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\ were obierved in fields pe _egﬁ[lo adﬁ 88 kilogauss,
| ,

‘and are all:tributed to va'r:l.at:l.ons ‘n te electronic* .
density q\\statea which also, cause fhe |

. Fhe\ de Haas-van
’ o 'o ._‘-...%{-
: Alphen effect. = . ’

of the attenuatipn was resolved inﬁo compenent

\ frequenciegﬁhyadiQital Fourier anqusis. These

\of the Fermi surface to be calculated.

The cyclotron‘
effective.masses of many orbits were determlned from

P

the temperature dependence of the oscillat1on ampli-

tudes. (: ‘ : }2' ' .'«:?i | ‘

: Some 1nteresting anoqplles in the osc1llatlon
amélitudes tin were obsexved and are diecussed "f‘ih }
bc efly.

Flnally, seVeral frequencies Ln the oscll-

la\ory attenuatiqp are assigned to orbits caused by
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_ CHAPTER 1+ - . &

- INTRODUCTION
During the past twenty years, an intensiv";
. “ . ‘ . ii

investigation of thk size and shape of the’Fermi.

surfage has been carried out-in ‘order to hetter » By

understand the’ electronic behaviour in metals, alloys, ;

and semiconductors. .Under certain conditions the

-

quantum bscillations in Se ultrasonic attenuation

yield the same information as the more familiar de
~ 4

Haas-van Alphen effect. However for several years

L

.
" it m A

w . '
there has been growing evidence that some orbits are .
R S
much, more easily observed by one effect than the bther“
\
Consequently an investigation was undartaken, in .a

material well studied by the dHvA effect, to detet~
-~ mine 1f further 1nformation on the Fernuisurfacb could
be. extracted using ultrasonic attenuation. The ﬂiterial
chosen was’ white tin, and 1n.addition a preliminary<stud
of 1ndium was performed. ) i
After -a bnief introduction to quantum osc111a.
tions and detailed equations for the ultrasonic atten—
uation, the new experiméntal results for Fermi surface-
. frequencies’and. effective masses are presen%ed ahd :‘; -
discussed in relation to other investigations. 'Thef
apyendices detail some basic crystallographic data agd
definitions. ‘ : ] :' E 'f“

A
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' CHAPTER 2 7

s+~ THRORETICAL BACKGROUND  , .
< . : . . ) . Ly ’
. B . . . .~

. N
¢ ¥

a2, -.Introduction-to the Fermi Surface-

anh conductlon electron 1n a‘metal occupies

¥

‘Zan allowed quantum state characterlzed by - a wave

°

-

vector and spln quantum number. 1f a free electron

gas at the absolute zero of temperature is viewed in
,V* '
wavevectog or k-space, the electrons £fill quantum

7he states of ever increaslng energy until a partlcular L

| ' value called ‘the Ferm:. energy. Above th,rs energy the
o i
%tates are: unoccupled and the sPherlcal boundary

between filled and empty states fs called the Ferm1
" surface. - In real metals,_however, a perrodlc lattlce_:
potential is'presént which'partitions anevector space“

by a set of planes 1nto regions called Brlllouln zones.

0
e .

Along each plane there is an energy/dlscontlnulty

\
assoclated w1th Bragg reflectlon of’ the electrons.

To more ea51ly study the Ferm1 surface, the Lecond and _;f_:

© ’

s _
hlgher Brlllou%n zones may be’ rearranged 1nto a re-

) duced zone representatlon in Wthh the Fermi. surface

W

- : -

e separates 1nto a number of sheets. _

) . h‘i"«\- AR Co o'

. ,.hm ] The. appllcation of a magnetlc field (H) dras— o
dtically__.alters the~grstr1butlon,of electrons. ' The’

v allowed‘stateslbecomeSa‘discrete.set_of highly e

° .. . ’ . .';[‘-._ a [ 1
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degenerate, concentric cylinders (Landau, 1930) with \\\

el

e

<+ where SF repres

ugg;sectlonal area

" a common axis (usually)\parallel to\ihe field. #n .
example is shown in Fig. 1 for free electrons in a
very large field. Both the cross-sectional areas
(perpendicular to.H) and the degeneracy of these
Landaﬁl llnders are prgportional to H. An increas—

‘ ing mag&itic field causes the cylxnders to expand, a‘

. and’ the consequent variatlon in the den51ty of states

O

at the Fermi- surface produces quantum.0301llat10ns in

a number of properties, such as the susceptlbllity
(de Haas-van Alphen effect), magnetostrlctlon, magne- k
i

tore51stance (Shubnlkov-de Haa' effect), and temperature
(magnetothermal osc111at10ns). The perlod1c1ty of
. 0.

