; only thoseVIeatures,believed
‘to be due to fundamental'transitiohs were included. Ai—t
_though it might oe‘possible toisimulate the numerous @eakv

‘_features due to‘overtone and combination modes by the su--

- perposition of many more oscillators, these additional dis-

persion parameters would have no physical significance.

‘Recall from Section 1.1d that the damped harmonic oscilla-

tor model for dispersion in crystals was based on the sel-
-ection rule for infraredtactivitp being ge 0, tHat is, the
- wave vector-of vibration being equal to zero[ Herver
thls approx1mat10n of the Geheral k K selectlon rule

: where K is #qual to the wave vector of radiation in the

’ ¥

crystal,; is only valid for fundamental transitions. In the
case of overtone and combination modes, the selection rule
Zgi==§ must be used; the contribution to €' (v) from these
modes therefore reduires 'a summation over all va;uesvof_g

in the first Brillouin zone.190 .Since the complete dis-

persion curve for Ba(C103)2~H20 is‘unknowh, a classicaﬂ
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1Y
dispersioh anéleis ié resﬁricted tovthé fundamental modes.
Fo} thé b-polarized data} weak oscillators we;e intro-
iduéed ét 925 cm—1'and 940 cm—1 £0“respective1y simulate the
}1ow ffequency shoulder and the dip between the two resonan-
' ces at 959 and1933 cm"1 (ééé Figure 4.19a).  The obser§§—
pion thﬁt a shafpuweak resonance occqéring to;low‘frequency
of a strong reflection»bﬁnd is situated at a frequébcy of
a reflectance minimum;'was first made inv1961 by Spitzer
and Kleinman93 during their detailed dispérsion analysis
of the reflection spectra of quartz.
Fér the a'—polarizéd.data, it was necessary‘to intrd—
duce severél new oscillators for -an adequate fit. The
shouidefs on the broad 493 cm ' peak were correctly de-

scribed by two weak-resonances at 487 and 502 cm_l.‘ The

essential features ofvthelband centered at -130 cm—1 in:

. - i
the conduction spectrum (see Table 4.7) were fairly well
‘ . B , .
reproduced with three closely spaced oscillators, although

five definite features wereanated in this region. Further

AY

‘oscillators might improve this fit,'but'the closeness 6f

1

’

1

this band to the low érequency integration limit, 105 cm_
precludes such a refinement. An additiopglpeakzn:llpcm_
reproduced quite Weil the shoulder on the 114 cm_1 peak in
" the KK-derived ¢ ' (v) spectrum. Its inability to métch the
\wjobserved reflectance can also be attribﬁfed to its proxim- .

'ity tb the low frequency limit of the meaéured dafa.“The.‘

broad strong reflection band at 920 cm_1 was only well

described when two oscillators at 912 and 909 cm—l, in the

248
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épproximate intensity ratio 3:1, weré assigned to this fea-
ture. Theﬁnecessity‘of two osCillafors was.indicated‘by_
the flgt top of the coyreSponding KK-derived e''(v) band;
a single isolated oscillator exhibits a definite peak as
can be'séen.from thé 963 cm71 e"(») bana.

~In conclusion, the diépersion bérgmetens'obtgined'ffom
a combined Kramers—Kronig/classical dispersion analysis weré
significantly improved over fhose dérived.from the peak
‘characteristics of the conductivity spectra, fhus justify-
~ing this more lengthy prbéedure. Secondly, the success of
fhe classical dampéd harmonic oscillator model in describ-
ing most of the‘ref1ectidn features of Ba(ClOSJZ-HZO shows
that;this model is approximateiy cofrect. The nature‘and

. ~. 7Y .
P
extent of the/{ggerved eviations indicate that the limited

range. of reflection %éta incurs little error in the derived
optical parameters ané that the major source of deviation

i L - .
from the predictions of the damped harmonic oscillator’

model is anharmonic coupling.



CHAPTER V.

ERROR ANALYSIS

This chapter presents a compi1ation of the priﬁqipal:'

5

errors encountered in the détermination of the infrared
3 :

optical constants of Ba(C103)2-H%O by refleétance spectro-
scopy, at near—nérmal incidence, followed by‘a Kramers— o
Kronig analys;s. The errors are classified as experimén§a1
or computational, with the experimenfal errors being fur-
ther distinguished as random‘or'systematicﬁ Wheré pos-
sible, the magnituée of the Various errors is estimated
(Section 5.1). The sensitivity of the KK—method.to.errors

in the measured reflectance iS'alsQ studied_(Section 5.2).

Since many of these errors have been previously discussed,

K
S

only a brief summary is given here.
' i

A

5.1 Experimental Errors i §it

Expérimehfal sources of error méy be of random or
systematic type;-‘SyStematic_érfors may be of any magnitude
but tend to be apprqximatély'inVariant whén“an ekperimenf
is.repeated; whereas random errors fluctuate in sign-and
magnitude. In the following error analysis, the errors are
identified as to type, gpproximate magnitude, ang/appropri-
at'e corrective action (if any). The majority o Fhesé er-
‘yOrs are common to any infrared refléctance st;dy, but a

few are peculiar to our apparatus and samples. )

N '4 238
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5.1a Effect of Non-Normal Incidence

The dependehce of reflectance of plane—polarized light
upon angle of incidence was -illustrated in Figurell.Z with
theoretical reflectange cufves for n=3 and k=1. ‘It was

observed that for ¢ =10°, to a very good approximation,

K= RS==R . A similar result was obtained for mid-infrared

P
reflectance spectra of polybrystalline Ba(ClO3)2-H20 re-

corded under TE(s-) and T&(p;) polarization, at 9.5° inci-
denée. In the high frequency regi&n, where the background
reflectance was -~0.05, the Rg curve was ~0.004 units higher
than the Rp curve. .From a:médel calculation, assuming k=0
and ééual amounts of s- éndkp—pblarized radiatiog (Table .

3.2), this difference was consistent with the 9.5° angle

"of incidence. Also, the average value of Rg’and Rp was

equal to the unpolarized normal incidence reflectance Rg.
To obtaiﬁ a better estimate of the error associated
with operating at- 9.5° incidence, the various ‘quantities,

Ry, Rs, R

Do and R, where R = 1/2(Rs+Rp), were calculated

for quartng and siliconlso from their kndwﬁﬁxﬁiCal con-
stants. The relevant equations are [1.236] to [1.40].
Three differenf situations were considered: 1) intermediate

R,A

. low k; 1ii) low R,'low k, and iii) intermediate_R, k‘;n.
In all cases, the difference between R and Ry, for 10;
incidence, was less thén 6.0001 reflectance units. Since
this systematic error 1s considerably smaller than the ﬁre-

cision of the reflectance measurements (see Section 5.13),

it was ignored.
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5% 1b Apparafus Polarization

\? Apparatus polarizatioh reférs,to the discrimingtion of

an instrument to a particular component of radiation. This
effect can give rise to both a systematic and randoh errof.
A syéfematic error occurs when the reflectance spectra are
" recorded for'uhpolarized.conditions, at - non-normal inéi—
‘dence, under the assumption of equal contributidmsvfrom.s—
and p—polarizéd radiation. The measureWﬁH?‘Eﬁﬁ’corréction-~
for this sysﬁematic error were discussed in deta?l in Sec-
‘tion 3.2b. A random error’ariéé# from an increased noise
levéi, Qhen the inefficient polarization isvuseq. The de-
éree of épparatus pblarization for the Nicolet 7199 FTIR
instrument is shown in Figure 3.13 for the KBr beamsplitfer
and Figure 5.1 for the CaFé and 3 um mylar beamsplitters.
It can be seen that the preferénce'for s—polarizedlligﬁt is
. quite pronounced in the near- and far-infrared regions. In
the mid-infrared, the rélativethmounts of s-andp-polarized
iighf are approximate1§bequa1. Thus, to optimize the SyN ‘f
ratio, the polarizatfoh experiments in all frequency’pew“

gions weré pegforméd;dnder TE(s-) polarization.

5.1c Polarizer Efficiency;

Polérized infrared radiation was éroduced by.- a series
of wire grid'sblarizers with different sﬁﬁstrates: BaF2
(near-infrared), AgBr (mid;infrared), and polye£hy1¢ne
(far-infrared). #he efficiency of a polarizer is giVén_By

its average transmittance for two orthogomnal pélarizations,

and its degreé of polarization,bi.e. the purity of the po-
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larfzed radiation Poor transm1531on‘characterlstlcs of.
the polarlzer can %ncrease the random error of n01se wh11e
1ncomp1ete polarlzatlon can lntroduce a systematlc error
The m1d 1nfrared polarlzer dlsplayed an. average trans—
»mlttance of -17- 22% in the reglon 800 4400 cm: -1 (Flgure

'3 13) Its degree of polarlzatlon was measured to. be at

.

- least 98% based on the relatlve 1nten 1t1es of the featureS'

vfat l604-cm -1 in the a'- and b- polar\Zed reflectance spectra
lof the (OOl) crystal face of Ba(ClOB) O (Flgures 3 24
and 3. 25). ; AR ’ S -

The average transmittance of the far-infrared'polari—‘;
l’aer was ~?4% 1n the region 100 500 cmilt ‘Its’degrée'of
polarlzatlon was more dlfflcult to estlmate but was at
least; 95% Comparlson of Flgures 3. 24 and 3.25 shows that
ithe b- polarlzed peak at 123 cm 1 corresponds w1th the pOSl—'i.
tlon of-.a reflectance m1n1mum 1n the a.—polarlzed Spectrum ~

. For the near- 1nfrared polarlzer the average trans-

mittance was. ~26 32% n the range 1800 7200 cm 1. .From‘in—

0

'ftensity measurements of the 1604'cm'l peak, the degree of
pOlarlzatlon exceeded 98%. S ’ ' a e

In summary, polarlzer efflclency may’ contrlbute a max-)

imum systematig error of ~2% of thevmeasured reflectance

L

value. Sipce the extent of thi% error is not accurately
o _ | g 1 S _ <
known, no corrective action was taken. -

5, 1d Optlcal and Electronlc Errors

The pr1nc1pal opt1cal and electronlc errors 1nf1uen—

cing. the accuracy of our reflectlon results are 1nstrument

o
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lnstability, incorrect signal'amplification,:detector lin- .
earity,,and incOrrect:phase correction. | | |

Instrument‘instability manifests itself as drift and
noiser Instrumené drlft can produCe aAsystematlc error if
the background &and sample spectra are always collected in
the same'order. This prOblem was-found to‘be most severe
in the near-infrared region: If the 1nstrument waslnot
allowed to sufflclently equlllbrat% after tunlng, a srgnl—

| 4
flcant deterloratlon in the hlgh energy performance oc—/
'curred with time Therefore the constancy of the eneréy
‘throughput was. carefully checked prlor to and durlng data
collectlon by recordlng severa}/ﬁackground spectra.

This modlfled procedure was not adopted in the mid-
and.far—infrared regions,-where instrument_drlft was less
promlnent | 1 |

Instrument n01se contrlbutes ‘a random error and was
‘gauged from several 100% 11nes run prior to each experl—
ment. Recall that a lOOm llne is the ratlo of two suc-
cess1ve single- beam energy spectra run under 1dent1ca1
conditions, with no sample., Our 100% llnes were recorded
"under”the'samé'experimental COnditions as the background».
'reflectance’spectra4£or Ba(C103)2 i.e.‘wlth-the gold,
mlrror in. the Harrlck reflectance accessory at 9. 5° inci-
dence and w1th and w1thout the polarlzer 1n ‘the beam

A problem pecullar to the far- 1nfrared 1nvest1gat10n

fon the Nicolet 7199 1nstrument was the appearance of

'”glitches” on the spectra,-whose frequenc1es were reprodu-

\..



descrlbed in ‘Sections 2.7b and 2.7c.

measﬁrement t1me all other operatlng parameters belng the’

256

cible for a glven mov1ng ‘mirror velocity. This is illu—

.strated in Figure 5 2 The two curves are 100% 11nes ob—

tained for the 3 um mylar beamsplltter and the TGS detector
with polyethylene w1ndow t 8 cm -1 resolutlon., The only

dlfference 'is that the room llghts were on for Curve A and

‘off for Curve-B -It can be seen that the glltches at ~330
~and ~660 crn—1 are not present 1in Curve B ‘ Consequently,.

- all far—infrared spectra were collected with the fluoré-

scent room llghts off.

Typlcal 100% 11nes obtalned for the varlous spectral

‘reglons on- the Nicolet 7199 are shown in Figure 5. 3. These'

| spectra were all recorded at 2 cm -1 resolutlon.' The varl—

able operatlng parameters of galn numher of scans‘(NSS),
and polarlzatlon are 1nd1cated constant parameterS-are ‘ B
1

Two 100% 11nes are - presented for the\KBr on Ge beam—
sp11tter with the 11qu1d nltrogen cooled Hg(kiTe ﬂetector,
The upper.curve, 'recorded w1th no polarlzer in the beam
exhibits a 51gna1 -to- n01se ratlo (S/N) of ~1200 for a mea-.
surement t1me of 6.1 minutes (300 scans) When a polarlzer
is placed'ln the 1nstrument, and set to transmit TE(s )
polarized radiatdon (lower‘curve),lthe‘S/N ratio 1s re-

-1

duced to -600 below 2800 cm ©-and to -350 above 2800 cm -1

for an increased measurement time of 15ﬂ3.m1nutes (75C) \

scans). . The S/N ratlo 1mproves as the square root of the {

s'ame.l - - f
: P

1 . /
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The 1000 11nes for the far 1nfrared region were re-

corded w1th the TFS detector u81ng-TE—polarlzed llght.

259

-These_spectra are dlrectly-comparable since a gain setting.f'

of 4 and a ﬁeasurement time of 30 minutes. (500 schns) were
used.in all cases. . It.shOuld be hoted that the'reflectance
scale - for the farllnfrared spectra is 5% R per d1v1s1on
while that of the mid- 1nfrared spectra is only 1% R per
d1v1s1on The 3 um mylar beamsplltter dlsplays a S/N of
~250 in the reglon 200 650 cm l. ThlS pgrformance is re-
peated by the 6.25 um mylar beamsplitter in the region of
,its first interference fringe, or ”windoW”,-from ~150-
420—cm—1.; In its second'”windOW” region‘of'~550—67O'cm_1,_
1ts S/N 1s 1ncreased to ~500 - The 15.5dum mylar b?ém-
splltter exhlblts a SfN of only ~100'in:the region iOO—
‘260 cm'lav Thus the random error due to instrument uoise
happears to. be less than +1 0% except in the very far—'_ .
‘infrared region "However, many of the Ba(C103)2 HzO sam-
ple spectra were recorded several hours after the assoc1a—
‘ted background spectra so the error due to 1nstrument sta-
”Terestlmated by these. 100 lines |

ra g
By

Another pos51b1e spurce of 1nstrument ‘error occurs-

bllity may be

”durlng the ampllfncataon and rehormallzatron,of the in-
frared signal. If therdetector‘voltages‘are incorrectlyl
programﬁed, this(introduces a.systematic~error iﬂ the mea;
sured reflectance, whose magnltude is dependent upon the,

particular gain'settlng,; Although this ampl(ficatlon error

v -
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is frequentlylneglected, it'isran.important considerationr
“in the accurate determinatlon of the reference mirror’ s
reflectance |

To assess this errorj“reflectance’measurements were-
n:pertormed on a'glass slide for various gain settings,.keen—
ing ali other Operating'parameters constant Glass was
,selected because 1t ‘is optically stable and a relatively
.weak reflector so a - -range of gain settings are permiss1b1e
‘before saturation occurs, It was assumed that the spectrum
ontained with a gainwsetting of 1 for both the sample and
background'coilections gave the correct absolute.reflec—t
tance. 'The'measnredureflectances for different sample gain
settings were. then compared with the accepted values at

. N0

Aseveral«frequenc1es and the average dev1at10n was calcu- .
1ated.. These results are presented in Table 5.1. . In order
to determine the amplification error for gainlsettings
‘greater than i6, it was‘necessary.to reduce the infrared
intensity by placing a polarizer/in the beam. A TE;poiarQ‘
'ized reflectance spectrdm of glass, recorded with a gain‘ -
setting&of'é was nsed to~compute the error in the higher
gain settingsfd These results were then normaiized to a
gain Qettingiof 1 byﬁinciuding_the breviously determined
error‘in ~the GAIN=4 setting, The‘validityﬁof’this proce-
dure is demonstrated by the fact that the errors calculsied
for‘a_galn of 16, via the ‘direct and 1nd1rect methods are
in very good agreement (w1th1n 0.1%),v The greatest‘ampli—

. , , . t
fication error of ~1.3% was observed for a gain of:2. For



Table 5.1 Determination of Electqonic Amplification Errors

for Nicolet 7199 FTIR Instrument

o

Frequency : Measured % R(Q)* .
(em-1) " |Gain=1 Gain=2 Gain=4 - Gain=8  Gain=16
4400 7.27 7.37 7.18 7.24 7.21
3800 7.16 7,22 7.06 7.10 7,09
3200 5.24 5.30 5.18 . 5.23 5.20
2600 4.82 4.90 4.78 4.83 4.81
2000 | 2.99 3.01 2.95 2.99 - 2.96
11060 29.3 29.6 29.0 29.3 29.1
470 23,9 24.5 23.7 24.0 23.8
Av. % Errot¥Gain=1 101.3 98. 9 99.9 99.3

S : 4 '

N , o .
Unpolarized reflectance spectra of a glass microscope
. All operating parameters identical except for
Gain setting of sample spectra.

slide,.

/"

w
Frequency Measured % R(v)T '
(cmn-1) Gain =4 Gain =16 Gain = 32
4400 7.89 7.90 7.97
3800 7.70 7.70 7.75
3200° 5.63 5.70 5.73
2600 5.27 5.28 5.34
2000 3.30 3.30 3.34
1060 31.4 . 31.7 ..32.0
470 25.8 25.7 26.0
( ;Av.‘%ErrorAGaiﬁ?=4 100.3 101.3
99.2 I

\

Est. %"Errc’)r/Gai_n ‘

It
B

00.2

.+TE—p01arized reflectadce spectfavof a glass microscope

slide.

x/

Y .

~

)]

A



gain séttings.of 8 and 32, the érrdrs were less than 0.2%.

Again, these errors were much less than the precision of

the reflectance measurements and were neglected. However,

careful selection of the gain settings helped fo minimize‘
thié syétemafic error.

Nonlinearity in'thé’response of the detector of'pre;
amplifier cwﬂfributes another source of systematic error.

This effecf_is observed in single—beam-energy spectra'as"

. non<zero energy in regions where the intensity is known to.

' be zero. For example, a KBr beamsplitter absorbs all ra-

diation below 350 em™ 2, Howevéfa on the Nicolet 7199 in-

'strument,lwith the KBr beamsplitter and the¥ liquid nitro-

gen cooled, type B, ‘Hg Cd Te detector, stray radiation was

“measured below 350 em . The ma ximum intensity of the fea-

+

tures below 350 cm_1 was‘only 0.3% of_the peak amplitude

- . ' : . .
at 1800 cm,l, suggesting that. the error contributed by de-

4

tector non-linearity is somewhat less than-0.5% of the méaf

sured ?eflectance;value,

The. influences of detector'nonlinearity, combined with

phase correction errors, are also found in transmission

spectra of strongly absorbing matériéls,as>negative'peaks,‘

.

in regions whére tﬁe samples are 100% absorbihg.‘ These

effeéts were investigatéd;on the Nicole;-7l§9'f0% saﬁbiés
of 50 .and 100 um tﬁick Mylar, in the mid—iﬁ{fared Yegion.
From a total of 14 measurements at peak-fréguencieé of

1025, 1115, 1265, 1415, and 1725 cm™’

[y

0.00% transmittance was calculated to be 0.11 : 0.01%T, with

,‘}he deviation from. .
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95% confidence.
| ReCeﬁtiy, it ﬁas_béén'shown that the éécuracy"bf the
Mertz method of phasevcorfeCtion“ which is‘uéea by the
Nicoiet, is limiteg b; fhe asymmetry of the interfero-
g?gramulgl_ In the case of a perfectly Symﬁetrical inferferoé
gram, the Er?éedure is exact and gibes the besp.apprbxima—
ién to a spectrum that can be achieved by FTIR spectro- |
gcopy. |
| In our reflectance study, the interferogr#m§'6f the
Ba(ClO3)é-H2O samples werevremarkably ;ymmétrical in the
mid- and faréinfréred regions-where thé‘predﬂminént absorp-.
tion dcéurred, HoweVer)'in the near—infréred, where sample
absdrption was broad. and weak, the ipterferograms wefe coh—;
Sidéfably.less symmétrical. The interferograms:fOr the re-
ference mir;or, oyer‘all‘regiohs, were gquite aéymmetric. }
" The residual erfor iﬁ fhe bhase correction due to this
asymmetry was partially compensated for by the ca}ibration
of- the feferénéevmirror agéinét.theisilicon standard. From
the avajlable data, it is estimated that the combined ef-
fects of deteqtbr non—lineéfity and phééé correction error
Wy;eld a.fractiohal‘erfor éf <1% in the reported reflectance

“values. . : ¢

N

5.1le Reference Mirror Reflectance

P

_ The accurate measurement of”$ample'ref1ectanée regui-
e . .
res'thatfthe'réflectanceﬁof the reference mirror be known

-for all freduencies in the range of interest. Agdldnﬂrror 

was used in this study because of its very-high«?eflectance

2
<

,
ek



over the entire infrared region.'_However, gold is a soft

material, and its reflecting properties were found to grad-

‘ o ' ’ .
ually deteriorate with time.- It was, therefore, calibrated

against a silicon standard.prior to séveral'experimenté,,to
determine the necessar§ porrection. This procedure is'de—
séfibed in detail in Section 3.2b. * -

" Typical calibfation'curve; for the mid- and hear—in—
frared regions are shown in Figures 5.15 and 3.16, reépec—
tively. Comparisen of calibfafed and. averaged reflectance
resultsjfor Ba(ClOB)z-Hzolin the mid- and far-infrared re-
gions indicated that the calibration'error,waS'small and .
randomj for gercent reflectance values exceeding.5%. the
maximum fractional error was 0.0lO in the mid-infrared
(Table 3.4) and 0.030 in the far-infrared. This compares
with an”experimental reprogucibility of ~3% and 7%, respec-
tively in these regions (see Section 5.1j). Thus, the
averaged far- and mid—infrared'reflectahce spectra were
taken as the correct'results; within experimental uncer-
tainty. | ' @
| Calibration was more important in the near-infrared

region.. Figure 3.17 illustrates the overlap of the aver-

" aged, af—polarized mid-infrared reflectance of single crys-.

fal Ba(ClOB)z-HZO with the corresponding near-infrared.

spectrum, before, and after calibrétion. It was observed
that, in the freque)cy range of equcted spectral”overlép
(~1200—4§00 bm_l), the measured,near;infrared refleétahce

was too high bx ;5% of the mid-infrared value; after cali-

— s

264



265

bration, this deviation was reduced to less than 1% of the
value.
. ~ .
To summarize, in the mid- and far-infrared regions,

the correction dut to calibratiop was much less than the

.

précision of the measurement, and was ignored. In thé near-
infrared, where the calibration correction was of the order

~of 5% of the reflé%tance value, the necessary correction

was.applied. . o >

5.1f Extraneous Reélectibn-

‘_Anbther experimental error affecting the measured re-
flectance ls background»scatteﬁdnéf This error was esti-
mated from'reflectance measurements made without any sample
in the beam. It was found that’the scattering largely.
arose.from the sample holder,- and was particularly signifi-
cant in'the‘far;infrared region. Various procedures,. such
as sahdblasting aﬁd pa‘inting with a black absorbing paint,
met wifh limited success. Satisfactory results were fin-
ally obtained when a piece of black? vélvet matefiall(poly—
crystalline sahple holder) or black paper (single crystal
sampl;*holdef) was affixed to the front surface of the

v

holder. ‘

In the case of the polycrystalline sample héPder
(Fiéure 2.?), thé background reflectance was reduced to
~O.15%'R in the region 50f250'¢m—1. ‘This holder was only
used to récéfd'ﬁhe very far-infrared reflectance of poly-
© crystalline Ba(ClOB)szZO on thee R.I.I1.C. A more Serioué

LA
*
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systemat}c error oecurred during the processing of the
R.I.I.C. intensity data, .Since the power spectrum was com-
puted, the noise was aiwayS-positive (Section 2.5). It is

estimated that this éhifted the baseliné upward by a fur-

‘ther 1.35% R. . Thus, the total extraneous reflectance is

P

~1.5% R. . This constant value Wwas subtracted'ffom the mea-
sured Bé(ClOB)z-Hzo réfledtapce on the R.I;I.C., befdré
merging.with the Nicolet data (see Figure 3.20).°

The single érystal samplé holder (Figure 2.8) was used
tO‘record all other fipal refléctance spectra .of BafClOé)2ﬁ“
H20; Its origiﬁal désignvinvolved a 17° taper of fhe sam-

ple aperture, based on measuréments of the optical path at

the reflecting surface (see Figure . 2.5). However, it was

observed that this prototype contributed a significant
amount of background reflecfanée, even with the black"péper

taped to the front surface. This is shown in Curve A of

‘Figure 5:4. The percent réflectance due to the~sample hol-~

der gradually increased from -0.02% R at 3400 cm™ to

~0.08% R at 700 cm_k. When the taper of. the sample aper-
ture-was ipcreaséd to 20°, the-backgrouné.reflectance from
the holder #as reduced to a constant level of ~0.02% R in

the mid<infrared (Curve B) and -0.03% R in the far-infrared.

4 ’

5.1g Sample Deterioration : W

.A problem peculiar to the infrared reflectance studyf'

of Ba(C103)2~HZQ was the sample's apparent‘sensitivity'to

prolonged instrument purging with dry nitrogen gas. Fig=
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ures 3.11 and 3. lla.illustrate tne dramatic»spectral chan-
ges which occufrred to polycrystalllne Ba(0103)2 H 0 aftern .
two,hours of;purglng, and how the original Spectrum was
s1mp1y recovered by repollshlng the sample w1th iso-
propanol. The changes were not constant with frequency,
‘but more pronOunced at the reflectance maxima. To mlnl— .
mize this effect, the spectra were recorded immediately
after‘placing the freshly polished”samplefin the'instru7
ment and for- relatlvely short collec%<bn perlods typl—
cally 5 minutes (250 scans) for the mid- and near- 1nfrared
‘regions{'and 15 mlnutes (250 scans) for the far—infrared
region: _It'was found that the rate of spectral change, as
gauged from two successlﬂe 250 scan colléctf%ﬁs was ap-
prox1mately proportlonal to the absolute reflectance For
the" m1d 1nfrared spectra of polycrystalllne Ba(ClO ) 2

_the percent change during this 10 minute perlod was ~0. l%
-1

-

2t 3576 cm~l (R=0.065), -0.3% at 922 cm™: (R=0.371) and:

1

N\~

~0.5% at 977 cm

-

the measured reflectance changed by ~2% of the value dur-

[

ing a 30 minute period.. Thus, during the individual sam-

ple collectlons ‘the maximum percent changes are expected

(R=0.586). In the far-infrared region,

268

’

to be ~0.25% in the mid- 1nfrared and ~1% 1n ‘the far 1nfra—-;

red. Slnce the magnltude of these errors is cons1derab1y

less than the prec181on ‘of the reflectance measurements,,

\\. v

. . A

~ ,
‘ /

they were ignored.



