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11near angular momentum 3 iﬁltuatedaxn a; magnetlc fleld H

has 21+1 energy levels glven by -YnH m where Y u/J 1s theﬁt"

gyromagnetlc ratlo. Also,.m 1s the magnet1c quantum number7

-fl A nucleus posse551ng a. magnetlc moment u and a col-),},ﬁ

wh1ch can take one of (2I+l) values I, Irl,...;~1-and.1 153”5

LR N

'; ;he nuclear spln quantum number whlch 1s elbher an*lnteger-

or'_a half 1nteger' dependlng on the nucleus blnvolved Afgij7

radlofrequency (rf) magnetlc fleld polar1zed atflrlghtgng~‘7

)

'”'.;angles rofH w1ll 1nduce tran51tlonsCiorrespondlng to Am =

~

+1 'between- adJacent energy Alevefs;x«grogldedg 1ts angularjf"

.freduency w is such ;hat'hw ;*hyﬁo'orﬁwlahYH;TQ\iﬁisiis the

well known NMR phenomenon.»*v;il‘ 1_:ue 5-";";fffﬁm\

In practlce,'nuclel experlence tlme—dependent magne- i

t1c f1elds produced by thelr surroundlngs. These cause Am =:

»,

!ﬁ tran51t10ns between adJacent energy levelsk‘ and they"

' enable the spln system to <come‘ 1nto thermal equlllbrlum

*w1th the surround1ngs.>- ThlS phenom non is” called “spln—

c&",’"}- -
IR

lattlce relaxatlon, the mechanxsm “is called magnetlc rela—*

xatxon; and the approach to equ111br1um is. often exponené*

tial, the characterlstlc t1me be1ng called the spxn lattlcew :

. relaxatlon t1me 'rl '_1 '_rl
N

»

' v1brat10ns 'is usually very weak, because thelr character1s-]

In sollds, the magnetlc relaxatlon caused by lattICe]"

~tic, frequenc1es are much hlgher than typlcal NMR frequen— o

'=c1es; In such_cases, the domlnant magnet1c relaxat1on 15



Nucle1 w1th I '}l possess an electrlc 'quadrupolefxfrf

‘-4

’gradlent modlfles the Zeeman energy levels.-;f ?or:123Na‘“""

crystal, the case w1th wh1ch ‘we. shall be malnly concerned,f,“P

-

,:moment 1n addltlon to a magnetlc dlpole moment.;--‘Thlsf;:Jﬂ:
1 nuclear electrlc quadrupole moment WIll 1nteract thh the;;"’
: electrlc fleld gradlent at the nuclear‘s1te.: In part1Cu-,

' lar,_the 1nteractlon w1th the tlme averaged electrlc fleld-

"nuclel Kl 3/2) 51tuated at 1dent1cal 51tes 1n a sxngle.(ﬁl

r.h'the quadrupole 1nteract10n is’ much smaller than the Zeemanf

' olnteractlon 1n a magnetlc f1eld-~l T, and the effect is to,ﬁ’

l B

chentre llne assoc1ated w1th the tran51t1on m = = ++ ;l

| A IR A
_flanked on elther 51de by a pa1r of so-called satelllteSf

30

lnassoc1ated w1th the tranSLtlons m'=‘+—-+».+_

L mnment w1th the tlme dependent part of the electr1c fleld"

ﬂ3magnetlc' energy levels,_,a ‘phenomenon called quadrupole-:f

,relaxationr The magnltudes of quadrupole moments are suchi'

SRR I

'The 1nteract10n of the nuclear electr1c quadrupole,

'gradlent glves rlse, to transxt1ons between the nuclear

'fffspllt the NMR llne 1nto three components, the so—calledf”'

By

‘lthat, 1n most cases, the quadrupole relaxatlon caused by a

3

‘partlcular latt1ce motlon is much more effectlve than the

crmagnetlc relaxatxon. In contrast to the magnetlc case, the*

a’

o -

'tran51t10n mf= +l/2 .+ —1/2 Ls not allowed but transltlons

©

'.-correspondlng to Am =f +2 are allowed For I 3/2, the

1,

. @
v denoted by wl and W2 respectlvely

o)

\-

- _probabllltles of the allowed Am '+l'and 12 transltlons arej



L

For a syatem of nuclei sxtuated aE identical sxtesiﬁd .
iin a Single crystal,vthe dependence of W and wzvon the'
,,'orientation of the crystal relative to!the external magne-'?w

ﬂ*_tic field ﬁ has been calculated by Pietila (1968), Snyder

-'»- and Hughes (1971) and Hughes (1973) In general, the form

waéof the orientatlon dependence varies w1th the p01nt group

Qfsymmetry of the nuclear SLtes, and wland w2 can each-be~

';expressed as a- linear combination of the components of a’

":real fourth— ank tensor. The components of this so—called_n_{
‘“?M—tensor contain 1nformat10n about the dynamiaal enViron—, e
v7iment Of the sgin SYstem.:_"'r o #,,rf;?’f>ﬂfﬁf.ai_:“.f,» ?Yf":

v

The orientation dependence of wl and w2 has been
measured for the 23Na spin system in a sxngle crystal of
4'ﬁnaNO3 (3 symmetry) where the quadrupole relaxation is prim-'fvb.
%;arily caused by'phonons.- The observed orientation depen—f-i

’dence was found to be good agreement wnth theory at: 77 K

'f(Niemela, 1967 Hughes.‘Reed and Snyder, 1970), and at room |

'."r.emper,ature ' (sPencer a“a Hughes, 1978).. Mo:l'erer,f' the "
Fratiosfofithe Mftensor components mere=in surprisingly gqu_ﬁfu
Lagrééméni with the'results oﬂ?a'point cﬁafge'¢a1cpia;ioh__f
which assumeskisotroplc motion of the sodium lOﬂJ m-‘. |

PRI

Sodium nitrite is- a crystal which is ferroelectric o

at room temperature (Sawada et al 1958) but undergoes an‘-
,order—disorder transxtion to an antiferroelectrio phase at

S . G

437 K and. to a paraelectric phase at 438 K. Since-Sawada s ;-'5
discovery, -ar large number of 23Na%NM‘R ,and 1'“,N:,NQR

. é _-:‘. v . . Lo )
v Loy o o .
c. H _1; v . L - . o
. L : .



"ffspln-lattlce relaxatxon of 23Na in NaNozwwas carrled out by5-.“

:'23yBonera, Borsa and ngamont”

*,sp1n~latt1ce relaxatlon tlme is glven by Tl

'14w ) where wl and w2 refer, of course. to the partLCular,“

f'as BBR.; They orlented

_rapld lncrease of Tl

L e AR : L. ]
o PR B R . Y 5 S
= «‘_.; S . R - @-‘e- 0i® .

fom, S -

f_flrst detalled study of the temperature dependence of the:

.\

’etternal magnetlc fleld so that the centre llne and SateL-”

%Wj

-1

hicrystal orlentatlon_ used;n» They ooserved an, unexpectedu

1 between 170 K and 220 K and thls is

<&

'“thls materxar‘x TheL

(1970),_henceforth refegred towf-

sxngle crystal relat1ve to the;\
";lltes approxlmately ovarlapped ?,In that case, the approachdft

”of the spln system to equlllbrlmn ms exponentlal and theﬁaf

(2/5)(w T

.,vstlll not properly understood. They also observed a crltl-ﬁft

,cal poxnt anomaly near the transltlon to the paraelectrxc_-

':phaserf In BBR s work and 1n subsequent 1nvestlgatlons of:!yr_

*:

wthe crltlcal p01nt anomaly by Avogadro et al (1971, 1975),'f‘“

'Q”the orlentatlon dependence of W and w 'was largely'

s

-1 2

"Lgnoredwv' To extract maxlmum 1nformatlon from measuredla

'“quadrupole relaxatlon rates requlres the determlnatlon of

a1l the 1ndependent components of the M-tensor. There lSt

—

Zno a prlorl reason why they should scale Ldentlcally wlth

.temperature. Indeed Hughes and Spencer (1982) have ghown'

.that BBR s data mely that the ratios of “the. M-tensorV'"

T‘components of 23Na in NaN02 change sxgnlfxcantly near ‘the

3

b‘

‘"detetmlne~thesefvalues,f Itlxs-thereforegnot known1wh1ch

‘ferroelectrlc transltlons, though 1t was ‘not - posslble to;-



T-M—tensor component or components do- dlsplay a crxtlcal'

‘ -po:.nt anomaly at the tran51t3.on.- : Th only systematlc study-"

'of the Orlentatxon dependence of the' adrupole relaxatlon
f Z3Na in NaNO2 has been carrled out by Hughes and Spencer'._ a
-b‘:(1982) Byv.measurlng--the orlentatlon .dependence of‘w'/w »
"3:.they were aole to de‘termme the ratlos of the M-tensor..,"jl
components.-- However,,thelr study was - only carrled out at.

' room temperature. }‘ ';v v | e

| 'I'he 1n1t1a1 purpose of the work descrloed in -thlsv

thesis was to measure the orlen-tatlon dependence of the’-‘j

":quadr ‘pole relaxatlori of 23Na in NaNOz at: varlous tempera— =

"es m order to determlne the temperature dependence of S

' each of the M-—tensor cornponents. It was hoped thereby to_”"""

obtaln an lmprOVed understandlng\of the facto-x‘ ;determlnlng'.:

the magnitude 6f the M-tensor compOnents andﬁ to obtaln.
useful mformatlon about the lattlce dynam1ca1 detalls of‘
‘ the crystal. However, durlng the ‘work, :Lt became apparent .
"‘that the spln—lattlce relaxatlon at low temperature was»
.hmagnetlc rather than quadrupolar._ Some tlme was therefore

. spent try;,ng to understand the 2:"Na spln-lattlce relaxatlon'

observed at low temperature'and trylng to lnterpret'v‘

.’."publlshed 1"N relaxatlon data in NaNOz obtalned at low
temperature by NQR. ’ o ..
' In our work ehe relaxataon behav1dur of .2:3N'a “in -
f“:NaNozx was mainly studled by a pulsed double‘NMR (DNMR)‘ |

..method. . In this technlque a select1ve 90° or 180° pulse is '_



vcomponents, lt was. necessary t

L mentatlon and lengthy

6

';-fapplled to the centre llne of the quadrupole-spllt spec-f“””

Fa

'-gtrum, and the recovery of one of the satellxtes towafas{’.tb

.(

"-.equlllbrlum ls observed by applylng a selective 90‘ pulse’

'yat the frequency of the satelllte. For quadrupole relaxa~{

¢ A

txon, the recovery of the satelllte should be exponentlalﬁt":'

s

7.

,f:wlth a. rate:of 2w , Measurements were made as a fjrctlonv”
of crystal orlentatlon at varlous temperatures ranglng fromg

'130 K- to 462 K._ The only lnaccesSLple orlentatlons were

”dthose where the satellltes and centre llne were too closely_i““

-t

tspaced for them to be 1nd1v1dua1ly or selectlvely excxted',

,by rf puLses. However, measurements could be made atﬁ

'_enough crystal orlentatlo.s' so that the varlous M tensor

'_components could be’determl ed.-f

In, ordbr to ob€a1n me nlngful values of the M-tensOr‘
of relaxatlon rates. We a1med> or, and achleved albr?Ciej
SIOnwof°about'i% in our"work;

Thls requlred good 1nstru-ﬂ'

requlred SLgnal averaglng. Also necessary ‘was-a stable ‘and

_make preCLSe.measurements‘y'

: easurement tlmes to perform the .. =

'unlform',sample temperature and‘,a‘ method.ifor, accurately_y ‘

: settlng the crystal orlentatlon.

| The general theory is developed ln sectlon 2, andl
applled speclflcally to- 23Na and NaNOz in sectlon 3
"Experlmental detalis' are' described :in sectlon 4 vThe‘

"results are glven and analyzgd in sectlon 5. and dxscussed

'g1n sectlon 6.:



©in a steady magnetlc f1eld A ;,fsf | 7;‘—-{Fl*”
‘f%It follows that

-where Y.= u/J the gyromagnetlc rat1o of the spxn.\ It canh'~‘"

”*QCHAPTER 2

?Jl.{*,ffflkfif]iﬂ'fj;' THgoRY 95]6@ ’7 N

2 l Elementary descrlptlon of pulsed NMR

'ffﬂ The cla531cal equatlon of motlon for a sp1n of mag—;ﬁ

4;__,“ N

:'lneth moment u and colanear angular momentum 3 51tuated”

N

caf/asded L e

’“g;“.?"i”-i (2. 2)‘

Ty

"j du/dt lJ x:_ O

U:be shown quantmn mechanlcally (bllchter,-1980) that the.f*a

'iexpectat1on value of the magnetlc moment <u> of a nuclear"v

spln 31tuated in a steady magnetlc fleld H lS glven by a7

o~

’51m11ar equatlon, namely

d<u>/dt = Y<u> x ﬁ Emﬁ l’ s ffhh'k‘ﬂu (2 3)

\‘For a group of nuclel, the total magnetlc moment or macros-

cop1c magnetlzatlon 1s glven by

-

‘ where "k is the magnetlc moment of the kth nucleus. If the o

:

':wnUdIEL are 1dent1¢al the equatlon of motlon for the macro-

t'scoplc magnetlzatlon u is therefore .\;5_~'

,dM/dt #yyM x. H w"--'_!*';x'”-_j - fif*-[“<z~sy

o

¢

erence rotat1ng about H w1th an angular veloc1ty ﬂl7
tion’ of motlon 15 (Sllchter, 1980)

rot/dt = M _**‘*ﬁo”f'ﬁ’;°f Sl (28

v

: motlon of the magnetlzat1on is v1ewed from a frame'



fﬁ', then dM /dt is: obvxously zero and Mrot‘igy,;;;
S tlme Lndependent.ﬁ Thls shows that the nuclear magnetlza—iz' '

;urf_w yﬁ

'-tlonqa when viewss g?rom- the laboratory frame, precesses

.'u-

.f”_lndeflnltel

A ~ | “__w@
1y equal to YH , The preceSSLOn frequency n = YH ,is I

VL _called the Larmor frequency, and 1s equal 1n magnltude to

the angular frequency needed to proéuce magnetlc resonance:

's

vabsorptlon. The sense of the prece551on is gOVerned by the

SLgn of y.
Suppose that, in addltlon to a steady magnetlc fleld '
ﬁ applled along the z ax1s say, we apply to the spln sys-?i; :

tem a rotatlng magnetlc fleld -1-;v{’“;"~\iglef' 7}.;f'

ﬁi'f H (1 cUs wt + ] 51n mt) .f'fgffiqu‘f (2 7)
d1rected at rlght angles to ﬁ Vlewed from a coqrd1nate~

system that rotates about the z ax15 at the same frequency

"f'm and in- the same sense “as ﬁ and w1th ﬁ dlrected along; f-
. :

*theh:t.ax;s, the equatlon of motlon of the magnetlzatlon"

'becomes' ) f'”" f;. o v"if-al

ec S - .-<,'£’
o Rt T

a3t _'f Mrot x [lYHl + k(“ * YH 2% AN (2 8)

. In thL;)rotatlng frame, the magnetlzatlon precesses aoout a.

'statlc effectlue magnetlc fleld

;.ﬁeffyf,?gl fﬂk(ﬂ + ) e f\wéf (2.9) - |

’”At reSOnanCe,ewhen’m =.—yH i, e.-whed7u is numerxcally ;-
Ta S o o

equal to the Larmor frequency, T

.,Heff j'AHl‘_IA’-_ e an T
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and the‘tffectlve f1eld 1s dlrected along the x ax1s of the»ff5d

,ﬁgg’g rotat1ng coordlnate system. ] If the nuclear magnetlzatlonf

l

is 1n1t1al%¥ parallel to H "jas it would be Ain. thermal7

. eq‘111br1mn,gﬁr example, then the ma netlzatlon wlll pre-',f
L ?—“ T &tb:l’ : , v o
\‘: : . .
cess in., the yz plane about the x aX1s of the rotatlng frame,

::;.WIth a frequency YHI. If the rotatlng magnetlc fleld Hl

‘a{f‘_applled for a. short t1me Tp say,'the angle through wh1ch M-

’

precesses 1n the rotatlng frame is glven 1n radlans by yf}af e
R *“1‘@ T e (2. 1y .
The 51tuat10n. is. ‘shown, 1n Flg._ 2. l(a) Of partlcularpj.*

'1mportance are so~called 90° and 180° puiges whose lengths

(or amplltudes) are %ﬁ%sen 80 as to turn the nuclear magne—;7f

B e -
tlzatlon through 90° and 180°'respect1vely ‘in the rotatlng R

: \..
coordlnate system. Thls 1s shown 1n Flg. 2 l(b) and (c).d;ﬁ

When v1ewed from the 1aboratory } ibfence frame, the

transverse eomponent of the magnetlzatlon caused Qy the rf"”“w
)

pulse rotates at the Larmor frequency around H VThef

HY

motlon of thxs rotatlng component .can be followed by monl—_rﬂf

tor1ng the EMF 1nduced 1n a c01l wound arOund the sample-l"

-

'wlth 1ts axls orthogonal to ﬁ lIn;pract1¢e,'1nteractxons .
h among the nuclear »splns,; in part1cular magnetlc. dlpole'-
interact1ons, cause - a dephas1ng of the prec%551on of the':

L ¥ -
ind1v1dua1 sp1ns and - so the transverse magnetlzatlon decays-’g~

".ilnzero. ) The rf signal across the coal srmllarly);t

_decaysgt_‘zero, and the envelope of the\decaylng rf sxgnalﬂ

' 1s called the free 1nduct10n decay or FID. The 51tuatlonj;;

A

Py N - '.“ -v B . : . - o K e ‘\ .".
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g Flgure 2. 1 ”f .;_s -ilrfsi;Tj}:LEQe

PreceSSLOn of the nuclear magnetlzatlon (for Y>@) aoout the
'axis of the rotatxng coordlnate system when,a rf,magnetlc
P Y P o SN

1s;f1eld ﬁ is aﬁpiled along the X axls for a f&

v

'f(a), ylep'ls equal to 8. Cases (b) and (c) show 90‘ ahd'z'~"

B 180° pulses where yle = u/2 andgn respectlvely

In"casej,' =



IS R




isfshown'schematicallyrfor a'909ﬂpulselin Fig;\2,2(a);; It

,dan'be‘shown‘(Cf Sllchter, 1980) that the FID followxng a

7 i T SN

»rf pulse whose duratlon 1s much,shorter than the decayff'

tlme, lS the Fourler transform.of the NMR absorptlon llnq;;,;h'

shape ‘in the frequency domaln.ﬂ.f In ;sollds, the nuclear‘

magnetlc dlpole 1nteract10ns ‘cause"‘the fsignal ,to?_decayi

-4

rapldly 1n a tlme of order l0 S. The shape of the FIb‘ .

-

t_varres frmn one Spln systan to another but 1s,n1n\manyl.

\ )

cases,,roughly Gau551an ln shape. In- 1Lqu1ds,'the~magnetict"

dlpole lnzeractlons are largely averaged out, and the decay‘

E A
tlme ls much longer, often of the order of secondSp-.In_'

such cases, the decay is exponentlal and the characterxstlc*

o tlme T. o : ’h o ‘f P y' R

.2 -
Follq”tng a- 180° pulse, 'theré;?is »no*-transVerse

t.
o

magnetlzatlon and hence no FID._ HOwever,,the magnetlzatlon'
has been comp}etely reversed by the pulse. : Because ofﬁ

lnteractlons between the spln s&stem “and rfs surroundlngs,)"‘

~

‘l the magnetlzatlon gradually returns to 1ts thermal equlll—

) K .
. - P
brlum value.‘ ' Durlng that prOCess, 'the magnetlzatlon

-remalns parallel to the magnetic fleld and the process 1s'
called longltudlnal-'or1 spln lattlce,Arelaxatlon.v : Thef-,

approach of the longltudlnal magnetlzatlon toward equll-.‘

brlum lS exponentlal for spln systems w1th I # l/2 and 1s

', aften exponentlal.for'those.w1th I> l/2 In such cases,»

the characteristic recovery time is calledgthe longxtudlnal

TR

’ decay tlme is called the transverse or spln spln relaxatlonlr'



..

*. Schematic representation of (a) the FID following a 90°

' ;p§1seJ !(b)f;the"FID féllowihg ‘a 18Q;*r£90° ‘pulsé

sequence...

¢

. Figure 2.2

o -

'i\.:v

'S
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’ '?.statlc Hamlltonlan is.

. s

":for spln—lattlce relaxatlon txme tl and ége recovery of the

‘longltudlnal magnetlzatlon follow1ng a 180° pulif is glven. a

55‘. '

- M (t) ‘ M [1 - 2 exp( t/T )] ,'] R »“}(2 lZ)h”7"
*In non- metalllc SOllds, T, is typlcally in the range 10 -2 L

to lO-js. TR T T T

i,ZT; Nuclear electrlc quadrupole 1nteractlons-f

1}2;2.1 Nuclear electrlc quadrupole Hamlltonlan

nucleus whlch has a spln number I > l, it'is_f”

i‘necessary to take 1nto account the. electrostatic lnterac—

;tlon of the nucleus Wlth 1ts surroundlngs.‘ The electro-“’

™.

fo(r)v(r)dv | (2 43)
_;where p(r) is the nuclear charge den51ty, V(r) ls the elec-"A
'trostatlc potentlal caused by the charges external to the_»'
";;nucleus and- the lntegral is over the nuclear volume :1§y;f
vbexpress1ng the pot@dtlal V(r) as a Taylor expan51on 1n a
Carte31an coordlnate 'systen1 of arbltrary' orlentatlon but e

‘whose orlgln'is at the nuclear Center of mass, the‘

LN

'»Hamlltonlan becomes

”

U
A
u
[T
. .
Q
><
@
. R

H = fb(r)[vo' + ) Xaxed o.s A
. [ , 3% * 3 Sx ik axjaxk o _



where fp(r)dV Ais Ze.d the nucfear charge,' Sl
jp(r)x dV ls PJ the jth component of the nuclear

‘electrlc dlpole moment,

fp(r)x xde ls QJk,_the jkth component of the nuclear
T : o - '\1,

~A;Since» the flrst term i the Hamlltonlan 1s orlentatlon

""lndependent, 1t:~1s'.of .no 1nterest here.‘fg Furthermore,'

\

‘because- of parlty con51deratlons,'nthe .electrlcv dlpole{"'

-moment (and the electrlc octupole moment etc ) measured',

"mexpre551on’for the Hamlltonlan can be wrltten as
i&ﬁé:% z ij jk + hexadecapole term + l .“(Z.ISX

Where ij‘;‘a V/ax 3x§ is the jk component of the electrxc?;“
‘Q;.fleld gradlent tensor.7' The hexadecapole 1nteract10n »ls‘f
':negllglble 1n all practlcal cases ln NMR (Abragam, l961)v
'quherefore we need only cons1der the quadrupole Hamlltonlan!

‘ 2 ij S _. . - o (2 16)}..,.
- The quadrupole moment tensor Q' lsthviously“symmetric.a;d3
_thus has at most six 1ndependent-components.i It;is'conuen-.a#
trent to deflne a tensor Q whlch is both symmetrlc and

e

: traceleSS; Thls is done gy wrltlng '

'where Gik is the Kroneckeg delta functlon. By;substituting )
- Ay T '
Sk from Eq (2 l7) in Eq (2.16) and.lgnbring'the term .

.lnvolv1ng traces 51nge it 1S lndependent of the nuclear

'*orlentatlon, it is’ found that 'l;""‘-'; C ;'“'

' ’I‘r'.‘
&

Y

“fg:r: L ‘;d- ele?trlc quadrupole r ent tensor., T

> relatlve to the nuclear center of mass vanlshes. Thus, the'm?f'



.Q Z oJk 3k R I C I VR
T -\.~ p I c ; : S
"B y uslng the theorem that the.correspondlng matrlx elementsl*'

*fof all traceless second rank symmetrlc tensors are prOpor—‘

;".:;'—tlonal (Ramsey, 1953), 1t can be shown (Cohen and Relf,_'

.f'1957) that the matrlx elements of the quadrupole Hamllto—'f
">n1an are glven by ;'..Qnﬂ- c h{‘% | ‘. o . : . »
v5 <m |¢+|m> = [eo/61(21 l)]z <m |2(I Ik+IkIJ) 33; Im>VJk,
(2 19) o
‘.“fwhere Q lS a scalar quantlty called the nuclear quadrupole”

Vmoment and 18 deflned by

Ip(r)(3z -r )dv

fv"where p(r) 18 the nuclear charge densxty, the z aXIS is

.‘:”parallel to the external magnetlc fleld, and the nucleus lsc-“

B ln a state where the z component of the angular momentum 15‘

a,maxlmum; By 1ntroduc1ng “the: raxsxng and lowerlng spln'
 operators, . oo

IR A
the Hamlltonlan becomeS'

< |;j¢|m>‘ [eQ|eI(2I l)]<m |(31 -1 )v + (I 1. LT )v L

+ (I I +I I )v 1t 1 V + Izv |m> oo (2.21)

~where. . ‘.",, Lo

Vil

]
- < <
e '
< .

-~

[§)

(N}

N

-

Vi

h;;ii‘iew” :J’.j.ﬁ ;'i (2:18).}h B



. .;'k'._'<m Z}ﬁpolno
il

.. where Ag eQ/4I(2I l)

L1

,‘1 a representatlon that dlagonallzes the Zeeman ene_'rg'y',' _'

fﬁthe matrlx elements of ﬂ ew"

°7~;<mlxﬂ—lm> A[3m - 1(1+1)1v S Gy
<l o|m> = A(Zm*l)l(1+m)(1+m+1)1 /zvzif*.afff,"g*c2;24>.f"'

AII+m)(I+m—l)(I*m+l)(I*M+2)] Vi, oo

. u.