these oscxllatlons,A(l/H), is related to the Ferml

surface_by (Onsager, 1952)

Fermi surface.< One over—ridlng condltlon for quantum

‘¢

c111atlons is the requlrement that the energy sep— _

aration between Landau levels, . ﬁw (wé = cyclotron
. ~
frequency), be 1arger ‘than the width of a level (AE)

due to the f1n1te 11fet1me of. electron states (t).
From the uncertalnly relatlon AE = h/t and eonsequently

' the relatlon W, T > 1 must ‘be satlsfled

-
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>
'Fig. 1: Density of states for a free electron gas in -
a‘magnetic'fieldu,;The only allowed states
are on the Landau cylinders within- the Fermi
surface. : , e '



offers a- good general llview of the oscillatory .
.phenomena just mentioned, while a more detaiIed
'discussion of the de Haas-van A hen (deA) effect

can be found in the Simon Fraser Summer School

AN

ta

lectures by Gold (1968).

2. f Quantum Oscillations in the Ultrasonic Atéenuation

o -

v‘ The' attenuation of sound waves by electrons R
also oscillates- in amplitude when a changing magnetic.
:field ‘is. present (provided wdl >l). But unlike the
-, prevrously mentioned oscillatory phenomena, there is\
- an interaction between acoustic phonons and electrons
which requires conservation of energy and momentum. »
This is discussed more fully in the following section'

f where it is shown that under certain conditions the_.

ry

osc111ation periodic1ty depends on a noén: n—extremal cYoss— "~

-~

sectional area; however, in the experiments to be -

"discussed these conditions were not satisfied and

g K .
* In addition to determining the frequency of

.Eq, 2 1 remains valid.

the osc111ations, the temperature dependence of several

. oscillation amplitudes were- measured.. This dependence
.ha? the same form as "in- the deA effect and can be.

used to caiculate the cyclotron effective masses..

LS

3
~

;é%}f
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reviewed some of.the oscillato attenuation effects

.‘\

caused by'a.hagnetic field'

i , \ "

« 242,1 -Conse'ue;bes of'the'conservation Re'uirement

When the c hduction electrons suffer no colli-a

-

sioqp; the conseryttion of energy and momentum require— '

interact with the ac ustic phonons._ Consider a free %

z-direction; the ehne

Landau level is _

Ey { $n“+f!°ﬁmc *

" where the cyclotron_fregu Qy w_ = eﬂ/m.' Jn;magnetic‘

5fields greater than'Wl KG: he phonon energy, hwq, is

much less than the Landau eve éeparation, hw ol thus

momentum and energy conservation elation is -
B A hkz N 2 2i e
a -H-+hw r[k +qz] e ’.__(.2:3) o

where q is-the phonon'wavevector.‘fﬁea'rangement of

Eq. 2,3 yields

cos g cos. e

o

f, .;f’,goth ‘\ltia (1967) and :g?:rts (1968) have-‘» o

"'\b\ - :'b -~

. . . .
+ .. !
. . . ) .
. .

a
.

>



'." where 6 is ‘the angle between g and H, v8 represents

the sound velocity, and the\ attached to k emphasizes
'that the-RHS ie a constant for a.particular sopnd
‘wave. Eq. 2. 5 can be given greater physical signifﬁ

_ cance by replacing k with mvpz/h (v q&ectron )
;fvelocity) and neglecting q cos 6/2 since uv /ﬁ cos 6.

qx

A Voo cose T e (2.5)

is much large} Then

S - PN . ¢
\ - ) L -

If instead Eq". 2.4 is ‘divided by the wavevector of -

S < ) ’ (
the Fermi. surface: ' A
x° " v_ . T ‘
zZ . 8 .. : . . (2.6)

P | 4 JECEE
b 4 Lo L,

Eq.az 5 states that only those electrons which keep

in phase With the soznd wave. can absorb energy from~

-

g_it- Eq. 2 6 demonstrates‘that k° is very much smaller

than k except when 6 n. 1/2 because in mbtals

S F_/v ‘> 200" fbr most electrons..

A

. If the electr 1S a're limited to a free path

length £, an ﬂn ertai nty is. introduced into the

"conservation relations, and Eqr 2 4 is modified to

-

‘(Reed and Bri}ckwedde, 7).

' - my -: kg S

KO+ ok, [ 8 1“3 9] £ —E (2.7) .
| fi cos e 4 /3 b UL

Cne e,



" where Ak -’1/2& and the # signs on eachtside of the

L - R o PRI
RN . ot g - : S, R a4
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~

‘;,the p#oduct 0 T = qzv /v 5> 1 (m

. absorption of the acoustic phonons occurs whenever

- ;equétion—are—not—relateu.. I S : T .