5 1h Sample Holder P081t10n1ng

. 4000 cm

In order to obtaln an accurate estlmate of the error
involved 1nxpps;tldn1ng the sample holder w1thout the com—

plication of other factors /s111con was chosen as the samJ

-ple, and comparlson was ‘restricted to spectra jecorded on

o

- the same day and for the same gold mirror. A groove cut

into the reflectance accessory acted as a physicail stOp to
A .

the holder and improved the reproduc1b111ty in its pos1—

tioning. The test was carried out by recordlng a ser1es

of silicon reflectance spectra, in whlch the holder plus

sample assemblyAwere removed,cthen repositioned in the in-

strument after eachidata.collection. It was found that the
o AN N ,
" error involved in this Operation'increased with increasing

frequency- For example the‘standard'deviation'at 800 cm

was only 0: 5% of the reflectance value whereas at/‘g

Y

1; it was l%'. Since 1ncorrect pos1tlon1ng of the

~

'sample holder always causes the measured reflectance to be
. less than the actual value the Ba(ClO ) O spectra ex-

_ hibiting the greatest overall reflectance were used .in the

merging procedure.

5.1i Sample Uniformity

The error due to sample nonunlformlty is difficult to

‘estlmate s1nce several factors contribute to the observed

)

y

- variations in the measured reflectance. Since a poor op-

v

‘tical finish giveslsystematically-low reflectance values,

~

. the ‘best quality sample spectra were judged as those dis-

{
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-flectance spectra obtained for two dlfferent samples

playrng the hlghest overall reflectance
,The polycrystalllne nature of\the Ba.(C103)2 H, 0 pel-

lets was verlfled by polarlzed 1nfrared reflectance mea-

<.surem§nts (Sectlon 3.1b). All features observed under

P 2

M(p ) polarlzatlon ‘were reproduced under TE(sr) polarlzei‘
q 2 & !

,atlon the onlgldlfference was the Rs curve rose Sllghtly

oaAT

above the Rp curbe for aIl frequen01es ‘as expected for a

'9.5° angle of 1n01dence It was therefore concluded that

the poLycrystalllne samples exhibited no preferentlal or-

& : , . *
ientation. Sy
, . o

- The, cons1stency of the sample preparatlon and polish-

ing technlques was demonstrated by the near- 1dent1ca1 re-

i
2 4

Figures 3;4, 3.5 and 3.7). - , - e
* ' . \ . e ‘. v - ‘\‘ »
5.1j Residual Systematic and BandomvErrors‘;
It is of interest to compare'%he residual error in’

the measured Ba(ClOB)Z?HZO‘reflectance values with that
predicted'from{our foregoing discuSSfon of experimental _ o
errofs, The pr1n01pa1 effects contrlbutlng to the repro—

ducibfllty error. are: 1nstrument noise and drift, sample

deterioggmlon and/\onunlformlty, and placement\of the Sam-

-~

ple holder. Except'for instrument drlft “the magnltude

vof these errors has been preV1ous1y estimated. Singe it is

,not known how these various errors lnteract only an ef-

fectlve upper limit can be calculated from the sum of the‘
1nd1v1dua1 fractlonal errors Comparlson w1th the mea-

sured devratlons in the'Ba(CIO ) H20‘reflectance values



should then glve an estlmate of the error due to 1nstru-f'
f .

ment drlft ThlS error analys1s wih carrled out’ on the

‘»‘ .

.a. —polarlzed reflectance data for the (DOl) crystal facef

In the m1d 1nfrared 9eglon the reflectance was mea

5 ALy

sured. at 64 dlfferent frequencles from 480 4800 cm }y.for \4

6 1ndependent 250 scan sample collectlons The average
[ N i I
standard dev1at@on was determlned to be\3 0% of the reflec_fh
: b

.tance Valuerw Typlcal 90% confldence 11m1ts for thls data

v

were: 3500 em {; % R=5.27 ¥ 0,10; 980 em rﬁ %, R=48.59" ‘5leml

K

+ 0. 59~,and 720 cm” % R=6. zo-+o 19

~ . g ‘ ‘/
~Under. the operatlng constmons of these Spectra noise

‘c'\

o contrlbutes a constant random error of ,¢0 @5% reflectloh:
fﬁbelow 2800 cm -1 and ~+0 - 10%: R‘ bove 28@6 cm }., Thus-afo'r uﬁ
ﬁa sample reflectance of¥‘lO% the noise- conﬂ%ibutes frac;"l
tional errors in the measured values of +0.5% and +l 0%,‘
respectlvely The degree of sample deterloratlog,and un1- Q‘P
formlty may dlffer for~ the‘varlous sample colleetlens »but-guL
it is expected that this error is less than 0.. 5% 1nythe_ _#
mid- 1nfrared Also the average fract10nal error Observed5
" for the sample holder p051t10n1ng\<i:‘~0 5% ] Of the 3 0% %
sample reproduc1b111ty error, ~1.5 0% hasjpeen accounted
for by instrument noise, sample deterloratloﬁvand unifor- .

, ' ®
mity, and plaCemenif%f the holder. 'Thls:sﬁﬁgestsﬂthat an—na
strument driftlcontrtbutes the remaihing?%!d-fl.sﬁ error

in the reflectance values.



o . g - S
Sy e Recently, a check’ of the NlCOlet 1nstrument stablxlty
IS B s ,
‘nfraredrreguonw’over a perrod of hours, showedvﬂ

SIS 3

”that ﬁh1s estlmate was . reasonable "A serles of 100% llnesi

gt
«

1nv01V1ng a reference spe@trum at t1me TQ

It

f mOSt pronounced at hlgher energles
n - RN N - “ Ll -~ <,

_efg n a 2 hour perlod ‘the downward drlft 1n the 100%

Ql1ne at varlous fréquenc1es was: 2200 cm,l: O.5%,~34000m

- 1 p% and_4opo cmy l 5%, ‘m_ ,?%, ;f"h;C"{

_'1“ .

In the far 1nfrared reglon' the Ba(ClOB)2 H O reflec- -.

;:tanCe was measuredcat 19 dlfferent frequencies in the

1
1.)‘

ifjrange 250 620 cm }, and for 8 1ndependent 250 scan collec—.

-

htlons. )The average standard deV1at10n was determlned to |

be.f7 3%: of the measured value Typ1ca1 90% confldence

1lmits{92 for thls data were: 480 cm 1J % R=,9;83“ O 34; ‘f%:’

400 em™t, % R—-ll 76+ 0.51; ;and 360 cm ?, % R=6.92t o 31.

.

e
W

- np' se—is—a-much more serlous problem in the far- 1nfraredv

. ¥
'and for the condltlons of the 1nd1V1dua1 sample spectra

‘,contrlbutes a constant random error of +0. 3-—0 4% reflec—=

tion For aisample reflectance of lO%Ei thls translates.

."-y, f

.-

to a fractlonal error of ~3 4%. he comblnatlon of sam—

B

ple deterloratlon and unlformlty are expected to produqe a

.fractlonal ‘error of -1%. It is also expected that the er—v

. ,ror due~to*samp1evholder positioning 1s approx1mate1y the.‘

<. same as in’ the m1d 1nfrared reglon ’~O”5% ofathe Vale

.\) “{ . {‘.

ue. These sources represent ‘a total reproduc1b111ty,error



&

,f‘=1ﬁ Seotlonlf 1b, we also used s1mulated data to check thet

vto"instrument drift. ’ Because of the much 1on er far 1nfra—

1%red sample collectionsﬁwthls value>seemswreasonable.

)

-

"5, 2 Computatlonal1Errors_

- beéen 1nvest1gated\w1th theoretlcal reflectlon data.
‘.ple, possessing several resonance peaks in the reglbn

11000 fm d and to 2- 3% above 1000 em

Ba(C103)2 2O occurs’ below 1000 cm -1

' quency 1ntegrat10n llmlt of 4400 cm

The maJor source of error in the practlcal 1mp1ementa-

' tion of the Kramers Kronlg method 1s the f1n1te range of

"~thqgieasured reflectance data ThlS truncatlon error has

81,193

‘1ntegr1ty of our Kramers—Kronlg proggam For a model sam-

o ﬁ )
200—2099 cm 1, an 1ntegratlon range of 10 4000 cm -1 gave-*

imaginary dielectric cohstants e accurate to l%‘pelow

-1 The larges§ rela—

tive: errors were observed 1n “the reglons of rapldly shang—

©

'f%g slope ae /3v" Comparlson of results obta;ned with

1ntegratlon ranges of 200:- ZQZQ em” Jand 10- 2000 cm -1 showed,

Vo e g s e \\ [y

that neglect of the low frequency data vncurwed much less

4

error than the hlgh frequency truncatlonA

S1nce the predomlnant 1nfrared absorptlon by

3

w1th the exceptlon of
1 .

?
-

relatlvely weak hydrate bands at ~1600 and ~3600 cm it

- is expected that little error is caused by the’ hrgh fre—

loTo verlfy@thls Fhe

KK- analys1s was repeated\Eor\th\ p"arlzed reflectance

measurements on the (001) crystal face lncludlng data to

6500 cm,1 (Section 4.2b). “The resultant changes 1n the e’
. ' _ i ;

Y
%

"". =~

N of_~415—5:0% ‘The res1dua1 error of ~2 3- 2. 8% is a551gned>
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andge' valueswwere small anQ random in dlrectlon the ave-'

L4

e »fy-ui R

rage magnltude belng of ‘the orderqof 0 02 unlts (Table

I

N
T - e o5
R The sen51t1v1ty of the derlved.optlcal constants to a
R " ‘

e locallzed reflectance error and to a small reflectance

a:..,“

3

s

& '~ .‘.

e%ror over a w1de frequency range were 1nvest1gated
s A locallzed reflectance error was observed for one of
. @

;ﬁ the Ba(ClOB)zl 2 ﬂ81ng1e crys%als whlch contalned a trace

. 1mpur1ty of Ba(BrO3)2»H20 (see Flgures 3.4, and 3. 5) iflg—

Tg‘ ure 5 5 111ustrates theAmeasured dev1at10n in thelb -polar-

o 1zed reflectance for the pure (Flle C: SC BCL H20- 01) apd

R 1mpure (rlié A: SC BCL H20- 020 samples " Phe spectral dlf-

>§T f%rences are: 1oca112ed‘tn the region 500 1000° cm l, with a
e L

-~ - maXimum - absolute error of O 4 percent reflectance The

L assoc1ated errors in e’ are of,the largest magnltude in

2 »- \,.

‘ . thls same frequency reglon Values of the KK - derlved real
‘,and 1mag1nary dlelectrlc constants are‘OOmpared in Table’
. 2 A’
5,2 ' It ‘can be seen that *the max1mum absolute error in ¢"
Q \; - 1

; ofé O 6 unlts Loccurs . at the peak frequency of 963 cm
-1

G

- ( '=13. 2) In the regions <500 cm™ ! and >1000 cmjl,,the'

A

‘errors in 53 and“e" are 1esspthan 1% of the value for ¢

and ¢" > 1.0.

G
§

M -".’ l -' B
A small reflectance error over a wide frequency range
Lo 3 . . ‘ -

»

can occur from any of the experimental. errors discussed in
Sections 5.1 and 5.2, Figure 5.6 illustrates the measured

: : : ’ ‘ : 1 :
discrepancy between two independent b-polarized reflectance.

| spectra of Ba(C103)2-H -1

50 in the region 1100-4400 cm
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~ Table 5.2

)

ﬁffeét‘of‘Smail Differences ih Measured Reflec-
' ’ tance Upon KK-Derived Dieleéxric Constants;
Illustféted'for b-Polarized Reflectanbe Data for
Ba(C104) 5" Hy0 o .
e’ (v) " (v)
Freqﬁency _ : ' ) .
v(cm:}).-* A% B* cx A* B* c*
114.7 _1.280 -1.279 -1.280 3.101 3.093 3.097
120.5 ~1.463 (51.466 -1.464¢ 4.928 4.913°4.920
159.1 - 1.629 ° 1.620 1.624  3.110 3.107 3.108
230.4 1,983 1.971 1.977 2.660 2.658 2.659
400.2 2.856 2.854 2.855 0.249 0.261 0.255
481.2 3.373 '3.273 ~ 3.281 1.163 1.161 1.152
502.4 5.537 '_5.571 5.586 2.097 1.694 1.666
606.5 3:749 3.838 3,761 1.191 1.226 1.209
- 616.1 ©1.409 1.448 1.415 1.186 1.185 1.185
855.3 3.718 3.711 3.716 0.313 0.315 0.283
953.6 9.650 9.945 10.377 11.567. 11.074 10.949
963.3 = -6.546 -6.848 -6.850 12,488 12.687.13.172
1100.8 1.596 1.580 1.598 0.058 0.063 0.042
1300.8 2,129 2.103  2.130 0.040 0.028 0.030
1499.4 2,317 2.303 2.318 0.041 0.041 0.033
1605. 4 2.457 * 2.444  2.468 1.4%8 1.544 1.492
2203.3 '2.399  2.387 2.399 0.029 0.026 0.024
3175.2 2.478  2.458 9.478 0.072 0.075 0,069
3753.8 2.412 2.397 2.412 0. 0.027 0.032

035

Spectrum C assumed correct;

Spectrum A contains localized

reflectance errors (see Figure 5.5);
a small reflectance error over a wide frequency range

(see Figure 5.6).

Spectrum B contains

276
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Fiie C.is.the ccmposite reflectance spectrum for sample.

. % . . - , ‘.
—02 (6 averaged spectra total # scans=1375), and File B

B ,J 3 .

AlS the correspondlng spectrum for sample -01 (5 averaged

;spectra, total # scans= 1125). Below 1100 cm.1

, the 1nput.
‘ reflecfencerdata fo the Kramers—Krcnig program was iden-'
ficei‘for‘tﬁf two cases. LThe'avergge'fractional differencir
in the.regioﬁ'lioo-44oo eml is -2%. This resulted in a
fairly small error in the derived opt1ca1 constants,’ ex;
: cept where 3e’ /av or ae "/39v were 1arge (Table 5.2), _Below
'9qp em l, the fractional errors in €' anc e are ~¥-2%; o
above 900 cm ;, ‘this error 1ncreases tc.?3—4%. The lar-
gest'absqlute error"in e’ of 0.49 unirs at'9§3 em™! is og}y
3.7% of the value. . .ﬁ o EERGEE
In ccnclusion, an e%perimental reflectence error of

~2%.of the/value'produces a-maxipal fractional error in -
_thetaSSOciated optical constantshof'~4%, and a typical
fractlonal\Error of ~2%. According to Nilsson and S
Munkby' s81‘mode1 calculefions; fhe:deviaticn in the optical
constants is %ppro§imate1y'proportional to the deviatioﬂ

in the reflectance- Therefcre based upon. the relatlve
standard deviations observed in the polarized reflectance

data for single crystal Ba(0103{2-H20, the average percen—
tagé error -in the derivec optical constants is ~7%_in the

far-infrared and ~3% in the midtinfrared regionsr
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'CHAPTER VI.

L

INTERPRETATION OF OPTJCAL SPECTRA FOR Ba(ClOB) H 0 —ﬁ

' VIBRATIONAL ASSIGNMENT AND DIPOLE MOMENT7'

" DERIVATIVE CALCULATIONS

. o . =t

In this'chapter the infrared reflectlon spectra of

;Ba(ClOB) O ‘are ass1gned (Sectlon 6 2). The v1brat10na1

descrlptlon is based on a factor group analysis (Sectlon

» L u -

'56 1) and the dlscuss10n 1s 11m1ted to SpelelC contrlbu—:

"tlons_of this work. Dlpole moment derlvatlves W1th respect“

to crystal normal.coordlnates, 3u/2Q, are caleulatedﬁfrom

" the measured transition strengths. For e internal water

modes, the 5u/9Q's are transformed to bond momentxderiVa—a;

tives, 2du/9r and ag/ee,rand coﬁpariSOn is made with the

corfesponding values reiorted~for;water vibrations~ in the

vapor,‘liqdid and solid phases (Section'G.B), N

6.1 Factor Group AnaleiS

3

4 necessary first step in the v1bratlona1 ass1gnment

of Ba(ClOB)z-HzO is to perform a'fﬁgtor group gna1y51s.

This procedure is well described by:W.G.'Fateley et aZ.194

and is based on the early work” of Bhagavahﬁdm and Venkataré~"

YUdu’lgs and of HanigIQG and Halford An underiying
. ¢ A | L
premise_is that the k=0 selection rule is valld and, there-

fore the only spectroscoplcally active crystal vibrations
are those in Wthh a11 the unlt cells are in- phase w1th“
one another. The smallest‘unit'frOm'which the entire crys-

13

tal can be generated by translaticdhs alone is the pripitive
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'_unit cell. Con81deratlon ot the, symmetryelementscontalned

in thls pr1m1t1ve unlt cell gives. the complete 1ndependent
-vset.of allowed Ef=0.v1brat10nal‘modes, and 1s termed a
_factorﬁgroup analysis - The unit cellfgroup,:factOr group,

"and p01nt group of the crystal class are all 1somorph1c.

' The effect of the crystal forces on the spectra of a

280

solld can be readily appre01ated from a comparlson w1th thé-n'

Icorrespondlng gas phase spectra Many of 'the bands ob—
served for the gas are sp11t 1nto several components in the
7'spectra.of the solid; This murtlplet spllttlng referred .
"to as factor group spllttrng, orlglnates from twoﬁd1fferent
'sources 1nvolv1ng 1nteract10n~of a- glven molecule or ion in
the crystal w1th'lts,ne1ghbors. ;*"y«dE-f' " “?

. The first of these 1s.AaStagié”effect,zcalled site -

x

spllttlng, whlch may occur when the slte OCcupiednby a
\ : _:‘H v

molecule in the crystal 1s of lbwer symmetry than the point

group'of the free molecule._ The site group.is the group of

-3

symmetry Operatlons wh1ch leave the 51te 1nvar1ant and 1t.
-reflects the statlc crystal potentlal at the s1te in ques-
“tibn. @hus“a v1brat10na1 mode which is degenerate in. the
free molecule may have its degeneracy reduced.under the
site symmetry Site spllttlno may also occur when one type

of molecule occuples two non- equlvalent sltes 1n the crys~‘

4

tal. Even 1f the degeneracy of the molecular mode is un-

'affecved the crystal s statlc field usually causes a fre-

S
[} --5:.“.

quency shlft relatlve to the gas -phase value.w

ER L ‘

\
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The second source of- multlplet splltting in a cryst@l
is a dynamic effect termed Davydov splitting. Th1§ occurs

when_there are s?@eral equivalent molecules in the unit
. : i ' »
cell. As these

s

motion, they mg

oleculeslundergo aApnrticulér Vibrational
,1at any*instant,!haﬁe different phase re-
‘lationships.

ese various unit«cell modes resopate at

sliéntly different freqUencies and,ﬁif the inter ole&hlar
.vforces are sufflclently strong, will .appear ns istinct
dpeaks in the spectra. Eachvnon—degenerate moiecuiar mer
giveS'N Davydov components corresponding,tovthe;number of
linearly independent@combinitions of the}N eouivaf%nt’mole;
"cules .per unit‘cell;i;ﬁince the'Davydovfcomponents beidﬁé

to different irreducible'repreSentations:nnder the factor;it.;
group, they appear under-different.poIhrizations in the
spectra of the single cr&stal; If,.on the other hand, the
intermolecular coupling is weak, so'tnattallioi the Davydov ;

' components”are‘nearly coincident{ tnenloniy one band will .

“be observed'at the common‘frequenc§, for all polarizations
- active under the site symmetry; but with differenttreletive :

intensities depending on whichtparticulér‘Davydov component

~

is being excited.

)Thus, a. factor, gnoup~énalys1s Wthh 1s based solely
o
on‘symmetry-con51derations,ican only predict the ngture of

N
the- expectedimultlplet splittlngs ~.The magnitude;of these
| .

- splittings is determined 5y theé crystal forces B
, ‘In sn_ignig,d?fao;e:ular crystal it:is useful to
classify the v1brations as elther 1ntramolecu1ar or. 1nter-¥'

a
Y Y
) ~ i



molecular since the covalent forces b1nd1ng the atoms in

a molecule are generally much stronger than ¢he 1Q£1c or

Van der Waals forces ' between the molecules The 1ntramole—.

vcular or internal: modes 1nvolve osc1llat10n ofuthe atoms
within a molecule, whlle\the 1ntermolecular or external
(lattice) modes 1nvolve motlonvof the molecules with re-

- spect 1o onevanother.thhe external modes can.be further
subdlvided into rotational (librationallivibrations and
translational vibrations.‘ Three of the translational‘modes

involve’ s1mple translatlon of the entire crystal in ‘the

) \

three cartesian d1rect10ns These zero wavevector, Zero

frequency vibrationS'are termed acoustic modes and-are

’_'“ t

usually excluded from the Vlbratlonal analysis. All other
crystal Vlbratlons are class1f1ed as optlc modes. Thus
:for a molecular crystal contalnlng N molecules per primi-
tive unit cell, and m atoms, per molecule, there should‘be'
3Nm-3 k =0 optic modes, 'of which N(3m-6) are 1nternal 3N
‘are'rotatlonal, and SN 3 are translational vibrations. In
the case of an ionic crystal containing K discrete (non-
llnear),polyatomlc units and L monatomlc unlts the-pre-
ced1ng description of the crystal modes is sllghtly mod1;

fied to: the number of k=0 dptic modes is

. [Nk(smk-G)‘+ 3N+3N, 1 + .

Ilmbq
s

3N, -3.

k 1

bnfortunately, this clear distinction of the crystal vibra-

tions is not always possible, particularly for the external

282
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modes wh1ch ‘can interact to glve vibrations of mlxed rota—
tlonal translatlonal character o . A

The symmetry class1flcat10n of the crystal k 0 modes
islperformed by a stepwise correlatlon of'the 1rreduc1b1e
repreSentetion‘foiythe iSOiated.ionjor.molecule to a) its
‘_siteegroupoand*b):the‘fécto; group.- The optical activity .
of.tneseﬂunitfcell modes is detérmined by their Symmetry't
species under the factor group. »

For the purposes of a.factor group analysis, the ionic
crystal»Ba(ClOS)z-HzO'msy be regarded as an ordered ar-
'fangement of i) monatomic~Ba2+ions,-ii) polyatomic ClOB_
ions, and‘iii) H20 molecules. Since thedisolated ClOé_
ion and H20 molecule frequenc1es are well-separated, to a
'flrst approx1mat10n thelr Vlbratlons in the crystal can
‘be'assumed uncoupled. .Tabie 6.1 déscribes tpe symmetry
and reiative‘positions of these structufal @ni?s'in the
crystallographic unit cell (I2/c). The multiplicity, that

is the number of equlvalent spe01es of each type in the

body—centEhed cell, is also given. The primitive unit

‘cell, which is used in the derivation of spectral activity,

is one-half the size of the body-centered cell, and con-
tains 2:m01ecu1es of Ba(ClOB)z-HZO, or‘24.atoms. A total
of 72 E==O crystal vibrations is expected, which may be

classified as follows:

&
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Table 6.1 Equivalent Sites in Ba(C103)2'H20” Space (Group

6
Céﬁ (IZ/C)

14

Group Symmetry Multiplicity Wyckoff Notation

+ . " ' o
Ba? c, 4 \/7 (e)
C103 ; Cl. | 8 (f)
HZO , C2 : 4 (e)
Wyckoff positions:.
(e) Oy %, % %~y %, s bty %, 0y % ’
(£) xyz, Xyz, Xyk-2, xyh+z
btx Gty btz 4-x Noy %-z, %-x Bty z, X 4oy 2
Tabhle 6.2 Chardcter Table for Group C,y
, . %%-\ Infrared Raman
C2h E C2 ;, ACtlYlty Acﬁiv1ty
] T~
Ag 1 1 1 1 Rz axx’ayy’azz’ayy
Bg 1 -1 1 -1 RX, Ry ayz’ .
Au 1 1 -1 -1 - Tz
Bu 1 -1 -1 1 Tx,Ty
Table 6.3 Correlation Table for Group C2h and its Subgroups

2h 1. 2 s
|

Ag A A A’

Bg A B A"
Au A A A

Bu A B A"

Ag

Ag
Au
Au
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e

4x(3x4-6)=24 internal

C103_ ion modes 4x3 =12 urotationai'
' 4x3 =12 tranSiétional
. - . N »~ 4¢\
1 2x(3x 3—6_)=6 internal ;
H,0 modes . 2x3. =6 rotational ; ‘
2x3 =6 franslationél o "

Bé?+ ion modes } '2793==6 translational -

It must sbe emphasized that this clear distinétion of the
vibrational mod;s is ornly valid if they do not. interact
appreciabiy. ~H6w§ver;iif the:ﬁnperturbed-vibrations are
similgr in frequehcy and belohg to\the same éymmetr§'spe:f
cies, théy'can dynaﬁically'couple to givé Crystal modestbf
mixed'chafﬁéter; ,

The faétor_group for Ba(Clasjé-H2O is Cyy - Iés char-
acter table and spectral activity are given in Table 6.2.
As a consequeqce of the crystal's centros&mmetry, the in-
frared-active Vibrations are Raman-inactive, and vice ver-
sa. . The correlétioh'of thVQitﬁ its sub—gfoupé'is given

» _
in Table 6.3. The site group must necessarily be a sub-

- group of the factor group énd of the point group of the
. N , " | P

}

" isolated molecule or ion.

In Ba(C103)2:H20, the water molecules'are'located on

sites of C2 symmetry,_whi,h means that the C2v molecular

modes which are symmetri¢ with respect to the C2 operation,

1 2’

water modes which

.1.e. A; and A correlatle with the A species, while the

C e antisymmetric with .respect to

2v.

Cy, i.e. B, and‘Bz, correlate with the B species. This

Q‘295:1'~
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_correlatioﬁ'is depicted schematicall§iin Table 6.45 Under
.nhe factor group, the. v1brat1@ms of" the two equ1va1ent
water molecules in the unlt cbll can couple to give gerade

'and ungerade components A fabtor group ana1y51s thus
glves thz;follow1ng representation and activities for the

~internal nd external water modes:described in'Table 6.4:

H,0 N , o ,
internal = 2°8(R) +Bg(R) + 28u(¥R) + Bu(IR)
Hp0

R o
Texternal 2Ag(3)'54B$(R)'*ZA%%§31-+4Bu(IR)

where 'R' denotes Raman—actine and ’iR'ﬁéégotes infrared—m
ective. ‘ |

A factor‘group analysis for the.Clos_ ion!modes shows
that each free-ion degree of freedom'@ields an Ag, Au, Bg;

“and Bu vibfétion under the C2h factor'group (see .Table 6.5).
%x N

This is a result of the Cy site symmetry of the“blO ions

‘\\\
in the lattice. A clearer physical picture of this factor

group coupiing may be gleaned from Figure 6.1; which,shows
‘ P S
schematically the coupling of the symmetric ClO3 ion‘

stretchlng modes (v ) to produce unit-cell v1brat10ns69f

A
i
N

n..

v Ag, Bg, Au'gnd Bu‘symmetry. For s1mp1101ty of illustra-

tion, the unit cell is based on an orthogonal coordinate
system. Since the monoclinic angle,105 B }s 93.65°, this
" approximation is reasonable. The displacements of the

oxygen atoms in the various crystal vibrations are indi-
' L .
cated by arrows. It can be seen that when the vy vi-

a



- Table 6.4 Correlation'Table for the Water Moleguiekand-

33

Barium Ion Vibrational Modes of Ba(ClOBJZfHZQf:

_ ' 'Freeiﬁzo mblecule Site Unit cell ‘B32+‘ion
Mode e | (sz) X L (Cz) (C2h) (Cz)‘
. /A\ / Tz
RZ' Az ' Au_ -
VB’TX :Ry Bl\ /Bg\
. - B Ty, Ty
fBz’//////f///// \\\\\\Bu//////
~

Table 6.5 Correlation Table for Internal and External
™

Vibrational Modes of C105” Ion in Ba(c103)2-H20'*~

AN

Mode - . Free ion Site ~ Unit cell
- (Cg ) | (C1) (Cyy)

'vl’VZ’Tz
Rz

v3’v4’(Tx’Ty),
(Rx,Ry)

*The Cl03~ ion, Hp0 molecule and Ba?* ion modes are distin-

guished by no prime, a single prime, and a double prime,
respectively. The u modes are infrared active and the g
modes are Raman gctive.
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Figure 6.1 Approximate forms of the ClOB— iop-Vy unitzcell
modes in Ba(ClQB)z-Hzo.@.(Cz 11 y) ) ; .