~

ﬁ2;2;2’ Quadrupole §Qllt NMR spectrum of nucle1 1n 51ngle-

crxstals
T,ﬁ . ConSLder a. system ct quadrupolar nuciel 51tuated at o
Ao d . .
1dentlcal 51tes in . a 51ngle crystal In the so-called hlgh L

£1eld case, the quadrupole 1nteract10n is much smaller than;

the Zeeman 1nteract10n and»-is, therefore treated “as-”aiw

'_perturbat;on, The Hamlltonlan of the spln system 1s theh a
':éi?en b? m' . 'q ' , R
r.ov | : gﬁ—'—YhmH +ﬁﬁ | '?"T r SR o -  (2 27)
'where the matrlx elements ofk# are glvenvln Eqs. (2 23),:~f
L (2.24),° (2 25), (2.26) and the z axis of the coordlnate“
.SYStem c01nc1des wlth the magnetlc fleld dlrectlon.r;chgiﬂ“&

"second order in the quadrupole 1nteract10n,,'the,venergy,_

levels are glven by (Bersohn, 1952)

E = -Y‘mna s A[3m2—I(I+l)]V + 2A2 _‘——*3’—‘-—-—1—) m

.m | YhHo . | |
© (41(1+1)-1-8m? 3 a2 -‘—*i—%k—({—) mo[21(1+1)-1-2m%) .
~  ~.‘&: 4
- s,
E o3

(2,28)



- The NMR frequenc1es re"governeds' the time—averaged

“'values of E and these values are in turn~governed by theﬂ;
5 tlme-averaged values of the cé&ponents of the electrlc
"fleld gradlent tensor. RS 1"-f SRR ;.

To take advantage of crystal symmetry. we choose a

_.dlfferent coordrnate system from that used prev10usly Let“"

vxyz bé a pr1nc1pal cc&rdlnate system flxed w1th ?espect to
o . B S

,the crystal so that‘ny VYZ;,Y ??Joﬂ:frhé'xfx»énd’%;axfs"

.:are tradltlonally chosen so that

|Vz..zl > :|_YYY‘.I";'__>-";|_Vx‘_3‘('~l '

.

9:‘ zz. .- S

9.

dlent. ance the electrlc fleld gradlent tensprﬂd%mpcngnts s
'obey Laplace s equatlon, sz_¥l01 then o satlsg}és the T
condltlon ' . | | | | . ~

0 <iﬁ~;!1 .

i 1f the nuclel are sxtuated on 3 fold 4-fold or 6~fo~¢h

5
—

of symmetry. VXx and Vyy are equal and n ls zend“"
~We denote the pblar .and azimuthal anqles of the,;'ij
‘external magnetlc fleﬁd ﬁ with respect to the crystalf~“

-vcoordlnate system (xyz) by 8 ‘and- ¢ respectlvely, as shownv



-cin Fig;?z.dx By transformlng Eq’ (2 28) from the labo
htory coordlnate system to the crystal coordlnate system,u
'*can be.. shown that _) ' ;-fs 5:,;;,fuvfw ﬂf"'ltf‘, ftejtyitf

El“ .-= _Ym * _2'g (3°0523 l+nsm28cos2¢) (m2 -.’3 I(Itl)}f._l :
| 2 2 % 2 2
-a—q— [2m{4I(I+l) -1~ 8m }{zsm 29-7n51n 26cosZ¢ Y

ud@ij' +on (91n26—51n46c052¢)} -l—{ZI(I+l) 1- 2m }{931n4a

4

+ 6n§1n*90082¢(2—51n e)+n (cos 2¢51n e+4(1 sin e))}]

'(2.33)
HThe,vfrequencies of the quadrupole Spllt 'NMR lxnes,g *»;-

~

lé'

h 1 mI/h, are therefore glven, in second order by
Vmeme1 =}vo + ———3 (l 2m)(3c0529 l+n51n26c052¢) B
w ‘ ———73- [(~81(I+l)+18+48m(m—l){151n 26—§n51n 2ec052¢ h
e T gnéy_ :
D'. . "- L [ o . - . . o

+ 7 (31n26 31n4ec052¢)} + (I(I+l)-——2m(m-l)){951n49

22&51n46+4(l -sin 9))}]

+. 6n51n26c052¢(2—51n e)+n (cos
| (2 34)

‘where vo'ls‘the‘unperturbed resonance ‘frequency.

©2.2.3 Orientation dependence of the nuclear’
. Epin Ia*tlce relaxation in singlé crystals
R

5Consvder agaln a system of quadrupolar nucle1 sxtua-

'f?jted at 1dentical sltes in a 31ngle crystal. :Thermal fluc-'

. the electrlc 'ld gradlent ‘induce- tran31t10nsf“
hy irgy levels of the nuclear spln system v1a the

g coupllng between the nuclear electrlc quadrupole moment and-"

3 /.



| - "')_?_igur'e_ 2:3
-~ Orientation. of the external magnetice«field -
" relative to the principal axes Of. the cfAystal






a

. @“
-rcase 1s glven by

,men*m n" 2nh |<m n’ |JiQ|mn>] G(E n--E -E )f | (2 35{ |
_3where m and m are the 1n1t1al and f1na1 spln states,‘nband,x

EN N ‘°,

”n‘ are the‘ lm&tlalﬁ’ahd ﬁlnal lattheq'states.'7‘If'-the“

R lattlce is 1n eqnlllbrlum at a temperature T, the average '

L

"ftzanSLtlon probablllty per unlt tlme of the spln tran51tlon

e,

S mem'is o
SRRNPIRE SR S Z e mg L
o "_.<_mn-+_m".n'-'_ -

‘ 'nn A
-BE_ .
Z e 7

mfmff.
‘IV‘where 8 = l/kT.p,For transxtions where m changes py +1 and;_ﬂr

(2.36)

412 the'tran51tlon probabllitles per unlt tlme can be wrlt-

mten'as : -
2rf {exp( -8z )lmkl'x'z, Vy In>| s(e n' EntEpei~En)

- w“ . E i . .
: .,‘:.J;m*m+l' n S Z exp( BE )

;._ ":‘A I,.? . . ) -
- wm+m+2 -_ﬁ_

e Jex) BE ' X ; . V

oL
m+z‘5m)
/'ﬁ?';’-_j.n‘ ST 2 exp( BE )

of R P -

BT R
.) 1V }Im:].ﬁ(gn,f§n+E

A .p,_7 ~ e?p f F' m o (2‘38),2



e L ¥ {_'- N . . I . ..‘ : ..' ». ‘

/ ;VHére, x y z' form a Coordlnate { SﬁémfiWBoée'.i axls colnyf'f”

PN

'“)c1des _w1th the dlrecﬂion of the & ternal magnetlc ,fleld,fﬁ
' ' - N @ . 1/2
- A(2m+l)[(l—m)(1+m+l)]

1 - i

[ A[(I-m)(I-m-l)(I+m+l)(I+m+2))

RO
]

112

o
>
II

'ng fIt. gs ‘convenlent to deflne (cf‘ Yosxda aﬂd Morlya*
'”L956) two quantltles wl and w2, whlch characterlze the
Ehucléar quadrupole spln lattlce relaxatlon. - They areﬁ

.ﬁrdeflned by the expre5510n54: |

w (2m+l) (I+m+1)(I-m)

W 2030y
mfm+1 '21(21_1)_ : . . PN

dand ';3

W2(I-m)(I m-l)(I+m+l)(I+m+2) IR

: wm->m+2 3 -(2'40) |
SR _ .,21(21e1);_. B LR e
It follows frqm Eqs. (2,37),(2.38), (2.39) and. (2.40) that, .

" for I = 3/2 W, and w2 afé-f; ’f”‘ ,“fﬁ,  -.;"; .
B . ,’M.*.".f 2. e ”-]ﬂ;ﬂ_-ﬂ:rf
2 2 2 exp( BE )<n | % ,51vyL ,1n>1 §{E_.-E _+E__ =E y :

.”"wf; ne Q”“ o z SN Mo
LRI T ,','; [ expl-sE, Y .

L 2.8
and,'-"' a ,‘: A V ‘

ng exp( BB )|<n |7(V x', y y.) xv |n>| G(E . ~E +Em+2rsm)
E ———— — 4 T
. LT ) ) . o~ L @
e '--:*-.ii»%*P(.-BEnW EEEERE
'-‘%X - ,  ' A . . : "pr N AT . B

T e




Byxexpresslng the- electrlc fleld gradlent component V

[ 4

x .

e etc.'ln terms of the cgmponents of the electrlcf

y y : L T

fleld gradlent tensor measured relatlve'-to,sa- crystalf

coordlnate systemvxyz (Nye,ll957), lt is found that,_ln

E general, W and w2.can be wrltten as llnear comblnatlonslof

1

ﬁsthe compOnents of symmetrlc fourth rank tensors (Snyder and"

Hughes, 1971 Hughes, 973)

l

- L 2w “" 1; ;ﬁ R R . _ -
MaBu a'(“'ma E‘ LRI e -
Z exp( -BE; ox& |v |n> <n]gv g |n>6(E ~E_ Em+h-$m). o
-nn' ) ., : s
‘ .‘. 1 exp( BE ) &
T T O r] S (2.43)
where a,ByaV,B'ei;yﬁe andfual(refers‘tofwl’and‘u=2 referslf‘
. to wzv.In what foilows,‘we replace ﬁ gd ,(u m) by M Bd'é"o
.'lt belng understood that tHe M components in generaf‘depend
ion v and m." L S 2fm‘“ gﬂl:l ‘ '

It can be shown'(Hughesi 1973) tpatpifor magnetic e

25

‘“flelds reallzable in  the laboratory. the M¥tenSOr compo—.j'

nents in . nonmagnetlc crystals are real because of tlme,'\

reve?sal_lnvarhance. It then follows from Eq (2 43) that'

M‘.% N I T
aBa'B' Bua B' a88 o= Myrge a8
'Moreover, wp flnd from Laplace s equatlon that

b;;. .:’l (2.44)

I Mg = ML =0
s = Gao B8 ,'o'~'°8“ a" o

- Egs.,(Z 44) and (2 45) lmply that ‘the number of lndependent

btensor components is reduced from elghty one - to flfteen.='

el » »'{(2.4SY”

e



f%@;'

. ,nents are defined as.

v versal symmetry, the correlatlon functlon V (t+1)V

?'tenSOrvcomponent has, in general, a. dlfferent value for W,

The presence of crystal symmetry reduces Stlll further theih
number of - lndependent components, and Snyder and HugheS".

(1971) have glven the orlentatlon depend%nce of W and w

1 | 2'_’-

L

for the varlous p01nt group symmetrles.

‘ If the quadrupole relaxatlon lS caused—by the dlffu-_

T~

"sion of charged defects (Cohen and Relf 1957) or. the tor—h

_510nal motlon of molecular ogllonlc groups (Bayer, 1951

",Das and Hahn, 1958), it lS convenlent to treat the fleld‘.

gradlent components as statlonary random functlons of tlme

.(Sl;chter, 1980) . It can be shown that the orlentatlon

-

dependence ofrwl and w2 is of the same general form’ as .

glven oy §nyder ‘and Hughes (1971) and the;thensor-compo—‘

<

o

. S\ﬁﬂi_

.asa-gn<ufm) = Vdﬂitfx)va-e-(t)¢XP;f%<Em+uf§mif/n*dT

02 '46)

- where the. bar 51gn1f1es an: ensemble average. From tlme re- - .

B [}
1s an even functlon of T, and the M—tensor components are

(t)

' agaln real and Eqs. (2 44) and (2. 45) remain valld

. We ‘note from Eqs. (2.43) and (2. 46) that each M-

€

Wy

and for w2 on account of u whlch appear in. the delta func-

ationQ 3 It is therefore convenlent to d;gtipguxsh betweend o

vtwo types of relaxatlon processes Type where the M com-* -
ponents are 1ndependent of u *and m-'and Type B where the M

cOmponents depend on u and m.



- nally, it was belleved (Van Kranendonk, 1954) that the)

”ln vcrYStals' Qhere' thé  spin-lattice relaxation, is

'7caused by lattlce vxbratlons, the'interaCtion'is'bellevedf

to. occur via, a Raman type 1nteractlon w&th phonons.,”origié'}

‘vlnteractlon was a flrst order harmonlc Raman: process 1nvol-”m

: ving fluctuatlons in the' electrlcv field gradlent. tensor =

]atlons in the electrlc fleld tensor components whlch are{

ﬁtemperatures, most of .the phonons lnvolved in the relaxa-f.
Ttuon process have hlgh energles and frequenc1es. _In'that

.’case, the nuclear magnetlc energy dlfference |E - E

\

components whlch are quadratlc in the atomlc dlsplacements."

It was later proposed (Van Kranendonk and Walker, 1967 Van-'

;Kranendonk and‘Walker,vl968) that the domlnant 1nteract10n__

'Ls a flrst order anharmonlc Raman process 1nvolv1ng fluctu-l

¥

:llnear 1n the atomlc dlsplacements.' Except at’” the lowest .=

e

- mEy mJ e

negllglble ‘in comparlson' w1th typlcal phonon energles.;v

¢

The‘u¥dependence in Egq. (2 43) therefore dlsappears and so

-Raman type relaxatlon processes can be expected to be  of

',defects and the tor510nal motlon of molecular and 1on1c l

groups also corresponds to TYpe A prov1ded the correlatlon,'
time is suff1c1ently<short. Thls can be ‘seen by assumlng-

(Landaufand Lifshitz{*l§58) that the correlatlon functlon,

v .(t+r)V‘ (t) varles exponentlally w1th T S0 that

(t+'t)V

.B.(t) -V (t-.)Va. (t) exp(-lrllr ) (2 47)

IS

1Type A.» The relaxatlon caused by the dlffus1on of charged o



SR S N o M%& S
1stng Eqs.,(z 46) and (2 47), lt can be shown t@at 7

aBa g ‘=;’~\_J '(t)V B.(t)2v l'_'l + (E -—E ) /n - __(2.4‘8')“
Thls expreSSLOn is’ lndependent of u in the short correla—'
ffﬁtlon tlme llmlt

- Tc,<< T}/IEm+ -”Et| ﬁf“y;__o. p‘.i y- | ::.(2’49)

-

In tﬁe-so calledwdlrect process, a 51ngle low enenéy e

ffl;Phonon 15 elkhgnﬁ@ﬁltted or absorﬁﬁh Suchda process would *

LA ] kX

';pected to be 51gn1f1cant at very low ( bu1d :
3 e L

- Lo e, ‘
hew{hm)uytemperatures uand to .our knowledge haS' not been

)
,\\\

observed becaUSe of compethggregaxa*lqp mechanlsms. How—.
I;\,

f:ever,'lf 1t«d1d‘occur,5the’dir'ct process would be,of Typehﬁi

3 w

.oB 51nce the den51ty of phonon states contrlbutlng to wl T
. : g -

-'processes would be sxgnlflcantky larger than the den51ty af"‘

I tu

uphonon states contrlbuglgg to w2 processes, because of the"

<
% ‘ . k%

ﬂdlfferent phonon energles 1nvolved ‘: The dlfoSlon ;and;:

yhé%rs;onal motlon relaxatlon processes also belong»to Type &

lﬂ t‘e correlatlon tlme is - suff1c1ently long'as céan be seen"

from Eq (2.48). Though the M cdmponents in. Type B pro—L

L

i
7 COE

cesSes necessarlly depend on u, they w1ll be esSenti&llylaﬁt,

- . 2

¢J lndependent of m '1n cases'vwhere the statlc quadrupole S

oy T

¢.‘ .

Lnteractlon is much- smaller than the Zeeman lnteractlon.,hlh'

Y . BTN . ‘-;ag




12}2.4.:Calculat10n of the ratros of the M—tensor component
' - using a point- charge model

iThe only calculatlons of the ratlos of the M tensor'

seem to be those of dughes and Reed (l97l) and Hughes and

""Spencer (1982). ' In the work of Hughes and Spencer,'the:”“

relaxing'nucleus is assumed to be surrounded by an array

e

p01nt charges ql,...,q ‘and the quadrupole relaxatlon is.

assumed “to depend on fluctuat1ons'1n_t£e electrlc‘fleldv
E gradlent whlch are llnear 1n the relatlve dlsplacements of

!"the nucleus and the surroundlng p01nt charges. ' Such a

fllnear dependence is expected if the relaXatlon 1s caused'

iby the anharmonlc Raman process (Van Kranendonk and Walker,:
A1967 Van Kranendonk and Walker, 1968) for example.,ilAl'
llnear dependence should also be expected in the cla551calg
HJllmlt, prov1ded the dlsplacement of nelghbourlng 1ons rela—h

.:’txve to the nucleus 1nvolved is, much smaller than. the

1 dlstance from the 1ons to the nucleus._g

uThe 1ncrease(1n the electrlc fleld gradlent compo-

,nent V 8 éia V/ax 3x8 at the nuclear 51te, whlch is llnearr,

- in the dlsplaCe Eﬁts, is . 1Ven b
9 Y

" ‘-\) 5

3 ..n 3q
L

31 ai’ Bll(dle'

-i5x

. Here,;r{-xs the'drstance efithe:lth'charge from the nu=

(2.50)

?



B0
.;,cleus,'xji;ls the xJ coordlnate of. the lth charge measured
:ffrom the nucleus, dxj'ils the dlsplacement of the Lth}

.charge 1n the xJ dlrectlon and dxJo lS the dlsphacement ofli'

the nucleus in the xJ dlrectlon We assume that M 13.

‘aB B'

;proportlonal to GV 8GVa-'é where the bar 51gn1f1es the time ﬁ'mv
. . _ 'R '
‘average._. (Thls assumes that the varlous electrlc fleld

-'gradlent components v B'experlence essentlally the same k
‘statlstlcal tlme dependence ) If the dlsplacements of the

" nucleus and the surroundlng n charges are all uncorrelated

| "lt follows that ¢ S %_ L
L 3 n 9q§‘ SR AT . ”2 : PR _
aBa 8'7-2 (-zf 14_[(§a5xei 633 u1 Sas 31) 'sxji¥uixsi]_f
. (8 IS ..+s“"' x3 )rz-ISx iXge ](dx )2 -
_ i'37R'i T8'3Ta'l a8 31 L 3; ati 5 1 jir
+ (_)_:l— ; '-['(6djxv3‘i+63‘jx“.i*ﬂ'GG'B'iji)fri-_sxji’.‘qi?csi])' |
.. n -‘}3iq‘i o R 5 . e
X(lzl r] [(%'j?,‘s % J d l”a .B'xf Ty -ijl ati¥g ll)e
e (axs0? L ° S e (2. 51)
R g 2{3‘f Tlme dependent ‘behaviour of a system of I= 3/2 nucleli_
B '»experlencang f}rst—order guadrupole spllttlng
2.3.1 Quadrupole réiaxatlon‘ 'f_fl 1":' “1J'i_bb

'The allowed quadrupole relaxatlon transxtlons for a.dc

‘_system of ldentlcal I = 3/2 nucleL{expeglenclng f;;st:order




A _Ltld_f_':ixfi 3L

.quadrupole’spllttlng.are showndln Flg.zz 4(a) f‘The down—t7
"ward transxtlon probabllltles are related to the corresponf“

}dlng unward transxtlon probabllltles' by the Boltzmannﬂ,r
vfactor whlch can be written, in the hlgh temperature appro-

. ‘ .
.-xlmatlon, as: l+AE/kT where AE 1s the dlfference between the g

renergles Qf the two leve s i volved 'The frequenc1es of

: 'the centre llne andﬁthe m-= fer 1/2 and m =wfl/2‘«fr—3/2

a

-eaatellites respectlvely are- glven, ln‘:flrst' order (see -

.'fsecond.tern on RHS of Eq. (2. 34)), byvvd,fv (l+6) and
'.v (1- 6) where 6 = —(e qQ)/4hu ) (3cosze-l+nsln26cos2¢) Itﬂ.'f
'.follows that lf the upward transxtlon probabllltles are‘

written as wl and Wz then the downward tranSLtlon probaox-

‘lities are w (1+A ), w (l+A ), W, (l+A+A ) and’ w (1+A+A ),

"r,.as shown in Flg._2 4(a)), where a hv /kT, A.f A(l+6) and

+

v.”A = A(1—6) We now derlve the tlme-dependent behav1our of

vthe nuclear spln system.( Our treatment dlffers from that'
| ?found in the llterature (Andrew ‘and Tunstall 1961)
taklng into account the unequal energy level spac1ngs 1 e.‘
fthe quadrupole spllttlng | ‘ | .‘ R - j
'In: the absence of externally applled rf flelds, the .

},rate equatlons are 'bﬁ'
o ‘é.o"""

=--“"N3/v2(Wl,.‘“”’2‘)"““'1/2"’1(17-"’?4-)’“N-i'/z""z_(1‘_"“7‘“1&) S (2.52)

L R %)
BRLE N "

-_-.N3‘2w 1/2{w +w (l+A )}+N 3/2 (l+A+A ) "'(2..'53.;)‘;



n

'Figufe 2'4T

:Energy level dlagram for a system of nucle1 WLth I = 3/2
lehowlng (a) quadrupole tranSLtlons (b) magnetlc tran51—'v’

 jt;ons.1»
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ANy, f- o ; ,f R o

o dt}(?:% l/2w +N 1/2W 33/2{w (l+A )+w (l+A+A )} (2i§5).

.where V3/%, Nl/if N_,l/2 and N 3/2 are the'populathhe_of_‘
"‘the ‘states’ m = 3/2, 1/2, —1/2 and —3/2 respectlvely If he

deﬁote the populatlon dlfferences N3/2 L/2f' 1/2 1/2 and.

1/2 3/2 by N*l’ ‘:nd N 1 respectlyelx, we can{wrlte_.
e A T . Sy '

%

'~- - *}‘*‘N ‘

3T (2W'+w ){N h (1t§)}+w {N *9.{l*59}ff.»i”7(2é56),

. . O SRS . . . —‘ ) . _ . . s “?~"'. .
o x’{N;lfn.(l—s)} o . i f'i??ﬁf??57f
dN?l . :

v W {N n (l+6)} (2W +W )(N ~Ry (l 6)} S (2758’

“wherevno, ng (l+6) and n, (1-6). are the populatlon dlfferen—i.

- ces of N, N,

+l .and N -1 respectlvely at thermal equlllbrlum

o : L] = + ' ‘=’. . _l p [N = .
_tNow if we let N+l +l =ng (l §). No Novno and N 21T
-V'l-n (l 6), S0 that the prlmed quantltles represent dev1a-
'tlons from - the thermal equilibrium values, we can‘rewrlte‘

Eqs. (2.56), (2.57) and (2.58)';n>the form

41

‘_(2wl+w2)N;L'f WZNLI (2.?9).

=f‘wl-w22N;1\- 2w2NéA+‘(wi'w2)N-1_ | ,.(2;60)  -
‘azf_= W2N+l (2w»+w NI R (2.61)

The general solutlon of these homogeneous fLrst order dlf‘

ferentlal eQuatlons is o

) ’



S caw e "2W t. o T L N
NS = Ae’ ke 2o h.-”(3%52),

L -2(w1+w20c=-~ <2~J~

B ’.N' .
ST+ e .
. S2W e L SQ(W W) E 5
V—l . . - . .
‘.where‘the‘coefficients A, B and (i’depend.ontthefinitial

condltlons.j
S -Suppose that the'spin sYstem'is in thermal equ111-3
. ',““r» *}

"brlum and the ceq;re llneﬁ ls ‘suddenly 1rrad1ated by a

; selectlve pulse (i. e. one that does not perturb the satel-"

o

lxtes)- It can be shown that the recovery of the popula-r

'tlon dlfferenoes is then glven by
' -ZW,!t g —2W t

e
N o

- -2w1t | o B
Ny =De T IR C se)

" where' D is a constant whlch depends on the ex01tat10n. gFor,f;

| SE

Jt example,jif~the Centre llne is completely saturated _or- 1s L

.subJected to an ldeal 90° pulse so that N becomes-O D ;s_;

'fvequal to n /2 If 1t is subJected to an 1deal 180°'pulse,‘

.“

"so that N becomes -no- then D 1s equal to no.

suppose 1nstead that the m = 3/2 ++ 1/2 satelllte 13~

,,

‘:.suddenly 1rrad1ated by a selectlve pulse when the spln'ff

R system 3Ls in thermal equ1l1br1um. The recovery of the*

: gnopulation’differences 1s then of the form

-zwlt L P R
Ny, =EBe = . T 0(2.67)
o e g BME RN Ie
Nyp = -Ele " +e T Sy o T (2.68)
' o=2W b -2(w1+w2)t .

"'Nll ~E(e ‘ - e e ) ;: : -~ (2.69)

T 35

=-Re T~ Ce T .o “\(;,éa)[ o

-Dle o 'fvm(z.ss)_

=-Ae 7+ Ce o v S ' (2.64)



| ”36i
: where‘E 1s a coq:tant whlch depends on -the. exc1tatlon ‘5Forc_”'h
: example,~ lf the satelllte lS sub]ected to an ldeal 90';
'ipuise, then E is ng (1-6)/2. If lt lsé%ubjected to an 1deat
180° pulse then E is Ny (1 6) ‘ | ‘ _ v

It can be seen from Eqs (2 62) to (2. 69) that thef
."unequal energy level spacxngs have no effect EF,the tlme;p;x—t

em;‘:Thls is.in conA;f

dependent behav10qr of the spln )

the s1tuatlon 1n the enh Cement-method of measur-ﬁ.w

Wfﬂfz/w (Hughes and Reed 1971 Spencer and Hughes,;1
'1978)4 In that case, where reSOnance amplltudes are mea;“E_p
) sured)blt ls necessary to take cuadrupole spllttlngs 1nto”

‘waccount. :

'4‘2;3;2p Magneticfreiaiation '
‘ In .this_;section.vwe'dconsider the magnetlc ‘spin-
viiattice relaxafionhof41- = 3/2 nuc1e1 experlencrng flrst-
order quadrupgre spllttlng.‘ Our treatment is a generallza—v
’}tlon of that prev1ously glven oy Andrew' and Tunstall
J(1961) . ns was done by these authors we ‘assume thatvth@
‘frelaxatlon ls homogeneous, 1.‘% 1s the same at all nuc1e1
vThe upward magnetlc‘relaxatlon probablllty may be wrltten
Do ' e TS e '
as .- , : - ) ‘ . .
L L —w (I+m)(1—m+1) L i L (2 70)
where w3 is lndependent of m for the - nuclem anolved The'
correspondlng downward tran31tlon probabxf;ty 1s glven in

'the hlgh temperature approxlmatlon by E@ (2 70) multlplled E




:‘.:

.y

“j;:} S _A';y‘}{ﬁ‘;;-j;;.y
o by the.Boltzmann factor (l+A), where A h&é/k?Wéédtsbpi%lu
;'l;the' unpeg;nrbed resonance frequency 3j'(As- Qés' seen Lint,nv
sysection‘2r3;i,:1t is nee necessary to ‘take 1nto account thevﬁ;‘
uneqmal energy 1evel 'spac1ngs ) o The‘ transxtlons whlch"
toccur in the case I 3/2 are shown in Flg 2 4(b) '

—_—

- ,f . Im the absence of externally applled rf flelds"the

rate equatlons can be wrltten as. '__*" 1‘t o :. ‘-.f'
e T e‘-(3w +4w (l+A))N /2+3w (1+A)N 3/2+4W Nl/? (2 72)

_ dN3‘2’" ‘ -'.‘ff‘a. | v
~32 = -3, N3/2 + 3, (l+A)Nl/2 L '7-.5 (2. 74)

'Using a procedure 31m11ar to that used in sectlon 2 3. 1 1t L

LlS found that'

_ —a-t— = '4W3N 6w3 "‘l | (2.75)
: "&E .-_-= 3W3N+l ,+ v3w3,N\_-l' - BW, N il ; "..(2'76)'
.'for‘WhiCh'theageneral solutlon_fsy‘ e | '
' Sl -6Wat “-2W‘3t:' C-l2Wat P
N'i = Ae . + Be +Ce - T ) (2.78)
3 e -6W -2t . =l2W.t e
iﬁ of (A+D)e ,.gm + B _4e%'Cew" v3’_.'(2.79)
o --6w3t | -2Wae "12W3t].1 B
N;l'-’Dev_*; +Be ° wce . . (2.80).