Eq. 2 7 can be separated into /u\ree regions .
characterlzpd by\&he value of qzz. en q, z >> vF/v '
&fijﬁwq/AE) and the

':AKR << k° z°

uncertainty in k is very smallr

‘ Consequently, in a changing ﬁagﬁetic field resonant

‘-

electrons within bk, of k° pass throdgh the Fermi ;
surface (Gurevich &t al, 1961). These spike-like / -
oscillations, called "giant quantum oscillatiqns v

have a periodicity determined by the Fermi surface

cross-sectional area at the plane k o not‘the extremal‘;TT

.

"area. S R Ly

- ’ e Vi:
For a metal where q £ >> 1. but mqr < 1, the' ;

uncertainty Ak remains small comp to kp although R

LAk 2 k2 (Eq. 2 7) . Th€ electrons from the extrbmal

-2z~ Uz

‘norbit (k = 0) contribute in phase to the attenuation

L

and produce oscillationS‘whose period1c1ty is: given .xu
'by Eq. 2 1 These are called “1ntermed1ate region o 1.4'
'osczllations“ and are the type observed in the experi—-

ments to be discussed

< Flnally, when qzz < l the~momentum and energy

\ - LY

' conservation restriction is completely rélaxed’

(Ak > k in EY. Z’7) and.all electrons at the Fermi

surfa%s may absorb energy from- the sound wavel

’

_y

’ : - : ) e,

1]




" The amplltude of these (de Haas-vaéﬁxlphen-ﬁike) oscil-

v .

lations is expected to be small., Note that hq. 2,7
dsr

to de Haas-van Alphen-lxke oscillationsﬁps e approaches

. m/2. D R
B . i N - o + af 4

' " .. o ’ . .
o AR S § . ) * :
s A < 3 | .
. ST '3' g .- e : ! .
. ' R

2 2.2 Formula‘for the 050111atory Attequatlon - ,
\ . . -y . ’ - tl T 4
' ; ' N

\\ - . ‘.

A detalled calculatlon oﬁ quantum osc111at10ns‘

LR
Y Y L]

in’ the attenuatlon has been réﬁorted by Reed and’

| Brlckwedde (1971) Nlthou%? the analysxs neglected

the sp1n of the electrons, it gﬁtended the earlier

work - of Skobov (l961)$and Llu and Téxen (1965).'_?he

& ‘ P]

&
electrons atfthe J th extrqmal cross sectlonal area of

where“m;J/ ﬁz(as /8E)/2w the cfclotronheffective'

mass at the extremal orb1  Heré ¢ is deﬁineceas ,

(EF,q,z ﬁ ) when q 2>1 and b (EF,q,z k ) is the

| L o
.den51ty of states for those electrons which- can 1nter-'
_act w1th the §pugd wave. When q, 3 s 1, ¢lj =

[7 q, 2 p (E ) and A (E )H(ncludes the‘whole sheet i.

. . .
'5 / . . -

5 - . .
] . . .
. . Bt 2 .

. . -7 -

'_predlcts a change from 1ntermeqiate ﬁgglon osc111ations

T

PR

N

"‘_sheet 1,. 13,,cause an gttenq;tlon given_ by ' ;:
. 2/2' q. szm .V
g s ﬁ(H+0) [ A St - J [ l
R G T
;_“;f(' RS , e ,
7\ o g '
‘o cos[(pﬁ S. /eH) 2npy-n/4] : S .
21 ' . . exp(-ﬂpm /th ), o
“p=t M.SAnh{2K pmy, o kT/ﬁeHl S R ST
' Voso . . Yoo s
: e ;'* L . ‘(2;8)> '
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) ) “ ) .
" The factor “ij (H+ O) is the zero field attenuatior/

10

: .'b\' .

: ~5~exp%—x -+, the twb exponential' can hé comblned 1nto

-y

%

) d{\the Landau cyllnder

.due to collisions of th

" If a WDlngle tempeéature

"«e ger see Pippard, 1955, 1960) and\giifg,k j) =
. a S (EF'kzj)/ak where si(EF'kzj) is the area of