, with respect to the plane
by soli dashed lines.
T; § = two-fold axis,

The directions of the C1-0O bon
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(— down; --- up); O =inversior
“parallel to b crystal axes.
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. brations for 1ions 1f4 afe in-phase, the unit;bell vibra-
tion transforms as AgAunder the C2h factor group (Té?le‘
6.2). 'If ionsil and 2 are ou{—onphase and~ions'1'and.3§:'
are in-phase, the unjit-cell Vibration is:symmetric with re-
‘spect to the two-fold rotation, but antis;mmetric with re-

~._ spect to the inversion center; this behavior is consistent
T— o

—

with Au symmetry (Table 6.2). The Bg and Bu unit-cell -
modes are derived in an analogous manner, The factor group'
analysis of the internal and external CIOS— ion modes gives

) i >
the representations shown in Table 6.5, which total:

. ““,
‘ €104~ o
Minternal = GAB(R) +6Bg(R) + 6Au(IR) + 6Bu(IR)
ClOg— ‘ . :
Texternal 6Ag(R) + 6Bg(R) + 6Au(IR) + 6Bu(IR). -
2+ . . . ‘
The Ba ion, which can only translate off its C2
site, gives the representation:
Ba2+ .
g external Ag(R) + 2Bg(R) + Au(IR) + 2Bu(IR), -
']

which is includegtgn Table 6.4.
Three of the 72 factor group fundamentals for

Ba(ClOB)thQO aré acoustic modes; the remaining 69 are op-

t je modes.

I

The irreducible representation spanned by the acoustic

vibrations is readily derived from those of the Ty, Ty and h

—~ .

T, motiQns under Cogp, giving:

~



tacoustic ='Au-+ZBuf °
Table)G 6 summarlzes the dlstrlbutlon symmetry classifi—
cation, and spectral activity for the fundamental modes of
Ba(ClOB)z- 2 . . Thus, according to the factor group analy-

sis, the 69 k=0 optic modes form the representatlon:

.

It

rinternali 8Ag'*?Bg'*8AU-P73u

-

9Ag + 12Bg + 8Au + 1OBu.

rexternal

6.2 Vibrational Assignments

The vibrational assignment of Bg(ClOB)Z.Hzo is priQ

marily based on the results of the combined Kramefs—Kronig/_

classicalAdiSpersion analysis of the*refiectance from the
(001) crystal face (Sectlon 4.3), and the. group theoretical
predictions of the factor group analysis (Sectlon 6.1).

_ The detailed assignments have been separated into three
parts: i) the H20 molecule vibrationa;_modes (Section
é.2a) ii) the ClO-— ion internal modes (Section 6.2b),

and iii) the lattice vibrations 1nvolv1ng predomlnantly
ClOB_ and Ba2+ ions (Section 6.2c). Slnce the majorlty of

these assignments. were readlly made with reference to pre-
130,134 130

vious infrared and Raman studies of Ba(ClOB)z-HZO,

the discussion has been limited to specific contributions
of this work.
One of our original objectives was to compare the op-

tlcal results for polycrystalllne and s1ng1e crystal

Ba(C103)2-H20. This data is summarlzed in Table 6.7. The
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Table 6.6 Irreducible Representationtgpd_Spectrai ACtivity

for Ba(CIOsz'HZO

| ' Crystal symmetry C2h'
 Vibrationdl mode Ag : Bg Ay By
Translational. 5 7 4 .5
Acoustic o ‘ . 1 - 2
Librational o . 4 a S 4 5
Internal 8 7 8 7
‘ e ' ' - s '
Spectral activity R R _ IR IR
Infrared Ca - E||b "E|Db
polarization ' : . :

291
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Table 6.7 Comparison of Condﬁétivity‘Féatures‘Observed for

Polycrysxailine Ea(ClQB)z-HZO and the (001)
nystal Face | -

Ay

- Single Crystal
Polyqrystalline Au Bu i Assignment b
3586 ; 3584 .v3' (Ho0)
3518 3514 vi' (H,0)
- 1607 1606 ~ _ v2' (Hy0)
1020(sh) - o/c - (621+402)*
. 995(sh) L o/c (500+503)
959 959 963 v3(C103~)
| 940 o/c  (478+481)
- 933 A | - v3(c103-) |
921 . ¢ 925 ' : }
. 912 © v1(C1037)
. 909 |
617 T - . 616 v (C103~)
614 . 612 vo(Cl103™)
507(sh) 1 507 | v4a(cio037)
503 o 502 v4 (C103-)
| 493 v4 (C103-)
- 490 . 487 o/c
481(sh) 481 © v4(C103-)
462(sh) ' . o/c . (232+232)
458 ) - 'vé(HzO) ‘
451 . ofc (224+232) ®
446 | | o/c (621-174)
436 ' n " o/c (232+209)
408 : ‘ o/c (621-209)
| 404 . vg(Ho0) -
402 7 388. : “vp(HR0) - 4
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" Table 6.7 continued

‘Single Crystal

- Polycr}Stalliﬁe Ay Bu Assignment
232 o] 230 | vp(H0)
220(sh) . . ' o/c (110+110}
214(sh) © ‘ | ofc  (106+110)
209 - | 210 Vp(H0) o
200(sh) R I ™~ o/c  (110+92)
178(sh) - o/c (70+110)
174(sh) 173 |
164
160(sh) 160 |
150 | 151
142 B IR
132 133 133,131,129"".yf(cfyst)+'
122 120 ' &R(cioS“f
} . 114 ‘ .
110{sh) / - .| . 109 *
105 |
92
83(sh) . .
Frequencies -in cm_l. Estimated gccuracy i1 em™! for

peak frequencies.
*. ' : ' 130, =
Values in parentheses are infrared and/or Raman™ ~ fre-
quencies, whose combination is consistent with observed

frequency. ’



'frequenc1es for the polycrystalline sample correspond to
:the peak max1ma in the KK- derived conduct1v1ty spectrum

.Ve” (see Figure 4, 7 and Appendix D for s"(v)) whereas the
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,Single crystal frequenc1es were obtained from the ClaSSlcal"

'dispers1on fit to the reflectance and 1mag1nary dielectric

¢

~:c0nstant spectra for the (OOl) crystal face (see Figures
‘4 19 and 4 20 and Tables 4.9" and 4, 10) This comparisdn‘
is Valid since, for bands ag sharpras_these' the peak fre-
quéncies;are'coincident in the.e” and ve™ spectra (Section
1.1d). Table 6. 7 clearly shows that the maJority of the
polycrystalline modes appear to high frequency of the cor-

respondlng 81ng1e crystal modes ThlS is due to the fact

_ that a. pure. transverse optic mode is only observed when

the incident wave vector is perpendicular to the direction.

of the-crystal'transition moment, i.e. one of the indica—

"trix axes For reflectance measurements ‘on the. (001) crys-

- &

tal face of Ba(ClOB)2

this condition is always satis-
fied for b—polarization: but only satisfied for a';polari-
zation, whenithis direction coincides with one of the‘in—A
dicatrix axes in the ac*plane: In the case of unpolarized
reflectance measurements on polycrystalline Ba(C103)2 2
the 1nd£catr1x axes are oriented at arbitrary angles to .
s the;in01dgnt wave vector, which permits simultaneous ex;“
: citation of the tgansverse optic'(TO) and 1ongitudina1 .
optic (LO) modes; .Since VLOﬁﬁvTO‘at'EV;;O"the obserued‘

frequency will increase with increasing contribution from

the longitudinal. optic component.
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the polycrystalllne spectrum exhibited only a s1ng1e broad

crystal spectra, flve d1st1nct features were ass1gned to v

. tense and broad band at 404 cm

M
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~Based on. the prebeding considerations,‘the porycrys—

talline and s1ng1e crystal results in Table 6 7 are 1n very

. good: agreement with a few notable exceptlons For example

; !
peak atw921 cm ‘(FWHM:=19 cm l), whereas, in the s1ng1e n

this region at 909, 912, 92525933-and 940 cm™l. However, .-

%sch of- these fltted peaks has a FWHM ranglng from 7-10cm- 1,

so their superp051t10n should give a broad contlnuum cen-

@

tered at -~920 cm 1, as observed in the polycrystalllne spec=
trum. Further evidence of unresolved overlapping,bands

in the’polycrystalllne spectrum is seen in Table 6.7, where

the broad peak at 959 cm"1 (FWHM :22fcm_1) corresponds to

two features at 959 cm_l (FWHM = 12.1-cm—1) and 963 cmf1

(FWHM = 6 em™l) in the single crystal spectra. Similarly,

the very weak Au mode at 388 cm':1 is tota11y°obscured in
the polycrystalline spectrum by the presence of a very‘in—
1; its'only influence 1is
perhaps seen in tbe sligbt trequency shiftxto 1ower wave-
number at 402 cm 1.

Broad weak bands Wthh were observed in the polycrys-
talline spectra, but only Very weakly or not at all in the
51ng1e crystal spectra were ass1gned in Table 6.7 to
2- phonon overtone or comblnatlon (o/c) modes The pro-

posed transitions are not intended as definitive, but mere-

ly as pOSSlble explanatlons of the observed frequen01es

I:'
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Some features apparent in the polycrystalline spectrum,
‘ bqt not 1n the polarlzed spectra of the (001) crystal face
could not be reasonably attrlbuted to overtone or combln—

ation modes,'unless a 1arge_anharmon1c1ty was assumed.

These modes appear at 458, 164;w142,3105 and 92 cm™ Y. T

Since s1ngle crystal data were only recorded to ~110 cm 1,

the 105 and 92 cm -1 bands were obv1ous1y not measured It

was of particular interest to determine if the 458 cm -1

band corresponded to one_of the water librations. As shown
in Table 6.4, the water librational modes span the irredu-
cible representation: Ag + 2Bg + Au + 2Bu. However, 1n the

infrared ‘spectra of the (OOl)fface;'Only one Au andl one Bu

<

mode, at 388 and 404 cm_l, respectively,'could»be scribed

to these water vibrations.(seeZSection 6.2a). Libr tional.
" water modes can be characterized by their deuteration

. e e . -1 o
shift, szo/wDZO of V2. . - ?hus, 1fvthe 458:cm band 1is

active under c-polarization, and shifts to ~320 em™', upon

i‘deuterium substitution, this would provide strong evidence

" that it is. the missing Bu water rotation. This was one of R
the questlons addreSSed by a polarlzed m1d infrared reflec-
.~tance study_.of- the natural (110) crystal faces of Ba(ClO )

.H,O and Ba(ClOs)z-D O.°

2

However, the prlmary obJectlve Of‘thlS supplementary

~

study was to determine if any of the- bands observed in the

region of the;internal C10," ion modes (=4&p-1100 em™ 1)
were overtone/comblnatlons 1nvolv1ng water rotational mo-

tion. The ‘factor group analys1s (Section 6.1) predlcts

e



. . | - 207

"6Au and 6Bu 1nfrared active C103‘ ion 1nterna1 modes
’whereas we noted 7Au 'and 7Bu features in thls region. A
s1gn1f1cant frequency shift upon deuteratlon should identi-
fy which bands are not due to ClO3 ion fundamentals, but
arise from_water combinations.

In order to strictly compare,the hydrate and deuterate
spectra, they must be‘collected for the same crystal‘face-
and with the same experimental geometrv. To provide rapid,
qualitative data, the natural, unpolished (110) crystal
‘faces were used. Figure 3;2 shows that the 1ongest edge
T of thisf(llO) face i's parallel to the c-axis. It the.ln—
cident electric vector is‘oriented in this direction, it
will excite Bu modeS—which have a significant component
along c¢. This experiment should'fndicate whether the
458 cm_1 band in the polycrystalline spectrum is c-polar—'
ized. 'On-the other hand,‘if.the incident electric vector
is oriented perpendicular to this direction, but in the
(110) plane, it will excite ab*polariaed crystal‘modes,
i.e. Au modes polarized along b and Bu modes polarized
prLdominantly along a. This should reveal all modes ob-
served in the spectra of the polarized (001) crystal face.

Table 6.8 lists the peak frequencies and reflectance
- values for the c- and ab-polarized spectra of the (110)
crystal faces of Ba(C103)2 H20 and Ba(C103)2 D2O jThefjx
frequency accuracy- was estimated from the breadth of the
reflectance bands The reflectance va]ues although noti

definitive, give a qualltatlve indication of the relative
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:Table 6.8 Comparison of Peék‘Reflectaﬁce‘ValueS for c; and’ -
ab- Polarized Spectra of the (110) Face of

2

Ba(ClOa)z-HZO and Ba(ClOB)z'D 0

4

Ellc
Ba(Cl0g5),-H,0 ' Ba(C104),-Dy0

v (Cm_l) R v (Cm_l) R

max max : max ) max
457(3) 0.063

477, sh 0.073 : 467, sh 0.065
489(2) 0.118 . . 480(2) 0.137
505(1) 0.181 : 504(1) 0.185 -
620(2) 0.060 C 619(2) 0.095 :
951(3) 0.428 - 947(3) 0.368
980(3) 0.486 - 980(3) 0,467
997, sh 0.442 © 993, sh 0.442
1013, sh 0.413 1012, sh 0.397
3376(4) 0.046 -~ 2663(3) 0.034

E || ab

480(2) 0.112 ' 470, sh 0.077
489(2) 0.116 480(2) . 0.139
493(2) 0.111

503(1) -~ 0.158 — 504(1) 0.110
510(1) 0.116 510(1) 0.163
613(2) 0.150 613(2) 0.106
620(1). 0.131 620(1) . 0.094
923(2) 0.586 921(2) 0.482
929, sh 0.557 929, sh 0.433
975(3) 0.528 973(3) 0.451
1007(2) 10.181 o 1005(2) 0.145
1604 (2) 0.058 : 1183(2) 0.034
3514(4) 0.066 - 2571(2) 0.043
3577(5) 0.052 © T .2612(3) 0.035

. 2666(2) 0.045

- Estimated frequency accuracy is given in parentheses. ‘ .

»
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intenéity of the features. It can be seen tnat the peak at
457 cm—1 in theLc—polarized spectrum of the hydrate is ab—b
sent in the corresponding spectrum of the deuterate. Tnis
data was not recorded below 400 cm—l, so it is not known
wnetﬁer;this pand shifts to ~320 em T, ThieAinformation
wae‘however availableffromAprevious ac—polarized transmis-
‘sion ﬁeasnrementslso on single Cryetal Ba(ClOB)z-gzo, which
showed a band at 454 cm™1 shifting to‘360 em™! upon deuter-
ium"substitution. The'evidencevétrongly suggests that the
reflectance bandfat 457 cm_1 is c—polarized,and corresponds.
to a Bu water rotational mode. Since the data forthe-(}lOY
crystal face was not Kramers Kronig transformed the asso-
ciated resonance frequency can only be reasonably obtalned
from the_conductivity peak maximum in the polycrystalline
spectrum, which occurs at 458 cm_l. |

'The reflectance peak frequencies for the (110) face of
the hydrate and deuterate crystals are compared with our
preylous polarlzed -reflectance peak frequen01es for the
(001) crystal face of Ba(ClOB)z-HZO, in Table 6.9. As ex-
nected, the features in the E(ab) spectrum comprise the sum
bf the bands observed in the E(b) and E(a) spectra, with
the exception of the 1007 c.m_1 band in the E(ab) spectrum,
which has no counterpart in the E(b)'or E(a) épectra. The
broad band at_975'cm—1 in the E(ab) spectrum can be ration-
‘alized as the unresolved intensity-overlap of thé& peaks at’
971 cm™* -1

, E(a) and 980 cm ', E(b).



Table 6.9 Compariéon of Observed Frequencieé,for

[N

Ba(C104), - HyO and Ba(C103),-D,0 Reflectance

‘Maxima

Ba(ClOB)z-H

20 n Ba(C104),*Dy0
(001) Face (110) Face (110) Face
E(b)*  E(a) E(c) " E(ab) E(c). E(ab)
]
457 - -
479 477(sh) 480 467 (sh) 470(sh)
R 492 489 493,489 480 480"
503 505 - 503 504 504
509 . . 510 510
609 613 613
‘ - 618 620 620 619 .. 620
922 - 923 922
931 929(sh) A 929(sh)
. 951 ‘ N 947
971 ‘
975 973
980 - 980 980 o
997(sh) 993 (sh)
. 1007 . 1005
1013(sh) ~ 1013 ' 5
1604 1604 . 1183
3510 3514 2571
, 2612
3572 3576 3577 2663 2666
. oo -1 .
Frequencies 1n cm units.

*The electric vector 1is polariZéd in the crystal axis
direction given in parentheses.
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‘“””e ,f It lS obv1ou§ from Table 6.9 that none of the reflec— 3 h

s

tance features in the reglon 450 1100 cm‘ shlft?srgn1f1~
TRk E et il

~cantly_ 1n g01pg from the hydrate “to“the- deuterate crystal
Thus none- of the extra Au or Bu SpeCles modes can be reason—:
‘ ably accounted for as comblnatlon/overtones of water rota— |
"ftl&nal modes In most cases, the frequency shift is within

e L

‘the estlmated exper1menta1 uncertalnty - However, the bands:
iat 477 and 489 ‘cm. ;‘1n the e—polarlzed spectrum of the hy-
drate which shift to 467 and 480 cm -1 1n‘the spectrum of

the deuterate, appear to 1nvolve a small amount of coupllng

"fw1th the water modes. The same can be sald for the bands

fat 480 and “491 cm -1 -in the ab- polarlzed spectra of the hy-
‘drate:which Shlft to 470 and 480 cm, 1 1n.the cOnrespondlng S

”deuterate«spectrum_ To further compllcate the vibrational

'~ass1gnment of “the ClOB,ilon 1nterna1 modes addltlonal Bu

‘v1brat10ns were observed in the c-— polarlzed (110) reflec—“

tance spectra at 951, 980, 997 and 1013 cm ll’ This réesult

will be discussed in SeCtlon 6.2b.

The approx1mate orlentatlon of the tran51txon»momentl,¢‘«r

o A .y

'tfor ‘the Bu crystal modes was.supplled by a comparlson ‘of
the a' polarlzed (001) and c- polarlzed (110) reflectance

spectra (Table 6.9). Recall that for a monocllnlc crystal,’

. : N ..
only the fndicatrix axis parallel to b is fixed by symmetr?;

the remaining two axes lie in the ac plane, but their posi-
tion is frequency-dependent. Since the bands at -490,
~-504, -619, and -3574 c.m"1 were observed under both 'a'- and

A

c-polarization, their transition moments must lie at an
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Al

1ntermed1ate p051t10n between the a- and c-axes. Onithem
other hand; bands at 922 and 971 -cm - l; only observed under
”“a-—polarlzatlon and bands at 457 477,,951?‘950, 997, and
1013 Cm'l,vonly observed under o—polarization; must_haye
their transition moments primarilyialigned along the a-
“and c-axe's, respectively. —

" The detailed assignment of the crystal vibrations in-

Ba(C104),-H,0 will now be discussed with reference to the

factor group analysis.

6 2a Vibrations of Water Molecules

In Ba(C103)2 there are two equivalent water mole-

. cules in the prlmltlve unit cell located on s1tes of C2

A

~symmetry. The factor group ana1y51s predlcts three infra-
red actlve 1nterna1 water modes of " spe01es Au(v ), Au(v ),
_and Bu(vs). ‘The polarlzed conduct1v1ty data. for the (OOl)
erystal face (Table 6.7), clearly show Au_(b—polarlzed)

modes at 3514 and 1606 cm_l‘and’a Bu (a'-polarized) mode at

.33584 cm: 1; These . frequen01es and symmetry spe01es are 1in

V-

E excellent agreement with. the polarlzed 1nfrared transm1s—~

i 1on measurements of Bertle et al. 130 on s1ngie crystal

"‘fBa(C103)2'H 0 at 298 K ‘they reported the symmetrlc OH

qstretch and bend at 3516 and 1609 cm -1 respectlvely)_and”‘

¥»

the antisymmetric OH stretch at 3584 cm 1. Our KK-derived

conductivity data confirm these earlier assignments. The

-

. R v
small frequency discrepancies are undoubtedly due to re-

flection effects distorting the transmission bands.

- . ) . ~
’
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.The librational modes of'thevwater molecules*span the

irreducible_repreSentation Auﬁ-Ag4-2Bu-k2Bglnnder the C2h‘

factor group'and to a first approximation, can be de-

scrlbed as v1bratlons about the pr1nc1pal 1nert1al axes.

_—

With reference to Figure 1.8, the in- plane rock (R ) and

1

the out-of- plane wag (R ) and tw1st (Rz) transform as Bu,
~—
Bu, and Au, respectively. As prevlously noted in the in-

troductory chapter (see lable'l.G), considerable'contro;
versy has surrounded the assignment of the 1lbrational
‘modes in Ba(C103)2 H 0. The orderingrof‘these frequencies_
or their relatlve intensities cannot be ea51ly predlcted

without a detailed knowledge of the_iorce fleld about_the-

water molecule. T

In .crystal hydrates it is generally expected that the
rock appears to high frequchy of the twist or wag 198 Thls
is ratlonallzed by the greater 1nteract10n of the water
«;1molecules w1th atoms in the molecular H-0- H plane than with

atoms out. of thls plane.: For Ba(ClO3)2,H o] ntth emplrlcalv"
v‘predlctlon was conflrmed by the 51ng1e crystal 1nelastlc
““neutron scatterlng experlment of Thaper et al. 115 However,
tnelr reported frequenc1es of 477 cm -1 (rock) and 457 and
,395 cm (tw1st and wag} cannot be strlctly compared w1th
the values obtalned fro& related 1nfrared and Raman. studies,
since different;selection\rgles apply in the two cases:
Optical measurements glve k=0 values which are determlned

by the symmetry selection rules of the factor group, where-

as'neutron“measurements"probenall values of R"in the first

5 et
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‘Brillouin zone.199

e Qn‘the basis of deuteration\shifts'szO/szo of

~1.3-1.4, Bertie et aZ.lBO assigned transmission peaks at

454 and 395 cm~) to the water librations. The 454 cm -1

band was only observed under ac-— polarization and the

395 cm 1 band appeared under both ac—.and b—polarization.

They stated that their polarization data was confused below- -

400 cm 1, S0 tpe polarlzation of the 395 cm } band was un—v

certain. A551gnment of these 11brations.was ass1sted by

the earlier 1iterature; in particular the dmr study of ‘

llO‘

_Ba(CIO D20 by Chiba.™ From the temperature dependencef

3)2

“f,of ‘the deuteron quadrupole coupling: Chiba calculated the
rock to high frequency of_the.tw1st_andﬂwag“”whicn are
nearly degenerate,,nThus;Bertieﬂet'dl.lsodassigned the Bu :
mode:at‘45§fcmfl,to<the rock and the band at 395_ch_l, of

indeterminate polarization, to the degenerate pair of twist

and wag. - ) : .. 9

-~

In 1978‘ Eriksson and L1ndgren134,reassigned the w;ter
librations to 467 cm -1 (rock) 457 cm_1 (twist), and
:f396 cm_ (wag) -on the" ba31s of 1nirared transm1551on meas_.

surements on polycrystalline Ba(ClO3),-H,0 at 100°K. Their

. - ‘ _ . AN
corresponding room-temperature frequencies were 451 and
390 cm—lz Since they did not determine the symmetry spe-

Acies oi these vibrations, their main justification for

" assigning the band at 457 cm_1 to the twist was its low o¥-
served intensity.’ Since the twisting mode’innolves no |
cﬁéﬁgé-rn the permanent dipd}efmoment,;it isfexpected to

N

- o1



absorb much more weakly ‘than the rogkihg/and}waggingsmodes,

for whieh the.permanent'dibole‘moment oscillates. Efikssonl

et.aZ.135 also performed a normal coordinate analysis of
fhe nine lnfrared;active water modes in;Be(C103)2~H20,;end
found reesodable agreemenf betweeﬁ\fheim caloulated and.on
served frequencies. If was‘nofed that the librational fre-
qUeﬁcies exhibitedﬂtﬁe l%xgestvrelative error of -2.5%,
compared w1th ~0.5% for the other modes.