Here, A, B, C and D are constants dependlng ‘on the lnltlal

condltlons.‘ If the spln system is lnltlally 1n thermal

equlllbrlum and the centre llne is suddenly exc1ted by a4,'

~



o
-

7fselect1ve pulse, the recovery of uhe pOpulatlon dlfferences

.-can be\, shown to be glven by

% - N(; =E(e 3.','+ 9e 3 S (2.81) .
_ . _ , -2W3t ‘57;-12W3t, wo L”’f’, S
TR N'l : E(e S .f',_6e; ) TS (2 82)

.\
.

ll- s

-

wherel'E-is a constang whlch depends on the exc1tatlon. : For' ‘
R example,_.lf the centre llne J.s subjected to an- 1deal ].80°
' pulse, E is- -n /5 ' We see that the recovery of the centreﬁu

"llne and satellltes 1s nonexponentlal.i

A ca? th.ch we con51der later 1n th:Ls thesxs J.s, "

where nucle rela;c via a magnetlc 1nteractlon w1th a rela-vf

-
v.c

tlvel?( small number of electronlc param?etl-c .splns. '___In .

~'-.-'.thls »case,, the dlrect spln lattlce r xatJ.on w1ll Pe

inhomogeneous:» i. e.vw1ll be dlfferent for dlfferent splns.

‘-

'However, because of spln dlffu51on-- (Bloembergen, 1949~
.'Abragam, '1961) arlslng from the coupllng'together of

'nuclear splns v1a the J.nteractlon of thelr 'nagnetlc dl—.,

}

poles,_,the 1nhomogene 'ty in’ the relaxatlon may be small‘
enough to lgnore. The theory just presented should there-”-.

fore cover that case. ' However, lf the crystal contalns‘

¢

”enoughf\efects or'stralns sc’ that the flrst order quadru-'
pole spllttlng varles s:.gn1f1¢antly from one nucleus to its

, 'nelghbours then sp:.n dlffds10n occurrlng via! the satellltes
. iR

-

' w:Lll be 1nh1b1ted ive. so-called fllp—flop transxtlons J.n~v

'whlch one nucleus undergoes a transxtlon from the state m = .

/+3/2 to m = +l/2 say and “a nelghpour goes from m = +1/2 to

+3/2 w1ll be J.nhlblted.‘.“I_n. that case_, Lt- can. be_' a's'surmd_ <



: homogeneous.": In the absence of externally l

fjshownlto_beu

':',"‘

R

f\

only magnetlc tran51t10ns that occur are between the sta

"3 iy
2

o

in the llterature.:-¢ 1f.k_:‘

We agaln assume that- the magnetlc 5?& »tlon 1s

RN

£1elds, the rate equatlons can . be wrltten as:kv]fh”

R f'\
. 3/2 _"-
"fasz‘f‘ob‘
" dN

N_3/2 A . T “/" jj;ﬂ
at . ' o

4w (l+A)N 1/2 ,4W Nl/2

< = 4. Nl/z = 4w (l+A)N 1/2 ::-vt»_ ;.

'that no. trans;Ltlons occur between levels m = +3/2 and +l/2,

; " fby 1nteractlon w1th the paramagnetlc splns,. so thaﬁ ﬁ;e*,,

j,_ﬁ = +l/2 and —1/2 Wlth a probablllty 4W e We now-consﬁﬂerm"

'that case-sxnce, to our knowledge, 1t has not been tégatedﬁjv

“Using = provedure 51mllar to that used in- sectlon 2 3. l ‘it._;-

g 1 e
".—at—"‘_“”N T e T (BT

3o

3 o

=h

aT - LN, T 'f?v' (2 89)

If the spkn4éystem is Lnltlally in thermal equlllbrlum andf'

the'eentre line ls suddenly exc1ted tnr a selectlve 180°.Q1

=:.:aw_t' “

R -aw'ti"- R L

il

;puise;'the‘recovery of the_populatlon;dlfjerences'can be .
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' 2.3.3 Quadrupole and magnetlc relaxatlon

e

The time dependent behavxour of a 1= 3/2 spln sys—“~h'

;‘tem 1n the presence of quadrupole spllttlng, andwmagnetlc

'"and quadrupole_relaxatlon has been treated by Nlemela*,t'

"(1967) However, he anluded all the magnetlc tran51t10ns\
'T;shown 1n Flg 2 4(b) ' We encounter later a 31tuatlon where .j{

‘the magnetlc tran51tlons between the levels m~= +3/2-and m’ e

.l=f+1/2 seem to be lnhlblted We therefore con51der the o

i‘vcase of a- system of . I ;'3/2 nuclel exper1enc1ng both qua—:"
Hdrupole and magnetlc ’relaxatlon,y but .wlth the magnetic."'
'iltran51tlons belng only‘between the levels m:¥'+l/2 and m
sz | L

'H¥}_ In the absence of externally applled rf flerds,'lt L

'-can be shown that the rate oquatlons are j-.

r dNé_:'-';‘l,_ S T FRCHE
T *; (wlew )N' - (2w +8w )N +(w w )N ",~g(2,93)'

= w”w* + 4W N'*' (2w fW

- —dr Myt 3N N oo (2.98)

2) -1f,
I We are interested only ln the case where both satellltesyl'

- are per urbed equally by the inltlal exc1tatton In that1”~

ucase, Ni‘must equal N i 1n1t1ally,-and they w11l remaln'A'
\ D

wfequal afterwards because of the symmetry of Eqs. (2 92) and:f:

4(2 94) f The general solutlon of Eqs. (2 92):tos(2 94) ls.,_

o .Xit gt B
N, = Ae b+ Be ‘o S (2.95)
e S VL e
Neyy= Ce o ¥ Do oo o 12496

| 0 e



A '.=-":-(W + w2

oy = -(w + w2 + 4W») - ‘vﬁn” .t; 'v;'. : %(2?98)h...a
= A[(W S 4w3+ p)/z(w/w )] C(2.09)

B[(w wl+ 4w - P)/2(W - W )] ;ﬂ”y'3(2“100)i¥7‘“

p,__ [(w -w ) + 16w§]1/2 A‘U”f_ff 5-?_'5_ (2. 101)

hHere, A and B are. aroltrary constants dependlng on the v;'*

,‘ B

4 4w )+ B {}i~*';}?”5fl«'lf”12;97)37}'

e
l

fot
]

1n1t1al condltlons.h If the centre llne alone lS exc1ted
'~1n1t1ally, then N"é —2N l at t .= o and the recovery of thejf”
; spln system 1s glven by 't:_»;ff‘f »'yj.y“xxf.*e ; ainy?-f
E[(@W’AP)/P]e. ;e;E[(4w +p/?]e, Soo(2.102)

.z:'
oz
i

[(w --wl

I

+4W +p)(4w -P)/z(w w )P]
' xzt

g‘— E(w -wl+4w -p)(4w +p)/2(w w )P]e'q, (2 103)

whe;e E ls a constant. The recovery of the spln system ls=;v

ift “’v e
o cIearly nonexponentlal 1n thls case However,'lt 1s useful;fgg;

*

“to appiy.Eqs-,fQ 102) and (2 103) to two extreme. cases.fff'
Con51der !!fs@-%he\case (w —w ) << 16w§ where theffly

B magnetlc relaxatlon ;is domlnanﬁ“ , ,The] recovery of thesj"

'vcentre llne adﬁ satellltes ls then exponentlal of the form ‘t”
N ,-(wl+w2+8w )t ' o '
R fNi = Feout

D T ’:'f'- (W +8w

.\‘7 (2 .104 .):;_ri.. b'_ o .

. I

<v(z:105)[-.7‘

- very diffefentg,-
B T
. S 4
S

oo

(2:106) -

;= If we further assume that w1 and w2 gﬁe;ﬁ”

"Qﬂftf from one another, then
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SN

UNGwozBe RS e (2 107)

1n whlch case the relaXatlon rate of -the satellltes is

Smely the sum of the quadmupolar~rate*2w andtthe'magnetlc'f
ca e 9 T

. e Lt - . . . . e . . S
e R S S S
T T A I g,'424;- e

R Y, T
4

Con51der now the other extreme Qase (W -W ) >> l6w

R
LA

e

200
3

: where the quadrupole‘ relaxatlon ls domlnant.}. The tlmef'”"

dependent behav1our lS now glven by ;Lti,'in ,f,ff el
--_,-N‘i_'?_.Ge e 1~08)
'-q.: 2(w1+2w )t 7("20w5ﬁ2W3)£?" : a' R
N' = -G(e e +4e‘~f .;}‘-H;)';‘ (2 199)

Here, the relaxatlon of the satellltes lS exponentlal thefi

e

rate belng the sum of the qupdrupolar rate 2wl and half the
_ ; 7'H' JQ

s
oA e

magnetlc rate 4w3
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~nN02 groups and the spontaneous polarlzatlon 1s parallel té

'.the b ax1$ (Sawada et al., 1958) '\r

, CHAPTER 3 o

CRYSTAL STRUCTURE OF NaNO ‘QUADRUPOLE SPLITTING AND

27

QUADRUPOLE RELAXATION OF 23Na IN A NaNO2 SINGLE CRYSTAL

. . by . -
o ] @Q, , . 3
: S L , 1;, .

'33 Crystal structure of NaNO2

NaNOz beléngs to the body—centered orthorhomblc

vfsystem,vspace gfoup Imm2 Cgo.at room temperature (Zlegler,_;yﬂ

”~¢l93l) The un1t cell 1s shown 1n Flg.'3 L., There are two

‘ V B . ‘

aleolecules per unx; cell and two mlrror planes perpendlcular.n"
. to the a anduc axes re\pectlvely.a The unlt cell dlmen51onsl
LQfat room temperature are a 3 56d+0 010 A,o; 5 563+0 005
EA,F;.# 5. 38410 005 A (Kay and Frazer, 1961) T The ferro?

'flelectr1c1ty ofauéﬁo comes from the ordered arrangement o@_ .

_pr §

Naﬁ% undergoes a’ flrst order tran51t10n at T 437 K

-from the ferroelectrlc phase to an antlferroelectrlc phase

: .mn

. whlch exlsés: only -over a very. small temperature 'range' o

;(~l C) cIn thls phase,_the average electrlc dlpole moment

. N
¢ i

. along the b akls dlsplays a SlﬂUSOldal modulatlon along the b

a axls w1€h arperxod of about 8a (Yamada et al 1963~”u
Yamada and Yamada, 1966) 1 ~At. a temperature T= 438 K, -af;
further tgan51tlon occurs from the antlferroelectrlc phase{
. ‘rQ; A : .
E g to a pavé%lectrlc phase characterlzed by a space group
f;@ o Immm Dzi‘" In the latter phase. the NO2 groups are
L Y % AT
% L A
b b



Flgure 3 l

' l Un1t cell of sodlum nltrlte and the crystﬁi coordlnate

ﬁ;_system used to denote the orlentatlon of magnetlc fleld ﬁ

SRRV
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"{fleld ls parallel to the a ax1s 1nstead of the c axls.y

idg'completely dlsordered and have an’ equal probablllty of
"{pOLntlng along the +b and -b axes. '

“,;f 2 Orlentatlon dependence of the 23Na~quadrup01e_s§iittin§;'h
© In NaNOy - L N S

The sodlum 51tes 1n NaNOz'areball‘idéntical ) Slncef o
Na has a spln of 3/2 there are therefore three Z?Na.ﬁ

-

23

tresonances observed in".a 51ngle crystal of’. thls materlal.;bf
’As can . be seen from Eq.‘(2 34),.1n flrst order the centre
”llne correspondlng to the trahSLtlon m’ +1/2 ¥ -1/2 1s_g

iunaffected by the quadrupole 1nteract10n, and the frequen—y

_:c1es of the satellLtes correspondlng to the m- = :3/2-1,;:{f:
+l/2 tran51tlons are’ glven by ’1'1:‘
U R
vy = v -zg- (3c0526 l+n51n26c052¢) C . 1)

.The crystal coordlnate system ls such that the X,y and z:
\:{axes are parallel to’ the c,ya and b crystalllne axes r s—'
'-}pectlvely (Welss; 19605 as shown in Flg 3 iQf The nuclear |

‘quadrupole coupllng c0nstant4$ qQ/h varles from llOO kHz at

rla °c.- to“%49 KHz at 215 c (Welss and Bledenkapp, 1962) ;he{ih

3_asymmetry parameter n varles from 0 ll at 18° C to zero at’

o

'ﬁthe tran51tlon temperature. Above the tran31tlon tempera—»
G‘

fture, the asymmetry ls 1n the opposxte sense 80 that the’

. smallest quadrupole spllttlng now occurs when the magnetxc.
At the magnetlc fleld strengths used in our” work

jsecond order quadrupole effects are SLgnlflcant It can'oey;lf'

®. = . . LR . ig; :
e - : . - '_- : L . . ]

&,
B A



'?shehnfﬁsing Ed'7(2 34) that the frequenc1es of the centre. -

":order, by :;”’,"f[,;fka:r'
:1jv‘= —Kg— (3c0526

.,V)

:‘tlon probabllltles W .and w2 of nucle1 at 51tes posse551ng

B Hughes,rl97l)

' llne and satellltes of 3Na ln NaNO2 ere.glven,'ln,seeond }

L9

'A",j;;? 4 2.2 . e

v vy = &3 [9sin®s(9cos?e-1)-6nsin®ecos2s(10-9sine)

T e o

~-s'4n2(lh3sin-5 +T%35in4beos2¢f]§ '}'”'_Yy‘: o302y o
{0 '135' 4.2 2 . |
g+n51n26cosz¢) + £ Q'
3’1’ - 24h vo

-

{% 31n 20q

+

2

-

5¢ +! n251n29(1 sxnzecos 2¢)} v(3.3)t Jf‘d

n(51n223COS }
' , S , - . , ‘
\|/ Y ﬂ"nh-.y“ S AT jt';'x_f_l

.tn, 3
T2
f .

3, 3 Orlentatlon dependence of the 23Na'quadfdpolé‘téiaXa-

) tlon 1n NaNO o ,gw

The orlentatlon dependence of the quadrupole trans;-‘

'.mm2 or mmm pOlnt gr@up symmetry is glven by (Snyder and v*

|'0 

_1»'_ *o /96)[4M131101+4M1133 3333 _2323*’3103131“@‘1' :

+6(3m. -2m %é o

33337 2323 2“3131)°°s

' - g
(4m 1n* +au 1133*19M3333 16M2323“16M3 31

1
2

x

cos4e 12(2M1133 3333)cosZ¢51n26cos

- 4( 3237 3l3l)c032¢51n 6(1 4cos e) L }qfﬁf';
\j ! . . .. . .
."'(4 1111+4¥1133+M3338‘4M1212)°°S4°51“ e] (3.4
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N

- \-oeh | 19 ' ' ' R
LWy Le “o /96)[4M1r11 1133"E M3333 2323 Miiar? 1212 -
: 2. - LN ‘*”l"‘v-, T
> 6“"3333 2323 7 3333 1212)"°S o ,.vg"

SR

19

Moo —dMs . -4 SIS SR
* (Mlll 133" 77 3333'4.2323 M3131* 12}2)90$.e‘r.

: 2
.+ 3(2M1133 3333)0052¢51n e(l+cos e)

a

3 4 .
;+ 4(M2323 3l3l)cos2¢s:.n 6

ﬂ" + (M
U .

lv

prov1ded the relaxatlon 1s homogeneous 1 e. lS the same at

P

"each sodlum 51te.' The form of the orlentatlon dependence”

of~wl and w2 should therefore be the same ln the para-

electrlc phase as ln the ferroelectrlc phase.u_ In Eqs.,'

- -
(3 4) and (3 5), the z axls 1s the 2 fold ax15 and the X

and Yy axes 11e ln the mlrror planes (Snyﬁer and. Hughes,

1971) For convenlence, we choose the x and y axes to 11e

t“i.along the a}and a axes respectlvely, SO that our coordlnate

system c01nc1des ‘with that used to desCrlbe the quadrupole
spllttlng below the tran51t10n temperature (Welss;‘;QGQ;

Welss and Bledenkapp. 1962)¢~

!

e T R R
i L e . . . o - g )

. i e
llll 1133 3333 ,1212)°°54¢51“ 9]»_‘- ,(3.5)“.



aCHAPTER 4*"
EXPERIMENTAL DETAILS R A

Y o e

'4.1;', Egulpment _-7“ |
ll4l1}l Pulsed DNMR spectrometer'f;_

R
.‘"«

.

' In thls sectlon we brlefly descrlbe the varlous L
parts of the equlpment and thelr functxonal relatlonshlps.fu"'
Ihportant parts- of the apparatus are descrlbed in morepf.i

detall 1n sectlons 4 l 2 to 4, l 6

',ff,ffV ‘-Y-In 'our' experlmental technlque,"an‘ rf pulse }sj'

Jqff; ”and a second rf pulse is. subsequently applled to one of thei
other resonances (or, 1n one verSLOn of the experlment, theh»

T same resonance) ln order to monltor ‘the recoveryfof the"'

l

Spln systemf5 The block dlagram lS shown ln Flg 4 l. yRF1

Generator l,‘whlch is a Wavetek 178 Programmaole Waveformlv

. Synthes@ter, prov1des the excxtatlon signal for the flrst*7'

pulse._ Its frequency 1s ‘set to match the frequency of thefa;

%“‘vc

f@' 'rlf'resonance to be exc1ted., RF Generator 2, Wthh is-a. FlUké:
B - : S 7
6039A Frequency Synthes12er. prov1des<ihe rf 51gnal for thev,ﬂ

‘,'90° pulses whlch are. used to monltor the approach to equl-\;7'

'»applled to one of the three quadrupole Spllt resonances;f;i'

’,llbnum° of the' second resonance The external magnetlc O

. f1!ld ﬁ 1s always set so that the frequency of the second'
yresonance is close to l4 5 MHz., Rectangular gatlng SLgnals‘
are provxded by a dlgltal pulse generator clocked by a 14 5

T 4
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.,ﬁmﬁz 51gnal from the Fluke Frequency SY“th]'iQ.E 7'The gat-'
v,:lng 51gnals are fed to the gated rf ampllfler,la Matec Sls”gff

gl kw ampllfler plugged lnto éi Matec 5100 malnframe unlt.j]d

e The hlgh pOwer rf phlses are fed from the ampllfl%r to theif:;{

0

' bprobe v1a a lumped c1rcu1t duplexer of the type descrlbed,;q'

'n;rﬁby McLachlan (l980) : When“ked w1th ‘a large SLgnal, thls"

J

‘3'f;ﬁ unlt connects the output of the gated rf ampllﬁler dlrectlyff:d”

. to ‘the probe. and lsolates the lnput of the detectlon“rr'“
'-vc1rcu1try In the absence of large 51gnals, the duplexerggﬁl

“_connects the probe to the Matec 251 tuned preampllfler, and3"7

o llsolates the output‘ of the gated rf ampllfler I*Thefw

-r”reCelver,: a Matec 625 W1de—band Recelver,:lncoaporates a~a
phase—senSLtlve detector, the ~reference 51gnal beLng:f'f
-.febtalned from RF Generator' 2 v1a a varlable phase-sh%ft7?

'unlt, In order to 51multaneously record the. 1n—phase éndf_fﬂ

SR RETE S
i out of:ghase components of the NMR 51gnal a second phase-,

mﬂf;sen51t1ve detector, constructed by the departmental Elec&\\ o

'tronlcs Shop, is used.:.It lncorporates a- flne phase*shlftdd
:control whlch enaoles the orthogonallty condltlon. to be'3>
. s

hfaccurataly malntalned._ The phase—detected NMR 51gnals are;-J'

‘fed to ‘a. two channel Nlcolet 1170 Slgnal Averager ,7The :

‘averaged NMR 51gnals can be dlgltally read out via a Texasf«'

?3Instruments Type 733 AbR electronlc data termxnal or plot-l_

E':ted on a’ Hewlett Packard 70048 X-Y recorder.. o
Two Lakeshore eryotronlcs DRC 82C temperature con-

trollers are used to malntaln‘a constant temperature at'

o . ;,\.



h}platlnum re515tance, sensors located above and -below the ’.'

o BN ;,

?f4 NMR robe

A 51ngle c011 arrangement was used 1n our work.-gln~

:order to match the prdbe to the 50 9 output lmpedance of"
u~.hthe gated rf ampllfler %nd the 50 Q. 1nput lmpedance of then'r

-Vpreampleler. the c1rcu1t shown ln Flg 4 2 was used..,A-p.f

e ' f
;-_probe lmpedance of 50 Q -is. requlred for maxlmum power

5}tt1c lmpedance of 50 ﬂ, to connect the varlous rf unlts. :'3§75f

';transfer from the gated rf ampllfler and to obtaln the bestt7

, sxgnal to‘n01se ratlo. 'Also; reflectlon proolems are av01—

3

*Evded by usxng RG 58 coaxlal cable, whlch has a characterls—,f'

.\»».

The operatlon of the c1rcu1t,~wh1ch is 51m1lar-ton'}”

";{dthe one mentloned by Hoult (1978), can. be qualltatlvelyn"

ﬁunderstood as quhmu N Suppo »é.and R are’ omltteg. Theﬁ"'

'capac1tor c’

adjustlng C

l can then be adjusted to ootaln serles reson—g.ﬁ
4 # .

*ance w1th the c011 Lo» The 1mpedance would then be r, the?

reSLStance of the c01l,_and thls 1s usuallf,much smaller_

thanQSU 9.. However, suppose now that C 1s lnCreased untll-

1

ftthe real part of the admlttance 1s l/50 Q.? The lmaglnary'

fdpart of the'admlttance can now be cancelled by sultaoly;”

2 The total 1mpedance of the c1rcu1t lS thentl

-~

'50 Q resmstlve, as requlred.-. :'

A typlcal NMR coxl has a Q-factor in the.. range lOOd-

Tfto 200. The decay tlme of the FID of our 23Na xesonancesr

.
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Figure 4.2 . -
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_is'roughly”loofusf‘ Thus,lln order to record most of the:i‘

,jFID followlng a 90° pulse, lt 1; necessary for the recelver
&

56 .

;and probe to recover ln a tlme much less than lOO us., The ivu]

"recovery tlme of our recelver and preampllfler depends on g

. & - S
’-the operatlng frequency and ls about Aus at 14 5 MHz.' The~"'

rlng down tlme of the probe, x e. the tlme taken for thej}f*

St

h-wyrf pulse to decay away to the n01se level depends on the Q L

!

'._of the c01l. We found that a, Q of roughly 50 gave a satls-fi

’.;factory overall recovery tlme of about 25 us.' The resls-,V

_ tance,R.across-Cl 1n Flg 4 2 was therefore Chosen bo load;f’

-

‘the c1rc01t so- that a recovery tlme of roughly 25 us was;Q

aobtalned -

: The,voltage across capac1tor C is. llmlted to about:

2

""300 V ,the output of the gated rf amplifler.: An ordlnaryi'

B . .
'varlable air capacxtor Wlth a range l3 5 to 320 vawas used'

for C2 as, there was no. dangqm of dlelectrlc bfeakdown.”fAiv-i

i;otal capac1tance of around 500 pF was tsuax}isrequlred toJf}l

~“tune the- probe to 50 SL »ami so 3 {?ﬁed capac1tor was

‘»fconnected in parallel w1th the varlable air capac1tor.h Theiy

fvoltage across Cl durlng the rf pulse ls much larger than

":the output of the gated‘rf ampllfler becausesbvand;cl_are

'cnot far fromlbelng in serles resonance. 'Ln-orderrto avoidn.

L the possibility»of dLelectrmc breakdown,-a 3- 30 pF vacuum—f”

‘varlable capacxtor, manufactured oy ITT Jennlngs Ltd.‘ands

capable of w1thstanding 9 kV was used for Cl



Coe

Three dlfferent NMR probes were uSed for the work{fﬁ7

'-6”

'{"gdescrlbed 1n thls thesls.' The room temperature c01l was*?_

7h0 58 lnches long and 0. 94 lnches 1n dlameter and conSLSted:
,Tof 21 turns of O 006 lnch dlameter 51lver w1re whlch gaveef"

an 1nductance of approxlmately 8 uH.- The low temperaturelv

‘L

?c011 was 0 53 1nches long and 0 94 1nches 1n dlameter andi"'

:";con51sted of 19 turns of O 009 lnch dlameter sxlver wlre{ f[

iwhlch gave an 1nductance of approxlmately 7 uH Sllver wasffﬂ,

63, '

:‘j\used lnstead of copper because the . Cu NMR frequency 1517

..;qu1te close to that of 3Nat' The c01l formers.were appro-h;“

.axlmately 0 04 1nches thlck ’and had Faraday shlelds, des- e

jcrlbed 1n sectlon 4 l 3 glued on the 1n51de.~ To mlnlmlze‘lju

"\

. the danger of dlelectrlc breakdown from the hlgh voltage-

W

rend of the c011 to the grounded Faraday shleld the formers;F:
ok

. were made of teflon, thls materlal belng chosen because of

"superlor dlelectrlc strength in small thlcknesses (Interna-'~

e Titlonal Telephone and Telegraph Corporatlon, 1977)

Teflon does not wlthstand temperatures ’much "in

ﬁexcess of 2003C and so a separate c&!l former and sampleﬂ"

-~

holder were made of Macor Machlnable Glass Ceramlc for hlgh‘.