-

cross—sectxon at: k z9°

-

Eq. 2. 8 can be rewritten to 111ustrate some

-

| important physical points:-

A'l[1+C&qﬁ.. T

o o = QU (H"O) N ] *
13 7 %y (H00) S byy (18]St k) [

N o £ oy Ty o PR T
S 3 cos[2mp =~ 2mpy - x] -pr/w Ty e
pk — H — I‘,..e c jJ\v (2‘9% .
Rl 'amlz"zpag., A
- - o e : -
’t '

where f = l/A(l/H). Tﬁb tem (IS l) g;ves the 1ength'n

at' the: Ferm1 gurface extremum
' ' -pn/w T
‘Which dominates the ‘att nuatlon. The term, e, 3
« »
descrlbes how the oecéll tlon amplltudes are damped\
_lectrons w1th 1mpur1t1es.
h/2nkr§ 1s deflned and

l/slnhﬁxp (x = 2n ka/hw ) is approxlmated with

exp( 2n pk(T+T )/ﬁm ) Thus the f1n1te Llfetlme

- between c011131ons reduces the oscillatlon amplltude,

a /2hen expr sed-as- A, j ./T _in the;same manner as

rise T, in e temperature of the metal. Flnally,

e O

* the thermal dampxn ‘of @55 is descrlbed by X /s;nh Xp




[ . . . .
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does’ not appear to be any simple physical argument

k3

q

that gives thig qﬁpression. However the thermal
damping is expected to depand on kT/ﬁwc, ‘which Com—:
pates the diffuseneSs of the Fermi surface, kT, with
the separation of the Landau levels, fu,. )

. .

oy

" 2. 2 3 Calculation of Effective Masses and D ngle

Temperatures

The cyclotron eéffective mass (m;j) can be

calculated from the temperature dependence of the

amplitUde of: the oscillations. When only the p éﬂl S

term of Eq. 2 9 is retained and sinh x1 approximated

by exp(x ., the logarithm of the oscillation amplitude _

(o ij) divided by T, ln(aij/T), has a linear dependence.

on'T'with slope b = -2n2k/ﬁwc. Consequently m:j can

be’calCulated from

m =b xH x ﬁg" I o (2.10)
‘ 2 .
. e L ‘ o .

where H represents the particular.value of field'at
which b -was measured The neglect of higher order
.terms in the summation (p:>1) is. justified because '
exp(np/w r)/sinh Xp which multiplies each harmonic
greatly reduces their amplitudes, and experimentally,_
the harmonics are seldom detected. Note that the

‘ ..
‘mean free path (2) has been treated as a temperature

&



independentrfactor. ‘mhis is justifiedogor T <5 K

vr12

where impuritiés dominate the scattering of" electrons.
After calculation of m cj the Dingle tempera-'
ture (T ) is obtained from the slope of ln(Haa ij sinh X
versus lXH which has a linear dependence (when T is
constant). . '
_ =

2.3 Introduction to”Magnetfb\Breakdownr

-
The phenomenon of magnetic breakdown (Cohen and

.: &;;;

Falicov, 1961) results frgg the finiteuprobability '
~that an electron will tunnel from one Fermi surface
:sheet to an adjacent one when they are separated by '
a small forbidden region in k—space. Usually the
‘Brirlouin zone boundary is the cause of the small
forbidden region. e .' . ' h -
In large magnetic fields electrons ‘travel on
tightly curved trajectories in real space whose radii’
| are proportional to 1/RK; cchsequently the condition - -
for Bragg reflection is satisfied for only a short o
interval of time and the probability of- break—through ‘
:may become quite large (Stark and Falicov, 1967).
1The probability that an electron-w111 tunnel |
through a forbidden region, kg;'is‘fchambers, 1966)
P=e '1'f»f - ‘ - (2.11)

where"

1)
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In Eq. 2.12 1/a and 1/b are the radii’of curvature

of the two Fetm{ surface sheets-at-fhe-point of

tunneling.. ° e
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. © “cuapTER 3 - 5

‘EXPERlMENTAL APPARATUS
- ‘. ~.

Extremal Fermi surface areas and rates of change

with enerqgy were determined by meanpring the varlation P'.

in the ultrasonic' attenuation as a function»of magnetic.

-

field. To obtain long.electron mean free paths, alg .

experlments were performed from.4. 2 K down to the 1

4

M S
'Alowest attainable temperature of 1.3 K; a&superconduct-

-

'ing magnet produced fields to 88 kllogaus . Purellongl~ v

tudinal sound waves tween‘l70 and 430 MHE were generatedp;
by 1/ inch, x-cut ‘quartz transducers oper t1ng at odd
A.harmonlcs of the1r 10 MHz fundamental resonant frequency.
The attenuatlon of these'waves was measured by detectlng

the varlatlon rn amplltude of the f1rst_echo transmltted
through the sample. ' S | v Y |

‘o hn';

3.1 Electronic Apparatus‘

A block dlagram of the electronlc apparatus 1s‘7
shown in Fig. i. ‘The transmltter, and.the mixer and if
: ampllfler of the recelver, were housed in a 51ngle)
commer01a1 unlt 1ncorporat1ng a maln frame with plug-
.in unlts to cover dlfferent frequen\} ranges (Matec,.
1970). The transmitterngenerated 0.5 us pulses of the_
. carrier wave\w1th a 100 Vv amplltude and a pulse repetl-

. |\

.tion rate of approximately one ms. Stub tuners matched

’/

haY
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the . transmitting and—receiving transduoers to their

~respective 50 ohm coaxial cables. ~Although separate'

"transmitting and receiving transducers hélped to

;isolate the feceiver from.the transmitter driving

pulse, enough rf energy leaked through to paralyze -

the . receiver for ~2 us. Therefore a z-cut quartz delay -
" rod of one cm length was bonded bétween the sample and g

‘ receiVing transducer to delay the first echo long E

‘enough for -the receiver to recover.