The results of our polarlzed 1nfrarea reflectancelmea—

’

surements support‘ however the earller a551gnments of.
130 - ‘
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- “Bertie ¢t al., _ The strong and broad absorptlon they re= -

ported at 395 cm 1 has now been resolved 1nto an- Au mode at'

~1

‘J388 cm»1 and 3 Bu (a —polarlzed) mode at 404 cm L; ThlSv‘~v“

~~~~~~

strongly suggests that the 388 cm ? pand is dye to the
twist and the 404)cm l'bapd arises from the wag. The very

low intensity of the 388 em™) band is consistent with this

'assihﬁmen%..'Thé:c:polarized:band e§f§58 ém_}Qiobserved*forh

the (110) crystal face and for the'polycrystélllhe-samole
_(Tables 6 7 and 6 9) is assigned to the Bu rocking mode.
Its sllght deviation from Bertie's et al. reported value of
454 cm_l,,can be explained by.the fact that>OUr observed

resonance frequency includes a contribution from the asso-

ciated longitudinal optic mode.

- Further evidence”shpgorting these librational assign-

"mehts£6an’oe found in a model set’of normal'CGOfdfnafeNcal—
culatlons by Erlksson .and Llndgrenzoo for tetrahedrally—,.

bﬁand trlgonally coordlnated water molecules They cons1dered
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only one water molecule and assumed central forces between

the water. molecule and its‘tﬁree or four nearest-neighbor
e
atoms; the interaction with more distant atoms was assumed

to be much weaker. The results of these calcu%ationsshould
m.therefore be of general applicability, if thevcreceding
limitations are valid. It is noteworthy that Eriksson and
Lindgrenz00 predicted that, in a tetrahedral environment,

. the rock should appear to low frequency‘of the twist and

wag, which.is\contrary to the usualexpectation.198

Figure 1.7 shows that the water molecules iﬁ‘Ba(Closaz

{HZO reside in a nearly trigonal planar environment. The

‘..,Ba2 ion is situated on the.water mqlecule’s two-fold ro-
_tation axis (Ba——OW5=2.60A), and the'hydrogen atoms form

weak bonds with the hearest—neighbor oxygen atoms 0(2) of

105

the C1057 fon (0y--0(2) = 2. 891 £ 0. 005 1. The wa.’ter mole-

3

cule and 1ts 1mmed1ate env1ronment 1n the (010) plane are
shown in Figure 6.2. Intermolecular ccupllng between the

two water molecules in the primitiv’ it cell is expected

to be weak since the distance of clodest approach105 is

4.73 4. Thus, the COHdlthDSvOf ErikgZson and Llndgren'szoo

calculatlons are well-satisfied. Table 6.10 gives their

predlcted frequen01es and polarlzatlon behaylor for a re-

_..l

= A e . e “

presentatlve trlgonally coordlnated water molecule on a
site of C2 symmetry, and compares themxw1th our observed
values for Ba(ClOa)z 2 Because of the manner in Wthh

Erlksson and Llndgren deflned thelr force fleld thelr re-

sults do not dlst1ngu1sh between the cases of C2 C2, and
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Comparison of Observed‘“requencies and Polariza—

tion of Water V1brat10nal Modes in Ba(ClO3)2 2 )

with those Predlcted for a Water Molecule in a.

-

‘Trlgonal Env1ronment

z
¢
Coordinate. system: \\\al///’ + coming out of page
x @-----=Y - going 1nto page
Observed Predictedf : T
Frequency Frequency Approximate )
-(Symmetry)+ (Symmetry) Normal Mode#, Description
103(B,) \\v6/ (Tx) -
210(Bu) 242(B;) Nl (Ty)
230(Au) 305(A,) AN (Tz)
404 (Bu) 412(B,) - N wag(Ry)
. 0 ® .
| 388(Ag) 412(A2) \\v// . tw1st(Rz)_
458 (Bu) 526(B,) f\\v/> rock(Ry)
1606(Au) 1669(a,) P bend(vy)
3514 (Au) . 3515(A;) \\\//’ symmetric
‘ ' stretch(v,)
3584 (Bu) 3564(B1)' \\,// -asymmetric 1
Lo . e stretch(vB)

*
. Reference 2@0.

Site symmetry is 02V

Slteasymmetry ‘is C2

#Only one water molecule in the unit cell is shown. For

“the Au ‘and. Bu unit-cell modes,

the atom displacements in

the.second water molecule are opposite in. sense to’ those SRR

of the first water molecule
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H T~
. - Oo@
Flgure 6.2 Tr1gona1 environment of H20 molecules
in Ba(Clog)2

The. progeotlon on the - (010) plane is shown. The O -0(2)
w
.vector is directed into the page.

Table 6.11 Intensity Ratios for a'- .and c- Polarized

Components of Water Rocking and Wagging Vibra-

~tions, Calculated Under Oriented Gas Model

B

. . " Direction cosines S
Direction of . Ta

A

" Mode du/9Q -‘ a -axis c-axis IC
yrock; along H-H ‘0.80 : 0.60v 1;§
Vwag . | to-H-O-H  0.60 .- 0.80 0.6

308
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PLCS(o, ) site symmetry. Thus, their A1 and A2 modes'should

“correspond w1th our Au meodes,. and thelr B1 and Bzymodes

Lo gt M “"G

- w1th our Bu modes The approxlmate motlon of“one“of the E

water molecnles in; thewunlt ceIl is also shown schematlc— -
: s R PN e
ally in Table '6.10; assumlng negllglble v1brat10na100hp11ng

ﬂA srgnlflcant Fesult of Erlksson »and Llndgren s model cal—

S

«~culatons” is that the rock is predlcted to hlgh frequency

o R
5 .uiv/“l:’rx' Lo

.. of .the tw1st ‘and wag, Wthh ‘are, degenerate ThISwls con—(@

sistent w1th our flndlngs and those of Bertie et aZ 130

110

and  Chiba, ' but r“con51stent w1th*Er1ksson and Llnd—"'”A

gren's134 own water 11bratlona1 ass1gnments for. Ba(C103)2
: &

:H20; no comment wa$ made regardlng this apparent contradic-

tion. In conclusion, the majority of the available data
: o ,
. .on Ba(C103)2 H 0] supports the ass1gnment of the rock, wag,

1 \

and twist to frequencies at 454, 404, and 388 cm , re-

pectlvely

Our polarlzed reflection study 1nd1cates howeyer,

»

that the: rocking and wagglng motions may be mixed in the

two Bu rotatlonal Vlbratlons ThlS dynam1ca1 coupllng can

occur because these water modes have the same symmetry un—"

der. the C factor group, and are close in frequency. - Evi-

2h

-

dence for this m1x1ng can be found in the obsexved polarlz—

ation behavior of these modes, "according to the following

‘ v . ) SR
argument. , : £

In the .absence of mixing, tﬁe oriented'gas mode12011

should glve a reasonabje descrlptlon of the relatlve 1nten—y

s1t1es "and dlrectlon of polarization for the wagglng and

~
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v

Lo

Mo

s

e i

rocking modes. This model predicts the'transition moment
for the rock along the H- H line, and that for the wag per—

pendlcular to- the h o= H plane Table .6.11 gives the co—

- .

¢
"sine Of the angle between these molecﬁlar tran51tlon ‘mo- © ot

e N o

.ment vectors ang the 'a"Z tand c-gxes, ”whlch are referred to..

- as dlreCthn cosines, The relatlve 1ntens1t1es of the a'=

S 2 R ~

_;and é- polarlzed components of these v1bra¢1ons are-given -

o

-‘by theﬂratlo of the squares of the assoc1ated dlrect;dn

"n, L ¢

cos1nes Although Ba(C103)2 HZO has two molecules per unlt h

b4 g i > A Lo 1

-cell, their® 1nd1V1dual tran51t10n moments are. related by

N
DR : s

*»simplewpermutation of Sigp,‘somthe'ahoVe'brOCeQure:nsvalid:

It can be seen-that themroc@jshould display maximum inten—

L.

U sity xlong_af;QWhile‘the wag should absorh<most strongly

R

.along c,_;This;is inconsistent‘with’our reflectance spectra

2 e {\

" for these modes."The rock only appeared under c- polarlz~

v "*"’7 . 2T (LTSN T .

ings suggest that these crystal v1brat19ns are not.pure

1
-

wagging or rodklng motions, but are mutually orthogonal

Itnear combinations of both motions. figure 6.2 shows
that hydrogen bonding to the chlorate ion oxygen 0(2?‘cany
impart a component of'rock or.wag ouring‘the‘waggingfand
rocklng v1brat10ns 'respectigely )
The translatlonal vibrations of the water molecules in
Ba(C103)2.H20 form the repreSentation:_Ag-ﬁAu-+2Bg-+2Bu.
(Table 6. 45. To a\girstlapproximation these translations

can be described as motions 'along the prlnclpal inertial

axes. The 1nfrar§8 active translatlon along the 2-fold

ke

. .
atlonb and the wag only under a —polarlzatlon These flnd4'
N .

i
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TP =

axis T‘“*transforms as’Aur and thejlngrared actlve trans—“

. - .‘ QU

" lations perpendlcular to. the 2 fold Tx and Ty, transform

311

- as. Bu However 1t should be noted that these v1brat10ns o

'can mix’ w1th the rotatlonal and translatlonal motions of

R . < P

-the;€103 :ions, since they occur in the same frequency re-

gion. - ce T )

> - - PN LR

" . The Wafer:translationalzmodes'in:crystal hydrates are

.,»,characterazed by a deuterium shift of. ~l 04. On this ba-

BN -

-1

y

sis, Bertie et al. 130 assigned bands at 234 and 207 cm
‘io‘thé”iﬁfrared”tranSmiSSion spectra of ‘single crystal. .

' Ba(C103)2 H,0 at'éOb°K to waterj;>ans1ations but .were un-
‘able to determlne their corresponding polarization be;

hev1our. Eriksson and L1ndgren134_elso‘used the 1sotopeq
effect to aSsign transmissioh bends at 235, 208 and 75 cm
1n polycrystalllne Ba(C103)2 H 0 at 298°K to water trans—

dfldtlons These preV1ously reported values compare well

with our observed conductivity peaks for the (001) crystal'

face at 230 cm -1 (b polarlzed) and 210 cm -1 (a polarized).

o

In order to as51gn these modes to specific water transla—

-tLons reference was agaln made to the model calculatlons
of Erlksson,apd Llndgren,zoq‘whlch are. summarlzed in Table
6.10. It can be seen that the T, mode is predicfed to be

-
LY

* the highest freqhency=translation, that fhe in-plane Ty

. mode should-appear at a similar,'but lower - frequency, ?nd,‘

.

: ‘9 ) ) :
that the out-of-plane Tx mode, which in the first approxi-
mdrioh involves no change in nearest neighbor distahces,

shouidxgppear at a much lower frequency. The'absolute fre-

’, L . N ~

v e . . - - S R e . .

1



tion along the dipolar~a§is,band the Bu mode at 210 em -~ -0 o s i

, 1nfrared transmission measurements As prev1ously 1nd1ca— L

guencies and their factor group splittings, the correlation ' :

312

. e
ey B PO T

quenoies calculated by EriRSSOn‘and'Lindgﬁenzoo cannot;be-

strlctly compared w1th our values however their relative

: 'magnltudes should reasonany descrlbe the situation.in

-

Ba(C103)2 2 as long as the assumptlons of their model

calculatlons are valid.
A w & “

The present study shows that the Au translatlon occurs

e

to high frequency of the Bu translatlonal mode, in agree-
ment with Eriksson and Llndgren s prediction. 200 Thus,
the Ay mode at 230 cm -1 is assigned to the water transla-
1
is assigned to the water translation in the H—O—Htplane}

and perpendlcular to the Cz—ax1s The out—of—plane water

which.was
130

translation is presumed to ocour below 80 cm

b}

the effectlve lower frequency limit of Bertle s et al.

ted, Eriksson and L1ndgren134 ass1gned thls v1bratlon to
a band at 75 em™ Y. Their observed 1 cm™ 1 shift upon deu- ' .

-1 -

H

teration, with a purported frequency resolution of 3 cm

is. weak ev1dence for this ass1gnment but must be accepted.

unt11 more definitive polarization results are obtained.
The yibrational assignment of the water modes in

Ba (C10 HQO is summarized in Table 6.12. The.gerade fre-

3)2

: ' . - 130, .
.quencies were obtained from Bertie's et al. 0 single crys-
‘tal Raman measurements at 298°K, unless otherwise indica-

ted. To. appreciate the origin.of the observed erystal fre-

with the isolated water molecule modes is also given."



313"
\v

Table 6.12 Site and Davygev Splitting of the Water Modes
: _ . ) )
in Ba(Cl10,),-H,0. Frequencies in cm l. ,
372 72 g b .

. L. - oL . . e N

=S i

Internal Modes \

. " . . site Statet Factor Group
. s A Lo
Molecular Mode*(sz) . (Ca) \\ statet(Cap) -

~3514(Ag)
13514(Au)

2 .
-1606(A)‘_*—<<::T1666E253

vy (Ap) 3657 —~___3514(A)

vy (A 1505 —/

va (By) 3756 ————\\____SSSS(B)_____<::::3584(Bu) .
o . B 3582(Bg) at 90°K
...° .. ... .Rotational Modes__f
..... v PRI ) . R . - .- b-‘ - ..Ai .’ . 9 -~ . 4' M
Rz (85) : -388(A) 385¢A0)
o) e 118020
‘. . . A 2
Ry (B2) -304() ——<__ 0,488}
} T . .
Translational Modes. . .... ... .. f”‘
e e e D — 232@Aé)tl o e e me
Sy e s A e 2oy, e B e

' ’ . 2
Ty(B1) 205.5(B) ———-—<:::_2éfgg§;
Tx(B2) — 72.5(B) ———<:7§é§’3“’

» " . .o B . - "‘".', N )
Reference-202. : - L . )

+Raman frequencies at 300°K.from Reference 130.
Site state frequencies’ were obtalned by averaging the -
factor group frequencies originating from a common s1te

Reference }34.

‘Factor group states- denoted with* a ? were’ not observed v T
probably because of low intensity: their frequencies were '
v estimated from associated gerade or ungerade mode. Under-
lined symmetry species are preqlcted values.
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6.2b - Internal Vlbratlons of}the Cqu' Ion Modesjﬁfﬁ_”?l T e e

The four ClO3 1ons 1n the prlmltlve un1t cell of

e -7 4 -

izBa(CIOB) H O»are located.on,general pos1t10ns CC} sLtesl

H:deAccordlng to the factorrgroup analy31s ( able 6 5)“'the “fﬁ%jlg*{gifﬁaa

symmetrlc stretchlng and bendlng V1bratlens»of bhe ﬂree~.ﬂ’”

'CJQB_:don;Hvl and V2’ each glve Ag-+Au-+Bg-+Bu Davydov :*ffﬁ~f3 #éfvéuﬂq

components under the C2h factor.group, whlle the antl—'
symmetrlc stretchlng and bending v1brat10ns ’vs-and v4 S e

'each transform as 2Ag'+2Au-+28g-+2Bu Slnce symmetry per—:.:"
.mlts these‘molecular_dlsplacements'to contrlbute"to'the

:same*orystal'vibrationS' afstrictfassignment,ofJthe ob-
served modes to components of vl’ 2,.etc; may not'be cor-

S

rect; however., thlS'procedure_as-usefulfas a first approxi-

matlon .
‘.w_ng e L C 3 P

. Lo - e es . »
‘- .. . . o~ v
A w L 8ec o

The 1nfrared and Raman spectra of C103 'iOn in*adue:»f .

ous solution have been reported by Gardlner et aZ.203 On

T

: .the ba31s of measured depolarlzatlon ratlos and a normal

[x)

- ,‘,-‘(.,_

coordlnate analys1s they a851gned Raman bands at 933 ‘608,

977, and 477 cm 1, respectlvely to the v (A) v (A) yB(E),‘u .

o Tenlon I

‘and v4(E) ClO 1on’vrbrwtlons These values are assumed - T

:, Con o <

to be close to the unperturbed C103 ion frequencies: - Mea-- ™ '/9}/

sured dlfferences w1th the assoc1ated 0103, ion‘frequencies;a;;;Z/‘r”ﬁ
in Ba(CLQSDZxH20g§hou1dﬁref}egg~FEe_lnt}uence of the.stathf// |
and dynamical crystal forces. C 'fhw;f";//)ﬁ'i"J“ s A
The'C10 ~ ion internal mode'region of“sd}{d/;a(CiOB)é: |
Hzokhas been prev1ous1y studied. iThej' TSt'extensiue'ini o _?
frared transm1s51on and Raman~measﬁ;ementsuon‘single ¢i§§fﬁ . hd_,n f¢.

el



SN by broad istrong absorptlon of 1ndeterm1nate polarrzatlon‘

Jﬂi"we 1m the r

S

Bertle et a

e, :
YV en .

tal and polycrystalilne Ba(C103)2 20 were performed h&ﬁii

1'13?;1n

1973 Although thelr Raman Spectra;jj

dlsplayed relatlveIY‘sharp bands.wlth unamblguous polarlz—:
A ..’__ f-‘u~.»,'.. .

.

Ve

-?%La.‘atlon behav1or the1

om

:-,

: "1 and \)3

a531gnments are glven 1n Table 6 13

In 1975 Lutz and Kluppel

,,»,uw-v .

: "-‘,,u ‘4o -

hg a deflnlte a551gnment of thé ungerade components of

v

‘ The 1ﬁfr

e metrles reported by Bertle et all

F 1nfrared study was severely hampered

eglon 900 IOOO cm 1n~th1s:prevented'them from~maef

..c 4.' e

ared and.Raman frequénc1es and sym—v«“7~5 SRS

toe,

talllne 1nfrared transmission _ and s1ng1e crystal Raman

spectra of

work constl

alkallne ea

Ba(Cleﬁ
tuted

‘halog

© «workers were unaware of the earlier work by Bertle etal.

o~

R

in the region 30- 4000 cm 1._ This

t. of a: systematlc 1nvest1gat10n of the

enaté monohydrates - Apparently, these
130

an .

;}The;ralso reported’the infrared.refleotance~speptnaﬁofhthef

‘polycrystalline and single crystal samples, but gave no

\

1ndlcat10n of the 1nten51ty scale Their observed infra-

red and Raman frequen01es symmetrlesy and proposed as-

.s;gnmeh;s are summarized in Table 6.13.

- -

~130

Comparison of the resulte for Bertie et al. and

Lutz_andKliipp‘eizo4

'shows some significant discrepancies in’

frequencies and assignmente; In the_folloWing discussion

. of our polarized infrared reflection and KK-derived con-

rduotivity d

hopefully,

ata, thes

e ambiguitfesuwill.be addreseed and,

clarified.

',_asured the polycrys—’a'f
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&:71nten31t1es as reported by Bertle et aZ 180 in the 1n—
"frared we- obtalned 6Bu+—4Au modes 1n the 6: ,Bhneglonf o

R Tl -.ﬂ..-.
Hand¢4Bu+—3Au modes in- the v2 v4'reg10n; th1s compares “77‘

"basis, the very broad, weak Bu modes at 995 and'IO20cm_

: Ourtobserved-conductivity peak'frequehcies and sym-

;ﬁmetrles for ‘single crystal Ba(C103)2 iﬁ the C10,” ion

3

.2 ’;--‘\a L e e e

"1nterna1 mode reglon' aré4presented 1n Table 6. 14 The--

’ re1at1ve inten31t1es~of these spectral features -as deter—

o,
\

mlned by a damped harmonlc os0111ator flt (Tables 4 -9 and

I T ¢ @

44.10) are also‘glven Thls data is compared with the -

..»,.-.

'ass001ated gerade mode frequenc1es symmetrles and relatlve

[ ST Y

P

'w1thvaq expected 3Aqu3Buhmodes;.in,eaoh,oi}theseqregionsf’

In order to explain these additional features, acoount

was taken of 'their observed'intensities and band shapes,

'since fundamental vibrations are typically much stronger

and sharpernthan combination or overtone modes. On this

1

are assigned to the first overtone of v4_ The irreducible -

B

‘representation"spanged_by 2v for the free Cl10 ion is

3<H
Al +E, so under the“v'C2 factor group this correlates

alth a very large number of crystal states (3Au-+3Ag-+3Bu
+38é) vThe.average value of the Davydov components” for-
vy is 494 cm 1 (see Table 6.17), which predicts that the
2v4'modes should oocur in.the.Qicinity of 990"}1'1171

is what we observed.

; this

4 -
The medium strength Bu mode at 963 cm 1 and the very

strong Au mode at 959 cm—l are assigned to v3; which is

consistent with Bertie et a;,'a,lso assignment of Raman

317
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>

Table 6.14 Relative Intensity of Features in Condpctivify"'

and Raman Spectra of Single nyStal

Ba(C10,),-H,0 in the Cl0,” Ion Internal Mode

Regibh

Conductivity *

. v 7 "Symmetry . Intensity”
-»1020. - Bu Cw,vbt

995 Bu. . . Cwyvbte o

963 @ Bu . ms -~

959 Au " vs,b.
..950 Bu ~m¥

940 . Au vw, b

933 Au w

925- Au ~w,hb

912 - Bu - S

. 909 Bu m

616 Bu m

612 Au ’ w

- 507 Au . m

502 Bu vw, b

493 Bu - ~ w,b

487 Bu vw !
481 Au \'AY

‘Ramanisp‘_' - LT

v Symmetry Intensity.. . ". .

986 .
- 986, "]

965

959

934

931

918

.. 913

621
611
500
300
486
484

. Ag- - UL VW
Bg ¢ w
Ag . . ..ms , .
.ng,* W
Ag . Vs
Bg’ ' S
Ag . ms
Bg m
Ag w
Ag S
Bg ms
Ag ms
Bg w

N :
Conductivity peak intensities from fitted oscillator
strength values in Tables 4.9 and 4.10, acecording to:

Sj(x 104 cm‘z)(: yw<l; w.l-2; m2-5; " ms 5-10; s 10-20; vs>20 '

"b' and 'vb' designations are given to bands with
FWHM = 10-20 cm-1 and >20 cm-1, respectively.

tApproximate intensities from conduqtivity_speétrum of
polycrystalline Ba(Cl0g3)5-H50. #i

%Intensity estimated from c-polarized reflectance spectrum

of. (110) face.



bands at 965 cm™' (Ag) and 959 cm *- (Bg) to vg. The:prox-

imity OfitheSé vsrfundamentél modes to the compomentt of

2v4 may cause some mixing of fhe§e.crysta1 vibrations, via

Fermi resonance.” A medium intensity band, observed at

;'950‘¢m71.in the c-polarized reflection spectrum of the (110)

- ~crystal face (Table 6.9), is assignéd to.the second Bu com-

B

ponent of vs. However, this reflectance peak frequency
is only a crude'estimate'df‘the;true resonance frequépcy.:

Further work is required for a more accurate value of this

\)3 mbde\- ] e N v .
The extra Au mode in the v; - v, region is believed to
beftheAyeryzweak,_broad feature at 940 cm™ Y. Table 6.9

shows that the corresponding reflectance peak only shifted
by 2 cm_1 in going from the hydfate to the‘deuterate Crys-

tal. This suggests that this vibration involve§ megligible

-

4
— .

. \ . ’
water motion and is more likely due to 2v, or to some

- “higher-order overtone Qh\combination transition. The se-

cond Au component Qf_v3 is assigned to the weakgconductiv—

/
ity peak at 933 em™l.  The weak Au mode at 925 em ' and

1-

. the stfong‘Bu mode at 912 cm—l are.assigned to v The

origin of the»medium\intensity Bu mode at'909\cm_1.is d;s:
cussed below.

VA factor group analysis, as performed in Section 6.1,
is odly strictly valid for an ordered crystag. However,
B?(C103)2-H20 contéins 37C1 and 35C1 in the natural abun-
dance of 1:3. Thus, on average, the primitive unit cell

37

of Ba(ClOBSZ-HZO cbntains one ClOB— ion and three



"520
7350105- iohs.;{Siﬁce thé oﬁserved ihfférediédnduétivity--‘
apd'Ramanvpeéks are relatively shirp,'and exhibit a clear ’
learizatioﬁ dépén&édéé;“thié ihaiCafés that the perturbaz
tion.byvthe 37C103_uidnS'is small, ana the;so%calle¢gvirf~—f
£ual‘crysta1 limig?oé éppiiéé% f.e. the f%é&of gfoﬁp.selec;
?ion_rulésgderived for the pufe éfysfai are retained.

The effect of an isotopic impurity bn the cr&stél‘vi—
pratioﬁs iswsuccinctly‘desqrib§g~by_ngleighfS.Prigéiple?06,
whibh:stateSifﬁat-fﬁé incfeasev(dpérease) of mass of any
“atom will 1ead_to a new set of frequénéies which are un—'“
changed or decreased (increased) by an amount which is'no
- greater than the interval to thé next unperturbed fre-
quency. - ®

There exist two-types of‘mixed crystal systems. When
the, phonon frequencies are slightly shifted with respect
to the pufe crystal frequencieé, and this shift is depen-
dent on the 'impurity copcentration, the.cr&stéliS'referred
to as within the amalgamatiOn l1imit. The other extreme is
avﬁéréiséénée,tjbeﬂcryStal in which the(two constituents
yield dfstinct absorptibnbbands, whose“freqﬁenciesware es-

sentially independent of composition. These two mixed crys-

tal types are schematically represented in Figure 6.3.



Amalgamation type Persistence

ym——————im g -