_temperature work. J The Macor Mach;nable Glass-Ceramlc hasf

r

"negllglble sodlum content. ~How ”ﬁ&e materlal {s very

”;fragale and not easy to machlne iR smaﬁl thlcknesses.v The'
gd1ameter of - the hlgh temperature crystal holder 'was - there-

fore larger than that of the low temperature crystal holderf-

’l~and the c01l dlameter had to be 1ncreased to l 06 1nches.f-"



o B T Tk A T
o Thls meant that the number of turns had to be reduced from

1f”n1neteen to 51xteeﬁ Eo keep the 1nductance at about 7 uH."

' Q el

%T‘The length of the c011 was! 0 Sb 1nches.” The c01l was agalnv.”

LR

;wound w1th 51lver w1%e, but the dlameter was lncreased to

o

’pO 014 1nches to obtaln a hlgher Q—factor and to reduce the

q;'

L stray lnductance of the leads.f-

The body of the probe was. solldly constructed u51ng

23/16-1nch materlal to reduce mlcrophonlc effectsL Brass4'”

1

Awas used 1n preference to alumlnum for example, to reduce'“-

spurlous rlnglng 51gnals observed by other workers (Buess

¢ “

'wand Peterson, 1978) and by us w1th a prellmlnary alumlnum:””

' probe;

.-u" L . . T
P . c k e

:.3 Faraday shleld éﬁ*b 7'7. MR ff'h'@i

¢

ric materlals 1s the spurlous 51gnals assoc$ated with

' he- rlnglng of the sample caused by the rf pulse.p For'af

fsxngle crystal of NaNO2 the so= called plezoelectrlc rlng-
ing 51gnals are,,at some crystal or;entatlons,'two ordersr
‘ 23

of magnltude larger than the Na FID followxng a typ

390°« pulse (Hughes ‘and Pandey,: 1984) ‘ Three methods to?:’

J

reduce the problem have been descrlbed in the llterature.

.”fLrstly, grlndlng the crystal into a flne powder,}secondly,

1mmenslng the crystal in a v1scous lquld to damp the -

'uvlbratlons, and thlrdly:MKSLng a shleld to. reduce the rf

. flelds Wthh exc1te the plezoelectrlc v1orat10ns. 3 ”The

A major problem ln performlng pulsed NMR on plezo-p‘



o 31gnals . :'"

""flrst method ls obv1ously 1nappropr1ate in’ our case.' The " )

: '."‘second method prov:Ldes lnadeq,uate suppre351on ‘in the case_ S

-0 f NaNOz

' and so we used a shleld to suppress the Spurlous

Hughes and’ Pandey (1984) 1"n , o’u'r" ."l‘abor‘ato:ry < showed_

that the' plezoelectrlc. rlnglng 51gnals are caused by a: "

purely electrlc lnteractlon between the crystal and the'

c01l’ They de51gned an electrostatlc or Faraday shleld:"‘

3 1

‘,(Pandey and Hughes, 1984) that reduced the plezoelectrlc: j'

"]I,rl.ngJ.ng s:.gnals by about four orders "Of magnltude. 'I'he

"*'_vterm Faraday shleld means dlfferent thlngs to dlfferent"'f_-

people._’ A We mean al dev1ce that largely ellmlnates thei"_"-

e

"electrostatlc or conservatlve (curl ﬁ 0) part of the;'.: ‘

: ‘tlme-varylng electnc fleld caused by charges on ‘the | c01l,, ;

.,w1thout alter1ng the J.nduced or non—conservatlve (cur—lf -

Y .

_aﬁ/at) c‘bmponent catxsed by the tlmg—vary“lg magnetlc_"’;
5 fleld (Townsend ' and Donaldson, : 1928° Allen and Segre,..,'(

l*96l;} Contax'es~‘ and Hatch l96‘9~ Magld 1972) The § fleld‘ ,-‘ '

._ﬁ is "'of"course, essentlal to perform the NMR experlment.
The- reason that Pandey and Hughes were aole to achleve such
a large suppressxon ls because the pleZOelectrlc rlnglng

X 31gnals 1nvolve the square of the strength of the electrlc

<1nteractlon between the ‘coil and the crystal. For example, p

if the shleld reduces the electrlc f;.eld at the crystal

v

'.,‘”caused by rf pulse to 13 of_lts unshlelded value,,, the"

s

ampl).tude of the plezoelectrlc v1brat10n would be reduced E

™

S

s
A o



}Q;%fTofw itsf preVious”‘value;f However,, the shleld also

'“Jand the charges on the crystal to l% of 1ts prev1ous value, j;7
3jso that the ampl*tu@e of the plezoelectrac rlnglng sxgnal5f7

hls 0 Ol% of the value w1thout the shleld

: For the rOOm temperature probe, we ‘used the Faraday'

',"shleld deSLgned by Pandey and Hughes (1984) A dlsadvan—_'

tage was that 1t was made of copper, and a smallm§3Cu FID

23

vf.jcould be seen su erposed on the" Va FID :aHowever, because
= P

'the spln—lattlce relaxatlon tlme of 23Cu ln copper 1s aboutf

23

13 5 ms (Redfleld 1956),,much shorter than that of -Nagrn_"

d.NaNoz,'lt had negllglble effect on ouf results.

)

For the low temperature probe, a smlver shleld °f2

1mproved de51gn was made u51ng a sxlk screenlng process'byi

“the GrapthS D1v151on 1n tne Technlcal Serv1ces Depatmment'
. of the Un1Ver51ty of alberta The deSLgn is. shown 1n Flg o
:1{4 3(a) The substrate 1s kapton 0 002 1nches thlck ‘xThe

”Qﬂgaps and the 51lver strlps are 0 5 mm wlde. Together, theyff“

’
prevent large scale 1nduced currents from flowlng ln the

shleld, currents whlch would otherwlse reduce the rf magne—"

ﬁ'fn‘,tlc fleld. The shleld was glued to the 1n51de of ‘the c011,-’1

ey

formér and the long plg tall enabled the 'shleld to be,

!ﬂfgrounded to ‘the body of the probe.' Early VerSLOHS of thef"

’,

_,shleld were found to SLgnlflcantly reduce the Q of the c01l‘

N

"'1n«wh1th they were placed i Thls wdh found to Be due to the

-

r

‘"mzfacg,thatsthe electrlcal resxstahce of the sxlver strlps

s

. -.-._..‘
’g‘: . 44'-.-:,“"'."_-.‘-n_-'_“"_

the reverse electrlcal coupllng between the c011"‘
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”and plg—tall w* too hlgh. A thlcker layer of s:.lver 1nkr'___

Nwas therefore Lald down by repeated appllcatlons of lnk'f fﬁ

durlng ﬁhe sllk—screenlng process. ~Also,- follow1ng thefﬁ??

fadviue of Advanced Coatlng and Chemlcal Co.fﬁCallfornla,‘

' the manufacturer of the 51lver- lnk (Sllve 'Conductance'ﬂ

Coatlng:_Type 720 C),=the shleld was. heat treaged for four"“

"7d'hours Ln an oven at 100 C to reduce the electrlcal resxs-

etance of the lnk. A shleld w1th a re515tance of about 10 Q

'sffrom one " end of ‘the shleld to the end of the plg tall washf'

ffound to reduce the Q of the c01l by only about 10% and 1t"'.

}totally ellmlnated the spurlous plezoelectrlc smgnals.

When maklng measurements at low temperatures, it was

’,~», =

"'found that an: 1mportant functlon of the 'shleld was tol; -

"reduce rf 1nterference from the temperature cantrollers fed;d
Jalong to the temperature sensors located near the rf 001lr'
hIndeed . we found that the suppresSLOn of the rf lnterfer-

ence wasAa more Severe test of - the eff1c1ency of the shieldf"
_than the suppre551on of the plezoelectrlc rlnglng 51gnals.
:pThlS ls oecause the magnxtude of the cbserved lnterference o
'cslgnals 'is dlrectly proportlonal to the electrlcal coupllngu

.‘between ‘the rf c011 and the temperature ssensors, whereas._ :
-the amplltude of the plezoelectrlc rlnglng SLgnals ls pro—»
'portlonal to the sguare ofgthe electrlcal coupllng betweenA
.the rf coil and the plezoelectrlc samole.' Because of the‘pv

rf 1nterferen e, .some- of"- the later low temperature measure—_'

- ments‘were'mv e uSLng a shleld of the-deSLQanhown_ln.Flg{‘



SR

-fthe strlps we;'
jbetyeen

_heaters.‘iff' .

4,3(b).1 The contlnuous parts of the shleld above and below

- )

added to mlnlmize the electrlcal coupllng/

'_rf c011 <and h temperature sensors'gand--s

\4‘

The hlgh temperature probe used a stalnless steelf

f(non magnetlc type 304) shleld of the type shownlln Flg

-

4. 3(b) 'The shleld was 0 009 lnches tthk and was strongh_}l
{penough gto> be sl;d as ‘a cyllnder .lnSlde the machlnabLeHL
ugglass ceramlt coxl formerr A dlsadvantage of thls shleldi; ,
fils that {} reduced the»? of'the.rf coxl to between 35 andtmy{_
,149?:_Thls 1s less th?n the>opt1mum value fd; our . experle_mr.

‘,ments and we recommend that, ln future, a thlnner stalnless}

0

Pvf_l shleld be trled even though lt mlght be more dlffl-*p:?

"”cult to manufacture and 1nstall

T

'y4,l.4 Sample holders ‘and varlable temperature systems

Three sample holders were constructed to flt lnsldej'

%he room temperature prooe, the low temperature probe and#a

vthe hlgh temperature probe respectlvely. The deSLgn of the'
zglow temperature probe is- shown 1n. Flg., 414.'r'The-,hlghy.

temperature probengs of sxmllar deSLgn but. of slightly,,"'

1larger dlameter as mentloned in sectlon 4 l 3._"‘

Each sample holder can be rotated‘about AXLS 1, . the

LYY
LW

‘;long ax15 of the probe, whlch is’ arranged to be vertlcal,*“"

*TiIts orlentatlon about that ax15 can: be read w1th an. accura—

@@ Sof about 0. l degree on a three lnch dlameter c1r¢ularg‘ |
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'vernler scale whlch we call Scale l As shown in Flg 4 4

i the crjstal 1tself 1s held 1n a small collar that can be

ax1s of the probe.c:The orlentatlon of tne cry tal about'

. !
1)

-‘rotaﬁed about Axls -2, an aXlS perpendlcular to the long_:

‘F',_that ax1s can be read w1th an accuracy cf about one degrge-'

from a vernler scale on the collar Whlch we call Scale 2_;f,.

‘e

- -

~

EEE

,belowﬁ,the .sample< were used :ﬁb. the low temperature fc

k]

. ‘darrangeMent, the upper heater had a re51stance of 24 9 and‘d

4.»

' de51red orlentatlon relatlve to the external magnetlc fleldvu

ﬁ _whlch 1s perpendlcular to Ax1s l"df{f pfﬂ :‘fr’if” A: jp'

jPh two- rotatlons allow the crystal to be. set at any-? o

In order to mlnrmlze the temperature gradlent acrossf.f‘

: the sample, two heaters symmetrlcally 51tuated above andbf:

the lower.heater had ‘a- reSLStancilof 32 Q., Both heaters; o

were made of 34-gauge manganln Wil e, non—lnductlvely wound

on a former made of a <:eram1c foam xnanufactured by the*

_Cotronlcs Corp “inc Brooklyn, N”Y Twoftype PT-lDB platlnum-_

reSLStance thermometers manufactured oy Lakeshore Cryotro—

. . .

-nlcs were mounted aHOVe and below the sample as shown 1n..""

‘,Eig; 4 4 to measure and oontrol tne temperatures at. those_:f;w

- locatlons. The heaters ln the hlgh temperature system«were_o_V-s

Y

SLlearly constructed but thelr re81stances were 50 Q lnfr

. R S é : " o .,.'._‘: !-_

@ 4

‘-ators‘ ln the cqntrollers. The heaters were WOund non—n
. L ;. :

sample holder.r5.f“ ' 'f”;;};fd{;.iAJf}fj'g

* Lo -

SN order to obtaln more power from the éonstant Current gener--~

: B
lnductlvely on the machlnable glass ceramlc part of the



*ﬁ_ature coxl former fltted 1ns1de a quartz Dewar vessel madelf

:-cm gap in the Sleerlng near the 1ocatlon of

-f'Otherwlse, th"

: %#j:l , The low temperature c01l former and thefhlgh tempere"" o

K4

-vl.by the Technlcal Serv1ces Glass blowlng Shop.l The Dewartzr'

'7_fwas baslcally cyllndrlcal wlth an. 1nsxde dlameter oﬁ 3 6 cmi*'ﬂ

.

and an out51de dlametergpf 4 5 cm, these belng the largest;,wx

‘s

'*;'dlameters that dould begaccommodated ln the space between?’

..<l._ TR T

'gjthe magnet pole caps. Because of the proximlty of the rf

'2_7c01l to the Dewar vessel 1t was necessary to leave a 7 Sf

o "‘Q”"
.the rf c011

Q of the coxl would be grAatly reduced; .

'h“-becaUSe of rf &urrents= flow1ng ih uthe 51lver1ng\_; -Wé
"'notlced only a sllgqp reductlon'~5% 1n the Q of our c011g'h

'vcaused by the Dewar. gThe lack of sr}verlng allows much”

‘.

lkore radlant energy to flow through the Dewar near the rf’

”c01l In order to reduce thls heat transferi,the out51dev

v

,"of the Dewar was enclosed 1n a thln layer of styrofoam

What we thlnk 1§ a unlque feature LS the prov1510n

W
f -4

lof two small holes about 2 mm in dlameter in th; Slde of'““’—;

oo

-5the Dewar near the locatlon of the rf c011 as shown 1n Flg»

l\.

'f f4 4.; These allmw the 1eads connectlng the rf c01l to the;fbm 

\-'\‘

‘r,‘lnput connector and the vacdﬁm-varlable capac1tor to be asu .y

i

'i'short as pos51ble.g Thls ensures that the stray 1nductancez

)

"of the leads “is: small so that the 1nductance of the LOlla”

« g Ty

ltself‘ls a max:.mumA -as: requlred foﬂa

.'ngdPNMRvslgnal—

tofnq se ratlo. .The holes 1n t:_"' _f' " e Dewar were




L e T e T 5_9
"5As shOWn Qin‘ Flg.-‘4l4 the; Dewar narrows at the

u'vbottom to prov1de ~an’ access hole 6 nm1 1n dlameter.-;wTOf

fnltrbap@n gas 1s fed through the access hole ‘so that lt.fl'

;;obtaun; sample temperatures below room temperature, cold,.:"'

ﬁr,flows past the out51de of the sample holder or coil former.t;fr'l

. The 6 mm dlameter access hole also allows leads Erom thef*

plower sensor and heater to be led from the sample holderln"

-ﬂ'wlthout pa551ng through the rf c01l “'_L X

Cold n1trogen gas was obtalned by boillng llqu1d7'ﬂ
: ¢

7ﬁn1trogen,1n a large 200 lltrp storage Dewar.t:The AC powerw_p_vf

)

"fed from 5>Var1ac to a- 50 ohm power re51stor suspended 1nd

Athe llquld;was adjusted to glye a rat?'of flow of gas whlch

28

'would g1ve a temperature about flve degrees lower than the: y

' requlred temperature. _'Thej temperature controllers Qandro"
. SR . A

v °

\-f{/heaters were then used to ralse the temperatures at both

B

E sensors to the deSLred value. To obtaln temperatures stable'ﬁf

R B - ¥\ B

'from a lxne voltage regulator. -Otherw1se,_var1at10nsfin

.

the rate og_flow of gas, caused by sudden changes in: llnep
¢ . 44 F“ ’A

: lers&and heaters could not compensate., The sample tempera-

tUre was taken tq‘be the mean of the temperatures 1nd1cated,;ﬁ

by the two sensors.ﬂ'
For measurements above room temperature, no gas flow'

>

. was used. ,Instead the temperature controlle§s were used
. ;'. 8 i . a" Lo
= to supply powen to the two Meaters-ln'such a‘way as;tonfﬂ

. ( Ll
rw1th1n *O l 'C we found 1t necessary to feed the Varlac_“

goltage, caused timperature ﬁluctuatlons that the contrcl—7v7



R ST T @\ BRI
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"hrmalntaln both sensors at the same temperature. Inxthe hlghzuwﬁ

: . S - B S
'temperature system. there were' substantlal temperature/j

'T:~1nhomogene1t1es and a copper constantan thermocouple was.*

”5;,pulses,“can be set anywhere Ln the range lO

o_,

~therefore used to measure the temperature near the sample.p

}fVTo mlnlmlze heat flow along the wlres to. the hot Junctlon,"

:“TBO gauge constantan and 42 gauge copper were used to form B
the thermocouple. The hot Junctlon was jlnstalled 'in;faf
. i . <

'small hole drllled ‘in the machlnable glass’qeramlc about lbff;,lﬁ

»\

”from the ceni‘e of the sample._ The*cd :qunctlon was;‘

.

. kept at 0° C in’ an lced-water bath and val' S - of the temper-tu

] i s
l ]

ature were obtalned from a Type T thg

table (Powell et al.,Fl974)

Pulse generator'm

The pulse generator,used in our system was de31gned:"

-aand constructed by the electronlc shop 1n the Department of '

Z'JEOUple xeferencef-ﬂf'

;'Phy51cs. It prOVldeS two rectangular pulses of varlableppb‘

3;ww1dth the resolutlon oelng 69 ns, the perlod of the 14 Sh

"iMHz clock SLgnal. The pulSe separatlon can be set anyWhere;u

~2 10

e 1n thefrange:lO~ to-lO clock perlod (6 9 us ‘to 6 9x10 s)]

w1th a resolutlon-of 102 perlods, and the pulse sequence.
"flnterval i:e.’jth tlme between consecutlve palrs of

5 toflOl¥.clock

”perlod (6 9 am to 6 9x10 s) ] The pulse duratlons and the;fg,l”

Py

'f:intervals between pulses are selected oy an set of decade‘»

';fthumbwheel switches.';g f';f '.brf9,d:f‘ii:y'i*,d'f:r




4.2 Sodlum nltrlte N ’

'the ¢ duectlon.._ S S ."’f.‘

?4 l 6 Magnet L . _ ‘
' l, The magnetlc fleld was produceg by a Varlan V- 3601_"”

"f‘-lZ-:mch electromagnet, mounted horlzontally and equ1pped_7‘r
. . A o

_..‘.WJ.th tapered pole-caps gJ.v:Lng a.- magnet gap of 2 3 1nches«.,"

"‘stabllxty of better than 5 parts 1n 106_15 achleved byv

,“.means of a Varlan Flelﬁa.al Regulator Mark II V E‘R 2500

T

I

Two s:.ngle crYsﬁ:‘als of NaNO

e ] 2

o _"Q'B', were used in thls work. Crystal A, prov1ded by Dr_. Y'.ij

'Tak.gl from Nagoya UnlverSLty,‘Japan, was prepared u51ng

".'-”'-tles Cl < 0 005% so < o 005%- Heavy metals (as Pb)

o gpl%

j,'.__crysfal 1s , approxlmately cyllndrlcal ln -form-,‘ 15 - mm bin

4

k

"dlameter and ’ll mm J.n length.," The ferroelectrlc ax:.s ‘(p“ |
- ax15) is at t':l.ght angles. to the cyllnder axls. ,' Cr‘yst"al. B,
‘prov:.ded» -by uDr._ S.- Sawada from the 'I‘okyo Instltute of -

'Technology, Japan, was cleaved paral,lel to the (lOl),_(lOl)g: e

referred to as A andu_"_..

'and a maxlmum mqgnetlc fleld streng/ﬁ of 1. 35 T.;‘“A fleld""f-’*-"’,

"“.‘__’_reagent—grade materlal w1th t‘.‘ne followxng llsted lmpu;‘l-’

(Fe) < o OOL%.cca < o 01% :0-Ol%L iTh;sl;]”“ﬁ

and»(OlO) faces.-, The helght of thL crystal 1.s 1. 15 cm ‘in - s

'the b dlrectlon.f The (010) faces are ln the shape of a

5

: rhombus 0. 83 cm long 1n the a dlrectlon and l 3 cm long 1n "

E -

S



el

'f§§3?\ Installatxon of the NaNO2 CrYStalsflnithe\Samﬁiel:”h
! holder L PR R DR

»i Crystal A 1s not perfectly cyflndrlcal 1n shape*and‘r'
..so :Lt was necessary to orlent lt 1n Lts collar by trlali;‘_and'..::"'- '-__.'
.error-. The des1red orlentatlon ls Wlth the symmetry{_.‘v(ti?-'f"’
fold) axls parallel to AX.‘LS 2 ' Thls is so },ha,t rotatlon
abOut ‘Axis l changes 8 but not 4>, whereas rotat;on about
Ax1$ -2 changes ¢ but not ,e:,.,"f" Thn.s greatly fac111tates
lnterpretatlon of the experlmental data.“ _ ip; '
The method of allgnlng th@crystal can bedexplalned
| 1n the following way.v_ Flg 4. S(a) shows a horlzontal sec-

o
[

tlon through Axls 2 For ci‘a‘i'lty, the crystal is shown as

lylng behind angular scale 2 wl\ereas, “in : fact,‘ lt lles

L partly 1n front of 1t. F].g. ‘a, S(b) shows a front V1ew of

(]

Angular Scale 2 The po;\.nt 0 lles at the cent}e of the

4angular scale.' An J.maglnary llne is now drawn through any

| fpoz.nt C w1th1n the crystal parallel to the symmetry aﬂs ofe
".fisthe crystal. _’ That llne lntercepts the front of the scale '

: at the poxntl P say (see Flg 4 S(b)) The pro_]_ectlon of‘ |

the lln:e “CP - on thex‘ horL‘zontal plane shown/ in: Flg 4 S(a), ,

‘

of the scale at the po:.nt P' shown 1n .w

'tat:.on axls, whlch we call Y:‘ 1\s_a_‘ o

small, then it “fo W "that 8 Ycosa where & lS POP

&

seen from E% (3 l') that s

Flg" 4, S(b)) It can_b

Y

L ,J,.small, less than Say 5""' the frequency of t‘he hlgh“ 4

\ cy satelll.te, -.'5v' | 1s neerly 1ndependent of ¢ and has a
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L
h

B =

g &

Flg.‘4}5

;Schematlc dlagram of sample holder showxngfi'

(a) a ho??}ontal sectlon through AXIS 2

(b) a £ront visw of Angular Scale 2

T

3
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Pomt Where §§mme}ry }'\ : -
- Axis: Ermerges Through ,
igF‘ront of Angul'af ’ -

- Scale 2
‘Honzontalx o _

Plane« i




j7max1mum_va1ue when e (the angle be ween the crystal symme—’

: ,J_.«

‘:5vtry axls and the external magaetlc.fleld ﬁ ) ls a.mlnlmum-'

S If follows that when ﬁ “is. rotated relatlve to the crystal-
”::(1n the horlzontal plane):"hf w111 be a maxlmum when ﬁ' eﬁi :

"le/along CP' 1.e. ‘when the‘angle e between the magnetlci_xgw

€7Even though Bl]cannot oe read dlrectly,ithe readlng B'{_M
- 'say, on Angular Scale l 1s equal to By plus a constant 6,’?

T say, 80 that we can wrlte ;;'f‘ufﬂhf;;;ff[_7-'&f?i.iu\ e

“:The crystal is" now rotited through l20° about Ax15 2 soif‘”
'f'that a 1n Eq (4 l) noL becomes a+2n/3 The above proce—;i:

i'i dure is| repeated and the readlng 92 on Angular Scale 1 le}
"read when H ;15 aﬂ en orlentatlon relatlve to the crystal?:

'_--‘_'_such that v

“':further l20° and the angle 9.

| 3 at whlch vhfs:lsva
',fagaln read and | c a
5".: a" ycos(a+4n/3) + 6

. N 4"” LN . g .a s .
By - solv1ng Eqs._LA l),‘(4 2) and (4 3), one deteranes Yd

‘71;‘ .
“ "

3”relat1ve to rotatlon Ax1s 2 is known., A trlal adjustment,.

- Flnally,~ the crystal lS rotated about’

. L ~

s

fleld and the symmetry axls CP ls a mlnlmum ‘ When thls 1s¢

zachleved the angle B (SEe Flg 4 S(a)) has a value B y.ff

1

S Al

el .‘~-8-l+ 6 - chsa + 6 S : (4 l)

)

n

‘x

G o \9,v o L

hfs‘:‘,
(4. l) now; ﬁeads,};

, . /‘ ,},.".”-.;l .
Sé e 4cbs(a+21/3) + 6 ffi

Q4 2)

R

-3

[and a.so that the orlentatlon ln space of the symmetry axlsﬁ

lof the crystal 1n 1ts collar is now made and the abowef

< B

: xls 2 through aj"

$§ a max1mum ﬁ\Ehe equatlon correspondlng to,,i_jf

v e




| procedure ls repeated untll the angle Y between'the‘symme—T
try ax;s and rotatlon AXlS 2 1s suff1c1ently small After
| some practlce, we.were able to orlent the crystal Ln lts,';'v‘

<

collar s© that Y. was less than l 5° We, note that Nyqulst s
sampllng theorem (Carlson, 1968) 1mp11es that lt Ls neces-f;"t
sary to measure e"at a mlnlmum of three dlfferent or1enta—;‘~*h

tlons of the crystal..-'

Crystal B was_ cleaved when rece1ved and “so°.the,:

51des of the crystal were parallel to the symmetry axls.jg*'°

It was therefore easy to mount the crystal 1n the collar Sng

that the symmetry axls was parallel to AXlS 2

S

'54;4f Experlmental procedure

oo . M

’$4,4,l Measurement of FID amplltudes _fﬁi:,“f ft;"‘

In order to accurately ‘measure relatlve FlD‘mmpll—'.:d:“

'tudes,ilt is essentlal that the detectlon system LS hlghly*'

llnear.~ Any recelver operated as. an amplltude ?f dlode'

detector becomesrnonllnear when the sxgnals are small ﬂeg"
.y v .

: . ) B TRPRES Y € ,,,,'

therefore_ used phase senSLtlve detectlom to‘ record “our

FID s..v* Also,‘ we adjusted the. recelver daln so -as to L

- K4

ft‘operate well below the upper llmlt of llnearlty quoted py

the manufacturer.‘ The bandw1dth of the recelver was. kept:%

R

7_’at 500 kHz for most of our measurements to ensure that
. -~ :

there ‘was no dlstortlon of our FID s. To obtaxn me:oved

: ?,
accuracy, conSLderable slgnal averaglng was emp&oyed. vFor?~“

Cos s de

tudylié the orxentatlon dependence of the relaxatlon rate, -

e Vet : el o or _\:-', et



‘c:theAnumoer.ofusweeps ranged from 32'at low temperature to ﬂ(
ff256 at hlgh temperature. A data acqulsltlon rate of l us;
:ﬁhper p01nt was used and the FID was recorded us1ng the full.u
_4096 channels ‘of the Slgnal Averager.e»ﬂ } | N

Durlng our prellmlnary work we dlscovered that the

13dlgltlzer of the SLgnal Averager became qulte nonllnear__[;ff

t when a. substantlal DC offset was Lntroduced by means of thefiv

.DC offset control on the front panel of the 1nstrument.