A low noise broadband preamplifier (Hewlett

.Packard 1971) increased the signal=- to-n01se ratioﬂ_

(S/N) by 15 db when placed before ‘the mixer; This

improvement allowed the use of higher ultrasonic fre-

‘quenCies which increased the OSCillation amplitude of.

Zinto a- Matec.Model 2470 automatic attenuation recorder,,

the attenuation, a, (see Eq..2 8).

Theoecho train was fed from the if amplifier

OWing to the large attenuation in the sample at high

i,frequenCies, only the first echo could be detected°.

<

therefore the, attenuation recorder logarithmically

.amplified the peak height of this echo and compared
it to. a d.c. voltage. After box-car integration, the

‘7,_output was displayed on the Y-axis of an X-Y reconder,

i
in db Two modifications 'were made to the attenuation

v recorder~ (1) the sensitivity was doubled ahd (2) the

| 1y

'meter displaying attenuation -was bypassed because its

(NS
-

Y
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coil filtered out the higher-frequency‘oscillations

L

.and increased the noise level.. ‘ .

“ B * .
g Early experiments showed the . need for high pass

. 'filtering of theinteg’ratox\,output. First,‘ in'-addition ‘
' to the oscillations in attenuation there was a monotonic
: variation with field; suppression of'this non-oscillae
‘ tory part stopped the pen of the X- Y recorder from .
' drifting off scale. Secondly, ‘three Fermiwsurface orbits
(12, eg, L ) produced oscillations large enough to
require decreaSing the sensitiVity of the recorder.
vThese oSCillations had the lowest frequencies in the .
field sweep ranges of interest thus the high—pass
filter could effectively attenuate them while: maintain- ™
1ng maximum sensitivity at the higher frequencies.‘ |
 The 90 kilogauss niobium-titanium superconduct-'
ing maénet (Ferranti Packard, 1970) was d n. by a
Hewlett Packard Model~6260A lOO'ampere'pr ammable f' '
power supply.r The hagnetic field_was determined by - -
accurate measurement of the,voltage-across*a 5 |
. milliohm reSLStor placed in series with thegcurrent.

% ‘
This voltage also drove the- X .axis of the recorder..,‘ I L

'?_ ’A standard analog integrator c1rcult swept the madnet E
current linearly with time w1thin a preset range.*
Although c1rcu1ts are available which can drive the
power supply to sweep l/H approxiﬁately linearly with

time, accurate linearity is quite difficult to obtain.



-

- o
Consequently, it was dec1ded to perform the inver510n

digltally by computer. ¢
b} - ‘ ‘ ‘
The digital data acquis;tlon system,_borrowed

. n01se level was less at the. frequency of 1nterest

from the Killam- Earth Sciences grOup at this - .

.unlverslty, conslsted of a highly accurate three -

channel analog-to—d1gita1 converter (less than +0 ,03%

' d1fferent1a1 error) and a write-only seven ;rack tape

drlve. Two of the channels were connected to the_

-w1pers of retransmittlng slidewire potentlometers on

the X and Y arms of the x—Y recorder. The~nonfllnearltyv

.
™~

" of these\ tentlometers was less than .15%. Durin ."‘
R\ : g

“ . .
a magnetic field sweep, the pen p051t10n Was recorded'

.every 0.45 seconds or about O 015 inch. The use of

this dlgltal data collectlon system, coupled w1th thel

é'
powerful technlque of Fourler analy31s, substantlally"

-1ncreased the sen31t1vity and select1v1ty of the

' apparatus. Osc111atlons of amplxtude 0 05 1nches on

-the 10 inch’ x15 1nch X-Y recorder paper could be ‘

detected in the presence of several other frequenc1es-

"~ 200 tlmes larger in amplltude, prov1ded the backgro%nd

)

* o S B ) . " : o e

3.2 .Calibration of the Magnet

-

Since the magnetic”field was'determined'ihdigfa

.'ectly_by measurement of the power supply current}

'
.'.‘j “
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precautions had to be taken to ensure that all current
»l‘

-passed through the. solenOid This magnet was fitted

Q.

with a mechanically operefed switch which when 'off"

resonance of Al”

was of infinite resistance. Qther persistent switch
des1gns often utilize a superconducting wire; however,
the finite reSistance of ‘the wire in the normal state

allows ‘a SLgnificant current’ to bypass the field w1nd-

ings.