--— effect of heavy isotope isotopic frequencies of A
impurity (B) o and B are distinct

—— pure crystal frequencies

Figure 6.3 Speétral'behavior of amalgamation- and
persistence-type mixed crystals. :> o

Model_calculations’by Onodera and Toyozawa207 havé

shown that the most important parameter determining whether:

a mixed crystal belongs to the amalgamation or persistence

3
type is the ratio of the frequency difference between' the

two constituents (4) and the width of the energy band
spanned by the Dévydov compohents (T)w bFigure;6.4 shows

the boundafy-between these two crystal systems as a func-

tion of composition. For a/T values abovefthe dashed line,

two separate energy bands are predicted, WHereas below this

line, the two bands unite to give a single band. Since

this calculated curve assumes a random distribution of im-

purity atoms and an interaction enefgy which is only depen-

- -

321
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" Table 6.15 vComparison'of Calcﬁlatéd* 3'7C / Cl Spllttlngs-‘
of'CIOé Ion Internal Modes 1n KClO3 (A) and

Observed Vrequency “‘Range for these Vlbratlons

in Ba(C103).2 HZO(T).
, ' L-1 -1, o
Mode Alem 7)) T(cm 7) AT,
vy 7.6 . 16 0.48
v’z 4.8 10 . 0.48
Vg 11.3 34 0.33
vy 1.2 26 0.05
.
’ Referepce 208
&/T
CoLT 420
:persufence' type
Y - +41.0 _
d e -0 405
-~ \\ ’
't \
]
025 .
' »cm‘plqo_mot‘jtdn type
’ | {0.1
y & . '
o , — L
. . - 100 50 . - 0 Ca
) o 50 100 Ca
' ' composition.
Tmwng .

wv‘Flgure 6 4 Boundary of the amalgamation and per31stence

. type. systems Redrawn from Reference 207. .
Note that the A/T is plotted on a logarithmic scale.

1
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'dent on the relative pOSition of the/étoms it shoul@%ﬁe
.generally appllcable o e : o ,

In mable 6 15 the A/T ratlo is preSented for the var—

(

ious C103 1on &nternal mggasﬁgf Ba(C103)2 H O, *Tne iso-

topic 35Cl/ Cl spllttlngs .were. obtalned from Bateﬁ and

Stldham szd8 normal coordmmﬁte calculatlons for KClO ”xand
‘o ;/ - '
the w1dth of the enérgy bands was - taken fraom. our 1nternal
o @ "::u‘-x 91;'
ClOé “ion v1brat10na1 a551gnments summargzed in Table 6 17

4

For a 25:75° percent composit;on of 01/35C1 the v3

A hd -

and v4 crystal ‘'vibrations clearly 11e W1th1n the amalgama—
g C

tlon 11m1t while the vy and v2'v1brat10ns are of 1nterme—

diate amalgamatlon per51stence character Figure 6.5 shows

™

the behaviour that might’ be expected for the vlrand v2'vi—
brations: a band ‘of: frequencles sllghtly shifted to lower K

Values with respect to the 1sotoplca11y pure' CJ Lattlce

LY

and one or more- frequenc1es dlsplaced out. of thls band

i

‘f,

:.These dlscrete frequen01es are referred to as- 1ocallzed
i 209 37 . -

modes and’ predomlnantly 1nv01ve Vlbratlon of the ClO3
: ;” > o s (53

 ion.: It can be- seen that the lowest frequency v1brat10n of

—— pure crystal frequencies

———— effect of heavy isotope
impurity

3

—e— localized mode

Flgure 6.5 Expected behav1or for a crystal of intermediate
.amalgamatipn- pers1stence character :



’/—\ihg stretchlng modes.

. Davydov component.

- lattice. , , o : ' ’
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v . -

B o P . -

o . A o ' ' ~
the energy‘band,is shifted;UpWard1 ~Thds is-due to the

-a

greater 1nteract10n QI the 1mPur1ty levels with the bottom

7
of the main band; 20 the isolated mode may, therefore, ex- -

hibit the sgme symmetr§ species as the lowest frequehcy

LY
+

L 4 . : : C
In Ba(ClOBJZ»HZO, the, lowest frequency component of
35 | ‘ |

the. v C10,” multiplet is the 912 cm™* band of Bu sym-

1 3

™~

~metry (Table 6.17)- Baéed on thée preceding discussion, the’

Bu mode at 909 cm—l is assigned to a vy localized mode of )

37 ‘ ) - o

C103 ion. 'The observed intensity ratio of the bands at |

912 and 909‘*c:m_l is 2.9:1 (Table 4.10); this compares with =

a 3:1 distribution of the'35c103" and °7c10,7 ions in the

J

According to Bertie et aifjlgo the v, CloéT ion vibra-

tion also exhibited a resolvable isotope dependence;_an»Aé ~j41

'mode at 612 c:m_‘1 in the Raman spectra of.Ba(éiOB) D,O was

2.72
assigned to Vo of 37C103—.‘ From Table 6.17, 'it can be seen

that the Ag mode is the lowest frequency Vlbratlon of the
Vo multlplet which: is consistent with the assignment of

ThlS set of as31gnments for the ungerade modes of 2

and Vg clearly . disagree with the previous a551gnments of

the associated gerade species (see Table 6.13). An -alter-

native explanation of the observed Raman bands. is suggested

below, which more reasonably apceunts for the observed in-

‘tensities, and which does not require an,unueually large

isotopic splitting for the vy vibration. -
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SRR C

. It.is pro osed that the very weak Ag and Bg modes ob-

Z.%BO at 98'6'(:m_1 are not vg, fundamen—

sefted'by Bertie ¢
tal modes, but are due‘to'2v4. Tﬁis suggests that the.very
,strong Ag and Bg modes at 934 and 931 cm—liarise from vg. | N
The Raman band at‘934 om_l was assiéned b; Bertie et aZ.;so
to the Ag component of vy because it was the Tost intense
feature in the spectrum. This type of empirical‘seieotion
rile 1is frequehtly used 'Howevef Scheuermann and Schutte?lo
have cautloned that the Ag mode of vy ‘can only be deflnlte—_
\&y assigned if 1t is both the most intense and narrowest'
band in the Raman speotrum ~In the case offB\\rCIOB)2 H O
the Ag mode at 934 cm—1 is the strongest Raman baﬁd but

e
the medium strength Ag mode at 918 cm -1 is sharper Thus,

-1

y -

respectively, to the s;mmet(ii%fl—o stretching v1branlop,
is reasoniale The"partrtular~merit of this revised '

1 ’

an ass1gnment of - the Ag and Bg modes at 918 and 915 cm

a531gnment is that it does not requlre an 1sotop1c shlft of

~15 cm -1 for vy when the calculated shlft208 is only

7.6 cm™} (Table 6.15).

A

The ass1gnmen% of ‘the ClO3 jon stretching modes in

H,O is summarized,in Table 6.16; along with a .

372" Hof

suggested correspondence to previous infrared and Raman re-
, ; .

- Ba(C10

sults. It should be‘noted when comparing these'iﬁfrared
frequencies that our values correspond to the conduct1v1ty
peak maxima,’whereas those reported by Bertie et al. 130
and Lutz and Kliippel204 oorrespond to'the‘transmission
peaL minima. For example, the very strohg conductivity

B . :
\ S
2 .

-



Table 6.16

Assignment of Cl1l0O

Ba(ClOB)z-H

3

'with Previous Results

326

~ Ion Stretching Modes in

20 and Suggéstéd Correspondence

Present™

Reference 130

Reference 204

Study . v
IR -Raman IR Raman Agsignment
Au . Bu Ag | Bg Ag  Bg .
10207 ggg_ 985 h , o/c
995t | 1005 - 986 | 1008 o/’
963 ggg 965 970
959 959 ’ 965 |
950%| 960 934 950 vy )
933 931 935
925 920 918 916
012 | 912 o5 | o15 1
909 v 3Ter)

1

3 RS |
Frequencies in cm

Underlined frequéncies correspond

‘to modes whosé previous assignment (see Table 6.13) has
peen revised or made more definitive®

L

* : ' B}
Frequencies derived from combined KK/classical dispersion L

~ fit to single crystal R(v) and €"(v) spectra.

+Conductivity peak fréqu
Ba(C103)2-H20- -

=fc—polarized reflectance peak frequency for (110) crystal

face.

encies for polycrystalline
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péiks at 963 and 959 cm™ ! appear to be at -980 ém;liin'the 

T

—

\\\\\\\ﬁraﬁsmission spectra, whereas, the associated reflectance

~——

maxima occur at 971 and 980 cm—l,_reépectively (Table 6.9). -

In the v2—y4“regioh,"4Bu-+3Au_modeé weﬁé‘obsenved'in

" the conductivityvspectra fFigure 4,13 and Table 6.14); this
compafes~yith BBu7+3Au modes.prediéted by the factor group

analysis. Bertie et aZ.lsQ assigned infrared~transmis$ion

1

peaks at 615 em™ T {(b-polarized) and 620 em” (ac-polarized)

to the Au and Bu compodents respectively, of the symmetric

i

B 4C103_ ioh"deformation, vo. These values are in very good

agreement with our observed conductivity peaks at 612 cm_l'

(b—polafized) and 616 cmf; (a;—pqlarized), thus confirming

their eaﬁlief assignments. Bertie et aZ.130‘a130 ascribed
R : ’ . \

Au modes at 508 and 485'ém_1 and Bu modes at 504, and 485 cm_

1
to Ene Davydov coﬁponents of §4,‘ In fhié region, we'qb—
’sefve& Au'modés at ‘507 and 481 cm_1 and Bu modes at 562,

493 and 487 cm_l. “The.assiggment of the Bu modesiis not
obvious. Since the 493 cmfl'pand is the ﬁost intense of
-tﬁe thrée Bu vibrations,.it is-assigned.tb a factor grcup
component of Vg The 502 c:m-"1 band is:iﬁ«closest agreement
with Bertié et al.fslso reported frequenconf 504'cm_1.and

is, therefore, also aésigned to v The remaining Bu mode

4°
at 487 chﬁl is most: iikely an ovgrtone or combination band.
In view of‘the déuterafion shifts 6bsefved injthisfrequéhéy
range~ésee Table 6;9), the 487 cm_I band-may arise from a
.combination of<a’water‘rotafion and an acoustic vibration.

'Such a ‘transition should occur in the vicinity of 490 cm_l.

-



o

'C103? 19m modes in Ba(ClOS)2 HZO are compared with the cor-

P

328,

Although acoustlc modes have zero frequency under the fac—i

. tor group‘approx1mat10n, they possess non-zero frequencies

at the Br1110u1n zone boundary and may, therefore, partici-

'pate in - comblnatlon modes 211

The v1brat10na1 as51gnment of the C103 ion internal

modes is summarized in Table 6.17. The gerade frequencies

were obtained from the single crystal Raman measurements of

Bertie et aZ.,13Q but their assignments'have been revised
i . N

according to Table 6.16. The origin of the Jfactor group

splitting is also shcwn schematically;

In Table 6. 18 the s1te frequencies for the internal

respondéng values in aqueous solution and in crystalline .
NaClO3 and KClO The site frequencies were deduced from

the average value of the observed Davydov compgnents al-

'though this procedure may not be.valld "if there 1s‘51gnifi—

cant interaction between equivglent molecules in neighboring

unit cells. It can be seen that for NaCiO3 and KC103, all

four of the ClOé_ ion modes resonate at higher frequency

than in seiution; whereas for Ba(ClOB)2 2 the deformaF

4

tion modes, Vo and v,, occur at higher frequencies and the

stretching modes, v and Vg, appear at lower frequencies.

1

' ThlS dlfference in behaviour is most reasonably attrlbuted

to the presence ofnweak hydrogen bondlng in Ba(ClO ) HZO

e
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\“
Table 6.17 uSite and Correlation Spiittinglof-the Internal’.
Chloratéf{on Modes’in.Ba(C103)2-H20. Frequen-

. . -1
cies in cm

Free ion mode* \ Site statetl ‘Factor group

(sz) ‘ o | | (Ci) .state (Cgh)

/—*~;925(Au)
i -/ —~ 918(Ag) ,
\__917(a) 915(Bg) /

N — 912(Bu)vy (2C1)
: 909(Bu)vi (87C1)

~—— 621(Bg)

vl(Al) 933

~

. - - o - 616(Bu)
vy(Ay) 608 —BISA) = 612(4u)
: ‘ N ———611(Ag)
965(Ag)

—- 963(Bu)

7

va(E) 977 —ee——y — 959(Au)
N L /- 959(Bg)
' 949(A)-— VT 9507 (Bu)

N 934(Ag)

V- 933(Au) "

—— 931(Bg)

' //.__ 507 (Au)

-~ 502(Bu)

~ 494 (A) ——{ ——— 500(Ag) b

~ N 500(Bg)

——~:493(Bu)

. ‘ - 486(Ag)
vy (E) 477 -\ — 484 (Bg)
~ —— 481 (Au)

*Free C10.,” ion frequencies are aqueous solution values

from Reféerence 203.

+SitefrequenciesaretheaﬁerageValuecﬁ?thefréquenciesorﬁ&
ginatingfromzicommonsite;:nlthecaseofthelimodes,thesite'
splitting:u;notshownsincethereisxu)evidenceforits;
magnitude. S T ‘
+Reflectancé_’peak frequency in c-polarized spectrum of
(110) crystal face. : ‘ - .

K
3
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ties in Aqueous Solution and

KFIOg, and Ba(ClOB)szZO

o

in Solid NaClO

‘MT;ble 6.18 CompariSoh bf Chlorate .Ion Vibrational Freguen-

3

ion* t . Ba(( :
Mode | Solution NaCl0, KC10,7 ' Ba(C103), K0
vy 933(4;) - 936(A) 940(A") 917(A)
vy 608(A,) ~  621(A) 620(A") 615(A)
" ' : 990(A")
Vg 977 (E) 972(E) -, o 949(A)
E ST 987¢A™)
| 490(A)
v, 477(E) 484 (E) § 494(A)
485(A'") . IR

*Reference 203.

tReferences 9§!ahd,97.

- *Reference 99.

. 330



- B.2c: Lattlce Vlbratlons Involv1ng Ba2+ and C103— Ions

33

mThe external kR = 0 optlc modes of Ba(C103)2 H20 1nvolv~

ing the Ba2+ and ClOs ions form the representation .

7Ag + 6Au + 8Bg + 6Bu (Tables 6.4 and 6.5). 'Since symmetry

u

tribute to the same vibration, the observed crystal modes

permits these translational and rotational motiOnsvto con-—

cannot be descrlbed as pure translatlons or rotatlons

However as a first approx1mat10n they can be ass1gned as
-
primarily of translatlonal or rotat10na1 character

The~ lattlce vibrations of Ba(C103)2 H,0 have been pre—'

Viously. ass1gned by Bertle et aZ 130 Because they were un-

ab%g to detergine the polarlzatlon behav1or of the far—
24 T -

j’\\" R

_1nfrared or Raman bahds the1r a331gnments were largely

based on. the emplrlcal predlctlon that the predomlnantly

translational modes shguld be strong in the 1nfrared ‘and

s
A

],j%ﬁe rotat10na1 v1brat10ns sbouLd

weak in the Raman;-';

“ iy . oo S .4--._; ,_.._.“‘. 1(’ ‘..
be strong in both. Howevé@,wa}vibration inVoIv@ﬁgTafﬂfr_e
N & K o LR
component of rotation about the ClO ion axis, which ig ey

only"active through distortion of the ion trom C3V symmetry,

was expected to be weak in both types of.sgggtra. ‘A;sign;

ment‘of the predominantiy C103— ion rotational mOdes was

made by comparison W1th the reported spectra of NaC10397
99

jand‘KCIQB. This type of comparison is valid if the crys-

tal forces are similar. Under this COnditibn, the rota-
tional vibrations of the C103‘ ions should appear at nearly
the. same frequencies since they depend on the moments of

inertia which are only weakly influenced by the nature of
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the cat4don, whereas the trénslational modes, whose inertial
mass 1s the molecular”mass, snbuld exhibit strongly cation-
dependent frequenciest The lattlce mo//.frequenc1es and
assignments for NaClO,, KC105, and Ba(ClO,),"HyO afe_sumg
marized in Table 6.19. | |

In i978, Eriksson and Lindgr_en134 repeated the far-
infrared transmission measurements on pOlyefystalline
Ba(ClOB) H O at 298° K and 100°K. Their results are com-
pared with Bertie et aZ.'slBQ reported frequencies in.Tablev
6.20, and confirm these earlier value$s to be accufate to
within 2 cm_l. However, Eriksson and Lindgren observed an
additional band at 75 cm_l which was discussed in Section

6.2a, gpt did not find features correspondlng to BertLe
130

¢t al.'s strong bands at 102 and 100 cm -1 for a sample

at 300°K. They tacitly accepted the lattice mode assign-

ments of Bertle et al. 130 their only comment was that the

97 cm -1 band exhibited a 1 cm—1 shift for both DZO and H218

substitution, from which they concluded that some water mo-

‘tion was involved in the vibration.

Table 6.20 also ligts the far—infrared transmissien

frequencies reported by Lutz and Kliippel‘go4 for a polycrys-

talline sample of Ba(ClOB)z-HZO at 298°K and 110°K. It can

be seen that there are significant discrepancies with the
. . &gv

reshlts of Bertie et 21.13% and Erike€on and Llndgren 134

Their c-polarized reflectance peak freqﬁ@ﬁ&;es measured

for a 81ng1e crystal sample at 298° K are included in Table

:6q20. These authors did not attempt té‘assign the observed



Table 6.19

Previous Lattice Mode Assignments for NaClOgj,
KClOB, and Ba(ClOB)z-HZO
) ' Ba(C10,),-H ot
“NaCl0,* KC103* 372 2
IR Raman
180 x - =
176 v 171 175 -~ VR
173
- 161 | 163 VR
- 152 151 v T
142 144 VR 141 141
134 S ' 136 137
132 } VR . VR
131 130 128
124 ¢ - -
y S 117 VR
S 115
109 .110 -
108 107 v
- 105 -
. 95 : 95 -
| " 7 | o i 3
. O - \)R
72 - 72
65 } 1\ - -
: 57 - 50

* ' . : ) .
Assignments from Reference 99; measured frequenciessrat

2908°K for NaClO3 and 77°K for.KClOB.

TReference 130; measured frequencies at 90°K.

A}
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Table 6.20 Comparison of Infrared'Lattice Mode Frequen-

cies Previously Repofted for Ba(C103)2~H20

Reference 130 Reference 134 Reference 204

300°K 90°K 298°K 100°K 298°K 4110°K
175 184 176 184 170(165)* L1790

165 ° 171 165 .~ w178 160(151). 168

148 152 149 153 ‘ (143) R
138 141 139 143 D ST
134 136 1:34 . 136 Lo 131(132)% R

126 130 126 . 130 - 121(123) . 124

106 110 107 109 S

102 108 . L : .

100 105 ' . ©100(100). 106

96 95 95 97.1 89 - 91

75 77.6 o :

Frequencies in parentheses Wefé/obtained from c-polarized
reflectance spectrum of single crystal’Ba(ClO3)2 HoO; the
assoc1at10n with transmission peak frequen01es 1s that of-
Refelence 204.

H}

H-2-0(2)=1.991 + 0.010 &

Flgure 6.6 Equilibrium C103~ ion geometrylo5 in
Ba(C103)2 H O. The projection on the (010) plane is shown



@ L
frequencies to specific lattice modes.

. Ouf qonduétiyity peak frequencies, symmetries; and
relative iﬁfensities for the (OOl)icryétal‘face of
.B%(CIOS)Z:HZO in the region below 200 em™ 1 are.givéncin
&éble 6.21, and comﬁared with the Raman fréquencies ofa

130 ’

‘Bertie et «@l. A correspondence between the gerade and

ungerqgde modes is also suggested. Although we accept the
majority of tﬁe 1attice'mode,assignmeﬁts"proposed by Bertie

et a1.,+30

there are a few exceptions. The basis of these
revised_assignments‘is discussed below.

* In the region below 200 cm_l, we obseTved“4Au-+9Bu
mddéé plus two bands of indetérminate ﬁolarizat;on (Tgbie
6.21); this compares with an expected 6Au-+6Bu‘inffared—
active lattice modgs. Overtone or combihation transitions
are tﬁe most likely origin of the extra Bu modes. . The‘fact
that too few Au modes w¢re observed can be ascribed eithér
to accidental degeneraéy, low intensity, or to these modes
occurring below 105 Cmfl, the lower frequency limit of our
polarized}single crystal data. 1 ‘ .

According to.the intensity predictions éf Bertie

et al.,lso

the translational and rotational vibrations
should both absorb sifougiy in the infrared, with the excep-
tion of the Ry motion of the C10;” ion. For the free Cl05~
'iQn} the R, mode is inacti&e in both the infrared and Ra-
V‘man but in Ba(Cfég)é-HQO, the C1 site symmetry permits this
. B l.‘}»- ~ .
mode to gain intenSify from mixing with other lattice vi-

-

bratiqns.] The i figence of the crystal forces is app%fent



_;-~“—ff\\t
‘_D. ' N . . ' i ﬂ .
Table 6.21 Assignﬁentvof IL#*ttice Modes in Ba(ClOB)z-HZO'

and Suggested'CorrespbndencévwithRamanResults'

3

_ Present Study* ' : 'Baman+ Assignment
"Au = _ Bu . |300°K T ; 90°K" ' ’
175 w .
, : 173 m,vb |~165 sh 173 w - | {  Rx'Ry
160 m,b ' 164atw 158 - 163 s
151 w 151w | o/c (105+52)
, . ; - 142%vw 141 sh o/c (92+5g)
-v 133w _ 133 ms | 137 ms .
o . 131 ms 133 136 R
2 ‘ 129 m. 124 . 128:ms
<7 120 m ' : ' )
: : _ 114 m ' S '115 w
105%¥ms 109 m 106 07 w .
. .gzivs . “ };ﬂf\~ . -
83T¥sh | .82 vw.|. Rgz
- SRR 70 72 w<
52 . 50 .mw-|

~

Frequen01es obtalned from combined. KK/class1ca1 dlSpers1on
fit to R(v) and e (v) data for (001) crystal -face of
Ba(ClO3)o- HZO ' . _ L

tReference 130.

#Conduct1v1ty peak frequen01es for polycrystalllne
Ba(ClO3)2 H20 .

/

. '. . .;; .. . ‘ ) '4'1. .
Values 1n parentheses ‘are comblnatlons of fundamental,modes
consistent with observed frequency ‘Underlined frequen01es
correspond to modes whose previous a531gnment (Table 6.19)

has been revised-



337

from the equlllbrlum geometry105 shown 1n Flgure ‘.7:

rc1’o==1.480, 1.483, 'and 1.493 A (+0.004 A) and <OC10-‘

106.6, 105.1 'and 107.1° (10.2 ). Slnce the perturbatlon
from C3 symmetry ‘is only slight, the v1bratlona1 coupllng

should be weak and the inten31t1es should follow the pre—

' dictions of Bertie et.gZ 130 From the lattlce mode,a551gn—'

ments of NaClO3 and KClO3 in Table 6 19 the R mode in
Ba(ClOP 9 H O is expected in the V101n1ty of 80- 90 cm 1.
"Thus, very weak 1nfrared features below 200 cm 1, but not

-in thelrange 80-90 cm 1, can be asonably attrlbuted to

)

overtone or combination (o/c) mode . 'On tH%s basis, the

, and the -weak bands at

151 cm 1 in both the ‘infrared (Bu) and RamanlBO'spectra

very weak Bu trans1t10n at 142 cm’
are:assigned to.o/c translt;ons, Tentatlve exolanatlons of
these observed ftequencies are presented in Table 6.21; a ‘
more definitive assignment"requires a temperature-dependent
study of the 1nfrared intensities.

Weak Raman bands at 117 and 115 cm -1 were assigned by

Bertie et?al.13o to rotatlonal vibrations, since no asso-

ciated infrared‘features were observed. However, we found
"medlum 1nten51ty conduct1v1ty peaks at 120 cm -1 (Au) and
114 cm-1 (Bu). It is our present belief that these modes
are ‘more 11ke1y due to translatlonal Vlbratlons _ Table.
6.19 shows that none of the ass1gned rotat10nal bands of
NaClO3 and KClO are in close correspondence (<5 cm ) w1th

_these peak frequencies for Ba(C103)2 H O Furthermore, if

the motions involved in the translatlons are pr1mar11y a
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&

dlatomlc type ‘oscillation of the oatlon and the ClO - ion
and the intermolecular forces are. similar in these chlorate
'crystals then the relatlve order of the.translational fre-
iquen01es is approX1mate1y given by the ratio of their re-
duced masses,.ife. 1.44(Na...C10.): 1.34(K- ClO ) o
l.dOgBa-foiOS). The highest frequency translatlonal modes
reported?Qﬂfor NaClO3 and KC10, are 183 and 161 cm 1, re-
speCtivel?, which predicts,that the‘associated mode for
Ba(ClOé)é; 0 should appear at ~120 em”™t |

which is consis-

)

. tent with our revised ass1gnments

-1

It is also proposed that the Bu mode at 173 cm and

the Au mode at 160 cm -1 (Table 6.21) are predominantly Rx.
and ﬁy vibnations,'and the shouldeg;at 83_cm_1 in the poly-
crystalline spectrum .involves Rz motion, These assignments
are based on the observed'intensities breadth, and temper—j
ature dependent frequency shifts of these v1brat10ns' as‘ |