'ﬂ,When we brOught thls to the attentlon of the manufacturer,'f’

}t_;Nlcolet,.they agreed that there was a desxgn fault and they 1fvih

f57sa1d they would 1nf0rm other owners of thelr 1nstrument ofﬂf{
ajthe problem.f For all the work reported 1n thls thes1s,'we*

jset the 1nstrument DC offset control to zero to av01d theﬂ‘“;{w

tabove problem,feven though it meant not u51ng one of th"

sz’twelve blts in the dlgltlzer..;_" .”fV . fu' h;f__ ' f@: -

Instead of 5read1ng the amplltude of the FID from

:only;one~channel, we lntegrated the PID from tl to t2 to"
obtaln the area under the curve as lllustrated 1n Flg 4. 6rsv:
;Thls was done usxng the 1nstrument -3 dlgltal lntegratlonf
‘capablllty Thls procedure makes much better use of thepf};
”fdata collected and glves a conSLderably better 51gnal to-hﬁ
i;anOLSe ratlo. However, when usmng phase sen51t1ve detection'

T;and lntegration, 1t 1s 1mportant for the fleld/frequency,&"

ffratlo to be malntalned on resonance,=51nce the EID lS mulf*c"'

”3't1p11ed by cos(Gmt) where 6w is the resonance offset and t

18 the elapsed tlme after the pulse. l The effect of a




qu

'stchematlc dlagram of the FfD.' The 51gnal lS ob%erved

.-,after a- dead tlme tl - The shaded area sh3ws the sxgnal e

7fl;ntegrated betw“”"

'-and t2 The dashed curve shows the_h

L:effect of a sma~

unen¢y,

et







'”1re50nance offset xs 1llustrated by the dashed curve in Flg..if;f

'-%;offset 1ncreases as t2 : d for our fleld stabxllty'~ 5

‘;z{;ﬁrgf For small t, the error 'Lntroduced by a resonance 5Tj7;

i:parts 1n 106 '1t meapt that we could only 1ntegrate over a -

‘hfange t2 1 of about 100 us.- However, 51nce-our FID sf5f

L decay 1n a t1me of that order, not much 51gnal amplltude xsi;;f'

:?W?""ff{lost by lxmltlng the 1ntegratlon to such a value..To ensuref'gjﬁ'

fufd“that only the FID was 1ntegrated . the b glnnlng of the?ﬁfff~

“f:SIQnal averager‘sweep was’ delayed by tYPlC?lly 20 to 30 us“jlﬁﬂﬁ

";untll the recelver had recovered completely’from the pulse.

TT’Another advantage' of 1ntegrat1ng fﬁhé FID s _fSi tbat/ 1tf‘f”

-T},#ifallowed us to remove the small varlable DC offset thqt Lsf:

'ﬂJgalways present.p ThlS was done by d1g1tally addlng or{subff.

3Vtract1ng a constant from the flnal 51gnal until the basefhtﬁ:t

-

llne of the 1ntegrated sxgnal (after the“le;has/ﬁecayed.'

' awaY) had zero lepe.,- h_fff'ftvrﬁ B, FAE
_ ./ -
o ‘ & 2 P S v L
R ‘,4 4., 2 bh01ce of experlmental method to Study the orienta-
- B tlon dependence of the quadrupole relaxatlon B
As can be seen from sect1on 2 3 l severalfdlfferent‘}\
. C ETRRC TR ©
,__“vDNMR expenlments. cah, be performed to study quadrupoleb
f.relaxatlon in spln Systems WLth I= 3/2. These ad&
:i_(l) Perturb the centre Iine and observe the recovery of“
) s i R ,1“1 ‘ sl
}the centre .l1ne whlch should be of the,'form;¢%x:6
T A S "2w1t»‘ —2W,t ' S
L é@y Ale T+ e € )+B where A° 1s a ponsbant whlch de—~”
"-; o ﬁ& i S e R il S ' o _ .
7 urbatxon and_B is ‘a constant whxch
/ s _2’-."65) ) - : !
. f



..y-and W,

ft(ii%;”t?ertpr“
SRR U D, P e

d:f"f}either‘ satelllte:‘whlch 'should be ‘of the form LA

5 g-zwlt e B e T A
Ae +B \cf Eq (2 66) ) ;:v'.' P ’_.'-\'v-. . ‘w

-'"' 4.

C(iEL) - Perturb one' of the satellltes and observe tﬁe reco-l‘ﬁﬁ'*

<%y et

"fvery of the centre 11ne whlch should be of thebform

'centre llne and observe the recovery of fbv~

‘“5,;(iy}*, Perturb ne3 of the~ satelrltes and Obeeryéfilteih/"'

Y
\‘ .

'recovery yhlch should : ogﬁh

" ‘_-—2Wlt 2(wl+w )t o RERSER S

‘"A(e1rz,,fe , )+B (cf Eq (2 68)).. 1_

.i(y). ';Perturb one of the satellltes and ob5erve ﬁhe recoz S

-.fygvery of the other satelllte whlch should beqpf‘the‘x,ﬁ”

- : —?.Wi\t 2(w1+w2)t PR B2 &
,form A(e “-‘-e | )+B (cf Eq. (2 69))

.5&,:”. Experlments (1), (lV) and.4v) have ﬁhe advantage}?““

o that they would aliow the sxmultaneous determlnatlon of" wl»oﬁ

(

. . ,- . "'e
: of the two.. relaxatlon rates when the recoveryc&s the sum of

RS

iy However,ylt 1s dlfflcult to obtaln accurate values f*a

fagmi_;.f

,Utwo exponentlals, 'espec1ally when they are of the samecdr“

9. T

order of magnltude._. Moreover v as \ilscussed -qsectlon

“2 2 3, the same M tensor governs both wl and wz'ln the

4

'short correlatlon tlme llmrt..-Prev1ous work by BBR (1970)

lf:has Lnd;cated that the correlatlon tlme'does seem to" be

PR

;short for the Spln lattlce rel

K3

that‘mhere ls n04need to determlne b th Wl and w2 at-leastrr"u

o

»
a

axa Lon of\\ Na 1n NaNozvso ;“,f

"=.over a; w1de temperature range._~_ S O T "f'” e

z - _-.‘ . ER ey

Experlments (11) and (111) are therefore to be pre—*

ferred, Sane 1t should be easy to accurately determ;he wl

-~
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':"A"}'_'_ﬂ'the sate}ixte by the ratlo 2 /3 (Schmldt, 1.972 Fukushlma":"fl'»

L

"_f'f.and Roeder,' 1981) Also, the FID s of the _23

Na satellltes"; ERR
"'.'1n NaNO2 decay much afaster than the FID of the‘centre lJ.ne
at certaln crystal orlentatlons, because of lnhomogeneous

f1rst order quadrupole broadem.ng (Betsuyaku, 1969 ‘Bonera. ‘_"1:

e,t,_aLu_l.i’l_O) (The centre lJ.ne is not affected by flrst—v:.‘-,
'..-""”order guadrupole J.nteractlons, ‘as can A.'o-e seen fron Eq.-:‘i':

-_(2 34) ) We r.herefore performed experlmentsx—hf)/and (111)‘:‘.""‘ o
-v in- a'prellmfnary study, 1n ox('der/to compare thelr feas:Lb:L-e-:'_'".z."

-_11ty and to check that they gave the sa’ﬂk values of wl *\\,
‘, & 'I‘here are! two obv10us ways 1n whlch these experl—"’;-‘,tii‘

ments can*be done. They are the double resonance equlva-”f-
.':"lents of the saturatlon—'recove'ry method and the 1nver$1on—;)’_\fx'_';_i"
v"recovery method.'-;"; ’I'hese methods dlffer 1n that the - f].rs't
"“'resonance.,_l‘.is_-‘ completely ( saturated lnthe saturatlon—*':
':recovery method an? 1s lnverted by a. 180° pulse in the_‘;':-,’f:' :
‘-““J.nverSLOn/ecovery method. 'l'he anerSLOn—recovery method

" "_‘jhas the advantage that the change An- the FID ampl1tude 1s-'b."‘

hbitwlce as lar‘ge As 1n the saturatfone.recovery method (see.',v'

Lo '-‘.',-'s'ec.t-'lon 2'3 1), However, lt 1s not p0551ble to fully‘_:.‘

. “invert" fa b oad resonance th a '180° pulse, because the
o WJ'

3 pu{/se Length Tp must satlsfy the condn;lon 6wrp<< l where-_';,:,,.,;;f

]-“\-*1; f'féw is the resonance llnewldth... It is partlcularly dlff:.-'*
\ ‘ cuﬂ to sat’fy, that condltlon“ln our double resonance
Rt R



183
fexperlments because our pulses must also be select1ve,‘i7e};l

;”f they must satlsfy the c0nd1tlon erp>> l where mQ lS the}:ﬂ.ﬁ;l

frequency separatlon oetween adjacent resonances.g Satura-iba
'txon canfvbe ‘achleved 1n the saturatlon-recovery methodidh
either by applylng a 51ngle 90° pulse,.or,tfor broad reson-f;r:,%ﬁ
ances, by applylng a comb of 90°‘pulses separated by an;ii{?;l
. lnterval > T (Avogadro et al., 1971 Fukushlma and Roederp{ﬁfiiﬁi
1981),. or ‘by 'the use of :more compllcated sequences oflnah
| phase shlfted pulses (Lev1tt and Freeman, 1979 Freeman.etgmhv
' | al., 1980) TN c |
S Slnce‘the satellltes of ;3Na in NaN02}5£e'q¢i£é
broad at .sc/me crystal orlentatlons, ‘ dec1ded to use ar -
' c0mb of. 90°%pulses (wlthout phase shlftssbto achleve satur--fh
.atlon;, Experlment (li) was therefore performed by applylngipﬁ
a comb.of 90° pulses to the centre llne and monltorlng the;sf
‘:recovery of ‘one of the satellltes by measurlng the ampll-flf)

tude of lts FID at varlous values of the waltlng perlod”ﬁr

:\\:.' . 1 KR NN LA

~\between,¢he end of the saturatlng sequence of pulses andf
the beglnnlng of the subsequent 90° pulse. Wé call this;fh.'
FID amplltude M, (r) because 1t 1s a measure of the z c°mpo;2;"'"'
“:nent of the magnetlzatlon 1mmed1ately before the pulse' We;'ﬁl
4‘also‘accurately measured M ( ), the amplltude of the FID offt;
the satellxte ln thermal equlllbrlum, 1.ea;when r 15 veryf'h
“.1onq. The quantlty M (r) M“(~) was plotted semllogarlthml- ;#ff'
\‘-cally agalnst T, and the relaxatlon rate 2wl found from thef:

slope of a stralght llne f1tted to the data by means of a



'f_j;applled to the centre llne. f;f?”" s

'Tyerrors obtalned from the scatter of the data ln the least

i*g“ilsted 1n Table 1‘: The errors aré-68% confldence standard

v

T g »

'”“]welghted least squares flt.ﬁi
gtaken to_ be proportlpnal to the lndxv .

“T}M (r)bM ( ) Experlment (111) was performedvln the same'“

"fent crystal orlentatlons and the values of w"

”?wvarlous orlentatlons wer"

”ftaused by the

s’I"ne we:.ghtlng' _factors were

_&_ i

Both these experlments were repeated at four dlffev-

“obtalned are«lQ{f#:

ST e

|_.:'

hfsquares flt;- It can berseen from Table'l that the two:ﬂ"“”

”f’values of Wl agree w1th1n mhe comblned experlmental errors (R

.\~‘~A S

?only at one crystal orlenéatlon._ The ratlo of wz/w at the‘;_f o

-.v‘

'&alculated using the ratxo of theféffl,

.;\‘

\'“'fM tensor components found b& Hughes and Spencar (1982), andfffffﬁ
f,gthey are llsted ln Table l It can be seen that xhe SLgn;ffgff
;f;of the dlscrepanc¥ is dlfferent for the cases where W /W >ffﬁ

1 and where W, /Wé/ l}w We belleve that the dlscrepancy Wass.K
a

ct uhat our saturatlng pulses were not'

i

ﬂﬁcompletely selectlve._“ The saturatlng comb con51sted of_

’Pftwenty two rectangular 90° pulses each 80 us long ?he;g,f5'

‘

”f;interval between them was - 240 us. Rectangular pulses of'u'

uffrequéhcy Vg and duratlon Tp have a frequency spectrum of’7

7

_ithe form San(v—v )t/n(v—v Yo (e g Carlson, 1968)" Mosﬁf"

fof the power 1s conflned to the frequency range v -l/r tofjj;‘

L x

RS +l/r, whlch for our 80 us pulses is. 12 5 kHz on elther"

Ox
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that the vcomb: of ‘saturatlngq pulses infﬁfffj
‘ehsate lltes 1n agdltlon«to the?f;iff

“'fillne ‘ The excltatron of the satellites w111 be weak‘

each'resonance.‘ Slnce the centre llne and hence the rfffﬂ

%-f}l frequency of the pulse Ls, in- flrst order, mldway between'fv;
the two satellltes, both satellltes should be saturatedﬂf’l;
equally. Thjs,ﬂ‘ populatlon dlfferences N l and_N:l;Pgﬁf

P . \ . P w

deflned 1n yectlon 2 3 l, should be equal It then follows:f;?fﬁ

that cLl“ Eqs.A(Z 63);and (2 64) should be zero._so thatfff'if
the recovery of the satellltes is §f111 exponentlal w1th afiﬁfb"

AN relaxatlon rate 2wl In other words, sllght exc1tatxon of}.f”

fthe satellltes 1n experlment (11) should have no effect, 1n'1;

l

S fxrst order.von the measured value of W,
Cons%per now the 51tuat10n 1n experlment (llL) where

-

.ﬁf' y,f the saturatlng comb 15 applled‘%o one of the satellltes.tf,r‘

If the sqturatlng comb partlally saturates the centre llne

——

so that n splns are ralsed from the state m,% 1/2 to the

*- state m ’-1/2, but does not excxte the other Satellltef lli



s‘i‘t‘lon‘

e

tlon frbni the trén

"v._entlal.; 'I‘here 1s-;a‘ small cont

' ‘T-'probaol l :Lt"' w

=

i_pg the data to an

; 5 ,educed_by fJ.tt

Ka‘ X '\ ‘ l."{‘

T‘x: ibn at rOOm

‘each -sateillte 1n"' B
“"‘ S i

c .'LS h1. her t‘han tﬁa : '
Y g ‘;&; R »}b,f
: .‘.i‘.temperature work. w&ﬁuse




:Qhe later work at obher _emperatures, ,we~7

decxded to try‘ the 1nver51on recivery method We . found‘” "f#?
th%t'the centre llne was suff1c1ently narrow that iﬁa could,_ A
e R / .

”t achleve a large measure of resonance 1nver51ong wlth a,,yr”
X w—— vx . R .oe

nominal 180°pulse,,whlle at the same t1me keeplng the pulse"

-ffselectlve._ (It ﬁs clear frOm Eqs.l(2 63) and\(z 64) t'.hat"“."i_'_:“"1

A ke =

‘f' : . ' F
resonance. Even lf 1nVer51on 1s ‘not: complete,,the recoveryg‘h

relaxatlon rates ﬁrom‘fthe‘gf

Secondly, 1f the s1?nal to-noxse:

is poor, there ls a systematlc tendéncy for thel_j"°
(w)) values to be too low whenvt 1s large,

the fact that zn(M (1) M (w)) is. not a llnea?\’°

(4 6)

A "
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4 4 3 _Choice of expertﬂentdl weters to study the ;
e v-or;entat:.on degendence of ‘the. guadrupole relaxatlon

o

g

o ( a) Crystal or:.entatlon

‘As E can be seen from Eq., (3 4),_ the orientatlon:

_components. 3 To determlne them all, , lt 1s necessary tof"'

though measu:;pments s‘&euld of course be made thh. '

‘dependence of Wl J.s govqrned by slx 1ndepéndent M-tensor'

J 'so that tlme balﬂllne B “well determlned._-‘:'-_:"'ji”" :

measure W vat at least 51x sulf"'bly chosen orlentatlons o,f" |

1.

‘should‘:b'e' fmade‘. We therefore measured the relaxatlon rate-__;-:

of the hlgh frequency satelllte by means of experlment (11)

LY

at between thlrteen and snxteen deferent orlentatlons at",

E B

the varlous tempé‘ratures selected I:_ can be seen from..r.,"’;"j}',_» .

v,

from Eq (3 4) that measurements at three dlfferent values-*-f‘f

B

of o are needed ln order to determlne all the,M-—tensbr'w,"m
- K components. ', We therefore measured the relaxatlon rate for_"'“
varlous : Values of e, (1nc§ud1ng the symmetr:.cal orlenta—-,

tlons e 0° 'and ;3‘0 ) for ¢-0°' 45"and 90° | To ensure that__"

' our pulses were suffxc;ently selectlve, we avo:.ded crystal:'v
8

o orn.‘entatlonsr, fyplcally those where e lay between 45° and

S70°, where the separatlon of adjacent resonances was less'-

o than~ about» '200_ kHz.‘

..

' Ke crystal relatlve to H . In order to conflrm the vall- -

,‘Ad-lty.of: Eq (3 4), measurements at many more orlentatlons




D

Tlme ihterval‘between pulse sequencg_

In signal aVeraglng, 1t 1s necessary tof select a

. S i vJ ,'-., )
= . value for Tseo the tlme 1nterval between lse sequences;
cxfyﬂ, ) o TR & -dtrﬁ ';;-,,ﬂ_zw T ; -2W L
\ In each case, we chose rsé&'so that e } seqrand e = 2 seqyuuv,
\ . 3
v'were.»-'<'l()-'-'4 The spln system was therefore essentlally 1n

N

Nther'al equ1l1br1um }at“;th beglnnlng of each pulsefff?*”
<ﬁdf sequence. ' e S

f(dai‘ Ch01ce of t1me 1nterval between;gulses

‘o [ cE B o

'*fga_ Measu}ements must be made at at least three dlffer—'fﬁ}E‘

F.

ent values of r,1n order togﬁetermzne the relaxatlon raté]”?:

-

(see Eq-,(é 6))"g°wever, 1n order to see how well the data-«lfﬁl

'-7fitted an exponentlal, we- used several T values usually\? o

jbetween elght and twelve,{ roughly equally spaced over af'”

*franqe so that M (T) M (‘) varled by about two ofders of;;ﬂ,
Ly - L
' ,“‘__magnltude., Such a range 1.s ‘nparable to the opt1mum range
‘h*of T values of 5 2 l found theoreflcally by McLachlanln“

;'i(1977).._51_7"

'a:7(d)_‘ Choxce of the amglltudes of the rf pulses
| The ampl1tudes of the rf pulses should satlsfy cer-i_;'

"-ta1n crlterla,i In partxcu"

*;the amplltude of the” second'f"-

: . . _»w... o
. erf pulse should satlsfy‘ ,1txons YHlTp= n/2 (cf q
:fuif:u:ﬂkz‘}l))' mQrp>> 1. and fﬁmrp<< l,-where wo ls.the;yu?t
R ~frequency separatlon between e tentre lxne and satellltes'

ﬂand Gw is the 11new1dth of the satellltes.‘ Slnce (eg/Zx) <fﬂu‘w
'ﬁ':ty;‘f3x103 Hz ag? (u /21) > 2x105 Hz; we chose the amplltude ofd7f5f

“'ifithe lxnearly pOlarlzed magnetlc fleld 2Hl to be 14 G so asv:”"



was not large, hOWever.xf

E fler was approxlmately 13030 peak to-peak, correspondlng to'i;ifff
B 45 T L T e
power output Of 42 W-.u: 'ﬂth‘;7f"if;3nﬂ“fﬁTj}jﬁ~55i5V"‘}H"?'

The amplltude of the flrst;pulse was ad)uated byf{f

**f’ settlng the output of the RFfGenerator Lf- It was set toﬁfk”*

.1y? seen from Eq.-(z 66).“ In practlce;r

the mlnlmum level that would allow a large meﬁsure of reso-;}

nance 1nversxon by the "180°:pulse\5m Anyestxmate of thfff~3

1nversmon aqaveved was obtalned from-the observed enh@nce-

‘ B

ment of the satellxte When T wae small., Perfect 1nversxonﬁ

of the centre lxne would give ah enhancement of 2 as can be@ﬁf?

:we usually obta1ned anﬁ;ifsf
nhancement 1n the range l 5 tg 1 9 dependlmg uPon the?é}fﬂ

"@ w1dth of the centre llne, whldh, of course, varles w1th the;‘

orlentatlon‘of the ex rnal magnetlc fleld relatlve to the]fﬂf*

c;ystal (Betsuyaku, 1969) v: ?i'ﬁiiff ffﬂlt_Q: u:f{_f""""*

,
f "»,"

E

4 4 4 Sett1ng~up procedure

-“Several experlmental parameters had to be optimlzednffif

to obﬂaln the best accuracy J.n the determlnatxon gf thef-‘-""

'relaxatlon rates.. For example,_thouqh 1t 18 not essentlar;ﬂhff

for the t1p angle of the second pulse to be exactly 90. hiru.




" experlmental parameters depend upon the temperature of the

'iprobe etc.. they were optlmlzed prlor to“each relaxatlon

i ’tal parameter 15 descrlbed brlefly 1n the

"reslstive at 14 5 MHz by means of a Hewlett—?ackard 4815A{i*”

'd~made,gy varylng the frequency of tnq/BF Generaéor 2 untkl{'l‘

'71 maxtmum FIU‘amplltude for the satellite.

i;Secondly, 1

?fumfpthen there w111 be, 1n flrst

Q‘}r“ LUt

) ‘.a

‘_rder im whlch;"

they were carrxed out 1n our settlng—up PrOCedure,-'””

(a) The probe was tuned 80 that 1ts 1mpedance was 50 q

Vector Impedance Meter.r;_fpﬁff'“

(b) The magnéf"c f1e1d was adjusted to glVe a resonance;ﬂ“"A

freduency close tofl4w; MHz for the satelllte belng ob-;;ﬂff

erved. : Fxne adjustment of the resonance condltlon was;”'

,z,'

a null output was obtalned on the orthogonal mode phase-jxggﬁ
aensitzve detector 2.__,, '. ;”w _(uff_ﬁff. {ﬁﬁ9;33*~ :

(C) The Variable-phase “nlt Was adJusted to glve Ta

(d) The length of the second rf pulse was adgusted tof.‘

give a maxlmum FID ampkltude for the satellite.¢u

"(e) : A rough est1mate of the resonance frequency of the;f7ﬂ5

’ ;f centre llne was obtalned from the~ orlentatlon of the‘i""

L.
(SRR



.m’%}‘t_;to w1§h1n :50 __H -

~'value (=100 us) so as- to/atxsfy the cond:.tlons thsﬂ l

* and, as far as posslble, awrp« L1 The amle.tude of the rf
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e CHAPTER 5

Lo seswmsawmoawvss o

- .

5 1 Temperature degendence of the splnwlattlce relaxatlon _,’"T”

of ZJNa in NaNO2 [T
T S STy

.‘ﬁfﬁy},f The relaxatlon rate 2th!,0f the hlgh frequencyd 

L saﬁelllte after exc1tatlon of the centre llne, was measured

as a functlon of temperature over the range 130 K to 462 K.d

The low temperature data are llsted ‘in Table 2 and plotted'fjiru

1n Flg..S.lff Data taken above room temperature are shownj:
ln @able 3 and Flg.,S}Z;f The crystal orlentatlon corres—?

ponded to e = .0 for the measurements above roo//tempera-w |

24 R

-ture.; The~measurements below rOOm temperature were.“”

1nut1ally belleVed to be at ei' 0° B However, 1t was later;vﬂ'

found that they were taken at e 4f{d¢ 0°- because the.

h*ﬂ crystal was accldentally tllted sllghtly in ltSA collar.f

”;5f-ifThe dlfference in the relaxatlon rate caused by the mls—’“

: Y :
'_ntatlfn is not»large because the relaxatlon rate does*

_;not vary rapldly w1th e near e O}; on account of cryetalﬁ

f . “ - -
g @l . .

'ﬁ?}f}tsymmetry.~f?' _if] -;ifvé_c;},"

The error leltS 1n Tables 2 and 3. andiiinufal1'” S

fffurther tables and flgures,- are 68% confldence' standard ‘

'lilhw errors obtalned from the‘ scatter of the data about theuf;

fltted exponentlal form. As can be seen from Tables 2 andfi'_fﬂ

;fxd3Q the error llmlts are generally between l and 2% Slncef°

P .
Y



Half of the relaxatuqk rate of the hxgh
1Lte Iy

: ¢=0°.

.

Pnes

-7

measured at dlfferent temperatures atfe 4qj

*¥~x:fkj;'}'\
B Table 2

'S

K e

LR

: fwﬁfsfs

‘l),

o 170&22

. 130.0

1401

f19o;0;f_

. 150.0 -

1200.2

. 1210.3
22409

- 229.8

T239.8

 250.1

260.0

270.0.
2eo*sff‘"'
290 o :

| 300 o-

. 0.038:0.001

© 0.036$0.001

| 0.045:0.001
: 0.080%0.002
7 0.151$0.002
. 0:255:0.004
1 .0.331£0.006
10.369£0.006

©0.375£0.003

A

Q ;

0‘425+0'004’.'

£ 0.061+9.001

10.383£0,003 ",

0. 461+0 ooe

. o 487+O 006

o, soe+o 006

‘.0 538*0 Olb

‘i 5.

'54;;0,57;;0,005»'

0.601£0.006

s

ﬁrequency satel—f':f:“



'Fig'ure" 5-7 '1‘ : | : ST TSP S

Hal& the relaxatlon rate of the ‘nlgh frequency satel-"

llte, th K of 23Ng 1n a sxngle crystal of NaNOz at '_ .
: —4°> ' ¢—O°'plotted as a functlon of temperature.