The magnet ‘was calibrated by nuclear. magnetic

27 uSing apparatus borrowed from br..

Hughes of this department Seven.turns»of #24 AWG

copper ere wrapped‘around a‘B% mm>(5'mm cylinder of -

powdered Al formed the low temperature probe. At the

same time the magnetic field was determined to "0, Ol%

_by NMR a potentiometer measured the voltage acrOSS'

| the 5 milliohm re51stor to the same accuracy. DiViding

this voltage into the corresponding fieLd yielded ‘a’

field factor, in KG/mV, whose largest error arose from

temperature drifts of the re51stor and of the potentio-.',

'Tmeter standard cell The field factor was constant to

“w1th1n tO 06% for. both 1ncrea51ng and decreaSing

fields, between 28 and 75 KG, that were measured on

'_three separate occa51ons.- ThlS data 1s shown graphiktj
h‘cally in Fig. 3 after subtraction of the Knight shift'
(0 162%) Although the NMR apparatus would not operate

' ‘above m75 KG, there is no reason to doubt the accuracy
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. Plot of . the magnet's field factor as a
function of magnetic field to illustrate
its constantcy. The data is derived from - -

- NMR measurements and the constant Knight

" “shift has been subtracted from the data.



r v
- of the field" factor at higher fields.
Due to space limitations, the sample could not .o

) be placed at the eXkact midpoint of the magnet bore:

, however, it was always within ‘8 mm of the centre.J
- In this distance along the, solenoid axis ‘the field :
;.decreased less than 0. 03%, as shown in Fig. 4 and

the field change in the radial direction will be 1ess.

. 3.3 Cryostat

\ JE e
"InsFig.rSIis sh0wn the low'temperature‘apparatus.
The stainless;steel magnet dewar was. of conVentional |
design employing a liquid nitrogen shield An insert
-capable of. being pumped to 1. 2 torr fitted inside the
'_lg inch maghet bore. The sample was initially immersed
fin a litre of liquid helium, and cOuld be held at l 4 K
‘.for about three hours before the insert 'had to be -
- refilled through a needle valve.. This"particular; N
. deSign of insert, although haVing limited thermalui"
'Lanchoring to the external 4. 2 K helium bath, allowed

" the sample holder to be removed and replaced Without

"',warming the cryostat . As discussed in’ Sec. 3 5, ‘

transducer bonds often crack when cooled to helium o
htemperatures. A quick and Simple removal procedure
'-was necessary Since the bonds must be repaired or ;_,.

'Y

.remade at room temperature..



Fig. 4

. . R . . |' L )
: - Variation of the magnet's field with axial.’
~distance from the centre. The data points- |
are from. NMR measurements L
: s Ly
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between the length of coaxiab capacitor immersed 1

c

the liquid and its.capacitance (Vrba,;l97l}.»

3.4 Sample Holder A Sk

' The sample holder, shown in Fig. 6, was designe
~
to rotate the specimen in two perpendicular directions.
)

First, the soundaya evector & (which was along a par-

"ticular crystallo aphic axis) had to rotate froma:
S

‘poSition parallel to the\magnetic field to one per—‘

pendicular-tovH‘. Secondly,

the sample had to rotate

about the axis defined by q. \

A brass sphere 0 98 inch in diameter was fabri— _

L] 4

cated with a cylindrical space at the centre, 0. 75 inch o

© in diameter and 0. 41 inch long. The sphere was held

<

‘ by two - small brass screws acting as axles such that :i‘

the sphere rotated about an aXis perpendicular to the

BT :formed one end\of a puuey'arrangement ‘A drum ‘of the

" same diameter at the room temperature end was driven

2

by a 5 1 reduction worm gear.' Non-magnetic Wire
L Tg%pped around and secured to grooves in both\sphere T
pe < e T

and drum prOVided a. non-slip 1ink while a strong
(s

.,' beryllium-copper spring JOining the Wire ends relieved

T o

Y e

.“axis of the cylindrical caVity. In addition\the sphere

.
cor



‘Sample holder'showing.in‘enlérQement[attopuview’of‘fhe .
sphere (not to scale): (a) and (b) transducer coaxial - -

' cables; (C):offset‘pin'arrangement;'(d) sample pos¥tion

dial; {(e) drum and pulley‘wire; (f) worm gear; (g) to
~ -Precision pressure gauge; (h) s Fing;. (i) part of. insert
- seal; (j) carbon’ resistor themm eter; (k) brass sphere;