" well as the equilibrium geometry of the ClO3 1on in the

Ba(Cl0 "H, 0 lattice.

3?2
The relationship of the Cbe_ ion to the water mole-
cule in the unit cell is shown in Figure 6.6. 1t can be
seen that the hydrogenﬂatom of the water molecnle is only
1.99 R from the oxygen atom 0(2) ot the chlorate,ioh.lo5
Thus, rotatlonal motion of the ClO3 ion.will neoessari1¥
'1nvolve some component of 0(2) -H stretchlng Sinceﬁthe
hydrogen bond is anharmonlc the chlorate rotatlonal bands

are expected to be broad and to dlsplay appre01ab1e*temper—

ature—dependent fnequency shlfts. Table»6.20-shows that
: ! ' .

~



infrared transmission bands at 175 and 165 cm—1 underwent

the greatest temperature shift, Av/v, in gding from gbo to

90°K (0.05 and 0.036, respectively). Tables 4.9 and 4.10
e b

2

show that in the lattice mode region below 200 cm the

~medium intensity conductivity peaks at .173 and 160 cm_1

-1

?

re-

4

have the largest band widths (FWHM=15 and 8.7 cm
. spectively). This data supports an assignment of the Bu

mode at 173 em~! and the Au mode at 160 cmflvto Rx and Ry
motions of the ClOB_ ion. The shoulder observed at 83 em™ 1
in the conduétivity spectrum of polycrystalline Ba(C103)2

.H.O, and the very weak Raman band at 82 em™ 3 reported by

2
' 130 ' N o . _
Bertie et al. for a sample\at 00°K, are ascribed to pre-

domlnantly RZ motlon It ‘'must be emphasized that these

L4

: a551gnments are stlll tentatlve Further work, in partlcu—

-lar temperature dependence and ISOtOplC substltutlon stu-
dies, are requ1red for unamblguous a551gnments Our major

contrlbutlon to the lattice mode a551gnment of Ba(C103)2

339

-Hzo has been to determine the symmetry7of these vibrations,; -

this had not been previously possible by single crystal

. . .. 130
infrared transmission measurements.

6.3 Dipole Moment Derivative Calculations

_wa of the principle feasons for stndying infrared
intensities are to qpmpare theloptical eharaeteristics of
moiecules in different states and media and to obtain in-
formation about intermolecular foréesf%fin“order t& achieve
meaningful nesults, the_oBservedtdﬁserption intensities‘

must be corrected for the change in the macroscopic electric



field strength as it enters the dielectric material.and

for the local electrostatic inductive effect of surrounding

- 212,213
_molecules -

rived from imaginary dielectrlc constant spectra,

local field correctlontls requlred

In ihe case of infrared intensities de-

only the

s1nce the.change in

field strength has alqeady been accounted for.

To correct for thse effects

the absorptlon process must be assumed

I

a microscopic model for

.It is common to

use a damped harmonic;oscillator model for the shape of

‘the absorption.band and a Lorentz local field (equation

.‘[1.55]) for the in
"in Section 1.1d-.t egLorentz local
appllcable to molecyles located on
or higher symmetry. For molecules

wer symmetry, the 1pcal field must

lattice sums and a om1c polarlzabllltles

al field correction.

213 ‘As indicated

field is only strictly -~

sites of tetrahedral
on crystal sites of lo-
be evaluated from the

This type cf

calculatlon is a major undertaking for a complex monoclinic

crystal such as Ba(C103)2'H20 and,

"local field approximation

chosen, the band features (shape,

only depend on the dipole

resonance frequency, V.,

-1
Y )

13

"2
- spectra. However,

was used.
position,

moment derivative,

therefere, the Lorentz

Once these models .are .

a

and ihtén&ity)

5u/3Qy, the

and the lifetime of the state,
 which are the parameters. used to interpret gas-phase

it should be emphasized that the op-

.tical parameters derived for condensed phases are model-

~

dependent. -

340
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In Section 4.3, the oscillator strengths’Sj for the
cfundamenthl vibrafions of Ba(ClOB)z-ﬁZO were determined
from c"(v) by a'classical damped oscillator model The -
values of the asgoc1ated d1p01e derivatives with respect'
to the crystal normal coordlnates ag/an, are calculated

by rearrangement of equation [1.56]:

2. | "' ’ .
( > 5 - [6.1] .-

where N = number of primitive unit cells/cm3
c ='speed of light in vacuum
Fj'= Lorentzﬂf%cal field, (eb+2)/3. h

" For brevity, SE/BQJ is termed tﬁe crysfal dipole deriva-
tive. Similarly, the dipole moment derivatives with re-
spect to the uolecular normal coordinates are referred to
as molecular dipole derivatives,

Although e, is frequently set equal to the sodium

b

D-line value of e¢'(v), strictly speaking, it is the real

dielecfric constant due to all vibrations, excluding the
_one'of interest. In this study, eb

b.Background‘ievel of €' (v), to high frequency of the given

was obtained from the

K

., band. The accuracy cf €. 1is estlmated to be *+0.05 which,

b

for'ebf=2L5, results in an uncertainty of ~1% in the com-
puted 3u/3Q value. Crystal dafalrelevant to the dipole

moment derivative calculations for‘Ba(C103)2-H20§are given

in Table 6.22. The number of primitive unit cells per cms,

N is 3. o45x1021

’

Table 6.23 lists the resonance frequen—
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Table 6.22 ,CrystalyDatalos Used in.bipole*Moment Deriva-

tive Calculations for Ba(blOB)é-HQO,

c \

Temperature = 298°K

<HOH = 110.7°
r(0-H) = 0.958 A

Body-centered cell

a=8.916 A b=7.832 A c=09.425 A g =093.65°
V=656.8x10"2% ¢n3 ‘

-

Primitive cell r\

7 =2
Z3.045x10°! unit cells/cm®

‘

Table 6.23 Ct&Stal Dipole Moment Dehivatives of the Inter-

nal Water Modes in Ba(Cloé)zfﬁzo (0 A Y amu~ty
- - . o T .
Molecular | Crystal| = v .S + 4
Mode. - | Mode (e¢m~1) | (x104 em-2) € |op/oeQ|
vy Au 3514 9.31 2.40 | 2.58
vo Au | 1606 1.91 | 2245 1.16
Va Bu"- ‘| 3584 13.7% | 2.40 3.13

‘ component along a'-axis
Cb estlmated to be accurate to +0. 05
+1'p -1 amu-% ='1.2886 x 16-2 cm3/2 s -1
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.cies; oscillator strengths, background dielectric con-
sfants, and_crystal dipole,derivatiVes of the internal

Al

water modeé.-'Tbe.vglues of ag/éQj arevreported.in units
of I)K_l amuf%‘where one Debye,.].Do equals'fo_ls-eéu—ém.'
Since the measured intensity is proportiohal tO‘(QE/BQ)z,
only. the magnitude of 3u/23Q could be determined}

The molecular normal coordinates q, are related to

the crystal nofﬁél'coordinates Qj by
g = L°Q - [6.2]

\where %he‘crystal eigenvectofvmatrix_Lc»is,obtained from a
- -~ .

lattice dynamics calculation.v The transformation of vari-

»

ables from 3yp/3Q to 3u/3q is performed via:

2q. . .

oy ik du ’ c :
z . = I I T A [6.3]
i %k 99 kK i °%ik 1jk ‘

)
Q. 1

where the vector sums extend over all the i eQuivalent
sites in the crystal and the Kk molecular modes. In fa-
Qorable cases, a' crystal normal coordinate only'involves
one type of molecuiar motidn, and:equatiog [6.3] siﬁﬁli—

fies to:

oM _ AT c , - )
Sh = 3. CoR.L , [6.4]
d b i aqik ijk .

which implies that the crystal normal coordinates are sym-

metrized unit—celi coordinates. This approxﬁmation is

214

referred to as the Oriented Gas Model and is frequently

¢



employed in the interpfetationlof infrared and Raman in- )

tensity ddta.” The eigenvector elements Ei.c

| . ik are then sim—
ply ‘obtained by standard projection operator methods.

,kThe crystal eigenvector matrix L¢ is not known for
7. . -~

Ba(C103)2-H20, so the transformation to Bﬂ/aq‘values is

- S '
restricted to crystal modes involving predominantly one

type of molecular motion. This condition is approximately

satisfied by the vl(Au), bz(Au) and vS(Bu) modes of H20

and the v,(Au) mode'of C103_ ion.

Intramolecula? mode mixing is not expected for the in-
ternal water vibrations of Ba(CiQB)z-Hzo which are either -
well-separated in frequency, or Qf different symmetry type.
Figure 1.7/;hows that the H-0O-H planés of the water mo}e-
cules in the‘pnit cell are parallel and, under the orien;:
ted gas model, the cryétal dipole moment deriVafive of the

" .internal water modes is predicted to be either parallel to

the C2—axis (Au) or perpendicular to it (Bu). The crystal
(k)
J

mal coordinates A aTe:

normal coordinates Q constructed from the molecular nor=-

(1) _ 1 .
U’ T (G117 92 . ‘
\
(2) _ 1 -
Un 7o (9127 9z2) [6.51
’ 1
By 75 (a3 -a53)
where the interchange group ‘is Ci' This gives the simple

result that 2u/3q, =>1//§'ag/an.

343 -
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Since the molecular dipole derivatives depend upon the
barticular isotopic species, it has been common practice to
convert these values to dipole derivativqs with respect to

the7internai doordinates Rj. Under the Born Oppenheimer‘
~ approximation, ﬁhe'aﬁ/BRi are isotopically invariant.215
An intermediate'step in this Canersion process is the cal-
culation of dipole moment deriv;tives with respect to sym-
metry coordinatés} SE/aSi. The Si are constrpcted ffgm
sets of equivalent internal coordinates by the use of pro-
jection operators. The transformation to bond parameters
requfres knowledge of the molecular eigenvector matrix L

for the normal vibrations and a model for the molecular di-

pole. The eigenvectors Qi relate the symmetry coordinates

ku
Si to the molecular normal coordinates Ay via the matrik

. . 216 '
egquation e -

S=1Lgq, I ’ (6.6

"and are available from a normal coordinate analysis. A

frequently used model for the molecular dipole is the bond

212,217

moment approximation. This assumes that the total

dipole moment change during a molecular vibration is the

5

vector sum of the dipole derivatives with respect to the
internal displacement coordinates‘Rj. A mathematical for-

mulation of the bond moment model is:

) oy ‘ ' oR
L -y K. g =1 e, a3 i
a3 5 itk oy ik 5 3RT 38

j (6.7]
J i '

Iy
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The general procedure for transforming crystal dipole
derivatives to symmetry coordinate dipole derivatives is
schematically outlined in Table 6.24; at each stage, it is'

ilIustrated for the internal water modes of Ba(ClO

3)2 ‘2
//‘\The L matrlx was obtained from the force constant calcula-
e 130

N tlons of Bertie et al.
The embiguity in sign of 3u/3qy, results in 2% dif-
ferent solutions for ag/asi, Qhere n is the number of nor-
" mal coordinates Qy which belohg to the same irreducible
representatieh as Si. Thus, a wide range of a'p_/aSi values
. are possible unless n is a very small number or the normal
‘coordinéte is dominated by one term (e.g. in hydrogen vi-
brations). In Table 6.25, the various'sign combinations
of au/aqk and the correspondlng aE/aS ﬁvalues are tabulated
for the 1ntern?I/RETe;\mﬁaeS’of Ba(ClO,g)2 H20 For aH/aqq,
n=1, and the magnltu%é of BH/BS is unambiguously deter-
mined as 2. ISI)A 1. waexer this only" represents the com-
ponent of aE/aSB alohgztﬁe a'-axis. Further polarized in-
frared reflectance work is required on a crystalo}ace con-
taining the c-axis in order to complete]y‘determine the or-
ientation and magnitude of BE/383- On the other hand, the
complete vector properties of aﬁ/ésl and BE/BSZ are given
by.the b-polarized refleetance measurements.
The symmetry coordinates for'the water Vibrations of

Ba(ClO ) H O are defined in Table 6.24. The bond moment

approximation gives the following relationship between the
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Tabl .o 6,24 Transformation of Dipole Moment_Derivativeé
from Crystal Normal Coordlnates to. Internal

Symmetry Coordinates and Application to the

Water Modes of Ba(C103)2-H20 »
Procedure . Applied to Ba(Cl0,),-H,0O
. : 372" "2
zlsg/an| ' +|3u/3Q | in Table 6.23 &

oriented gas model’

- 31 l
t19 3 . SoH
|8u/3qk| ‘aqk )an
. H 8 H
Define internal coordinatesw , 1 2
- bry ar, _
» : 0O R1 = Ar1
.Define symmetry coordinates . - Rg =48
Sl = f (AI' +Ar )
; S = rA®6 £
Obtain eigenvector matrix 2 "
L from normal coordinate S = ;L-(Ar -AT.)
~calculations, where- 3 /2 1 772
S =L : :
> il T . , a3y ds Q3
L S1] 1.016 0.038 O
- -%_So|-0.142 1. 525 0
s 2. 92
' (amu) "=g31 o 1.038
= vo[2m ) 2
p) . 38 ik
( k) 1 \"7k = 1.016{ 22 ) 0.142
asl 2
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fle 6.25 Dipole Moment Derivatives with Respect to Sym-

metry Coordinates for tﬁe Internal Water Modes

of Ba(c103)2-H20-(in-DZ”1)
\
f

Solution Signs of . . *
. No su/23qy : BE/BSl BE/BSZ 33/883 /
.)T?T . | : . . 3

1 + o+t 1.87 | 0.490 42,13

2 T 1.72 | -0.579 +2.13

3 St 21,72 0.579 +2.13

4 - - -1.87 -0.490 +2.13

* - .
component along a'-axis.

Table 6.26 Calculated Values of BE]BrAand du/ae for
Internal Water Modes in Ba(ClOB)z-HZO

5

So;g%ion %% (Da-l) %% (D)
1 +2.33 | . +0.47
2 +2.14 N ~ -0.55
3 ~2.33 U +0.55
4 ' -2.14 _-0.47 7
average ' . o
magnitude ‘ 2.23:x0.10 0.51+0.04 .
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symmetry coordinate dipole derivatives and the bond moment®

v

derivatives 3u/dr and 3u/386:

oy | = Su| os 8
55| . 2 15| cos 3
-1 i “
du |- 1 E.Li.l' ‘
382 r 26
swl o szl sin® A
i V2 ‘ar sin 3 [6.8] ;

°

where r is the equilibrium OH distance and 6 is the equili-
brium HOH angle. (from Table 6.22). Four different values
of 3du/a3r and 3u/36 were computed for Ba(ClOB)z-H2Q,,cor—

responding to the different solutions for ag/asl and.ag/asz
. : L -

w

in Table 6.25; the average magnitudes are 2;23 +0.10DA”
and 0.51 £+ 0.04 D, respectively.

In the preceding caflculations, we have used a zerq-
order on@ moment appro%i@ation,ZIZ i.e. that the dipole
moment ;};;:inen bond is pot affepted by changes in_otherb
bonds or bodh'éhgleélﬁuring the molecular vibration. This ’
requires that the Boﬁa”mOment'dérivatives be the same for

vibrations of different symmetry type. For some cémbounds,

{e.gf H2O vapor and benzene, this level of approximation has
' ' 212,217

s

been\§hown to be inadéquate. Therefore, it is nece-
ssary to check the validity of this model in describing the
internal water modes of Ba(ClOB)Z-HZO before discussing the

'significance of the results.



'The polarized infrared - reflection measuremeﬁts on the
;(001) crystal face gave us the prOJectlon of the v (Bu)
’.mode aiong the an—ax1s f If the angle between a' and the
v3f§ran81t10n_moment i's denoted A then‘thegobserved sym-
'metfy.ebordinafe dipole deri?ative,.(aﬁjasé)ob (ap/aSB)Cal
) eos*ﬂ where (au/as ) 1s glven by equation [6.8]. Under

v

e assumptlon that au/ar is the same for'v (Au) and
YB(Bu),.Kaﬁ/QSB)Ca "'2 60 + O 12])A 'apd A-:35 * .  This
fagrees with the.value of 37° expectea‘for ?E/QSB oriented
aloﬁg~the HOH'plane (see-Figure 6.2), and supports the vali-~
dlty of ‘the bond moment model .

It 1s of 1nLerest to compare our bond moment derlva—‘

:tlves with those obtalned for  water vibrations in the

v

vapor 215 1iduid,218 nd 1ce219 phases ‘ Literature values

':of the 1ntegrated absorptlon 1nten81t1es for the modes in
the various phases are reported in Table 6:27, fhere Ai

. corresponds to:212

ao= L zncﬂ)dv S  le.e]
i C band_i . I : - .
“and . C = concentration in@mo}es/c‘ml3
d ) evpath 1epgthiin cm
I, =einciden£ intensity
I»=»transmittedvintensityf
N R S

ThlS can also‘be expresSed in termslof-the‘absdrption co-

.fefflclent, a(v) giveh_in equation [1.17], as:

350



" Table 6.27 LitératureﬁYalﬁés of Integrated Absorption
A V‘Intensifies for HZO Vibrations in the Gas,

. \\\\ . . . . 3 L o

Liquid and Solid Phases (in 10° cm/mmole)

o . "~ A (observed) A* (corrected)‘
Ref. Phase, yl. v3_‘ v2 .vl S Vg Vo
215 | Vapor |0.22 4.81 6.38 |0.22 4.81 6.38
218 | Liquid 89.9 5.91 75.8 . 4.98

219 Ice 140 - 118 -

* ) . » " .
Corrected integrated absorbance given by equation [6.13],

where n=1.

33. ‘.

‘Table 6.28} Calculated Molecular Dipole_Derivatives for H20

Vapor and Comgarison'withfStark»Measured Values

B I.R. absorpfiqn , Stark effect?
Mode : ' du/aq 1 du/3q
w*(em-1) vi(em™1) (pA-lamu™?) 1 (D) (DA~ Lamu-%)
1 |3833.5  3656.7 +0.23 ~0.0217 -0.23
A1648.6 1594.6 T +1.25° +0.162 +1.13
. B .9
3941.6 © 3755.8 +1.09 . '+0.0971 +1.05
‘ -
* ) .
Reference 223'v
TReference 202. . . R

+References

3

224 and 225.

Reported 3u/3q values for dimen-

sionless normal coordinates; multiplicative conversion

1

factor from Debye units to Di“lamu—éis 2nvY cw/h . .

/
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A =_vé—'.,t['band~i. a(v)dv. '  [6.10]

' —
Table 6. 27 shows that the infrared intensity of the O—H
stretching vibration 1ncreases many times in g01ng from the
" gas .to 1iqu1d to ice, while the 1ntens1ty~of the\bendlng

v1bration decreases slightly from-gas to liquid.» This en-

P /
hancement in the infrared in n51ty of an A-H stretching
:mode,_upon'condensation, s a characteristic feature of
| 219 | ¢ |

hydrogen-bonded syste
The relations ip between the yntegrated intensity of a

fuhdamental absgrption pand and thejmolecular dipole moment .
' 212

an isotropic medium is:

o N T <\ 2 '
1 2 "i) A N . .
i T a Fi B <5— 2 (fq_ | ~ [6.11]

derivative'i

A =
i i i
where - n, ='refraccive ihdex at frequency vy
.Fi = local fieid correction factdr
g; = degeneracy_of,the transition
vy = absorption“frequencys
wy = harmonic ffequency

‘NA = Avogadfc's number

¢ = speed of light in. 'vacuum .

This equation is applicable to molecules in any phase. If
the Lorentz,local’fiel' is assumed and the solution is di-

lute,'thiS’reduces to
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. .2

o 2 : '
. ' 2 v, N, m N :
1 {n7+2 i A au
A, = = ( .-> gp.<——> <———>- [6.12]
i mA3 i\w;/ 302 \39/ o ,
- where n = refractive index of the solvent or host

medium.

" 'The term (n2¥2)2/§n in Equation-[6.12] is referred to as the
Polo-Wllson correctlon 220 and simuitanecﬁsly accounts for
the local field effect ‘and the change in macroscoplc field
‘strength. Since our oscillator strengths were derlved from

the area under the conductivity peaks (o-—nkv) the correc-

tlon for field strength has already been 1mp11C1t1y made
In Table 6.27, the corrected absorptlon intensities f_
for the internal water modes in the liquid and ice phases

are also listed where

. g
. N.rm Co .
corr _ obs 9n E vi) A <3H T
A, = A, — = g. (-—- 2= - [6.13] -
* 1 (mzezyz b \ey/ 302 P9y

and n was taken as 1.33. The degeneracy, g5 in this case,

is unity. Many authorszzl’222 have equated w; to Vi but

- for the highly anharmonic water vibrations, the correct

expression {6.13} should be used. Table 6.28 presents the

literature value“5223’202 of w ahd v for'HZO vapor:;, and the
\ . - .

corresponding molecular dipole moment derivatives, calcu-

lated from the abSorptlon 1ntens1t1es via equatlon [6. 13]
For comparlson; the values obtalned from Stark effect mea-—
surements'are also given. 224, 225 These were reported for,

dimension%eSs normal coordinates, in Debye units, so it

¢
!
/
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was necessary to multiply these values by 27/ cw/h ,
Wpére h=Planck's constant, to convert them to the more

o 1 ;
usual I)A—l-amu 2 226

units. It can be seen that the two
séts‘bf experimental results‘afe'in very close agréement,
with the largest discrepancy occurring for -the Vo mode.

If the anharmonic correction, vi/wi is assumed to be the
same for fhe vépér, liguid gﬁd solid phases, thén the mag-

nitude of au/3qy in phase a is simply given by:

‘corr.

: 7 n '
oy - 1(a) Il
Q.. . corr - 9Q ., [6.14]
1 A\ A Rt : . .
T a i(gas)/ .- gas _ . //

/
|

The signs of ag/aqi wére chosen to-correspond with the

. Stark results of Cloﬁgh et«aZszs and Flaud and Camy -
y Peyret.224 ] |
Strong overlap of the 91 and v, modes in both liquid

water and ice preventéd fésolutién_of their separate band
.intensities. Thu;;‘only the $um.of the squareé ok a£/8q1
and BE/EQS could be.determined.. These molecular dipole
derivatives'are.repofted in‘Table 6.29. The boﬁd}moment
derivafives, ai/ar and 3u/3e6, caléulated under:thé zero;
order_bond4moment approximatioh, are élso given, -The
eigenvéctor matrix L uséd in this cohversion was taken
from the normallcoordinate analysis of Water’vapof‘ﬁy Iﬂ_

Mills.223 Comparisoﬁ wi

CIEH

th 3 ufﬁfifpr the internal
:\;ﬂ; ‘

water modes of Ba(ClOB)QTHzo shows. that the magnitude of

du/ar is in‘quséstvcorrespondence with the value for 1i-

S N
quid water. s :



Table 6.29 Comparison of Molecular Dipolé and Bond Momeht

Derivatives of H,0 Internal Modes in Different

.Substancés

su/2q

HZO'Phase (mode(s)) |ou/or] EXVELR
. : =1 -1/2 ! -
(DA""amu ) (DA™Y (D)
vapor (vy#vs) 1.11 0.77 0.82+0.03
(vy) 1.25
liquid (vy+¥g) "4.31
(vy) L 10 3.0 0.72+0.11
ice (vy+vg) 5.37 3.7 -
Ba(Cl0,)s-H 0 (vy) +1.82 |
372" M2 1 -
£0.82 ©2.23:0.10 0.51:0.04

(v2) 

* . ‘
Quoted errors reflect

Uncertainty‘inlsign of au/ar.

Table 6.30 Crystal D1pole Moment Derlvatlves of the Exter—

nal Water Modes in Ba(C103)2 H,0 (DA™ -1 amu -1/2,
‘ ' : e s
Molecular | Crystal = v @ 8 :
Mode . Mode (em-1)  (x10%em=2) et | 2u/q]
Rx .|  Bu 487 0.209* ' 2.50 .0.38*
. Ry ':;I "Bu v 404 3.90% 2,50  1.84*
Rz, Au 388 0.063 2,90  0.19
STz Au 230" 1.20 2.90  0.83
Ty Bu 210 0.887* 2.50  0.78%
* » -1 .
Component along a -axils.
i estimated to be accurate to +0.05. (

“p ©
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The dipole momént'derivafives with-respeét to the crys- -
tal normal coordinates have also beep coﬁputéd for;the ex-
ternal water modes of Ba(ClOB)z-HZO.ﬁ These vaiues are
listed in Table 6.30, along with the measured transition
,strengths.(Tables 4.9 and 4.10), and estimated background
.dielectric constants_(ffom Figures 4;9Adnd'4112). Further .

| data reduction to moleculaf éoérdinates is not possible
withouf the crystal eigenvector métriQ;- It was previously
shown in Sectiotn 6.2a that the oriented_gas‘model failéd to