~
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‘ e=0'°_>. ) ‘. | AR . . v» # = T

- 'Q Table 3

Half of the relaxat1on rate of the h1gh frequency satel—"':i'-._"_>v_,.‘f-.‘

llte,'wh‘fé:'_ (=w ) measqred at dlfferent temperatures at .»' S

S299:00 . 0.617%0.005 . o S
306,40 T ¢ 0.62740,010° o
"313.8 oo, 666£0. 008'7;“" s
LBl T 0.68220.004 - L
o 3286 gg”o 731£0,009 S
7 336.00.751#0.012
343,40 0.78820.011
S0 3sdie 0.850£0.007 e
. .358.2 - 0 0.916%0.015 B T O
3656 o, 968£0.006 el 3ﬂ§§;_
e a0 T 1.0930.0130 0
, : D f“ E -"".'38‘0"_.41 -. s : 1.17.0:0-0_25 : . u
% T 3878 1.280:0%015° 1 oo
395,20 . 1.329$0.009
402,67 1.516%0.014
41000 . L 1.706:0.026. .
Coa17.4 S 1,e24xq.017 o
424,80 2.265%0.029 + T
432,20 0N 3.185$0.,052. .
L 435.9 . 3.759%0.137
439.6 0 6.302%0.094
©4d3.370 0 5,20120.089 ¢
447.0 © . ©  4.537:0.026 -
454,47 7 3.722:0.039
461.8°  3,252%0.053



Flgure 5 2
Half the relaxatron rate of the hlgh frequency satelllte, : tiju

hf = W ). f 23Na 1n a 51ngle crystal of NaNO2 at 8= 0°

plotted as a functlon oﬁ tempera+ure.
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el

'wgentlre temperature range._,j{“ir"

73f,fiﬁf1t The temperature stablllty.'as lndlca ed bYathe pla—jﬂﬁ:“

7ﬁ;t1num reSLStance thermometers and by—the thermocouple, was

"ffabout +O l K at ﬁhe hlghest temperature and about +O 2 K at j}f

3

| the lowest temperature.. Thé. temperatures shown 1n Flg. 5.

’AQ

' are the means of the two temperatures Lndlcated ‘by’ the ﬂ*~

'_fplatlnum reslstance thermometer.- Gulded by the work of BBR

K ~

":(1970), and the behav10ur of the specxfic heat (Saklyama et

e

al, 1965 Hatta and Ikushlma, 1973) and the thermal expan-=“

;]sion (Ema et al, 1973- Ge51, 1969). the hlgh temperature4

4

'“'gfto occur at a temperature of 447 K as measured oy our

. )
‘copper-constantan thermOCOuple. : It_ls belleved that the

1

_f.crltlcal poxnt occurs at the Neel temperature TN near 438 K

'7‘,;data were extrapolated to the crxtlcal poxnt. It was found L

’TT‘(Avogadro et al, 1975 Ema et al, 1973) ' We thlnk that the‘r

7f‘dlscrepancy 1s caused by a. comblnatlon of two factors, the

’Cbnductlon' of heat along the thermocouple wlres and an

‘lnhomogeneous temperature near the crystal. We used the

7.th1nnest thermocouple wlrespreadlly avallable.'a However.'f

ane these wxres pass close to. the~lower heater,-a sxgnl--'

' flcant amount of heat may have been conducted to the: Junc-

' tlon, espec1ally along the 0. 003 lnch dlameter copper w1re.'

"The actual temperature of the crystal may also haVe been



S nh o4 R

._rwﬂﬁd,,;kﬂ@ i

S

';somewhat lower than the temperature ‘nea

)

;5ib

2.

- ‘..4_.:'

: the thermocouple.p:f

rljunctlon because the Junctlon is closer than the crystal toéb<"

K

the lower heater.u The exlstence of a substantlal te\fera;ﬁ,p

B3

jfture lnhomogenelty 1s conflrmed bY the faCt that the pla ‘

J

”Vnum resxstance sensors 51tuated roughly m;dway between the7<”

e

77.,"crystal and the heaters, lndlcated a temperature of 488 Ki“

*fnear the crltlcal p01nt.p We have therefore corrected then: o

';ftemperature as measured by the thermocouple by taklng thef{

"”temperature at the crltlcal p01nt to be 438 K and assumlngﬁ

'fthat the dlscrepancy between the temperature of the crystal

p}and the thermocouple jung;lOn ls Proportlonal to. the dlffe—_f“’

<o

“Tfrence between the 1n'1cated thermocouple temperature and

]room temperature, The valldlty of the second assumptlon ls’

hﬁsupported by the fact that the dlfference between the plat-

anum resxstance thermometer readlngs and  the thermocouple

‘readlngs was found to be proportlonal to the dlfference'

wbetweew the lndlcated platlnum resmstance thermometer tem-*»

‘l>perature and room temperature.;‘ }[’ ;f

-

“:‘ Two~ unexpected features can be seen 1n Flg.. S 1.

One is an abrupt change of lepe near 220 K. We: belLeve‘"

'l?that thls xs real and should be ;nvestlgated further. The

tjsecond unexpected feature is the 1ncrease 1n whf below 160.f

‘,UK., As wlll be seen later, thls 15 caused by magnetlc relaf

-

i xatlon ‘and w ,in Fig. s, 1 depend:-upon W and W

hfs iy 1'-? ' 3_‘

'uWhen the magnetlc relaxatlon lS small Ebmpared to the quad-

3
rupole relaxatxon, is approxlmately equal to w +2W

,hfs

/V\ :




“gdependence shown ‘1n~ Flgs. 5 l and S 2 -lS qualltatxvely'

".151gn1£1cant quantltatlve dlfferences, as: expected 51nce BB

J;--measured (2/5)(w +4w ) at some unspec1f1ed orlentatxon;"

-relaxatlon ls negllglble at room temper-sg

v’to.zqs. (3. 2) and (3 3)

the sum of the quadrupole tran51tlon prObablllty w ldﬁ;aﬂff

1

half the magnetlc tranSLtlon probablllty 4w3 (see sect10n’a-l"7

7

2 3 2) f’ Slnce the _magnetlc contrlbutlon 1s negllglble;pb.v

Qﬁbove room temperature,vthe relaxatlon rate shown 1n Flg.{»,ﬂ

'"7.5 2 13 essentlhlly w | The overall form of the temperature7'

" . ;

dhfd51m{}ar to- that observed by EBR (1970) However,,thjfe are‘b_a |

5L5327J Orlentatlon dependence of the spln-lattlce relaxa-

tion of ¢°Na in NaNo2

o It Is convenlent to dlscuss separately the data

vobtalned at room temperature, low temperatures (135 K 145

'K and’ 170 K), 235 K and 432 K.f o e

. 5;2“1 Orlentatlon dependence at room temperature

The dependence of w - on, the orlentatlon of the mag-".

1

{;netlc fleid H relatlve to the crystal, measure at roomvh
*temperature (298 K), is’ shown in Table 4 and Flg 5;3y' As;,»

5_mentloned prev10usly,‘ the magnetlc contr;butlon to-‘the e

: fmeasured relaxatlon rate ls Wl f Approx'mate values of 8

'and ¢@%ere obtalned from the readlngs of an-ular scales 1

e S0 that the~f -



104

:Ef,gf§§§‘rate of recovery of both the .hl. Tﬁfrequency

'7?‘turn-; As can be seen from Table 4, _they' were ln good

/.v‘,\..

.-E;fagreement w1th one anothef, dnd only the mean values are}:j

€7Errors 1n wl shown 1nﬂFlg..5 3 are

'7'8hown Ln Flg.dS 3

Vprlmarlly those-dbtalned frOm the scatter of the data about
5.

':y‘fthe best f;t to an exponentlal recovery.‘ However, they

"falso anlude a contrrbutlon from the errors Ln e and ¢,

'osatel_lte and the 1 w'frequency satelllte was;measured ln flaﬁi

PR

‘a'whlch are belleved to be about fO 2° and +l° respectlvely
_g;These contrlbutxons wére‘estlmated usxng calculated valueswi°

g of aw /36 and aw /a¢ obtalned from a prellmlnary flt\Of the-;;'
'ﬂ.data.’ Slnce these errors were 1ndependen; of the 1ntr1n51c
.trferror in w1 they were all comblned ln the usual way by

'taklng the square root of the sum of the squares.’rfhis"‘

"~method of error analysxs was used for studles of the orlen-f.’:'

'ﬂ'tatlon dependence,f' other temperatures. o y' g

.

The curves shown in Flg.'S 3 are the best flt of the
L

.data to Eq. (3 4), and the M-tensor components fqund from

che flt are sh0wn Ln the thlrd column of Table 5.__ The.

\

| .,error§ in. the M-tensor components were: obtalned from the
: utscatter of the data‘ about the best flt.'_ They do not .
_‘dlrectly lnclude any contrlbutlon from systematlc e&rors,,’"

as equlpment nonlinearlty etc.: %s can be seen from

3 the data are,ln very good agreement w1th Eq
A quantltatlve assessment of the goodness’of f1t is

the x2 per d‘bree of freedom (Bevxngton, 1969)



’L”fwhlch was found to

'ffdegree of freedom i

"7wsod1um 51te ls orthorhomblc,""

fffbetween the three p0551b1e‘

'flent f1t to Eq (3 4) conflrms tha

{A value neadvpﬁlty for x2 ‘per..

2y

_does not dlstlngulsh

\ N

p{symmetrxes 222, mm2

‘ﬂ;lattlce relaxatlon of 23Na 1n NaNOz at room temperature is

:'icaused by spln d1ffusxon to more rapldly relaxlng nucle;

*'homogeneous._ In other words. 1t ls not,; for example,

J

»Q7l~ Klnase et al, 198&}.

5 -

f,; To conflrm the valxdlty of the theory presented in.

f:;determlne both wl and w2 (see sectlon 2 2 3),_we monltored

'-’fthe recovery of the centre llne after it: was nverted“ by

o : ' T
.,eeo° and e—90° ~¢—90’ The data were 1n good agreement

| fTable 6 As “we can seeD the values of Wl are in, quite good

13

WiA‘ ah equatlonlgf the form R el
| R T e
M (T) A(e SR + eg. x.) + B o ':f (5 l)

oy

-gszs.vwe obtﬂdned the values Shown in*~ the flrst two rows of

ﬂ

wagreement w1th those obtalned by'monltor1ng the recovery of
fthe satelllte (see Table 4) ﬂhe theoretlcal values of w2

‘,Eat eﬁb° Gand e 90‘ ¢=90‘ obtalned by substltutlgg t%e

“,etes an excellent fxt ) The excel-'ﬂ{}gf

;the/symmetry of the

:“gu;and mmm The excellent f1t also 1ndxcates that the spln-7fﬁf

e

' fks;tuated near domaln wall boundarles (Suzuk1 and Takagl,.w‘

IR

e

d(cf Eq. (2 65)) and,_from a nonllnear least squares analy-h

'f.hsectlon 2 3 l and to show that the same M-tensor components.' o

'.f{a sxngle 180° bulser, Thls was’ done at two or1en€at1ons,'~*‘

r-M—tensor‘ components llsted lJl Table '5 in Bq (3 5), a;¢‘“~
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'?mfffv fif]7r.;5«f.5fn Flgure 5 .3

£

v

rsolld, open and crossed data pOLnts refer tq xthe ¢ and e° :

PR

curves show a least squares flt of the data to Eq.-;(3 4)

"':Varlatlon of wl WLth x fror _23Na in NaNo2 at 298 K. 'I'!hef'" |

4S°fand 90°' respectlvely. - 'I'he solld, broken and dotted_‘?'-“-;"

"rfciz'jg, 'f'frg”}f{fr¥"7” ,
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f!f;atures qp Eq.

R I SR
SN T S Table 5

M tensor components multlplled oy e 02/96 obtained by

-

»‘Vflttlng the orlentatlon dependence of w1 at varlous temper—

-

b'M—tensof7

component

235 K
BB K

a8 K
'.:tle'.'

432K

5l K

: e R
L jgg‘ llll_;_

89 M
T 3131

/ Myoyo
56 1212_:

: .0‘._‘00_44,:...
' +0.0003

4

-0.0037
f'zO}OOdzl]f
| £0.0002°
' 0.0004
 £0.0001 "
7 0.0012 -
'#0,0001
0.0024 - -

£0.0001

o (sThY

0. 1686';‘
J +o 0016'5‘

,fo;;74o‘-
~¢o,oozo'

‘0.01337~7
30,0005

’~0¢0264
©+£0.0005

: 0 2391 -
+o oozo”e

0:0365
- $Q.0005

(s"l)

.

- 0.0196
7 £0.0004

a’;o.0419~
. £0.0042.

- 072418;}*
:#o 0022;
220, 22361',
$0.0026" -
0.3244 -
$0.0026

. 0.0531°
 £0.0004

A

';.ﬁlé"L)juﬁ
0.36L
£0.012
-0.386
£0,012

" 0.831
&d;oilv §
’,o 089{ o
- %0, 007_;
;~o”3o3'
-j+o 0081

O 249 .
£0.007- .




'Zifg:ﬂreif};ib o
Table o. T O

-Values of Wl'- andb wé at various 'temperﬁzures “and orlenta-, .
‘: ,t1ons, found by flttlng the recovery of the centre llne to:

<

(5 l) At 145 K. and 135K, the data~f1tted a SLnglé"

'7’ exponentlal and so wl and w2 are %parently equal.

(T(K) s(aeg)  elaeg) e LW

st K .20.2° a0 (7t

e

298

s
235
170

“L170

;570;0‘
90,0
0.0

;90 o)
o 0' .:'ﬁ

;9o;o

.905“
90
90

90

10.60840.006
_f'b{59326,oozg_
10.39040.006 "
10.328:0.013 "
*0}041;6.091'

0.053£0.003 .

.-

vfi.éééid;diof
2.a4740.014
’0;776;6,065'
1.783?6@02&]
f.Ad;6§2go.002'

' 0.061:0.003

145 0.0 90 0.045£0.001

145 90,0 . 90 0.053%0.001:"
135 4.0 0 ' 0.117:0.001
135 . 43,0 .0 10.184:0.001

-135 90,0 0 - 0:126+0.001




: ls not " well descrlbed by Eq (3 4)

l l3+0 02 and, 2 45+0 02 respectlvely,' They are ln'hverydg‘,?”‘

good agreement Wlthv the measured values,_ conflrmlng thejl-rf"

‘valldlty of the theory and showlng that the same M—tensorf,

components determxne Wl and w2 at room temperature.

. ¥
SR E

o

: 5 2. 2 Orlentatlon dependence at low temperatures (135 K
1459K and 170 K) w .

The or;/htatlon dependence of hf

“in Table 7'and Flg 5-4.‘ A prelimlnary analysxs of these

.... L S A s !

at 170 K lS shownjfff?'

el .

data,_ along w1th the room temperature data,; has been;‘

L% ol

publlshed (Towta and Hughes,v19853 The‘curvesvshow aj'

' least squares f1t of the data to Eq (3 4) The agreement

To obtaln further 1nformatlon about the dlscrepancy,“

"‘“ ‘we determlned w and w together by monltorlng the recovery

1 2

- \Ls.poor'(x per degree of freedom 1s 17) show1ng that whrS”hl’

of the centre llne as was . done at room temperature andr'

' flttlng 1t to Eq (511) The values of w »and W (there.

1 2

was no way of know1ng a prlorl whlch was whlch) are shown

be W. ., 1s 1n good agreement wlth the value obtalned from

1’

the recovery of the satellzte at 9= 0‘ ‘ However, the agree-g

ment is poor at" e-90° §=90°'

”Q 1n Table 6 ~As can be seen, the value,_whlch we belleve to”'

Because of the unexpected rlse 1n whf observed 0

below 160 !( (see Flg.v5,l), we - measured the orxentatlon:f

dependence at a 1ower temperature, 145:K. ,The data arevh'



. Table 7

-

' orientation dependence of W'/  at 170 K. . ..

T cgoeldeq) o eldeg) o o Wpeg o

L T

e

0.2 A1 o T s

“ f"l9;9A Vﬁ  qu.f jf

Co 424 - 0

75,40

9040

1.8

'_';f19;7G”‘j ,.45  i

 40.3 a5 . 7 0.086:0.00L -

S Y783 455,7
";{;90‘0,;1 ;5f45‘ $i¥
o -Q.O ’f'ffbngf

LT e e »

398 90 -

| Jlsﬁ;j,,' 5ﬂ9d

SR

 oessoodn L
Cffi7°-6§3¥°:902"“.} :
e
":iQQOéQ?b-Qbif; 
o ‘5‘:94 i-'Q:Q .00 1 -

' 0:06140.001

. 0.0800.001
'*_0,964£o,§o§ ' |
g ,Q;o4o;d.cdyiff"
‘ 0.054£0,001
9.07720.000 |




'Varlat;qn-gf‘whf

soiid;jopenfand

S _d Flg 5 4

lth e for 23Na in- NaNOz at 170 K.r The

s
AOsséd data p01nts refer to the ¢ valuese

0°, 45° and 90°'respect1vely. The SOlld broken ‘and

f'-dotted curves show a least squares flt of the data to’ Eq -d
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'Ip7that the data fltted a sxngle exponent1al can only mean

| aré glven ﬂh Table 6.

llsted 1n Table 8 and are plotted 1n Flg. 5 S.. They are 1n

extremely poor a reement wnth Eq (3 4) (x per degree of(§5ft»

?freedom Js 1371? The theoretlcal flt 13 therefore notfg”

0.

'Qﬁ,shown. Instead, the curves in Flg 5 5 are smooth curvesjﬂ.”

1fhdrawn thrOugh the data pornts because we later need lnter-ffb
fpolated values. {ff? ”f,iglh,ﬁﬁ;,'-h-f-f'; '

l We trled tovmeasure wl and wzfseparately by monLtor-i?
"ving the recovery of the centre llne at e=0° and e 90°‘:v.
'f¢=909;~aHowever, 1t was not possxble to fxt the data to the
_sum of two expOnentlals (Eq (5 l)) ' Instead the data wash;
hlfound to flt a sxmgle exponent1al and the correspond1ng~r‘

v"fdvalues of the trametlon probabllltleseafe shown 1n Table_;f

.fég, If the relaxatlon is- quadrupolar at 145 K, the.factif"’”

'I“that W, Ls equal to W,

y Thls could happen at one orxenta-Vf

2

iQtion,. but is unllkely to happen at two very dlfferent _

s

~or1entatlons.
To 1nvest&gate thls further, we monltored the reco*}«
very of the centre 11ne at I35 K.~ To be sure that we were'

'not at orlentatlons where wl and W2 were acc1dentally

¢

equal, we performed the experlment at three very deferent

Vorlentatlons. Agaln, the. recovery of the centre llne was.

4

-strlctly exponentlal and the values of the relaxatlon rates"

- x}

b We showed in sectlon 2. 3 2 that, if thearelaxation'_t'

is entlrely' magnetlc{ "the recovery of the centre line
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Orlentatlon dependence of whf -‘(=4w ) for 23Na 1n NaNO2 at

'145 K.: The. smbot‘n curves are drawn to pass through all the

data pblnts ‘ht a flxed ¢ value.
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followxng excxtatlon of centre lxne should be of the form

v

.'1—12w3t I '-2w3r S - g,jﬁ:- DR
% (r) —A(e T (1/9)e:;n ) + B =_13 (s 2) 2
i l - : ‘ :k - N g ':; e
'f,slmllarly, the=recovery dT the satell1te followlng exc;ta-ga_jta
t1on of the centre llne shmuld be of the form '{ty'; i;{ﬂh‘
M (r) = c(e [,= (l/6)e | ) + B (5.3)

e =12Won S - ¥ e
Evéﬁpthough the e 'v“3??term is the domlnan:\éne, 1t should}f' :

- be possrbTe to detect exper1mentally a nonexponent1al reco--h?:

-very of the form g1ven by Eqs. (S 2) and (5 3) ; We there-'v,”

fore fltted the recovery of the centre 11ne at }45 K to anvﬁ'**-

._eguatlon ofithe form e ”,‘>i  ‘iy.. o

TiS 9.

ks We found A tod; .
v’ﬂﬁ be ~0 045~0 026 at the orlentatlod e 0° and —0 142*0 098 at ,._,

;. o= 90°,k§§?ﬂ°;; These values are not ‘in agreement w1th the-'

theorethal value of 0 lll (see Eq. (5 2)). To check thls‘;ﬁ‘

further, we fltted the recovery of. the hlgh frequency sat—l

»—elllte-at hgs K to. Eq.v(S 4) at. the fourteen dlfferent

1

s . )
orlentatlons llsted 1n Table 7. We foun the mean of the - =

fOUrteen value§ of A to be ~0. 003*0 026, as compared wlthf?d‘
the expected value of -0 167 (see Eq. (5 3)) : There is
therefore no ev1dence of the nonexponentxallty predlcted'  ;
-theoret1ca11y for magnetxc relaxatlon. : We belleve that]%;””
thls is" due to the magnetlc transxtlons.between the statesAJ~
‘d5.*3/2 and m : *1/2 belng 1neffect1ve because of the gupw:

presslon of the fllp-flop traﬁsxtxons whlch contrlbute to_Y-V

”*?As was shown 1inh sectxon 2. 3 2, ¥£he"u

. d." PR




'.,~\Ialmost al'%

v—..‘,

-_5; It ‘was - shown 1n 7 3

'“(2 91)) that the relaxatx; _ ate of the centre llne 2w

-ﬂrrshould ejldentlcal to the'relaxatlon rate of the hlghh
frequency satelllte Qth (Both should equal aw3 )ﬁ Thlst
“"was checked by monltorlng the recovery of the hlgh frequen-:g
ey satelllte at. 135 K.; ﬁe also measured W el and whf atr

iflls K and 145 K w1th Crystal B, our cleaved crystal.~ The

-measured values of w rjand th-s

j?(For companxson purposesw some of the data presented 1nf

- Tables 6 and 8 are presented agaln in. Table 9. ) It can. bef{

c?f seen that, w1th the exceptlon of one . orlentatlon, Wci'isf'

| Lo | ‘120
31n that case,.be_exga :;

}2 (see Eqs._(2 90) andf

: are llsted in Table 9.'

consxstently somewhat larger than th for both crystals at

' the same temperature and orlentatlon. h We attribute the,

e

small dlscrepancy to

. w1ll not be observed from ‘23Na nuclel close to the paramag-_

‘ "‘

’f-netic centres.i That 1s because of the large flrst—order'

quadrupole lnteractlons expected near such centres. : The5

centrea llne,l on’ the _other hand,~ will be observed from”;

e "

gnetlc cen#}es Slnce the effectlve magnetlc relaxatlonﬁ

,fact that thé satelllte resonance’

F?Na nucle1 1nc1ud1ng those close to the parama—.

rate w1ll décrease w1th 1ncreasxng dlstance from the para—[fh

-‘O.

magnetlc cdptre,. one would expect that the centre l1ne~;,\j

a

Qwould rec?&er somewhat faster than the obserVed part of theﬂ-*ff

hlgh frequency satellxte.

B
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In order to determlne the guadrupolar contrlbutlon

, to the relaxatlon we observed at 170 K (see Flg. 5 4), we.'

e

132

need to determlne the magnltude of the magnetlc relaxatlon R

’ at that temperature. We-belleve that the 1ncrease 1n w

-

‘of what is called a "T mlnlmum " A Tl mlnlmum,'or a.

1

- m"xlmum “in the relaxatlon: rate, 'occurs when ‘the. local

K

hfs_-.
n;oelow 160 K shown in Flg 5, l lS the hlgh temperature 51de¢p

magnetlc fleld (or electrlc freld gradlent for quadrupolara'

nuclel; fluctuates {ath fnéQSEncy close_h;o the Larmor )

]

. < -
‘ l96l) . If the- cause of the fluctuatlng magnetlc .fleld

u R

= '

7logar1thm of - T (or 1ts rec1procal the’ relaxatlon rate)}',

J

agalnst l/T w1ll be llnear on elther 51de of the “T.ﬂ

*lm;nlmum _and the actlvatlon energy can be determlned from

‘_the‘xlopes. Gulded by that, we plotted the logarltmf of

‘all the whf

%l/T as shown. in Flg.u5;6 The SOlld c1rcles are measure4

—_

ments“‘made wlth our» cyllndrlcal crystal at 'e=4°,f:¢=o9}'f

.

ffexcept for the poxnt at 145 K- whlch was Qaken earller atv7f‘

f.frequency (Bloembergen, Purcelh and Pound 11948; Abragmnp,“

" 'lnvolves a thermally actlvated process, then a plot of the -

. values obtalned w1th both crystals agalnst"’

H '

8= O“ The value of whﬁf for thls data p01nt has been],ﬂ~h

o

"graph shown in. Eig }5;5{' The open c1rcles in Tlg.-S,G

'refer to the ~1eaved crystal and were taken at e—0°e'lTo‘v'

‘correspond to e-4° ‘¢—0° they were also lncreased sllghtly

/

“_u51ng tHe graph in- Flg 5 5. We see that the data for both

,,crystals are 1n good agxeement.” Also,‘theydata appear~to

. 'ulncreased sllghtly to: correspond to e 4°5'¢-0°fu51ng the"

s ‘



e

-L’ije ) k\ule'. ; .; Flgure 5. 6 R ;"':i'" :f> ‘!-

' Logar1thm of whf' plotted versus l/T at low temperatures. ”

;

e'The'SOlid-(open) data p01nts refer to Crystal A (Crystal .
:-B)‘ The broken line lS a llnear extrapolatlon of the low-”

'J: ™

'temperature behav1our.

-
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e “r-f.f,,ff:.‘:.y -m';L”' e ;&fg USRS P
Also, the data appear to falL on a stralght llne, as expec—‘ T
. s ,

'ted 1f ‘we are seelng the "tall" of q Tl mlnlmum caused by a"'

";.chermally actlvated process. It would have been de31rablej’

He oo

to have extended our measurements to lower temperatures.