7*;\, U
. s 25
K a b .
[
. . , d-
] o ,
) o
I
i
r
: e
&
P ‘|‘.P -
1al |
ol | |o o
 Figie: ol s

(l)ftransduc.;icoaxial-cable.tétminal; (m) sample; (n) B

:,leglay rod; (o) brass collar; (p) milled grooves



o ‘~"fixed to the drum axle and calibrated duri each

o ‘ experiment using the symmetry of the Fermi surface. \

B .The pulley arrangement provided about 100° movement

"in the first plane. )
]

A cylindrical brass collar fitting into the

cylindrical caVity and-turned by a gear provide"
rotation. in th& second direction. The sample and
-idelay rod asaembly Was held by silicone vacuum greasev
vin a hole through the centre of the collar and
parallel to.its ;kls. One end of the collar had
"grooves milledw%very 20° to form a gear.' With the
collar (and thus q) axis. vertical an- offset pin
arrangement operated from room temperature could be

r lowered a.small distanceyto engage one of the grooves.
Rotating the drive shaft from the room, temperature end
caused the,pin to describe a short radius arc that in

turn rotated the collar upvto 20° The shaft was then

raised rotated back to its initial pOSltlon, and

A%
Tan.

‘lowered enough to have t_

SO The ability to rotatqithe sample about qf

allowed alignment of the crystal at helium temperatures

, by uSing the s;mmetry of the Fermi surface. “The accu- . |

~

'_racy of this alignment wWas about.3° In early experi- '

| ments orientation was done- at room temperature but this

~

"ﬁg&n engage the“next groove."'
: * : '



proved tooiinaccUrate. A further advantaée‘of the

gear arrangement was the ability to rotate the sample

_ to one of the other principal planes without warming’

27

\

it from 4 K
The high.voltage driving pulses from the

transmitter ‘and the return signal were carried on
regular RG 174/U coaxial cable to the low. temperature"
~end of the sample holder. The external plastic cover'

'had been removed to allow more‘efficient heat exohange-
- between the'helium gas and the outer conductor, whilé
the #36 AWG w1re connecting the inner coax conductor
to the transducer prov1ded thermal 1solation of the
: sample. . '
. . The temperature of the specrmen was obtained
by measuring the vapour pressure above the helium bath
iusing a Texas Instruments precision pressure gauge.'
- To 1nd1cate\when the pot was empty, and as an indepen-

dent check, a carbon re51stance thermometer was also

" used. The ‘temperature measurement was accurate to + 5 mK. .

3.5 Transducer Bonds -

i\\\; o iheldifferential ‘thermal contraction between

—e

guartz transducers and metallic crystals has always

'/////Eaused ‘severe bonding problems, to the. extent that

there is no 51ng1e bond material that works

g,
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successfully on all metals. The best of sé&veral
bonding agents tested was DOW'Egrning high vacuum

.81l one'grease. To improve the'bonding.success

28

rate, thin indium foil was~placed,betweenvthe

transducer and sample to relieve the stresses'induced

by cooling (Simpson, private.communication). But the H'

increased number'of interfaces.(transducerfgrease_

| foil-grease—sample) resulted'invsignificantly less
L . c , . . : 1
ultrasonic.power being transmitted into‘the sample.

Fortunately a thin film of indium evaporated onto e

LR o

the transducer prior to bonding worked just as well -+,

. without decreasing: the received echo‘height. 'In
‘addition; transducer (indium'film)-samplet(indium film)
‘delay rod-transducer structures could be cooled top4 Kj
'vseveral‘times-without failure'provided that: ll) the
'grease bonds ‘were very thin, (2) they were precooled

quickly in liquid nitrogen, and (3) the final cooling

7 to helium temperatures ‘took less than about two hours.

To produce thin- bonds, the transducer (or
sample) was placed on a blank- quartz delay rod (which

has a. mirror smooth . flat surface) over a small amount

»

-of grease. After most of -the grease had been squeezed .

. out, the transducer was carefully slid off the rod .

onto the surface to which it was to be bonded w1thout

additional ‘'grease,



. . S By
v B \ :"“\. Y T
Another bonding method that is often successful."
1.
and can be thermally cycled almost.&pdefinitely uses _;1

indinm_filma_eyepprated onto e each~surface-(?erz and

Roger,“197l) ‘The films are then fuse together in h.;'i
a presa heated to just below the indium mel ‘ intf}'

(156.6°C) . Although‘ghis method worked well on a tin.'__ﬁ‘

crystal with the [001] axis perpendicu;ax to the

sutfaee;‘éeyerql attempts on a [110] crystal failed.’