describe the observed intensity aﬁd pOlafizatibn behéviOr
vgi_the fockihgland wagging mbtions. Since the lattice modes.

‘éare ciose in frequency, they are undoubtedly of mixed ¢ éf—i
acter. | | |

.vThe éfystal dipole moment'derivatives were aiso calcu-

iated_for the ihterna1 qh1orate,ioh mo@es of’Ba(CIOB)Z.HZO.
These results;-és well as the experimental Sj and ebfyalue;;

are presented'in Table 6.31. Again, trénsformation of the
. . - A

.3u/93Q's to bond moment derivatives is not .feasible until the

.Bu cfystal modes;ﬁ;e‘fully determined and the crystai and

2

hte w.:‘ R : . . [§
" molecular eigenvector matrices are obtained from a normal

., coordinate énalysis. However, .it is expected that the crys-
tal modes at 612 cm—l(Au)‘and €16 cm—l(Bu), which are well-
sepérared (>100 cm;l) from the other,bands5 app?oximately

correspond with the symmetrized_nnitfcéli modes involving.

vy
. then given by:

,molecuiar motion. The crystal normal coordinates are



Table 6.31 Crystal Dipole Moment Derivatives of the

Internal Chlorate Ion Modes ‘in Ba(ClOB)z-H20_4

-

Molecular Crystal v S . _|8£/3Q¢$
Mode Mode (em-1) - (x104 cem-2) ¢y -
Bu 963 6.65% 2.40 169 (2.17)*
3 '} Ay 959 22.5 2.50 304 (3.92)
Ay’ 933" 1.64 2.75 77.9(1.00)
L Ay 925 0.968 2.75 59.8(0.77)
iS! }' By 912 12.9* 2.45 233 (3.00)*
By 909 4.46%  2.50 136 (1.75)F
» By 616 - 2.38*  2.50 99.0(1.28)*
Y2 Ay 612 1.34 2.80  69.7(0.90)
Ay 507 .1.81 2.85  80.1(1.03)
' Bu 502 0.380% - 2.50 39.6(0.51)*
* Bu 493 11.31* 2,50  73.5(0.95)*
Ay 481 0.349 2.90 34.8(0.45)
* ' : .
Component along a -axis.
'+éb estimated to be accurate to *0.05.
,f +Values'gf,a£/aQ reported in cms/2 s—land (in parentheses) .

&
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1.
au =2 (9127992 % 932 7 dgp)
o . [6.15]
(2) _ 1 o * .
Qpy =% (9127952~ 932 % 942 . SR

Figure 6.1 definés the relationship between the C10," ion
sites in the unit cell and the brystal symmetry elements.

. . L4
Under the oriented gas model, the crystal dipole mo-

A

ment derivative is:

ay 2w , ‘
20 - 2 3q cos 8 [6f16]

Qhere 6 is the angle between the‘mqlecular transition mo-
ment and the crystal axié direction along which the inci-
dent radiation is poelarized. For the‘vz ClOB— ion vibra-
tion, the trlnsition momenté lies algng the bisector of the

C10 105

3 pyramid. From the Ba(ClOB)z.HéO crystal structure,
the directioﬁ cosines of this vector, denofed Q,Vm, and n,
with reference to the a', b, and c crystal axes, respecf—
ively are: | |
g =0.726  m=0:672 n=0.145 [6.17]

Thus, the bisector qf the C103— ion pyramid'makes éh angle
of 6 =cos~l (0.726)=43.4° with the a'-axis and
\;&==cosf1(0.672)==47.8° with the b-axis. Substitution of

. these direction cosines into equation [6;16],,along with

the associated crystal dipole derivatives from Table 6.31,

gives:
3L I gey - 3/2 -1
.|35 2 Iaq c?s (43.4°%) ¢’99.Ocn1 s [6.18?
s - 5 |2E] cos (47.8°) = 69.7em /257 [6.10]
. an ’aq - ' .

.

Solution of -equation -[6.18] gives a |du/d3q| of

-
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3/2

68.1 cm 1, whereas equation“[6.19] gives'a value of

3/2 According to the oriented gas model}

~51.9 .cm
|aE/3q|‘shouid be.the same for the Au and Bu factor group
components of vzh‘ Thevfailure of this prediction suggests
thaf the neglected infermolecularfinferactions are impor-
tant. A more eccurate descripticn of the obserVed'multi-
plet infensity for'the Vg C103_ ion mode requires the
crystal eigenvectcr matrin. However, the oriented gas ap-
‘proximation~gives.a neaSOnable estimate of ai/aqziasv

60+8 cem/? 571 (0.77 « 0. 10 pa tamu"?y.

It is of interest to compare this result with those
previously obtained from infrared intensity studies on

.0103* ion. In Table 6.32, the chlorate ion dipole deriva-

. 4 ’ o %
tives are reported for NaClOS,96’97’227 Rb0103,2_27 and
C103_ in KBr pellets.222’228‘ To illustrate the self-con-

sistency of a particular method, twc'independent sets of
ap/aq values are quoted for both NaClO3 and C103 ~in KBr.

The first  set of d3u/aq values are from the normal in-
cidence infrared reflectance measurements on s1ngle Crys-
tal NaC'lo3 by Ande¥mann and Dows.96 The tran81t10n
stfengths were compu%ed from the KK—derived cptical_cong
stants, via | -

2,
T

S. =.

i e''vdv . , ‘ « [1.87]

band
As‘diSCussed in Section 1.4, these autﬁors report erro--

neous values of dyu/3q because of an 1ncorreq< evaluatlon

of the lattice sums. . The correct procedure for calcula-.



Table 6.32 Comparison of Chlorate Ion Diﬁole Derivatives
‘Calculated for NaClO5, RbClO, and €105 in KBr
(Cm3/2s-1 ; -
nac1o.! | nacio.} mocio.f | cio,” inkBr
el 3 3 ° 3.1 773
;1'*‘ Ref. Ref. Ref . Ref. Ref.
Mode | v(cm % . 96 97 227 222 228
/ : ‘ : _ :
v§ 938 120 99, 95 ‘76 | 52.4 66.8
vy 615 '70.5 74. 44,0 48.4
Vag 091 i 175 181 161 193 177 122
V3 966
v, 489 41.9° 35. 37.1  36.7
.

* .
Frequencies are from Reference 228.

Calculated from infrared reflectance measured values of
Sy via equatlons [6.1] and°[6.16]; see text.

'#Calculated from d1polar lattice -theory and measured

. Raman spectra.

Calculated from infrared absorbance via equation [6.12]

'and

n(KBr)

1. 559
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ting the molecular dipole moment derivatives of NaClO3

from the measured Si is described by Decius and Hexter,161

and basically follows e%gatiéns [6.1] and [6.16] of this
thesis. Equgtion'[G.lG] is apprOpriate under the oriented

gas approximation since NaClO contains 4 equivalent mole-

_cules in the unit ce11.97‘ Other data relevant to the cal-

“culation of 3u/3q; for Na:iﬁB are: i) the ClOB—Iions are

etry,97 ii) the unit cell. edge

located on sites of Cg sy
is 6.5756 A, iii) the Na-D line value?® of n is 1.5, and
iv) the Lorentz local field was used.

Haftwig, Rousseau, and Port097»aiso recorded the reé
flectance spectrum of NaClOB, but determined the transi—
tion strengths via a‘classicai'dispersion ahalysié<(equa—
tion [1.91]). This S, data was converted.to molecular di-
'~ ‘pole moment. derivatives in the mapner outlined above. The
derived 3un/3q values are‘iig%ed in Tabie 6.32 and exhibit
fairly good agreement w1th the results of Andermann and
Dows 96 The Values of 3u/3q obtained from a dlpolar coup-

227

ling model for the vl and Vg modes of NaClO3 and RbClO3

single crystal have also beeﬁ included in Table 6.32.¢

These quantities were recently calculated by R. Frech227

s
from the ‘observed vibrat onal multlplet structure in the

Raman spectra, and the local fleld correctlon was rlgorous—

2

ly determlned from the lattice sums and atomic polarlzabll-

LS

ities. Thus, the - ag‘eement with the 1nfrared reflectance

S

229
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results is significant and indicates that tne.Lorentz local
field is a reasonable approximation and that dipoleQdipole
interaction is the primary source of the vl—vé factor . group
splittings in NaClOBﬂ

In the last gwo cqlumns of Table 6.32, chlonate ion

- .dipole derivatives are reported for infrared absorption in-
tensity measurements‘on'pressed pellets of freezé—dried

KClQ3 in KBr. Tnis me?hod»was adopted both by krynauw and
Schutte222 and -Hart and HollenEEXg.228 Thé observed inte-
grated intensities w?ré COnverted_io molenniar dipole deri-
vatives via equation [6.12], nsing n of KBr230 equal to
©1.559, and setting vi/mi'eQUal to unity. .This techniQQe
pfoduced fairly reproducible-re;ults, except for Vg where
~the discrepancy is of the order of 40%. Comparison with
B'and RbClO3 shows

substantial disagreement; perhaps indicating that the local

the corresponding 3u/3q values for NaClO

’

..field experienced in single crystal NaClO, and RbClO

is
3

3
different from that in powdered KC10,.

o .
Qur value of aﬁ/aq2==6o + 8 cma/“ s_1 {for Ba(ClO3)2
S ' ) 7.7

is in fair agreement with the range of ‘values reported/fg;\

3/2 -1

'H20

NaC1033£7O—74 cm ). This expérimental result supports
» . . . .

the oriented gas model as a useful first approximation for

.Obtaining molecular parameters. A more définitive'evaln—

ation,of these fundamentak=quantities awaits a compiicated

normal coordinate analysis.
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CHAPTER VII.

. CONCLUSION
' q

To summarize, the frequencies and symmetries of the

., » o / :
fundamental vibrations of crystalline Ba(C1O3)2'H20 have

" been determined (Section 6.2) ffbm polarized inffared re-

flgctance measurements, at near-normal incidehce (Sectioh
3.3). The optical‘and dielectric cogé%ants for this re-
gion (Section 4.2) were obtained from<;ﬁkramers—Kronig
analysis gf the reflectance data (Section-ktl).

The experiméntal errors influencing tte Qeasurea‘rgﬂ
flectance were_studie& in detail and, where péssible, wére
minimized and/or ;orrécfed fpr (Section 5.1). 'This proceﬁ
dure gave excellent reproducibility and accuracy. In the
mid-infrared region, the 6vera11 reproduqibiiit& of the

Ba(C103)2-H20 reflectance was 3% of the value, resulting  in

a similar error in the derived dielectric constants (Sec—'

“tion 5.2).

’

The polarization results largely confirm earlier vi-
brational assignments of Ba(ClOB)z-HZO. In fhe case of the
water librations, the observation of a weak} Au'mode at

T ’ - AN

388,cm_1, previously unreported, enabled the roéging, twis-

‘ting, and wagging motions to be assigned to infrared bands

e

i T

at 454(Bu), 388(Au), and 404(Bu) cm—l, respectively (Sec-

tion'é.Za). The near-degeneracy of the wagging ahd twisting

.frequenciés is in agreement with the deuteron_magnetic reso-

nance dafa of Chibé.110 and with'the model_calcUlapions of

363 .



BN R § £ e

LErlksson and Llndgr\\; for a water moleculefln a trlgonal :

-

fffenv1 ment i The relatmwe 1nten31t1es and polarlzatlon be-, :

[ 4 ~.

fhav1or of these v1brat10ns suggest that the rocklng;and
'i”wagglng motlons\are mlxedt" , hmy¢ |

. The number and\symmefry spe01esvof the crystal modes
.“fln the ClO .stretchlng reg1on ( 900 1000 cm 1) and 1n the
Vlattlce mode reglon (- 100 46D cm 1)

m1ned (Sectlons 6 Zb and 6 20) ThlS 1nformatlon Was not o

have also been deter—~

avallable from an 1nfrared transm1551on study of 81ng1e

“crystal Ba(C103)2 2O by Bert1e et aZ 130 because accom—

,\ ',';.' PRV

\ . ¥

' panylng hlgh reflect1v1ty caused severe band distortlon and

yconfused the as51gnments ; On'the bas1s %E ouf\anfrared

A}

'polarlzatlon results a reassagnment of the gerade compo—”l'

4nents of ‘the. Vl and v3 v1b atlons of\Clog_'ls proposed
) N30

'whlch unllke prev1ous work doe§ not 1nvoke an unusually

'flarge 1sotop1c shlft of”~15 cm 1 for the v modes of . f\\ .

1
35 . - BT
TC104 and ,Cle when the calculated shift is only

-1

:~8 cm (Sectlon 6. 2bb o e

The: observed reflectance and Kramers Kronlé.derlved

.dlelectrlc loss spectra were both successfully modelled w1th;;>‘ .\
a set of damped harmonlc 0301llators 1nd1cat1ng that thls
FCIas31Cal d1spers1o§ model is a reasonable descr1pt10n of
'dthe 1nfrared absorptlon process in Ba(0103)2 2O\(Sectlon
4., 3) ' "The advantages of th1s comblned ﬁramers Kronlg/
1Clas51ca1 D1spers1on method for obtalnlng rellable values
'of the dlspers1on parameters are clearly demonstrated 2

;partlcularly for overlapplng bands From tB® measured



5"'“’_)

Y

'the.vz vibration of'ClO ‘was estlmated to be60480m 3/2

"}A‘ '

‘pendent calculatlons of au/ar from the vy (Au) ~and uB(Bu)

‘trans1tlon strengths thelassoc1ated dlpole mdment derlva—

tlves %1th gespect to the crystal normal coordlnates were
A

“\evaluated under the assumptlon of a Lorentz local f1eld

(Sectlon 6 3) ' Undep/the further assumptlon of the or1en—

~ -

b]
ted gas-model, the molecular dlpole moment derlvatlve for

_1.
3 .

The transformation from crystal d1pole moment deriva-
t1ves ‘to bond moment derlvatlveS“was performed or the in-
ternal waten,modes, under a' zero- order‘ﬁbnd momen ‘approxi-l

mation (Section‘6 3), us1ng the results of' an 1ntramolecu—'
130

o lar force fleld calculatlon by Bertie et al. This gave -

- -1

bond“moment derlvatlves of au/ar-z 23+0 lOI)A ’ and

A r

au/ae-o 51+0.04 D, where r is the equ111br1um®%tH dlstance

‘and e 1s the equlllbrlum H-O-H" angle The fact that'lnde—

stretchlng v1bratlons were in good agreement”strongly sub-

s,

"ports the valldlty of the bond moment model for these par-

t1cular O-H v1brat10ns - o o -

A Further polarrged infrared reflectance measurements on

. a Crystal face of Ba(C103)2 H2O contalnlng the c- -axis, are

requlred to completely determine the onlentatlon and.magnif

-

TA more rlgorous evaluation of the bond moment derlvatlves

awalts a full normal coordlnate analys1s M1nclud1ng a local

f1eld correctlon based on the lattlce dlpole sums and atomlc

’</T tude ofvthe~trans%}ion moments for,the Bu fundamental modes. N

S | . . 365



polarizabilities. Finally, a study of the témperature de-'

'”Apendence,of the'iﬁffared spectra wiil enable a more déf.

- finitive assignment of the overtone and combinatiqn transi-

" .tions.
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APPENDIX A"

O
N

; Derlvatlon of Kramers Kronlg DlsperS1on Relatlon Between the

Real and Imaglnary Dlelectrlc Constant N

v . y +
b AXS . ) . . -y

Derlvatlon of the dlsqers1on relatlon between the real

Qand 1mag1nary components of the complex dlelectrlc functlon

Vi ;
ﬂVe(v) requlres an analytlc contlnuatlon of e(v) 1nto the
uilupper half of the complex frequency plane 2?1t This is re-
presented in Flgure A. 1 as Domaln D with vr.and vi denotlng
the real and 1mag1nary frequency axes, respectively A con¥
tour’ 1ntegrat10n as 1ndlcated by pathway C ylelds the de-_
{srred‘dlspers1on relatlon The slngularlty at v along thef
real frequency anas corresponds to a frequenoy of resonance
absorptlon -and ‘is enclosed by - the contour 1ntegra1 For a
real crystal Wthh possesses several absorptlon freqhenc1es
'thls method is ea811y generallzed by summlng the partlal
‘:contrlbutlons from each - resonance frequency

-

_Contour € Domain D
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" APPENDIX A, continued

g
9

. ' (.
In’ order to apply- Cauchy s 1ntegra1 formula 232 the

eontour integral C must epproach zero as the frequency
radlus becomes infinite. However, 2im e(v)-—l and not O

The 1ntegratlon must therefore be p;r}zrmed for the modlfled
functlon f(v) s(v)—l Which'satisfies both.thls 11m1t1ng'
condition and the requlrements of causallty, boundedness

and 11near1ty _ From equatlon [1.9], it can. be seen that
(e(v) l)/4ﬂ is the proportlonallty constant between the'

electrlc fleld E and the induced polarlzqtlon P : Slnce po-

larization cannot be dnduced in the medlum prior to the
s

&

~ application of the elettric fleld f(v) must also be a
‘causal response functlon

h,vCauchy's integral formula then gives that:

__f_(_ ) = P f \)-)‘ o] . ' ' ‘
S v—: =P J ‘\)_E\) - 11"vf(\)o) : ‘ [A.1]
c o - o . Lhi

where P = Cauchy principal value
and f(vo)= e(vo)—}.

it

Substitutionrof f(v) E(v)—l gives:

Lop o elo-d
Tl v—V
—» . fe)

;:(v,o)‘—l= dv . ‘ | | [(A.2]

The -1 term in the integrand may be dropped since:

. 1.3
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" APPENDIX A, continued )
: ' 4 - o
-Thus, S , o :
o 4 YO \ i B
E(\)o)“l T owi P J NERVIR §Y' [A’Qlﬂ o
. . . ) ) . :Q.L‘ I
Sepafation_of;real andr;magfnary p%rts-gives:h -
e'(vy-1=2p ;EL) g, [A.5] -
: o N VeV . .
L = o O N L
. ‘ ' _” _ 1 © E'(\)) : | . o ; - .
and € (v\)o) -; P, ‘f —;)—:-v—' dv. _ ‘ [A.B]
~ ¢
The fact thaf‘égv) relates two real field quantifies,
E and D, imposgs theiconditidn that:253 _
e(-v) = E*(v), and therefore: e
'E'(;“)'% Ty j/B'
and : e"(fv) = e'"(v). ‘ : R

EQuatiohs [A.5] and [A.6] can now be expressed as integrals

over positive frequencies:

e (v ).-—1='~2—'P J XE—,Q.—)-d\) - o [A.7]
: O ) kil o 'v'z—vz - ‘ \
¥ - [s) - ‘ ‘ .
.2‘\) ® ' !
(v )= —==P 7 £ ) gy . [A.8]
- o ) 9'2-v02

- These are the Kramers-Kronig dispe sion relations for e(v)

given<iniequations‘[l.59] and [1.

0). The corresponding

relations between n(v) and k(v), jand 6(v) and 2nR(v), are

. . ) 3
obtained in an analogous manner.
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APPENDIX B

»?efleétﬁnce'offPof&cfystailf%b:Bé(0103)2-H2O;af.298°K'

o o, o bl e
zﬁx (cm ) R (em’) (em ) R
‘ 49; 4_‘ 119.5 dzyd' T 35040 T ,0961
58.5 12051 3580 375.0 1062
©65.8 . W614 . 120.7 a», 2793 408.8 0953
68.9- 2722 1213 2989 . - 413.6 . 0840 .
71.3  x.2861 122.0 'u316;- - 4l9.4 L0736
g 24.4 997D A ,1.“..6 - X fe) 3 “.42701 - + 0636
75.6 .3084 123,2 <3461 oy 0 A469.5 . ,0756
- . 7648 . .3188. 123.8 L3573 0,0 472, . 0861
7846 . 3297 125.0 $3720- "5 A75.3 0970
. .B0.S . 3399 128.1 35480 . L478.2 «1100
‘ 82.9 3501 - 128.7 3404 i,  A497.5 ;0979
84,7 (3652 129.3 o .3249ThL. . 501.4 (1155
86.0 L3775 S129.9 0 L3111 S02.3 o1”8’ P
86.6 . 3894 S 132.9 3312 wp03.3 .1399/
87.2 ,4031 134.8 3193, 7o 3064 2 1195
87.8 -~ -, 4156 135, 4 L0986 507 .1 .1o4é
88.4.  .,4292 136,00 . 2689 509, 1 0854
B9.0 4476 136,64, ioz9s . 510,0 . 0797
' - 89.6 14687 T 137.2 L2115 51150 <0612
w - 90.2 .4848 137.8 L1871 512,0 . 0384
- 915 .5040 138.4 1671 dig., . 0213
' ?22.1 5190 ' 139.0 1516 CSR9¢3 + 0315
92,7 5348 139.6  .1405 - JJ42.80 0415
?23.9 + 5486 140.9 d274 062.1,* . 0518
957 D607 142, L1172 582 qg 0822
?8.8 v 5422 143%,9 21036 594.,9". 0724
99.4 9273 145,1 .0871 601.6 Vﬁf.0836
100.0  .5075 146 .4 0726 605.5. " .09%57
100.6 - - .4808 154.3 L0605 . 608.4  ,1079
101.2 <4519 162.2 L0731 619.0 0949
101.8-.  .4280 167 .7 ,0624 620,9 0790
102.4-  ,4109 169.5 L0514 621.9 oOééO
103.0 . 3983 . 188.9 0636 0 . ¢ 6224 0518
104.3 43851 193.8  .0767 _6;3.8 '.o§?7,
111.0 3668 . 198.6 .0887 625.7 20284 5
T 111.6 « 3503 203.4  .1030 '635.4 03724 j;_
112,2 « 3304 212, 0930 647.9 . 0495° 2
112, 3077 91%,9 L0796 673.0 0596
113.4; 2816 218.8  ,0693 712.5 V0697
114.0° .2521 237.2 . 0579 _ 761.7 0799
114,66 . L2225 ' 241.,0 .. 0453 804.,1 . 0899
115,2 .1982 262.2 - 0557 828.2 ¢1003
115.9 1833 . 275.7 . .0657 B4b.6 ,1109
1.18-3 ¢ 3024 297.9 0758 ’ 85%9.1 T .1216

©118.9 2188 < 321.0 . 0858 868.,7 1320
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LV V- U R A
(ecm R (Cm R  (m ) R
876.4 ,1422 7 959,4 <4107 1103107 L0756 7
882,2 V1525 960.3 .4232 1033.6 L0595
887.1 - .1638 - 961,3 . 4854 - 1035.5  ,0447
890.9 = .1749 . O 962.3 <4475 1037.5 0328 o
93,8 .1854 963.,2 ¢ 4595  1040.4 0207 -
BRE.7- 7 198BS - 964.2 , 4712 1045,2 ©.0101
. B9B.6 . 2090 965.2 .4828 1162.8  .0202
900.,5 .2217 96641 24946 1202.4 0251
902.5 o 2368 ' Q67 .1 + 5062 1222,.6 ) 00272
04,4 .2537 968.0  .5177 1242.9 . 0292
906.3 «2708 - . 9469,0 ~v.5291 . 1266.0 .0313
208.3 2870 "970.0 5402 1294,0 w0333,
?10,2 . .3018 ?70.9 . 5509 - 1326.7 . 0354
912, « 3154 O 971.,9 ° ,5610  1362.4 L0374
914.0 . 3292 ‘ 973.8 = 5773 ©1427.,0 0394
916.0 .3429 . 980.6 5631 1481.0 .0414
917.9 . 3557 . 981.5 - .5518 - 1555.,3 - .0434
919.8 - .3663 982.5 . 5385, 1586.1 . 0456~
92646 3534 P83.5- 5234 © 1593,8 L0477
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. 933,32 2616 .988.,3 4265 - - 1607.3 . 0470
934,3 ._“89 989.3 <4057 . 1608.3. .0431
935.3 1936 : 990.2 .3857 1609.3  .0396
936,72 1625 9291, $ 3672 . 1610.2 0349
9370.’% 01430 . 99...0:. ’ 3507 ) 1612,2 . 10346
. 941,0 .1618 993.1 .3363 1619,9 0366
942, 1756 994, 1 » 3240 162646 ., 0388
943.0 .1899 ° PP5.,0° .3137 1637.2 . 0408
94%,9 <2044 9970 . 2974, 1671.0 . 0429
944.9 - ,2187 998.9 /2847 1706 %6 . 0449
945.9 . ,2327 . 1000.8 $ 2735 . 2118.4~  ,0470
946.8 2464 ©1002.8 L,2621 2154,1 + 0490
947.8 \2597 . 1004.7 . 2497 o 2202.3 <0511
948.8 2726 T 1006.6 2369 o ““”0 . 0531
949 ,7 . 2852 1008.5 «2225 29947 + 0551
950.7 2977 1010.5" . 205 2631 3 ~0571.
951, 7 +3100 1012.,4 .1877 2965.0 - 5391
52,6 . .3223 ©1014.3 . 1693 30556 : 0u~
953.6 . 3345 1016.3  ,1533 3444,2 + 0547
954,5 /3469 1018.2 41419 3472.2 <0568
955.5 3595 1021.1 <1307 3484.7 0590
5L, 5 ‘3723 “1024.9 .1174 3493.,4 < ,0612
957 .4 . 3851 1027.8 «1033 3499.,2 . ¢ 0633

958. 4 . 3980 1029.8 10907 - 3904.0 . .0659

2
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APPENDIX B, continued

Vo,

- 3507.8 -
3516.5

351844

3519,4° .

T 352044

3521.3 .
352243
352462 -

3526.,2
3537.7
3542, 5
3547, 4

3552.2

3557.0

3561.8
3567.6
3585.0

3586.9

0680
0652

L08TE

L 20593

+0570

0547

L0526
0492

.0472

+ 0493
0016
+0539
+ 0561
.0587

0609

0632

T L0601

#0572

L
\

.

N

3590.8
3IEQ20T
L3%94.6
3596.5
C3598.5
3601 .4
3631.3
3642.8
3661.2
34692.,0 .
3723.8
3761.4
L 3857.9
4142,
4219.4
4670.7
5071.8

T 3588.8

(em) L R
- ,0539
0503

.0467
.P434

40404
0382

L0358
.0378
L0398
. 0419
. 0439

40460
. 0480

+ 0500
+0520

-, 0561

. 0540

L3

.V.

(em )

R

5095 .0
5141,2

©5245.4

5280.1
5318.7

5338.0 -

5604.1
5712.1
57584
6275 .2
6637.7
6687.9
68537
6869 .2
7143.0
7173.9
7197.0

«0520
.0498
<0521
.0541
+ 0562
0582
0562
.0582
<0603
20623
+0602
0581
20560

L0539

+0561
L0082
. 05846

385



. Reflectance of (001)-Face”gI-Single-Crystal Ba(b103)2-H

Ellb

(cm*% R

r14.7
S 115.7
116.6
117.6

118.6

119.5.
120.5
121.4
22,4
123,44
124.3
125.3

126.3 @

127.2
128.2
129.2
130.1
132,1
133.0
134.0 -
135.9
136.,9
©137.8
138,8
139.8
148.4
150.4
152.3
154.,2
156.2
157.1
158.1
159.1
161.0
162.9
164.8
165.8
1646.8
167 .7

3626
2979
L2201
2364

2798

« 3322

3873

4292
+ 4836
5045

4842

<4407
+ 3855
+344)
. 2889
. 2038
+1418
1647

2214
s 2602

2280
1736
1142

+ 0595

L0324

- .0447
’00678

.0782
0977
1126

1237
,1478

+1691
.1871
1990
+1710

. +1451
41189
© 0909

APPENDIX C

Y _

‘at 298 K; Ellb and ELb

(cm %) R
168.7 0622
169.7 . 0388
170.6 0266
172.6 0151
183.2 L0257 .
190.9 .0378
197.6 L0496
203.4 0617
208.2 . 0748-

C214.0 . 0887
220.8 . L0999