":_._-However. it would have meant completelyﬁredesu;m.ng our"

"n

'dprobe.' We belleve that the magnetlc'relaxatlon we have*

’observedfl

ft lower,-
N

: g:‘f’

‘temperaturesl e(l972) 1n a ﬁQR study of 1“N in

_NaNOZ. Thls is dlﬂ@@ssed;f“t"

In order to remove the magnetlc cont&ubutlrn from .|
: . : {"5‘ # o :at‘ ’ .
the observed relaxatLon rates at 170 K and hlgher tempera- '

P . ).' iy

1tures. lt seems reasonable to. extrapolate Ehe macnetlc

o

. s
‘relaxatlon to hlgher temperatures as shown by the dashed

s

. %
llne.j Moreover,_accordxng to our earller 1nterpretation of

o

7.the exponentlal nature of the relaxatlon, hf
v S

'b~4w3-< The extraﬁolat;on shown Ln Flg 5.6 refers to the

must equal

M s
0 . .,

'horlentatlon 9“&“;g<0§; We assumed that the temperature”

s

idependence ‘was the same at all orlentatlons, 'so, that by

fc0mb1n1ng the orﬁentatlon dependence shown Ln Flg. ,5;5;H;v

9

ehand the temperatune dependence shown Ln Flg, 5 6 the value v

,of 4w3 can be determlned at any requlred orlentatlon and‘

temperature.' J”’v#‘ T

As we showed ln sectlon 2. 3 3 the recovery of the

_satelllte should be nonexponentlal 1f the magnetlc and
~.quadrupole relaxatxons are’ of comparable strength as they

Seem-to be at»l%On”,i U51ng the values of 4W3 obtalned from

i L
~



e
3y

o

'Figs. 5 ) and 5 6 a least squares flt of the 170 K data

(earller fltted to ‘a SLngle exponentlal) was made to Eq

(2 103) w1th wl w2

thermal equlllbrlum as . fltted parameters.f The values of wl

fvfrom from the th are llsted ln Table 10w ; The data po;nt

T

at 8= 39. 7°‘ ¢=0':1s not plotted 1n Flg. 5 7 and was not—
1ncluded ln the . flt.y That is: because wz'came out to beli
negatlve and the value of wl was -a long way ‘off’ the fltted‘
curve.. Also excluded lS the data pOlnt at e 73 .8°, ¢= 90°‘

Tﬁﬁt ls because 1t is close to the orlentatlon at whlch we:b

found 1nconsxstent values of whf - In addltlon to belng-l

Bd

o 1ncon315tent, they also tended to be hlgher than exggcted

We attrlbute

pOSSlbly anolv1ng cross relaxatlon to the 1“N 15N or 170,"

' 'spln systems 1n the crystal. In sectlon 2 3 3 we showedj

. 2
l 2 << 16W3 and lf wl and w2

rent from each other, then.w1 can’ be found oy Smely sub—r?

that 1f w

tractlng 4w3 from whfs; The results of such a_subtrggthnnum

Lol

is shown in- the last column ofg able lO. They are in sur—:vf

- 12

prlsxngly good agreement WLth %ﬁﬁgvalues obtained by f" =

Lng the data to Eq (2 103) (except for th‘ data poxnt'at

; S
0514

f w )' ‘It‘§5'a7

e 39 7°’ ¢=0° whlch gave a negatlve.valu

therefore a reasonable approxlmatlon to con51der w1 to oeﬁ;

'-\ E

the dlfference between the contlnuous curve drawn through*f',

the data poxnts 1n Flg. 5 6 and the dashed llne represent-:

, lng the magnetlc relaxat;on,- at least for pempefatures

,atflzs_gﬁ

E and the amplltude of the FID 1n,f¥3“

hls to an addltlonal relaxatlon mechanlsm_,'

are not very dlffe—”";"
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. Table’'l0 ,
Qrientafiopadependenéé offdwé]énd wl;atyf36'x.'

N

w1=whfsf4w3,

:“feﬁdeg)_“¢(de95;:4W3(éfl)‘ Wﬂ (from 4 para-
. e . L, TREST
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‘ﬁ.below about 170 K': The orlentatlon dependence of wl at 170

"f_K, obtained by f1tt1ng to the sum of two exponentlals,’are

jy"shovn-xn-Flg. 5;7§ The curves show a least flt of the data

;tO_féq.‘- (3 4).‘ Taklng 1nto account the uncertalnty of%r,_u

.‘ . . ‘ “"r"
: apbut'+0 002 in. the value of 4w3 the values of wl are'in

L]'quite'good agreement wgth Eq. (3 4) and glve a xsze;f”

.:degree'of freedom of about ul 1ty: The correspondlng values
-;pof the M tensor.components are lxsted in 'the flrst column
of Table 5. R

. ul The values of w2 at thevvarlous crystal orlenta—'
v"tlons,'determlned from the f1t to Eq._(2 103), have large
uerrors assoc1ated w1th them.' They are 1n falr agreement -

;w1th «values calculated usxng Eq. (3 5) and the M—tensor.fph‘

o ;components llsted in Table 5 (except for the data p01nt at‘

B=39.79 ¢ 0°‘whlch gave a negatlve value of w ) L

5.2, 3 Or1entat1on dependence at’ 235 K

, The orlentatlon dependence of whfs was, measured-at¥

"2353,K,A a temperature approx1mately mldway between 170. K;vw:
temperature and room 'temperature at whlch the otherljgj

measurements of wl were made. The data are shown 1n-Tableff

'11;3' In ‘section 2.3.:3, we showed theoret1cally that, if o

% 2)%, then the relaxatlon of the satelllte 1s:

: approxlmately exponent1al and: the correspondlng relaxatlon

16w << (W) -wW

7Nrate is 2(w +2w Yoo At 235 K, the extrapolated magnetlc'
. relaxat1on 1s small whereas the quadrupole relaxatlon is

T s :1:%@

S,
\



Flgure 5.7
]Va:iation:of'wv'wlth X} for 23Na in NaNO2 at 170 K.
open and crossed data p01nts refer to the ¢ values 

reSpectlvely The SOlld broken and dottedf

”curves show a least squares flt of: the data to Eq (2 4)
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Table ll
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-0.015.
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Q.4014o'0063
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1“%57+o 014l;_ L
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'0.625t030LL

0.3981:0.005

1.45740.017

1.025:0.012

1 0.769:0.002"

0.645%0.010
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-ﬁ;relatlvely large, and'so the COndlthn 16W31<?*(w ;w2x3“is

R

‘ well satlsfled.s We.therefore subtracted 2W3‘fr0m'the_

'measured value of whf to remove the magnetlc contrlbutlon.

'T:The values are llsted 1n the last column of Table 1l andii

‘are“shown 1n.Flg. 5 8.- The curves show a least squares f1t

'

.of the data to Eq (3 4) and the x2 per degree of freedom

B

ig 48R The values of the M-tensor componénts are: llstedvvf.

“in the SQCQDd columnpof.Table 5-” L

e E . . .

e e e L
»4 Orlentatlon dependence at 4;@ K B JREE

r ,
The orlentatlon dependence of wl was measured at 432‘

"K near the crltlcal p01nt at 438 K. (The magnetlc relaxa~-
"tlon ls,'of course, negllglble at thls temperature ) As

'gtcan be seen in Flg <2, W, varles very rapldly wlth tem--l

1

o

,perature near the crltlcal polnt.l Slnce we could not rely;*

on the temperature belng stable to better than about +0 2° C:;f

over the perlod necessary to complete all the measurementSp
' We felt we could not make measurements closer to the Crltl-
vcal p01nt than 432 K. The data are presented in Table l2~'

and are plotted in Flg ,5.93' The curves show a least

2.

squares flt of the data to Eq. (3 4) and ‘the 'x per degreej‘

‘-

'u‘of fregdom 13 1 8 The values of the M-tensor components”'

5.3

_are llsted in the fourth column of Table 5..

Tem’erature de endence of the uwadrupole couplin
constant an asymmetry;parameter of Z3Na 1n,NaN 2

'. Whlle measurlng the temperature dependence of hts

_.we noted the frequencxes of the hlgh frequency satelllte,'

]

<



Fl ure S 8
g f‘r;

'Avériatio'ri"of -W" with;;f' 8

13 ‘
e

: solJ.d,. open and crosse

T

' "':O" 45° and 90°;respect1vely The SOlld broken and dotted'

B 'curves show a. least squares f1t of the data to Eq (3 4)

$r 23Na in. NaN02 at 235 K.._“Th.e .

ta p01nts refer to the ¢ values'



¢ | . 23Na Spin-Lattlce Relaxahon in NaNO2 at 235K
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/ ﬁff,TableilZTiii’.

1

'.H-Q;ién;atioﬁfdépendehég of W,

‘at 432°K.

1

o(deg) é’.-?(deg) L

el

x':¢0.2;:f;.'

200 .

‘ s
‘ .
90 45
20 90
"fl';.,." ﬁjs»»‘
B T

90

90 90

4.279:0.041
5.42030.117° -
‘1 ;V3;s$1:oLo55  _
'“ 1’5;Qzaeo;o46y'f‘:‘::
7_.f4i626z0;079,71}§.
"1;6Q09;;o.o?9'*”f

 §; 3;39510.037‘;//k§,

. 2.726:0.046

3.06510.055

. 2.901:0.042 -
'4.736$0.119
 4.761:07072

4.239$0.097

¢

> .

e



. -.: Flgure 5 9 | o '

'_,Varlatlon of Wl'w1th e for‘23Na in. NaNOZ at, 432 K. . ?hé”vlm““j

*

ﬁdsolld, open and crossed data p01nts refer to the ¢ values

1‘ﬂ“0° f.5°;and 90°‘respect1vely.f The SOlld broken and dotted RN

,curves show a. least squares flt of the data 0. Eq (3 4)

o
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TTJ§~and the centre llne.f By substltutlng these values and the
*Ejknown values of e and ¢ in Eqs._(3 2) and (3 3),_we Were"JV

""ffable to determlne the quadrupole coupllng constant;he qQ/h,

f 23Na 1n NaNOz.: Our values are shown as a £ nctlon of

1 :

a”tempé.'?ure Ln Table 13 and Flg~ 5 10 and are belLeved to»hjﬁ

;ate to w1th1ni+0 2 kHz.ﬂ They are ln good agreement
Qlues found by Wexss and Bledenkapp (1962) above room
':temperature.m There are no'prev1ously reported values ofh&f
";the quadrupole_coupllng constant below room temperaturelf”
?]However,‘as can be seen from Flg.-S,d the varlatlon of thebf;”
x:;quadrupole coupllng constant 1s/smooth ln that range.;fweﬁf”
".v"jsee no ev1dencevof a dlscontlnulty in: the_slope of the_"-"

"'graph near l70 K where other workers (Ge51, 1965 Ema et;ﬂj“

‘; l 1975) have observed anomalles whlch they attrxbuted to: |
' o '\f.vy,,”;?_~ AP = C

La phase tran51tlb? o
By flttlng the frequenc1es of. the hlgh frequency” -

’\3

\

;hsatelllte and centre llne,.maasaf &}durlng our studles ofj';’
';;the orlentatlon dependence bf whf rvtO Eqs. (3 2) andil

;’f(3 3), we' g&re also aole to determlne a few valugp of thefi‘
‘r'pasymmetry parameter n.- These are glven in. Table 14 and‘;h

T e o o 4 ; . : e
“~,‘plotted 1n Flg 5 lO._ We see that n decreases:below room]f;

"temperature.v Slnce lt also decreases ab've room¢ufffif;fﬁf

7A:ture (Welss and Bledenkapp, 1962) as’d;seussed lnbsectll

‘cf3 2, 1t ev:dently has ' maxlmum value 01109’near room te ool

perature.
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Flgure 5 lO

'The SOlld c1rcles show the quadrupole coupllng constant

:‘ezqo/h plctted as a functlon of temperature.f

‘c1rc1es .Show the asymmetry parameter n \plotted as- a~

5

' 7funct1on of temperature.;The SOlld and brokeh curves are

:smooth curves drawn through the data p01nts.
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'tlng thls value and the frequency'Q‘faS 392 GHz 1nto the &

:-equatlon (Poole, 1967(a))

“where H is in Gauss,'we flnd that the |

'AS;4f Electron spln resonance spectrum of a 31ng1e crystal

The low temperature 23Na spln-lattlce relaxatlon

T'bdata seemed to Lndlcate the presence gf paramagnetlc cen—r-;TL'VJ
fiyftres in our crystals.( We therefore ran a few exploratory.
"f::electron Spln resonance (ESR) spectra on Crystal B.' Crys- ;;;;_'
5pjtal A was. too large to f1t lnto the mlcrowave cavrty

. Crystal B was rather large but could be fltted 1n at some

\.

‘"3for1entatlons of the crystal relatlve to the external magne-p

ftlc fleld. The spectra were run by Mr.,G..Blgam in our»

R

- Department of Chemlstry on a Bruker ER 100 spectrometer.

'Flg. 5 ll shows the ESR spectrum obfalned when the

tmagﬁétlc fleld was - perpendlcular “to! the b ax1s and made anrl.

" fangle of about 25° w1th the c. axls.} (Because of 1%; size,

.llt was 1mposslble to or1ent the crystal so that the magne-f
'gtlc fleld was exactly parallel to c axls ) Flg.'S 12 shows
g,the ESR spectrum run: under sxmllar condltlons but WLth the L

_magnetlc fleld parallel to the a’ axls.‘ In. Flg 5 ll, a 4.

~

‘_prominent ESR SLgnal,‘approx1mately Lorentzxan in shape, is.

F)

e observed at a magnetlcqfleld strength of 2239 G. Substltu-'

1, 4XIO6gH

factor‘is“3'00.

vahe peak- to-peak derlvat1Ve llnew1dth is approxlmately 175

':Gw The spectrum shown in Flg. 5 12 1s very dlfferent from

'5‘.“'
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R T

_Qi““ -' Flgure 5, 11 .tﬁif'f‘

" ffESR spectrum of Crystal B w1th the magneilc fleld per-”.

pendlcular to the b axls and maklng an apgle of about
W

'_25;,w1th the ¢ axis. The fleld markersfare ing gauss.17”
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»

ESR spectrum of Crystal B w1th the magnetlc fleld para— )

-llel to the afaxls., The fleld markers are ln gauss._-’7
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”“n;that 1n Flg 5 ll. : A weak a;ymmetrlc broq' resd%ance ls

:fimseen at a f1eld of 3400 G correspondlng tO ‘a 9 factor °fi?T
'ﬁfabout 1 96._ There 1s apparently another weak 51gnal at

"-nnrabout 2050 G correspondlng to a g factor of 3 26 However,f“ﬁﬂ

'”'~f1t ls of op9031te phase to that expected.¢

“v;sxgnal to-n01se ratio of approxlmately 120 would befo{”

":ﬁlzobtalned from 2 leo AH 5p1n5ﬁ where AH 1s the llnew1dth,wf'

Accordlng to the manual of the ESR spectrometer,:a{ﬂfﬁ

o

10

&

'and 5. 12 were obtalned from a smple of volume O 6 ml u51ng

ﬂ )

"

'Etlgsfﬂ

»Quslng a. .o, 3 ml sample, a one second tlme constant and thef*”V

».optlmum modulatlon amplltude.. The spectra in, Flgs. 5 ll;ff?

va tlme constant of 0. 1- second and a peak to-peak modulatlonp

.r'amplltude of lO G,,well below the optlmum value.‘ The RMSfrbl

.-

\l

:f;,by a: factor of about 17 5 (Poole, l967(b)) Thus, under

j”{our condltlons.‘we would expect a 51gnal to nOLse rgtlo of_ 3

12

"fnoxse amplltude is’ PYOPOftlonal to the square root of the_;if
ﬁﬂbandWLdth or. lnversely Droportlonal to the square root of;g;d
";the vtlme constant. BY u31ng a peak~to~peak modulatlonfptjf
.f&amplltude of 10 G 1nstead of the optlmum value of roughlyﬂpp.

¢{700 G, the amplmtude of the sxgnal ln Flg. 5 ll lS reducedwig

'roughly 120x0.6/0.3x17. 5x/10 4.4 from 2. 5x10l 175 =;7fT

‘*554 38x10 Splns.t The sxgnal-to-noxse ratlo of thé 31gnalﬁf"

. in Fxgmvs 11 is about 20 correspondlng t° 4. 38*1

012

x20/4 4-

';_a 2x1013‘sp1ns. Slnce the den51ty of NaN02 lS 2 17 g/cm3 ;o

':‘jthe mass of .our. crystal '19 1.3 grams and the number of_.l

'“‘fmolecules of NaNOz ls 1. lxlO v The,moLar-concentratlon¢of;f'

2



bvfgparamagnetlc splns 1s therefore 2x10

l 1x1022 or about

l
3"/
9,

'75-2x10 .- Thls vaLue should be regarded as a; lower lxm"'\

slnce the ESR spectrometer may not have been operatnﬂ}*-

‘Qunder the optlmum condltlons.u But 1t would seem that the'

’v~concentratldn of paramagnetlc centres lS probably of the

o 3.
’“order bf l part lﬂ 108 and almost certalnly less than l

ppm.ugﬁv;-ﬁ- iéjfé'f
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" 'CHAPTER 6 . -

o1

“fff(S.i' Temperature dependence of the spln lattlce relaxatlon

The temperature dependence of (2/5)(w +4w ), mea-ff:‘

'5ﬁf.sured by BBR (1970) at an orlentatlon where the satellltesff‘

..‘,

overlap the centre llne, lS shown in Flg 6 l It is qual-c“

ttatlvely 51m11ar to our data shown 1n Flgs.-S lQ%nd 5 2 ,

At 160 K, and e 0°>we measured a magnetlc relaxatlon rate]ft;

./‘.

”}= 0. 06 &7 1,.

hf

-1

Assumlng that the orlentatlon dependenceﬁqﬁ

H7ﬁ“i lS sxmllar to that found at 145 K (see Flg 5 5),’ th155 .

lmpllea a: magnetlc relaxatlon rate of about 0 l s in. thef«-f

:-f v1c1n1ty of the overlap orlentatlon used by BBR.» Ig‘ls not3hf*

posslble to tell from BBR s graph whether Tl at 160 K 1sf;“

lndeed 0 l s l or close to zero._ So BBR s data do not helpﬂ"ﬂ

' to answerC:;\ questlon whether the magnetlc relaxatlon wef7

observed at low temperatures i's’ present 1n all NaNO2 crys;~'

H.aLs;: o »_*,va“:- SRR S _ s 3.fu;

"?We- ‘note that the temperature dependence of “the.

quadrupole rela}atlon rate observed by us: and by BBR (1970):

is very;dlfferent from the T2 dependence expected lf the.tl

. s,;‘v;

relaxatlon ?is; predomlnantly Qcaused by phonons (Vanl~f

Kranendonk,_ 1954- Van Kranendonk and Walker, 1967 Van .

Kanendonk and Walker, 1968) Also, the relaxatlon rates of:

,Z?Na obseryed 1n-NaN02‘arepabout an‘order,of:magnltudep;
L B R E R N R

‘filva,;“’”:i‘ Lih }vh'.,b'fb;vf"lso



. Figure ’6‘5' SEE

Y:The spln lattlce relaxatlon rate T 1 (2/5)(w +4w ) offﬁ' 

-

:fe23Na ln A 51ngle crystal of NaNOz measured as a. functlon”'

rfof temperature by Bonera et al. (1970) The solld_iaf.“

'*1 3;(open) c1rcles refer to measurements made at a frequencyff

"-of 24 Mz, (8 MHz). \
b‘.:‘-'.. :
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73_fslarger than those observed at the same temperature in other

-ﬁflonlc crystals of sodlum, such as . NaNO3 (Kggahara ev'al.[n5°'”'”

"1977),» NaCl (Wlkner et al«, 1960), and Naf‘ and NaI (Weber,

'er963)¢: The ooserved quadrupole relaxatlon lS therefote nota\
tifllkely to be caused by phonons v

Between room temperature and the crltlcal poxnt,

h‘observed (see Flg 5 2) an lncrease 1n wl of a factor of

:gten;- The data of BBR (1970) snow an 1ncrease of only a

ffactor of flve. That could be because of a larger tempera—a’l”’"'

,uture gradlent across the crystal ln BBR s work than ours. '

-However, the values of (2/5)(w +4w ) obtalned by Avogadros‘ilv
et al._(l975) (though not necessarlly measured at eXactly
the same angles e and.¢; are ln approxlmate agreement w1th
BBR 'S data.n Avagagro et al. presumably<had qulte a. unlform.v
:%fj- temperature‘across the sample 51nce they were paqplcularly
S 1nterested in the relaxatlon rate yery‘n:ar the crltlcal
‘p01nt._ That.‘mdlcates that the dlfference beiween our datag§
and BBR s is, real,%and lt shows that the‘M tensor(g%mpo-;

'n, nents do not all scale 1n the same way wlth temperature.fh.

6. 2 Cause of the observed magnetlc relaxatlon

Magnetlc relaxatron lS caused by fluctuatxng magne-&5

T

th flelds caused by nuclear magnetlc dlpoles or’ electronlc
o magnetlc dlpoles.‘;? As lndlcated 1n sectlon 5 2 2 hehf
.¢cexponent1al approach to equlllbrﬁhm of the centre line and

S
satellltes lndlcates that spln dlfoSIOn, assocxated w1th

fllp—flop tran51tlons m = +3/2 £+ +l/2 and m, ?v+l/2 «»'*3/2 jyiyf}

2 4



"7A7between nelghbourlng nuclel, is-inhibited' "That”imblies’“"

(0

l;p{that there must be‘ substantlal lnhomogeneous quadrupole

‘fﬁfbroadenlng of 23Na near the source of the magnetlc relaxa-;lVf"

.Wﬁ;tlon., That, in turn,vpolnts to paramagnetlc centres asft

J

"{belng the case of the magnetlc relaxatlon we observe.l/A’;

.,L,.

3:frough estlmate of N, number of electronlc splns per unltf

'{T{'volume that would account for the observed relaxatlon rate,fﬁhh*'

’:fecan be obtalned by substltutlng in the formula

'-:ﬂ(de Gennes,.l958 Abragam. 1961) Here, b is a length offﬁﬂ"

"“Efthe order of the lnternuclear dlstance which we take to be"'

"‘fflnd D to be apprOX1mately 10

.fgequal to a or’ 3 56xlO 8 '1 and D 1s the spln dlfquLon»\

'd;coeff1c1ent whlch ls ~Wa2 where w is the rate of fllp flops R

3 -1 "

'“H'ffbetween neareet nelghbours.> Taklng W to be lO _,{we*g};if'

12cm /s., Taking T to oe lOfdh

“;s} correspondlng to hf in the magnetlt reglon of O 05,
B -'l K

Rt and substltutlng in- Eq (6 l), we flnd that N ls .}fa‘

17 -3

»2 2x10 _'.f That corresponds to a molar concentratlon of:ufﬂi

|

'“ffl 2x10 5 (or an atomlc concentratlon of 3xlO 6) Such aﬁj.
-L'concentratlon is much hlgher than that lndlcated by the ESR

fh;studya That would p01nt to nuclear magnetﬁgédff'lesdasV

f!belng the cause of the magnetlc relaxatlon

;Qconflrm thls, ESR measurements should be maae on ‘small-

portlons of ‘our crystals and compared w1th EsR spectra-77~

~jobta1ned under the same condltlons from‘Eeference samples*”
'”ffcontalnlng a known number of splns. If the concentratlon

¢



;_o£ paramagnetlc centresrls found to be hJ.g‘n -we Suggest

o1ss

-u.gfthat a chemlcal analy51s 'shoulﬁ ﬁ’he carrled out to seeiufif

.' 8. »
‘

'fifwhether the paramagnetlc centres are lmpurltles‘ However,f.'u

1-we doubt that the magnetlc relaxatlon lS caused by 1mpur1-"

L R e N . T
;;tles, 51nce the relaxatlon rates we found w1th Crystals.AQ;"

-

;,7",and B, whlch were obtalned from dlfferent sources, are«sof'”

.Slmllar.i Also,'the relaxatlon rate,should not vary strong-ih-7

h'lly w1th temperature because it 1nvolves san‘ dlffu51on7;e"fv'

L o0
‘.whlch 15 temperature lndependent. If the relaxatron is not,ﬁ~

dv"caused by paramagnetlc lmpurltles, we suggest they may beﬁ'
= ‘C"

:.assoc1ated w1th electrons trapped 1n anlon vacanc1es in: the

o _’.____/ \.~..

1°latt1ce.4 These would be srmllar to F centres (Markhmn@ ’li

S ;"1966) but would be’ 1ntr1nsxc defects, }n other words char- i
BT S . . o
' E<nacteﬁist1c of the pure crystal in t ermal eqdlllbrlmn. P e

Wycentres are known to cause coloratlon of alkall halldesh».::
jfTI(Markham,.1966) ._ They would presumably do the same ford_dy
_.',‘NaNO2 and could\account for the yellowlsh colour of thatu;f
:%materlal.jh'- : | | | ’T'F. | ’.
The‘other p0951b111ty is that the magnetlc relaand*
y-tlon is caused by the motlon of magnetlc nucle1 through the:
‘eylattlce.. However, the motlon must be of such a klnd as to:
'Vygleave the lattlce electrlcally unchanged, otherwlse thei‘h

7ﬂ;relaxat10n wou;d be predomlnantly quadrupolar. One possx—jf'

;ble motlon is a reoflentatlon of the NO2 grpup through 180’

v'fyabout the_b axxs. o Calculatlon of.iﬂa energetlcs of the

'Q'dreorlentatlon of NOZ groups in NaNo2 (Ehrhardt and Mlchel('

'
e Tl



Y-

'ff1981) shows that reorlentatlon about the b axls ls very]'”

'flmprobable.;_However, Hughes (1986) calculated the reraxa-hg”."

*itaon rate of . the 23Na nuc1e1 caused by the magnetlc fleld. :

*tfluctuatlon due to the longltudlnal component of the magne-',fjp'

:tlc moment of 170 nuc1e1 1n NOZ groups reorlentlng about'
; - g ’
'_the b axls.; The 1sotoplc abundance of 170 ls so lOWj‘

'vf(O 037%) that the calculated relaxatlon rate 1s mOre thanj]4=*

fttwo orders of magnltude smaller than that observed. Motlon_

;'Vfof the'l“N nucle1 (lsotoplc abundance 99 6%)," could how-;:

"““5ever, account for the order of magnltude of the observed -

e

grelaxatlon., Self dlfquLOn.of the NO groups could account-p"

2

,e;for the observatlons, though 1t seems .Unllkely to occurf“@

v‘ffsuff1c1ently rapldly at low temperatures._ Another p035101-f_3alf

’d‘llty ls that the NO2 groups are undergolng frequent 1nver—v_f'rﬂ

' ,310n as a result of the rapld passage of 180 domaln walls‘d

'ﬁ(Prov1ded all the NO2 groups were ;nverted 51multaneouslyw
. : P . (,,

the quadrupole 1nteractlon would remaln the same and so '

there would be no strong quadrupole relaxatlon )

'”w?:'w_ ‘The7 temperature dependence Iofvvthet;spln lattlceff‘*‘,

"relaxatxon tlme of l“N, measured down to 4 2 K by Abe etgf‘b

‘fal.v(1972) 1n a nuclear quadrupole resonance (NQR) study,uf"

;rls shown 1n Flg. 6 2;' The v and v ~refer to the twojfﬁ"f

+

‘f-resonances observed because n lS non-zero (Das and Hahn,s”'

| 1958). ‘MeasurementS»were later.made by Petersen and Braygb"L

o (1976) on the same spln 7ystem. HdWever;ithefr wqu‘was"?