222,7 1105

T 205,46 1229

: 2280‘ 01376
235,2 1231
236.2 1123
237.2 1007
238.1 0869
239,1 0722
240.0 0566
241.,0 L0424
24209 \0391
'245.8 0179

\ 264.2 . 0281
- - 278.6 <0385
. 304.7 . 0490

i 329,74 . 0599

412.6 L0700
458,9 0811
471.5 L0927
476.3 .1078
482, . 0873
489.8 <0995
493,64 1097
496.5 1225
49805‘ 01363
500.4 .1482
501.4 + 1600

1767

. 8502.3.

o

. vV -1 :
em ) R
503.3 + 1990
\004'~; 2281
505.2 102690'
50642 3196
50741 . 3681
508.1 A026
510.0 ° + 3649
511.0 2732
51200 . 01574 )
512.9 L0668 .
513.9 L0261
514,9 - .0144
521.6 20247
527 L0355
537.0 L 045¢
55404 00562
578.5 0646
593,0 0773
599 .7 . 0882
603.6 0996
606,45 1153
1 608.4 L1257
613.2 1095
614.2 LOW49
615.1 0745
616.1 L0541
61741 .0387
619.0 L0266
626.7 L0375
636.3 . 04764
658.5 0576
701.9 04677
769.4 0777
'823.4 . .0878
848.5 0979
8467.8 .1084
881.3 «1190
890.9 1294
B898.6 . 1400

- 386 .

g



" continued

'APPENDIX C,

. -3
Ellb
em’) R (cm ) R
904.4 .1502 996.0 w6367
910.2 ".1617 997.0 « 6255
915.0 .1728 997.9 «6132
918.9 .1846 9298.9 .5989
9272, " .1978 990.9 + 3835
92646 2096 1000.8 + 5674 .
928.5 2212 1001.8 | .5496
930.4 2347 1002.8°  .5298
934,3 ,L~11 1003.7 ' .5091°
. 936,70 2087 1004.7 + 4882
© 941,0 ‘.L~37 1005.7 14669
943., 0 . 2410 100646 + 4449
944,9 2608 1007.6 . .4223
945.9 .2721 1008.5 « 3972
946, 8 . 2836 10095 13686
7.8 ,295¢ 1010.5 + 3379
948‘8 3085 1011.4 + 3073
50,7 L3342 1013.4 2442
951, 7 '3510 1014.3 «2106
952, & 3876 <1015.3 . 1781
951, 4 . 3854 1016.3 .1486
 956.5 14469 1019.2 - 0848
957.4  ,4710 1020.1 +0709
958. 4 . 4949 1021,1 40594
959. 4 5188 1023..0 0423
960.3 5419 1024.9 0304
9613 5625 1027.8 ., - ,0190
962,3 5804 1032.6 - 0078
963;2_ L5970 1131.,0 L0179
964 ., 6124 1198.5 «0272
965, 2 . 6253 1223.6 -« 0293
946.1 . L6365 1245.7 + 0314
2671 . 6472 1276.6 0334
9680 $6574 1312,3 . 0354
970.0 6728 1352, 0375
971.9 <6870 1402, . 0395
974,8 +7010 1462.7 20416
L 978.7 7126 1516.7 . 0437
987.3 <6995 1546.6 . 0458
90,2 6860 1563.9 . 0480
?92.2 6722 1574.5 . 0501
994,1 6574 1581.3

. 0523

3502.1

(cm ) R
1586.1 0547
1590.0 10875
1’69._ 3 9 : . O({)OS
1594.8 0632
1596.7° . 0668
1597.7 0689
1598.7. 0714
1599.6 20743
1600.6° L0776
1601.5 0810
1602.5 . 0845
1606.4 = ,0786
1607.3 10675
1608.3 . 0544
1609.3 . ,0419
1610.2 - ,0320
1611.2 .O:’ 7
1612,2 L0222
1619.9 . 0251
1622, 0277

C 162646 0303
1631.4 L0326

1637.2 . 0348
1663.3 0390
1698.0 . 0410
1760.6 . 0431
1994.0 . 0451
2304.5 . 0471,
2836.7 . 0491
3155.9 L0512
3381.5 L0532
3432, . 0554°
3451.9 w0576
3465, 4 10597

© 3473, 1 10617
3481.8 L0637
3486.6 0660

‘3489.5 L0681
3492.4 . 0702
3495.3 . .0729
3497.2 L0751
3500.1 L0783

. 0808

387



g;n;b,

(cm 7) R
sJoa.o .0838 -
3505, 9 L0862
3507.8 . 0888
3513.6 w0863
S3514.,6 . 0831
3515.6 L0789
3516.5 v 0739
3517.5 L0681 7
3518.4° - ,0616
3519.4. 0547
ElLb .
104.1 . 2052
1060 V1791
108.0- . 1989
110.8 2116
111.8 .h.38
115.7 22042
116.6 . 1868
117.6 1747
119.5 1917
120.5 \2172
121.4 . 2432
122.4 2698
123.4 .2878
124.,3 V3046
125.3 . 3187
126.3 « 3465
127.2 .4085
128.2 + 4503
130.1 c 4670
131,1 . 4917
132,1 5296
133.0 5609
138.8 . 5885
'139.8 . 6084
140.7 .5814
141.7 «5430
4207 ¢ 44960
1 143,6 «4137

APPENDIX C,°

continued./. - .

‘ | 27
V » S ¢ -1 ,
(cm ) R (cm ) R
3520.4, 0 .0479 3542.,5 0301
3521.3 . . .0416 3546,4 . 0323
352?. - 0361, 3550.3 0346
3523.3 L0312 ©3556,0 L0367
35 '14.__'  L0271 3965.7 . 0387
3525.0 0045 3577.3 L0411
©3527.1  .omoB. . . 3600.4 .. ROEE
- U e 3649.6 . 045
32?3'9 10230 3780.7 .0474
\J\Sé'8 .00.'2\.14 - .
3539.7 L0279 ° 4399.8 0486
\/q’
144.6  ,3121 219.8 . 0415
145.6 +2032 221,7 10494
146.5 L1225 225.6 L0375
1147.5° .0B70 | 254,55 . 0480
149.4 1205 271.9 L0585
150.4 « 1633 295.0 . 068%
151.3 - ,1942 319.1 L0792
152.3.7°  .1832 341.3 . 0893
ﬂ153,3' « 1632 365.4- . 0994
L 154,22 . 1430 381.8 .1094
1155.2 .1203 398,72 . 1199
156.2 0913 407.8 . 1086
157.1 0673 L412,6 0957
158,1 0529 415.5 . 0847
160.0 0423 419, 4 L0715
166.8 . 0524 422.,3 0613
170.6 0661 427.1- L0491
177.4 L0551 465.7 L0596
18043 - - ,0427 469.5 L0705
189.9 ©  ,0552.° 474 .4 LOB21.
193.8 0672 478,72 . 0929
198.6 . 0821 482.1 .. ..1047
201.5 . 0929 - 485.0 - ,1159
202.4° <1037 487.,9 1284
] 206.3 +1155 491,77 1395
. 214,0 .1033 - 4 e
S 215.9 o911 495.5  iing
O 217.9 . L0767

499, 4

#

. 0978

i

388



CELd
‘; . V _’
(em™)

501.4
503.3
505, 2°¢
5062
508.1
520,64
533,22

et
592.5

572.7
586.2
593.9
598, 7
602,6
605.5
607.4 .
609 .4
611.3
612.2
61%;2
614.,2
615:1
61631
617v1“l
618.,0
620.0
620.9
621.9
622.9
623.8
624.8
L 625.7
b26.7
642,
653.7
676.8
712.5
757.8
797 .4
819.6
836.9
849.4
858.1
865.8
872.6

«0BO7
.0648
«04346
.0308
. O I () O
L0263

“%0363

.0464
L0570
0675
L0785

. 0885

".1019 -
W1161
.1299

+1442
+ 1599

¢ 1700

.18328
L2022
2234

e 2455

+ 2643
w2747

2563
2247
1796
.1291

- .0819

+ 0457
.0247
+0145

.0256

. 0359

« 0462

c 0565
0671
0771
0872

<0979
,1086

'}1186

1301

.1421

APPENDIX C, continued

V

,,.

)

ZV“

-1
(cm

)

R

877.4
B861.3

884.,2.

887.1
BB9.9
. 891.9
893.8

895.7

8977
898.6
899,46
900.5
901 .5
902.5
903.4
904.4
90% ., 4
906.3
907 .3
08,3
909 .2
. 910.2
911.2
12,1
913,11

"914.0 -

9150
916.,0
916.9
917.9
919.8

924,7

+1536
+ 1646
.1748
.1873

2012

2128

* ol A

. 2423
2614
.2728
. 2847
, 2982
.3143
.3318
. 3497
L3694
L3921

2262

4158

. 4398
4655
4924
5177
<5405
5623

.5828

L5996 .
6138

6281

W 6422

6535

L6712

L6571

6429
« 6285
e 6169
+ 6059

29926

9756

5528

V5187
., 4682
3982

.3102

2143

937.2

938.2
939.1
940.1

942,0

945.9
947.8
949, 7
951, 7

?92.6

?53.6

954.5
955.5

956,55

957.4
958.4
?59.4
?260.3
?61.3
62,2

?263.2
9642

965,2

?66.1°

196741
96840
¢ 970.0
974.8
97647
9777
97847
97946
980.6
981,59
.982,5

. 9B3.5
- 984.4

985,49
?86.4
987.3
?88.3
.989.38
"990,2
?91.,2

1292
.0711
0380
<0201

-, 0081

0208
+0347
0528
+ 0740
00866
.1007
.1163
+1341
1552
1798
. 2088
2435
2847

« 3313

389

J3814

4315

CA757

5109
5374
L5569
L5713
£ 5857
5699
5492
.5349
+5191

+ 5022

. 48Y

+ 4605
74368
+4112

3825
e 3191

. 2858
2513

. 02170

+ 1855
1570
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APPENDIX C, continued

Elb

(cm") R (em )

R cm”

) R

92,2 L1315 3104.8 .- .0466 - 3592.7 . 0433
93,1 1096 3359.3 . ,0486 3593.7 .0401
94,1 . L0919 3449,0. L0508 | 3594.6 L0375
995.0 . - L0773 3497.2 2, 0528 3595.6 0350
296.0. ~ L0650 . 3512.7 .0549 359605 - +0325
907, 9 .0470 . 0 3032.9 0 e 0571 35‘?7 50 0304
999.,9 - i0351 ¢ 3539.7. 0 .0591 - 3599.4 . 0270
1002,8 ©.0238. . 354%5.4 - ,0612 3601.4 - L0247
100746 L0133 . 3549.3 ,0634 3604,3.0 . L0225
© 10192 L0030 553,20 ,0656 0 3619.7 - 0250
:1081.8 - L0130 L 3558.0 0 ,0682 3626, 4 L0273
1161.9 © .0231. - 3561.8 0709 | 363242 40293
1197.5 L0267 BHET.E L0730 3640.9 . " 0314
1225.5 .0282 3582.1 V0707 3651.5. .. 0336
1260.2 +0303 3584.0 L0682 1 3665.0¢ . 00356
1304.,6 L0323 3585, 9 0644 " 3683.3 . L0377
1354,7 . 0343 3586.9 .0618 3720497 L0398
1411.6 L0343 3587.9 . 0590 3787.5"  ©.0421
1511.9 . .0383 ' 3588.8 <0561 . 4107.6-  .0444
1655.5 0404 ° 3%589.8 . 0530 4398.8 + 0444
1799.2 . .0424 =77 3590.8 . 0500 ' :
24607 .0445 1 | 3591,7 . 0468
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APPENDiX-D‘ o

e

&

;ﬁ*Kramers Kronlg Derlved VaLues of the Dlelectrlc Functlon

for Polycrystalllne Ba(0103)2 H O ‘

oA

 _@;y:;;}f§ﬂ 'f ” f;fb; - ‘ ? “ EV J ' - 0
r (.c-_m,’v)',_,..'a e (cm e €

'4

8,12 - 1,49 ”{96 p “ﬂfa.oa 17,04 -
C BLIS 1.74 7 1970 4,65 0 15,300
7492 1,48 - S 9746 —4.96 - 13,60
58,6 B.6B . 1.34 S 98.8  ~4.,60 10,67
‘62,2 .  B.B4 1.58 ~ 99,4 -4,17 - 9,54
64,0 . B.86 1,33 . . . 100.0 ,-*3.63 8.59
69,5, 10,01 1,837 .. 100,67 . -2.,97 7.86
L72.0 10,99 - 1.77 o 101.,3. "= 2,29 7.43
72460 011001 2,04 0 101.9 7 -1.73 7.21
’76.,,i;'1h.~ 2.50 e 0 10641 -.78 - 6,92
764.9 12,41 2.83 7 . ©107.4 ~,92 6464
7745 12750 0 3,07 oo 10846 0 —-1.18 0 6.21
78.7 12.91. . 3.53 109.2 ~1.26 . S5.8B9
L 79,3 7 13,08 3.87 ’ . 109.8  -1,29 T 5.53
L7949 13.15 © 4,16 T 11044 -1.26 ‘H5.16
80,5 - 13.29 - 4.,39. . . 111.0 . =1,16 4.79 .
81l.1 s - 13.50 . 4.71. - 111.6 - -.98 4,44
'81:7 . 13.59. 5.15 . C. . 112.2 .77 . 4.14
8243 13,49 - 5,45 12,8 ~-.53 3,87
84.2 . 14.15° 5.78 113.5  -.2% . 3,62
. 84 8  14.47 ' 6,10 S 114.1 . .06 3,41
_86.0 15.41 - 6,55 11741 S 1.98  3.45
"B6.6 16431 . 71l 117.7 2.31 7 3.70
87.2 17,17 ' B.10 : 118.3 2,60 4,03
© B7.8.% - 17.83 1 9,27 118.9 2,81 :  4.46.
. .88+4 18456 . 10.61 : 119.6 2.90 4,96
89,1 19,42 12.68 ‘ 120.2:  2.84 - 5,53
BR.7 T 19455 15,79 - 7 120.8 '~~.q7 &.07
- 903 18,04  18.82 ‘ 121.4, a2 6:51
9049 15485 20.66 - 122,00 1.47¢* L6777
1;.91;i._351¢.oo‘ 22,13 S s 128,4 -.55 627
L9261 11,72 0 23,96 T 135,0 -.88 5,90

mcno~§a.-

e g
. e -

na
> *

&

92,7 . B.26 25,19  1285.7  -1.42 © 5.50
3.3  4.63 24.78 - 126.3 . ~1.,26 5.07 7 .

93,9 L 1.97 23439 . g 126.9 . =1.30 - 4,66
L 94,5 0 L,01 0 21,95 - T 127.5 . -1.25 4,29 -
95,2 -1.70 20450 . : 1128.1 -1.14° = 3.98
95,8 . -3.,10 . 18.83 . 128.7 -1,00 - 3.74



i
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APPENDIX ‘D, continued:

&

. | o AemT): €

e 129,9

133.0

133.6,.
134{2‘.'
134.8 ©

135, 4
136.6
143.3

145.8

164.1
167.7
170.2

179.3

198.6

202.9

204,44
©208.3

215.0

217.9

amn oyl T

alal.an. b

 240.1
243.0

- 248.8

346.1

364,5 -

375.1

385,7
- 392.4
. 41645

422,3
429.1.
- 439.7

467 .6

47623

478.2

480;2-_f
48400H

oo . 48640
- 489 .8
497.5

501.4 -

- 50244
"50303
505.2
506.2
507,2

-

-~ 69

1.07

54

=96 3417
- .=1.,04 2.88
=99 2,596
=486 2428
-069 ‘.2007
-,32  .1.81
63 a0 1,57
.’WQBB o 1036
1.80° 1.56
1.58 1.31
1.67 1.07
2.00 .84
3.03 1.11
2.14 1.31
3.05 1.58
2.72 1.82
2.18 1.88
2.10 1.35
2.2 1.12
S 1.97 .91
1,99 169
2019W ;49
3.45° v 21
3.49 .92
©3.593 -1.14
- 3.33 1.57
2}39 1037 *
2.34 . 1.15.
2.38 + 95
:2‘54_' 074
2.89
3,58 77
3,70 1.03
3.63 1.35
" 3.46 1.59
- 3.35 1.80
2,94 2.01
% 2,42” 1079
2.62 2.10
2:.50 2.41
2,12 - 2466
1026, 2.;8
1011 N  2.°6

1.82

3.49

392

1,27

Vi .. o
(em?™1) - £
' 50%.1 W94 - 1.54
- 510.1 .84 1,34
51100:‘ .81 ':1.08
512,0 .+ 88 OQ?‘
513}9 1417 151
520.7 1,71 T+ X0
522.7  2.64 7 .10
&05.5 3.56 ( «33
607.5 3.73°7 .55
60904 3079~\\,/ ’91
T611.3 . 3.66, 1,27
613.2 .41 07 1.60
621.9 1469 1436
622:9 1.61 1.13
623.8 1.60 .91
625.8 T 1.71 J58
628.7 1,923 « 35 .
638.3 2,30 .15
83042 3.74 -, 05
g879.4 5.02 - ~-.26
.892.9 6415 -, 46
904.4 9.18 -.09
“905. 4 S 9.60 © .18
. 906.4 10.02 .54
v Q07.3 10.42 .98
908.3 10.78 1,49
?09.3 " 11,07 2,09
910.2 11,29 2.74
?11.2 11,44 3,43
12,2 11,51 4,16
913,17 11,51 $ 4,94
914,1 11.41 5.76
15,0 11,19 6.61
916.0 10.82 - 7.47
917.0 10.30 8,30
917,9 .61 9.08
®918,9. 8.76 9.74
919.9 7476 10.23.
'920.8 6,67 10,50
?22.8 * T 4.55 10,29
L 923,7 3,649 9,90
‘924,77 2,99 9.43
925.7 2,44 B.92
- 92646 1499 ‘8.43
§927.6 1.61 7.94
928,5

7.45
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APPENDIX D,

e Py
(cm™T1) €
’92905 097 6092
930.5 <74 6.35
931.4 61 5.72
932.4 " e 60 5.09
933,4 .71 4,47
934.3 94 3.91
?35.3 1.28 3.42
936.,3 1.70 3.01
937.2 2.18 2.73
93902 3017 2050
942,0 4.56 2.79 %
943,0 4,97 3.03
944,0 . 5.34 3.35
944,9 5467 3.73
945,9 5.93 4,17
9446,9 6413 4,65

«947.8 6426 - 5.18
'.948.8 6.32.°  5.74.
949.8 6.29 . 6.32
950.7 6.18° 6.91
951.7 5.98 7.50
952,7 5.69 8.09

. 993.6 5,32 . B.65 .
954,64 . 4489 9,18 -n.
255.5 - 4,29 .66 °
956.5 ~ 3,64 10,07
9575 2.90 10.39
959.4 1.28 10,65
961.3 —-.35 10,39
962.3 -1.,09 10.09
963.3 . ~1.77 9,69,
964,2 -2,37" .22
965.2 ~2.88 . B.69
96642 —~3.31 8.13.
9671 -3.65 753
268.1 ~3.90 65.92
969.0 -4,08 ‘6431
970,0° -4417 5.72
9710 -4,19 . 5,14
97109 ‘ ‘-4;14 "4 60
972.9 ©-4,04 - 4,09
973.9  ~3.88 3.63
974.,8 L3.69 3.23°
975.8 *;_3047 " 2.88°
976.8 -3.24 2,58
977.7 - -3.01 2,33

continued
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N4 : / "
(cm ) B S A
978, 7 -2.78 240130

- 9806 -T,36 1,820
982.5 -1.98 S 1.60
?86.4 - ~1.37. . 1.36

1000.9 ~v42 . 1.14
1008.6. = =-.18 .92
11021.1 7 .15 .71
102948 .2 .48
1040.4 62 o2
11820, ;083 {08
1311.3 2412 .04
1598.7. 2,49 .08
1600,6 h.dz W13
1602.5 56 .22
1603,5 h.dé .28
1604.5 2.54 35
1605.4 - 2,48 <41
© 160644 - 2,40 .45
1609, 3 2.16° . +39
1610.3 2.11 . ,+33
1611, 2,09 " w28
161..h 2,09 4 W2
1613.2 2,10 " C .19
1615.1 2.11 e13
16180 . 2,15 .08
1622, 2,19 .04
41679.7 2,33 - ,00
177641 2,38 .04
1916.9 - 2.35 .00
2034, 5 2.39 -.04
299503 . 2039 “"008
2130.,0 ° 2.42 -.12
q33~od 20&2 : _008
2383.6 2,63 -.04
:246067 2.64 +00
250501 2.63 004
2615.,0 2,59 .00
2652.6 2.66. .04
q?d*o. «.2464 008
2914.9 2.63 .12
3381.6 2,55 .08
3496.3 2.76 12
3502.1 .2.82 17
3505,0 .86 .21
3506.9 ,_h.87 26
' ~988 ’ 031

3508.8



 'APPENDIX D, “continued

vy

€

(em™) _€

 3510.8

2:88.
3512.7 2.86
3514,6 - ,2.80°
3516.5 2.71
3522.3 2,42
3524,3 2,37
3526,2 2.35
1 3528.1 2,35
'3530.0 2.36
3532.9 2,40
.35364.8 2.44
- 3559.9 2.70
3563.8 2,73
"3566.7 0 2,75
3569.6. 2.75
3571.5 2.75
3573.4 2,74
3575.4 2.73.
3577.3 2,71
3579.2 2.68
3581.2 2.63

« 38

.46
.53
59
.53

46

38"

32
2
.

L

17

a7

*

W27
" e 32 '

<38
42
.46
+S1
62
Y-

.’

.'),-"
o {em™) € €
3583,1 2.56 .71
. 3592,7 2.17 67
3594.7 2.12 W61
3598.5 2,06 Ye50
3600.4 2,05 A5
. 3602.4 2.04 <40
3604,3 2,05 .35
3607.2 2.06 .29
3610.1 2,07 25,
. 3613.9 2,10 .2
. 3618.8 2.13 W15
3625.5 2.17 L W11
3635.1 . 2.21 .07
3656.4 2.28 .03
3711.3 2.36 .01
4231,0 2,58 .01
4303,4 "2.57 .03
2,54 .03

4399.8
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APPENDiX“E

Kramers- Kronlg Derlved Values of the Dlelectrlc Funetlon
for the (001) Crystal Face of Ba(ClOn)z Hy0

Ellb

¥ T [} IIA ) v C ot ! »
- ) : L e (
(cm™) ¢ ¢ (cmT) € 3
114,7 -1.,2 3.10 225.6 2,95 2,15
115,.7 -.28 2,79 227.5 2,72 2,45
116.6 “36 3.11 229.4 2.2 2.66
“11746 $63 3,79 233.3 1.25 2.41
118.6 .38 - 4,60 : 235.2 « 924 2.01
119.5 - 42 5.08. . 236.2 .86 1.80
121.4 -2,11 4,29 238,1° +B80 " “1.41 -~
122.4 -2.5 . 3,34 , 240.0 .86 1.06 ‘
1 123.4 -2.31  2.40 © 242.0 1.03 .B3
124,3 -1.82 1.87 . - 244,9 1.20 .62
125.3 -1.38 1.640 _ 251.6 1.52 .39
12702 "078 . 1035 ) . 28304 ;.o._o 016
13101 040 1060 ' 38905 . ...080 034
132, 32 1.98 394,3 2.80 .23 .
134,00  -.45 1.71 476.3 3.86 .45 -
134,9 -.40 1.29 . 478.2 0 3.91 W79 v :
135.9 -22 . 1.01 S 479.2 3.85 1.03 L
137.8 . . .22 +70 : 483.0 3.13 .75 o
149.,4 2.12 .93 485.,9 3.33 .54
150. 4 2,28 1.18 496.,5 4,2 75 .
.151.3 | 2.25 1.38 498.5 4,53 .97 .
154.2 2,39 1.80 501.4. ° S5.16 - 1.32 .
155.2 2033 2:02 ) 502.3 5.959 1067 J
157.1 2,31 2.35 503.3 . 6410 . 2.31 5
158.1 L2415 2.82 , 504.2 - 6.56 3.44 y
161.,0 W75 2.90 50642 4,64 7.95 i
162.9 W12 2,28 ,  508.1 -1,55 - 5.81 3 .
163.,9 .05 1.89 . 509.1 - —-1.76 3,38 .
164.8 .08 1.55 ... ..510.,00 . -1.11 - 1,99 -
165,8 . .18 1.29 511.0 —+45 1.29 . %
166.8° .28 1.09 - 512.0 » <06 - .93 2
168.7 52 .76 512,9 .46 $720 E
17246 .97 .50 - S14.9 - 1502 . .31 ]
209,20 2,987 .75 N - 523.5  © 1.95 30 é
- .214,0 * 3.11 1.01 600.7 3.38 . .53 Wt 3
217.,9 3,10 71,28 . 604.5 © 3,65 .83 :
221,77 B9 LWS6 L .. 60605 3,76 1.21 ]
”]723.7 o 5 xqf = 1 eBS o o 6074 v B T4 . 1449 ?

e




Ellb

v /

(cm ) >
40874 g6t

609, 4. 334

614,22 1, 62
61J01 . 4u
616.1 C 1442
617.1 1.46
619,0 1.64
621.9 1,90
6383 2,44

882.2 4,2
9010\.) 4091
909'2 5033
915.0 5.71
?218.9 6405
¥>2i.8 6.31
923.7. 6,46
. 925.6 6.57
C927.5 6.81°
?28.5 6.97
929.5 7.09
930.4 7,06
?231.4 6.83
932.4 6.44
935.3 569
?36.2 C5.65
937.2 5,76
?39.1 6.21
943,0 ., 7.49
?43.9 7.84.
944,9 8.22
?245.9 8.61
947&8‘ 9033
?48.8 ?.69
?49.7 10,01
950.7.  10.24
. 951.,7 10.42
. 952.6  10.51
9u3 6 10,38
954,5 - 9,99
955.,5 9,29
2565 8.05
957.4 6.13
958.4 3.64

(]

&
APPENDIX E, continued
" Vo ! I
€ (cm ) € €
1.81 9a9 4 .84 18.74
2,07 9460.3 -1.92 18.10
1.84. 961.3 -4,20 16.71
1.50 ?62.3 -5.80 14,97
93 F64.2 -7 .44 11.41
059 96\J0~ 'f7o64 9081
37 ?66.1 ~7.59 B.44
017 96701 —7041 7027
+ 38 ?268,0 -7.14 626
.58 969,00 -6.79 95.40
.81 ?70.0 -6.42 . 4,70
1.04 ?270.9 ~6.07 4,10
1,30 ?71.9 -5.70 3.98
1.59 ?72.9 -5.,34 3415
1.B4 973.8 -5.00 2079
2,05 . 974.8 -4.68 2.47.
2,29 975.8 ~-4.37 2.19
2,52 P76.7 -4,08 1.97
C2.86 ?78.7 -3.56 1.59
29 980.6 -3.09 1.31
3.70 ?82.5 -2.69 1.10
3.92 ?85.4 - -2418 .87
3,53 989.3 ~1.63 Y-
3,30 996.0 -.93 +45 -
2,89 ~ 1108.8 1,59 .04
3.41 159000 ... 6d ' 013
3,70 1593.8 2‘75 .18 -
4,53 1597.7 2.89 . 33
5.06 1598,7 2.94 .39
5,70 1599.6 2.99 47
6.48 1600, 6 3.03 59
L 7.36 1601.5 - 3.05 74
B8.35 1602,5 3,04 +93
9,56, 1603.5 2,95 1.15
10.95 1604.4 276 1.36
12,45 1605,4 2.47 1.49
14,11 1607.3 1.86 1,36
15.90 - 1608.3 ’“1 68 1416
17048 1609.3 5 .1.,98 [ +96
18.50 - 1610,2 1.595

77
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EWb

-

117.6

4,87

. APPENDIX E, continued

128.2

397

d i ‘h'“’“ Y [
- ol . ] - i - ]
dem™) € € (em™) '€ €
L 1611.,2 1.56 .62 3508.8 3.02 1416
1612,2 1.60 450 3509.8 2,95 1.2
- 1613.1 1,63 .41 3510.7 2,86 1.35
1615.,0 1.72 .2 3512.7 2.61 1,49 -
1616.0 1.75 ‘24 3516.5 2,01 1,44
161749 1.82 17 3517.5 1.88 1.36
1619.,9 1.88 “13 3518.4 1.78 27
1623,7 1.97 - .09 . 3519.4 1,69 1.16
L1632, 4 . 2,09 .05 3520.4 1,63 1,05
3453.8 2.67. ¥ 09 3521.3 1,60 95
3472,2 T 2.75 .14 3522, 1.97. ... .85
3481.8 2.80 .18 3523.3 1.56 W75
3488.6 2.88 22 3524,2 1.56 . .66
.3492,4 2.94 .27 13525.2.  1.58° V58
'3495,3 - 3.99 .33 3526.2 7 1,59 .51
. 3497.2 3.03 .39 3527.1 1.61 w44
"3499.2 " 3.06 YR 3528.1 1.63 "~ .38
3500.1 3,08 - .50 3529.1 1.67 + 33
3501.1 3,09 .55 3530.0 1.70 .28
3502.1 3.11 .59 3531.9 1.76 o2
3503.0 3.13 65 3533.9 1.83 «16
3504.0 3,13 .72 3536.8 1.89 J12
3504.9 3.13 .80 3540.6 1.98 «07
3505.9 3.12 .68 3549.3 2.10 +03
C 3506.9. 3.10 .96 4399.8 © 2445 .05
3507.8 3.07 1.06" B '
ELb
104.1 . 5.18 3.50 118.6 5,43 2,04
106.0 4,74 2,79 119.5 6,16 1,68
107.0 S.21 2.46 1214 8,29 1,99
108,0 5.81 2.67 122, 9.31 2.83
111.8 6,20 3.55 124.,3 10.32 4,73
112.8. 5,99 4,02 125.3 10,84 5.41
115.7 4,75 3,70 126.3 .. 12.A4 . 6.3B
116.6 L 4,66 3.13 127.2 - 14,63 11.04
2.50 10,79 16.31




_;Eé:f

. ADBENDIX
R i

e

1311

5;1”13am1

"'133.0
..134,0

SIS PRE- T
- -13-.1'9 :-. _'

136.9

137.8
138.8

139.8

141,70 =2

142,7
144,46
. 148.4

1494 .

150.4

: ,'1‘“—.

. . 153,3°

: 1:‘:.- sy’

Jdes

157.1

17146

177.4
180.3
186.1
198.6
202.4
'203.4
F)O\Joz

"“507 < S

')09_0¢‘-‘ .
214.0
215.9
217.9
219.8

'1’1").7

226.6
236.2
251.6
330.7

- 351.9
366.4
374.1
382.8

1.48 .

~-2,26

BT N
""\J038 .
—J011 o

—4,917"

-4,74 "

—4031
""'40 11
~=3.98
"'.j..'76

1.04

4

1072
2,11
2,97

O 3.35°
L 3'35.. "”
BV 04
2.! 86‘

2,60
1.74
1.56
1,46

1.46

1,64
1,94
"2031
3,23
3.38
3.49
3.50

3.48

13 ..
-1.‘_19, .
""o\JBM -

S Ae15 .
.82
»015 o
N 4 = S
72

16,62
15.95
10,017

S Bl16
- 1»6-;85-- --.t "-‘.- .

"'5.‘60"“1
3.73
- 2.08
. 1.74,
1046 ‘
1;62
+10 -

e

©1.36
1,08 -
1,39

e 92
W72
.93

1. ._8

2 1 61_“"

qu.oaQ'
..027“
©1.99
1.77.
1.54
1,30
. 1.02
77
55
.35
‘55
76
.96
1.17
1.38

.E:

R

. ~'55s ,;,~~
;-_‘-“QOA. oo
1.74

rag

s

'f.*4“900
436.8 .
446.4
La62,8"
475,3
DA

moL

contlnued
N ;1‘11" "; .

v

: fkt:ﬁﬁff):

)
€

387.6
394,32

412,6°
416.5
42044
4’140‘.

482,
484.0

.‘485,9.1~:‘

. 486.9
48848
490.8"-
496 0,..!
498.q

‘400 4
502, 3‘_

504.2
\JOé)o..
'508,1

o 2139
7 B66. LY

60346v
606tv—’
T &0B 4

609.4

610.3

611.3 .

61~.L
613.‘
- 614,2
6\15y 1

61840

619.0

L 620.0 -

620,9.
621.9

e ..

3,41
3.26

.’1"}0 99
1.85

1.79

1.79

1.84°

2.88.

1,97 -

;,2.13.ff

3._h”

3,42

3,54
3.60

3,55

3,29 7
Sl 98-
1.52 ;
- 1032
-1, 17: )
2141000 .

1.02
1.06
1.23

1,61

“006.-,‘,, -

+

3.58.

L3.84
4.24v

454700
4,64

4,72
4.79
4.85

4,88 -

4.74
3.07

.44

17

""031-
"'020
» 01

1,60
1'87
2.08
1.85
1.60

1,39 .

1.18 -

~94
W72

o9l

3

79

1.05

1.32

1062

1.83

49

. e
:’02\.1

2}17';1\

1,922, -

1.66

1.39

1.13
.79
.54

32

4

Selds
w34

b1

1.28°

. 1,58
1.92

2:32
2,87

10017

.

3.64

0.J4
S.21

40\.14

3.55 |

2,65
1.96
1.47

e e



399
: . - .. APPENDIX E, continued": " o
LCELD o o B
Vo 0 L " . Y L
(cm™) € e (cm™) € €
622,9 . .2 1.13 958.4 b6.26 2,69
. 623.8 .43 .88 959.4 6.95 ,3 93
629.6 1.2 .34 961.3 . 6.74 8.42
641.2 1.86. .14 962, 4,52 10,82 -
892.8 7.61 .38 63,2 1,00 11,64
895.7 8460 .63 . 944.2 2,11 10,38
897.7 9,49 ' 93 965.2 -3.76 8.24
898.6 10,05 1.16 ?66.1 - -4.24 6.27
B899.6 10,65 1,46 967.1 4,16 4,79
?00,5 11,36 1.84 968.0.  -3.84 3.71
901.5 12,2 2.42 969.0 -3,46 2,93
902.5 13,18 3.2 ?70.0 -3.07 2,38
. 903.4 14,09 4,42 970.9  -=2.72 1.97
204, 4 15.02 5,92 ?71.9 - ~2+40° °  1.66
905.4 15,87 8,04 L9722, C-2,13¢ 1.43
9063 16.20 10,81 974.8 -1.6%5 1.10
"907.3 15.68 14,00 976.7 . . =1.2 .88
08,3 . 14.09 17.45 979.6. -.85 . .68
909,2 10.94 20.62. ?85.4 - 26 <46 .
'910.2. T 6.52 22,37 1010.5 W77 .26
?12, ~2410 20,77 1197.5 1.92 .07
?13.1 T -5.12 18,25 2718.1 2,36 .03
‘914.0A. -6.87 15,37 3404.,7 2.47 .07
16,0  -7.91 . 10,45 3526.,2 2,62 ‘16
T U9tE,9T Y L -7.78 8,44 .. 3543.5 2,73 . .21
TEII9 T U S7335 T 6479 354843 L 2,77 . W25 o
,»918 9 =677 5,49 2395202 7 2081 L300
L 919,8 . —6.17. 4,44 I5s5,.1 0 0 .2.83 35
CiQRON BT TS .52 3,59 3558.0 2,86 .39
. 921.8.° -4,87 95 3559.9 2.88 A4S
-9...‘_0 . ~4,27"° ) 2.48 3561.8 2.89 +51 -
S 933.7 ~3.74. 2.12 3563.8 2.88 .57
924,7 ~3.27 : 1.8% 3565.7 2,87 Y-S S
925.6 .86 1.64 3567.6 2.86 .70
P27 .5 2.2 1,31 35469.5 . 2,83 .76
929.5 ~1.,65 1.01 3571.5 2.79 81
- 934.3 -.42 54 1 3574.4 \h.7d 92
954,5 3.96 .88 - 3576.3 .68 1,00
L 955.5 4,41 1,09 3578,2 .60 1,05
95645 4,94 1.41 - 3580,2 v.5° 1,12
957.4 5.5 7 1.91 3582.1 2,40 1,16




APPENDIX E, continued

ELlb
7
v .. .
=y ] .
(cm™) € e
3588.8 - 1,94 1.41
3590.8 1.83 1.53
3591.,7 . 1.79 .98
3592, 1.75 92
3593.7 1,72 .87
3594.6 1.71 /B2
3595.6 1,69 W77
INQ6YS 1.67 72
3597.5 1,67 b7
- U3598.5 0 1,66 63
1 3599.4 T 1,64 .59
3600, 4 1.67 _— 1

BN

y v .

- ! "
m’) ¢ e
3602.3 1.68 .48
3604.,3 1.69 .41
3606:2 1.72 .35
3609.1 1.75 <30
3612.0 1.78 .25
3614,9 1.81 19
3618.7 1.86 .14
3625.5 1.93, 10
L 3632,2 . 2,000 - ,06
- 3673.7 2,16 .02

4398.8 2,35

.;;04:

400 -