Wy

f'done above 77 K and [-le} they dld not observe the Tl

mlnlma.l’;ﬁ=f



F’igu're ‘6-. 2 .

;The spln—lattlce'relaxatlon tlme Tl-of 1“N Ln NaNO2
upowder measured as’ a functlon of temperature Ln an NQR-ﬁi"

Study by Abe et al. (1972) The SOlld (épen) c1rcles;f

w}refer to the v (v ) resonance.'w.7~'
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We belleve that the T mlnlma. observed by Abe et al._at 36{

 ifK for both the v+ and v resonances,;at 64 K for the u“

»" -\_4
r

+

v.f,.'p resonance and at " 80 ‘or the v resonance. are related tO;fr_a7'

o the lncrease ln magnetlc relaxatlon ‘we. ooserved at lowf‘”l o

‘n, I

temperatures. _ We therefore belleve that the relaxatlonhi“
L . . r‘,. Q .

RIS they observed at temperatures below lSO K ls’hagnetlc and’

'not qUadrupolar as they stated 1In partlcular, we proposefﬂhﬁ
that the mlnlma observed for ooth resonances at 36 K- occurhe
when the frequency of the fluctuatlmg magnetlc fleld.isf

ﬁ~l 74 MHzr the dlfference in frequency between the + and.—;i

levels or, ln other words, the freQuency of the dlfference}o

';3llne (Marlno and Bray, 1968) The mlnlmum at 64 K occursw

R v
_,et1c- fleld is

. when the frequency o? the fluctuatlng

\ ~3 759 MHz,‘the frequency of the v_

"

mmnxmum at*80 K occurs when the frequencyao-g
-1. fl | PR TH
7’ 1,4 /_1 - . L

5v”“, lng magdetlc fleld 1s ~4 933 MHz, thejfreﬁﬁ\ ;ykofuthe_v
‘, SN T ,

~resonance.ﬁ If the. motlon is thermally activg

€y
~

T then-éhe
- iogarathm of the freduency should vary llnea th 1/T.
. ?fjhf As ls»shownvln-FLg 6 3, the three p01nts dof on'the
) 'ifﬁh f same stralght llne. However,"our data 1nd1catevth§§tthe_Tl
V?v s mlnlmum occurs below 130 K for 23Na (resonance frequency =
i*;ﬁr oo 14-5 MHz)°b As ‘can be seen in Flg 6 3, our data point doesu::
2 '

‘;not lle on the same stralght lxne - as the poxnts of Abe ety}

.

(1972), though that is p0581bly because of. large errors.

'in readlng the temperatures at whlch the m1n1ma occur'ln

Flgc 6.0».2-"



5_ Flgure 6 3
‘Logarlthm of f n,.the frequency dlfference between palrsb"

.';of energy levels, plotted agalnst the rec1procal of the‘

ftemperature at which the relaxatlon tlme, assocxated wlth ."

QtranSLtlons between the levels. lS a mlnlmum : The closed

x“l_circles refer to the mlnlma ooserved by Abe et al. (l972)f

Rl

?(see Flg 6 2) The open c1rcle refers to the minimum
gwhlch we belleve ‘occurs for 23Na ln NaNOz below 130 K.‘:'
”:The temperatures at whlch the m1n1ma occur are shown ln

errackets,' hf:" 'i,‘-"r"if?
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:”ﬁﬁiso that AE,_the*actlva

'"»fhted process

' 3fh?mole) 1s lndloated.- It‘ls also p0551ble to es_lmate the

"’]is asymptotlc slopes on elther Slde ofvﬂhequ

The slope of thefétralghtl lne Ln Flg 6 3 ls AE/_‘

'auSLng the T

l
‘kcal/mole), .If our""data po;nt 1n Flg 6 3 1s taken Lnto.{

Traccount, an actlvatlon energy > 1000 J/mole‘*w*

i”of the graph of the relaxatlon rate (or relaxatlen tlme)

'fe.:versus l/T on elther slde of the T mlnlmum.: The slope oﬁf?

l

. \

mlnlma shown ln

s

mlnlma,1ls 791 J/mole ior 0 189 i‘“

"

"}Flg..ﬁ 2u1 These are llsted ln Table;lS :'As can be seen,.'?ihg

"ffthere 1s a very large scatter 1n the values of the actlva— i

"Hétlon energy | The reason for thls ls not known.: gThe
'Qaverage of all the values is about 2xlO3 J/mole (or 0. 5

'h“kcal/mole)

B

6 3 \Orlentatlon dependence of the quadrup;IE relaxatlon at
: . and Below room g,mperature R .A»:,*

O

It can be seen from Eqs. (2 43) and (2 48) that all

-:pM-tensor components of the form M B 6.

”ihAs can be seen from Table 5,1that ls the cass for Mllll’

.peratures

T oh

and M at all the t

1212

'f_3333t‘ 2323'- M3131

"if"studled; The component M1133 can be pos;tlve or negatlve,.r

should be p031t1ve.;cj”i

v



SR f?f;;ffkt?'&iﬂ: ;é;isif;
Table 15 t:yaftf}‘;tf;lf,?_liifﬁefv"

”j}ivalues of the actlvatlon energy derLVed from‘the asymétOtlélf
%inalues of the slopes of the graph of Tl versus T on eltherjee;,

VSLde of the Tlmlnlma in. Flg.v6 2.

~7f,A$ympt6tie'teéidnéf,:$lminimumfe_“jf' Actlvatlon Energy

fJ/mole kcal/mole

”;t;xLow temperature .Qeféefat;3éﬁkr; @e5830:faf:'e_e'v05198'n

R ngh temperaturegttt:v.;et-jlee,:f_e§}43193&1.fei71;05 -

”;ftLow temperature tf'_'Q"etiééiK" C 3.4x10 ;.}”;0 806*
'l:ngh temperature ’;vlv3gatu64fK“’ }fr;;7x103L“-"'0 4L2;

" Low temperature v, at 36 K  1.3x10%° - 0.303
 High temperature ' v, 'at:36 K 3.3x10° 0.787

-"

"vaow;teQPérathrgj. C v, at.BO K “;3 7xl03 . o.874

 .High temperature v, at 80 K~ ':.22 leo S 0.529




3

temperatures are shown 1n Table 16 They are normallzed 1'f

but lS foumi to be negatlve at all temperatures._ Also,

,Y 2
1133 satlsfles the*relatlon Mll33 3 Mllll 3333 (Snyder and |

aughes, 1971):-_’#1‘ S e

The ratlos of the M—tenSor components at the varlous

_ : e _
' thh respect to M3333,‘;nstead of Mllll as 1n our earller

publlcatlon (Towta and Hughes,‘l986), because the 3. ax1s (z

} ax15)fus the symmetry aXLS of the crystal. Also shown in’

5 Table 16 are the ratlos obtalned at rOOm temperature by

lous systemat1c*errors Ln theﬂr data or. ours..;u

B

1'13 unllkely to be caused by phonons becahse lts magnltude;oi'

Ve

-,..1s large and lS fur from belng propqrtlonal to T

L‘

Hughes and Spencer (1982) There are small dlscrepanc1es‘”,f'

between our room temperature‘ ratlos, and Hughes vand
, g K 7

Spencer s,,show1ng that there are SLgnlflcant but not ser-ﬁi;;l

R

a8 .

We see that the ratlos of the M—tensor components

'.u-

are qulte sxmllar at 235 K and 298 K lndlcatlng that the eg

[

quadrupole relaxatlon mechanlsm is essenblahly the same at

both temperatures.‘f However,‘lt lS not obv10us what the.;f“

mechanlsm lS.. As mentloned 1n secﬁlonf6 l, the relaxatlon

- Th

L. ‘.. \\’ .

2

b

'- o S . - o .

‘e
S

D4

#-

“
- ’V'
-

,

‘sxgnlficantly dlfferent from those at room temperature and

&
235 K.° More obv10us than the dlfférence 1n the ratlos of

¢ l

‘1
\ -
almost completely lndependent of ¢ (see Flg.VS 7). If the

the-M-tensor components Ls the fact that w vat 170 K lS

° A ‘u-
. : . ¥
o & e

St ) o : Teiy T

~

The ratlos of the M—tensor componentséat 170 K aren‘

i

e

dependence on 2¢ vanlshes,'lt 1mp11es that‘!2323~ Bl3i and ;-



,'e’Values of the ratlos of the M—tensor components at dlffer—fff

,f*ent temperatures

values obtalned by Hughes and Spencer &}982) are. also shown7f"

i-*for comparlson.;?'”

derlved

Table 16

from our data. f

Ve
p

T e

g Experlmentaliajfﬁf'

s _\.‘" h
.

170 K.

235 K.

298K 432K

L

:afhogGQO'-
fzf‘iQ.Q45

'”0 187‘

Wiy 0 oxsf:}

5:0.017.

1212
14’3333;

CoeL Ne.ras
0,009 "¥9.009

= : ‘;0F7é3?~ ‘

. £0.028 :o;ooz:,?f

20.003

'fbliilfi-f,
ﬂf?°¥°Q?}”_-

. 0.435

.:l@rff?*

IR O

$0.016"

50 v;fﬁfQ. 13

*QLlO?ff:'
- .£0.009 -

013 o
';u;»o 005 -

05668

94

R o 051
f+0 003

Coooiiee
. $0.008 -

gﬁ'

”‘f*f!aldeé*oﬁ§éihed?byjﬁﬁéﬁééfahd;Spéﬁéét}(lﬁeii?-”
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v 3

'

: c0mponents Cere obtalned for 51mple lattlce motlons u51ng,"*

1133 3333/2 (see Eq 3 4),-and the crystal 15 behav1ng'.
as though the symmetry is tetragonal (Snyder and Hughes;j
1971) Slnce gh?*gontrlbutlon of the cos 4¢ term 1n Eq.”yf“'
(3 4) 15 also very small at 170 K, lt suggests that thef

motlon g1v1ng rlse to the quadrupole relaxatlon/ at thatJﬁ,*

’ temperature has azxmuthal symmetry about b amls 1 e. 1si>
, .

totally lndependent of ¢._ Thls could be explalned byj;"“:
v“"supp081ng that the relaxatLOn Was caused»by the motlon ofr;f“'

v‘la«dastant charged defects along the b axls. Howeﬁer, 1t 1sﬁﬂp”“

* ’ 3
not possxble for NOz vacanc1es,,for example, to move along'[

‘Y .

af the b axls.f Also, lt is. not obv10us ln that case why the 8
, _ o

B S
dependence 1n Flg.;S 7 1s "so strong »'Model caﬁ%ulatlons',,ﬂ;

are needed to Study thls further.}_ﬂ

Theoretlcal estlmates of the ratlos of the M-tensor"q

s

N

4 ,the pelnt charge model as outllned ln sectlon 2 2 4.~,Thém'

results ol* }ese are presented 1n Table 17 along w1th thetfd"

’H room temperature data for 'comparlson purposes. : All /theff‘

theore‘ty’- values wene obtained uslng a model in. Wthh'A{_;‘-_."":

-@ach., sodlum nucleus lS assumed to bEysurrounded by seven{'ﬁ'"

p01nt charges representlng the seven nearest nelghbour"

- atoms.< (More dlstant nelghbours need not be cohsrdered lni"f

-an approxlmate calculatlon 51nce the fluctuatlons 1n fxeldt

gradlent due to a poxnt charge at a dlstance r fall off as‘
;4 '

J‘i'r_ and so the contrlbutlonﬂof a’ p01nt charge to the M-

\'
‘e

'ji;enspr-ggmpqnent‘fallsfoffbas r,?L): The effectlve chargesy



’ Table 17 ,

’E;Theoretgcal values of the ratlos of the M—tensor components

"Ecalculated for sxmple p01nt charge models.‘ For comparlson,, e

:‘;jthe experlmental ratlos at 298 K are also shown.{-;fv'

fRétioT;j5' a. - lwb';fi}'7~°c.ﬁp;3'*'vdfiﬁ'Experlmental'

s
.

.at 298 K

R T S e
gRp e 112 g ‘0{272:'~,v°4°92 d‘aae . 0.240 ‘«‘1fA.~

- a-dh346 -0.302  -0.434  <1.49T°  -.-0,689

: o
-

}ﬁ¢p'¢

333 ’;lf*fﬁf'r,ei”f?;"f7"ﬁ'ffﬂ7f'fj-ﬂ | 1,'4_*° ooz

“/,_1+o oozjfl

~a){Isotroplc, uncorrelated v1bratlon of equal amplltude of

_afthe Na nucleus and the seven nearest nelghbours, EE
T i

f b)uReversal of Noz groups only. f?“l:f's viff"f

o)meall angular osc1llat10n of Noz groups about the g axls

”jonly. - ; , . S , o :

R 2

"L'd}]Small angular'osoillaﬁion of:ﬁQzlgrouégraboutfﬁhefgiaxigl'll:

On;y ‘,j;\- DR »1{fﬁ',1 :f.'@

2323 . 0.477 y 0.428. S184 00271 - -'0.060 o
Mygas . 20,001

3131 4 05248 . 0.366 ' 5.766 . 0. 614 7 0.164 e

..“"

“o.312 o.ove  0i727. - 0.817. . 0.129 T



‘-t”on the oxygen and nltrogen atoms were taken to be-—O 562 e ”;;‘;
-;and +O 124 e respectlvely.tﬁ.( T‘g
'fPQET_}‘ The values 1n the flrst column were ootalned by R

'f"'ﬁassumlng that the sodlum 10n (nucleus) and the seven near-f}ﬁf"

i

'f'est nelghbours v1brate 1sotrop1cally, w1th equarﬁamplltude:;if5:

L and 1n an uncorrelated manner._' The values shown 1n the
7 second column were obtaaned by assumlng that the Na nucleus37

&

tofrs‘statronary and the surroundlng NO2 1ons reverse thelrfd”-_

ffjmorlentatlon, as they are belleved to do near the cr1t1cal_fp?f

:?£.5901nt.¢ It was assumed that the coordlnates of the nltrogenafﬂvf

:hiand”oxygen atoms along the b axls are exchanged a; a result't

T)Of the reversa! E The valges 1n the th1rd -and fourthv?c,ff
";‘/"f;‘fcolumns of Table- 17 were obtalned by assum:.ng that the

h‘ﬁhjrnucleus 18 statlonary and that the ﬁbzggroups|undergo un—ty .

! ) ' ~ : 4

.clllatlons a'oout the a.a-nd c axes'.‘;.i"

e'correlated smé&l angl

L

‘“”7fﬂre89ect1vely.r For all the calculatlons except the reversal'5;1:

.’g,;In the fourth column, on y he four nearest nelgthur oxy~7’r4d

affjgen atoms were taken lnto consxderatlon. If thetthree moref‘
.. . ‘. e s ‘ .u -

lso taken lnto account, the ratLGSj'

'J“ﬂ:dlstant nelghbours areﬁ

:jfremaln the same except for M2323/M3333 whlch lncreases fromg"

’*;fo i?l to 2 82.3 The theoretlcal ratlos shown ln the flrst¥

fjthree columns of Table l7 bear llttle relatlonshxp to the

J- -~ [} .

- fexperlmen”al_values._ The values in thé fourth tolumn show‘ﬂ,




169

roughly 3 to 5 too large._ It may be that approx:.matlon

made 1n the model cause M3333 to be serlously underestlma—

ted. If so,A thls may lndlcate that the "quadrupole rela—

.‘/

xatlon at and below room temperature may be due malnly to
an osc:.llatlon of the NOZ groups abOut the c axJ.s. If thls .L,}j’
) Ls so, then the small exper1mental value of M2323/M3333,7. .

presumably lndlcates that the fluctuatlons J.n the electrlc

fleld gradlent are: prlmarlly due to the four nearest oxygen
.',":'?:v_" atoms whlch are 1n four NOZ groups whlch l@e on ad]acent

axes to the 23Na nucleus._ That would lndlcate a degree of

v oo

COValency 1n the bondlng to thes& feiu!' nearest oxygen

atoms._. Thx.s lnterpretatlon was put forward ‘J.n our recent

~ .;f-;'_.'r;‘;a_-.paper (Towta and‘ Hughes, _ 1986) : We now w:.sh to | propose an .
S alternat;ve explanatlon hlnted at 1n sectlon 6 2 narne»Ly':v:.\»’,--:,\"

that NaNOz contalns a SLgnlflcant concentratlon, __~f‘lO-'47"

.
]

perhaps, of NOZ vacanc.tes :Ln thermal equlllbrlum A con-':_ ’

centratlom ~lO’ -4 would account for the substantlal J.nhomo—' '

g geneous quadrupole broadenlng of 23Na satellltes, ,wh-flch ',
always seems to be observed 13‘ NaN%; crystals. We propose v

~al R ‘ . RN N
Tk

Cal suffxc‘lent rate to give

that these yacax}gles ch.ffuse

observed .above 150 K. N

.thefrelaxatlon;

“-",j"'Moreover, e expect,ed to increase

(see quB 5 l and o
vacancxe,s woul'd be expected to ;ump. parallel tq Gxe a ax15.
’&"' EOE S S

E"‘ We have not Calculéted thg ratl.os of the M-tensor compo- ‘-'

K

e




lﬁuhvarxes almost llnearly w1th temperature from about 240 K to?1

- gV1ded the two

”fjtwo 1nd1v1dua1 contrlbutlons ) Our w

C area‘c

”Q'(mpncrltlcal) contrlbutaon to. w

'“measured tranwf

nents resultlng from such a motlon. HoWev'er,.»'si‘nee‘.ffthe.”" ‘

best agreement between experlment and theory 1n Table 17‘

) groups about the;c axls 1n whlch charges move essentlallyhlﬂj‘;

G - f,. PRt

parallel to the a’ ax1$, we suspect that motlon of vacanc1es;:”

‘"*;/parallel to’ the a axis would also glve risé éb ratlos of
.. g .

3the M—tensor components in" rough agreement w1th the experx—;“pﬁf;

'L'o

6. 4 Orlentatlon dependence of the quadrupole relaxatlon atu“ S

,/”*'\'

ffour data (Flgs._S It and 5 2) tgit the 23Na relaxatlon ratex'

'§p350 K, at whlch p01nt 1t 1ncreases more rapldly toward thef-

'7cr1t1cal p01nt.j A sxmllar anomalous behavxour above about;:

'11975) Gulded by thls,'we subtracted off the "background“:

"1

q

v : ’ R S A a' . “‘L‘,'.
T . Y g B -

a T e

It can be seen from BBR s data (Flg. 6 1) and fromﬁ;

in-: order to study the}

was obtalned by postulatlng small osc111at10ns of Noszfﬂ;

e Q. N
‘ o mental values JMuch more work 1s obvlously needed in. thlsu,fyf‘

'h‘f350 K'is observed in the spec1f1c heat (Hatta and Ikushlma,vug_f'

'731973) and ‘thermal expansxon coeffxcxents (Ema iet al.Lf:"

j_-.‘:.x‘;.'\- s

.:3sre1axatlon assocxated with the cr1t1cal phenomenon. CPro-i;;iﬁ?
Ye axatlon contrlbuflons are Lndependent the;'
aon probabllity should be the sum of the‘kt'

data in the fangetfdihj

”{'200 K to 410 K 1s shown ln F1g 6.4 and the SOlld llne 1s a.

) .. -,




7lﬁshows the value e& the "packground” contrlbutxon‘to w1fﬁt;

E‘%.g 64

'fValues,of whf ( w ) plctted agalnst

v

"”fﬂbetween 200 K and 410 Kq ﬂhe Bolld c1rc1es were mea’75:

,:fsured at e—0°‘nnd are taken from Flg..5 2 T

'";c1rc1es were measured at a14°‘

* . e

Veh -',- for

ftFlg'~w;¢*: The Solld llne pa551ng throthtpl(CﬂrreSpon-gnff
» . ‘_. 7’-)"—"."",,'

T*dlng to a temperature of 432 K)' 1s an extrapoLataon offﬁ?fi“"

“h ,,'-

'f;the llnear behav10ur below abOut 340 K The pornt Qf'

a

/ z, ! .1.‘.A

4

-iicontrxbutron;-_The broken llne parallelltb}the ordlnate"f

»

N

v{axls Lndlcates the temperature. (432 K) at whach ﬂhe;”

‘isghlgh temperature data wefe taken‘,_ uf{fﬂﬁ

'ﬁmperalure;

¢=0° and are taken fromfg'j

R




g
TH)




7.scaled by a factor B 013/0 595 the ratxo of the extrapola-'p

.tqok the "background" :value of W at 432 R to be 1, 013 s l

;the value at P glven by the llnear extrapolatlon to the

'”ﬁbest f1t to . the data in the.llnear reglon.vwe'inltlally"”'“ -

"data., It was then assumed that the orlentatlon dependence',fj

‘vof the "background” contrloutlon at 432 K was 1dent1cal to

1

e obtalned by flttlng the orlentatxon dependence of w at 298

. Y

mK.‘ By flttlng the Crltlial" contrtlbutlon to W to aq..fl"

> llll)crlt was zero at 432 K . Thls lmplles that the back-- o
-1

] PN tl

. L4

' 1
~;td.4), 1t was found that (e Q /96)(Mllll)cr1t was nO 051‘
.fvsfx That 1s of course unphysxcal sxnce (Mllll)crlt must

;dlng to the p01nt Q ln Flg 6-4 Thls value was then used

N

:ln conjunctlon w1th the orlentatlon dependence of w

' at 298

1
53“

K to remove the "backgrou _contrlbutlon.. The values of

‘ uftrlbutlon to the relaxatxon are llsted ln Table 18 fhe

Sy

' along W1th the theonetlcal values obtalned by assumlng

nThe agreement between experlment and theory ls only falr.‘fhﬁﬂ

- ratlos of these M-tensor components are llsted 1n Table 19

e

reversal of the NO2 groups (see second column of Table 17)
v

»}'Even though the theoretlcal model is- very crude and the

. £ A ‘. L L o L
A . v ‘ . . . e B N B .

1ulthat observed at 298 K (see Flg. 5 3),.except that lt waS"

”ﬁ,ted value of w -at e 0°'and 432 K to the value at e—0°'ﬁ .

bé%pOSltlve.. We therefore rejected the extrapolated value

o irepresented by P 1n Flg.x6 4 Instead we assumed that;?ﬁ

' »;ground" contr1but10n to wl at 432 K is- 0 899 s correspon-fl L

"jthe M-tensor components assoclated WIth the crltlcal con—. '



| | 114
_ Table 18  ?2]:'[’?1
,: M-tensor components assoc1ated w1th the crltlcal contrlou-_

S

tlon to tbe relaxatlon at 432 K. f;f_a;;:’

. m-temsor ‘component’ ' . Value at 432 K. (sT0) : .

- efat TR e e e T
= -’('Mllll)Ct’if'ciri;;y»_-].; SRS R

SRR 96 (?411133)crlt L ‘ ’-‘-,-0...05:"2.]_- :

CeTeE (Mzsza’cnt-.ﬂ, P 0.0880, T

5 e

L 01224

T Mordere T 08T




‘1g fJf]fT§fj;,’jx‘ LT
Table 19 . ' e
t}The ratxos of the M-tensor components assoc1ated w1th thefj;f=

:"crltlcal contrlbutlon to the relaxatlon at 432 K

L X . B . ",_ ,'-}5-'1--v‘..

.lRatiQ o Experlmental ‘l:'a';vTheéféticﬁi}gaiué
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extrapolatlon of the exper1mental data from 298 K to 432 K fif%;

18 someWhat uncertaln,;the large dlscrepancy between thehjfffj

RRCAAN

experlmental and theoretmcal values of (Mlzlz)crlt

(M3333 crlt
' that the Noz groups do not all 11e on the bc pla:

they reverse thelr orlentatlon near the crltlcal p01nt.~"f7~f'

£
.1n Table 19 is somewhat SurprISLng It may meanfd?ffh

when~*”

6 5 Temperature dependence of the M—tenso;\comPOnents ﬂpr5”'“

We w1sh to show more clearly how the varlous M—i;% ff

tensor components vary w1th temperature.ti Zven’ though we7”“””

only determlned the M-tensor components at four temperaJi_i.*

o

'tures, we show them graphlcally -as. a functlon of tempera—f"

ture 1n Flg.;6-5. The data shown 1n Flgs.,S, 5 2 and-f{l

5 6 have been used as ﬂ gulde in. Lnterpolatxng between theQ”f*'"

four temperatures and in drawlng smooth curves“through the:

poxnts 1n Flg 6 5 The varlatlon of M2323 and§ﬂ3131

temperature is more accurately known than that of the other-’

wlth f'

omponents, sxnce the ratlo M /M . 15 ap roxlmatel C
‘ 3131 2323 PI ¥ o

the same (=3) at all four temperatures, and since. wl

—0°'ls equal to (e Q /96)(8M + BM

2323 3131 o
The dependence of M2323 and M513l should theref re be very7f

5 1, 5 2 and 5 6., Fig 6 S lndlcates that all sxx

) (see qu(3,4)).;;;ﬁﬂ

. M-tensor

;n;”components have roughly the -same anomalous temperaturef:_i“

dep‘hdence below about 340 K. Above that temperature. flvef;;f'

of the sLx components show crltlcal behav1our Whereas thehdﬁh,

Slxth, M ' does not. o " . .. . wl

-l-';'f : »’» d\. ek ‘w,'” %‘-"‘-“zﬂ\” Lo Mﬁm 'th s : __ ‘




' _fValdéS'o the M-tensor components plotted as a functlon.”

”ﬁ=shown at 298 K and below.” Flgs.,S 1, 5 2 and 5 6 have'

et
2% B
E ‘;fby 10 1n order to dlstlngulsh between them. The brokenf'

d~iilne parallel to the ordlnate axls 1nd1cates the ctltt-w~'f*4”

__(

of'temperature.u The error oars are too small to be?fjh

'fbeen used as a gulde ln drawxng smooth curves throughf 25

Vfthe poxnts.i‘The data 901nts and curves c%rrespondlng‘h

b,»

to . the varxous M-tensor components can bF ldentlfled*
f}from the key at the top of the graph. For convenlence,,
1}33 1s shdwn as being posxtive lnstead of negatlveff’t

;jT values of M—tensOr ‘com nents at 170 K, shown in.
Po

/

.tﬂe box at the bottom left corner, Bave been multlplued o

N,

':°}fcal temperature (438 K) q;'°*‘”'”:"’,f1 ' “/' o
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