Y . .
.
’
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CHAPTER ¢ = o

SAMPLE PREPARATION -

‘4;1':Tin}Samples'~

) [

Three single crystals of tin were . used in

is described in'Sec. 4.1.1 and an estimate of the_
electronic mean free path () is given in Sec. 4, l 2
Similarly, the preparation of the indium crystal and |
its % are discussed in- Sec. 4. 2 1 and Sec. 4.2, 2, |

reSpectively._ht

4.111.'PreparationQof'Tin Samples'd, oy

\

Three single crystaIS\of 99 9999% pure tin were

‘ -

";produced from the same ingot uSing ‘the method of

o

_fBridgman (1925) _ These samples, made in ‘the. form of

short cylinders 8 mm in diameter by NZI mm thick had

"either the [llO] or [100]\hormal to the flat surfaces.

In thls thesis square brackets denote a particular
- J -
crystallographic axis. To ensure that ‘the spec1men

- grew with the desired orientation, a seed crystal was’

'first oriented by X-ray Laue back - reflectionvand a

‘ﬁ'mould was then built around one end Two pieces of

plate glass wl/Z inch square.wereaused for the top

- and béttom of the mould, while glass tubing, one Cm T

| 30

R4

~..this series of experiments. The method-ofvpreparation_

f' L




in diameter, '2%-'m long and halvéd lengthwise'served

e
‘as wallsﬁ The seed end projected between the tubing ’

i

.halves on one side and the<nozzle of a small glass

isl.

funnel on the’other.‘ A release agent dﬁiller-“"
i Stephenson Chemical Co., 1970) prevented the metal
‘from sé&cking to the glass and plaster of paris held
~the entire‘structure together._' e : '

wds heated in a crystal grow1ng furnace built by Mr.'

B, Stackhouse. Thermocouples embedded in the. plaster"

:provided continuous monitoring of the temperature._:
,When these: indicated that the tin in the funnel had

d, helium gas forced the metal into the mould

td

’y7 " The temperature wis, slowly increased until
- the upper part (onlyl) -of the seed was also molten-

then a motor raised the furnace at ~4 cm per- hour. -

' Afterwards the mould could be disassembled by submerg-‘
ing- 1t 1n water.' Any dev1ation of the crystal axis’ _’

‘from perpendicularity (to the flat surface) was deter—*

. »
mined us1ng the Laue method and corrected when the

5~“two flat faces were planeq: by a Metals - Research

1 3
"Servomet" spark cutter.

Some physical and crystallographic data for the 

__'threefsamples are given in Table 1.

b

After tin was loaded into the funnel, the. mould A



Table 1
Physical and crystallographic data for the three‘tiﬁ.‘ ’

. specimens, inéiﬁding theslength L of each crystal, .
and the. angle 6 between the,n9rﬁa1 to the surfacé and
" the crystal axis, C.~ |
- C:ystal I . 8 - L in mm-
sn1 - [0 2°  2.184
sn2 . [110] 1% 2.170

°

sn3 " [100] - ¥ 2,096
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'4 1 2 Electronic Mean Free Path in. Tln'f‘}

ES

The 1ngot used in the manufacture of these'

';single crystals had a re31st1v1tv rat;o R __ngsjp;f o

E_I

f ~22 000 (Wbods, private communlcation) whlch had

~ been determinedrby the eddy-current technique.
_ Chambers’ (1952) ‘has sh‘own that

| Q"" =~‘(«;.;,sx,x'1ol°p4)"l em T [CRY
wh1ch u51ng 9293 = ll 0. XIO =6 9-cm (Handbook of
'IChemlstry and Phy81cs), ylelds L= 0. 02 cm. ’b :
4.2 Indium Sample e G

4.2.1 '-,Prep'aration of'fIndium Sample’

A small sample 2 23 mm- in length was spark

lﬁcut from a ‘large 1nd1um crystal whlch had tw1nned ! 1,‘v ui

The [lOO] axls was w1th1n 2° of the normal to the

”'.flat surfaces.A Although thls small crystal tw1nned

durlng thermal cycllng, 1t was possible to’ unambl—

'fguously a851gn the measured frequenc1es as_d;scussed‘

. of an 1nd1um 31ngle crystal | Although a seed supplled

\:"1n Sec. 6 4

A serlous dlfflculty prevented the preparatlon.e

'by Dr. Wbods produced typ1ca1 Laue dlffractlon patterns,s
. four crystals grown as descrxbed in Sec. 4, l 1 (one d_

ﬂ'crystal not seeded) showed only two or three poss1ble



Laue spots. Yet visually the blaze planes were easily

.

observable._ Spark planing and etching with dilute

T~

'y

_ment., . : T

4.2, 2 Electronic Mean Free Path in Indium

nitric ac1d of var1ous“concentrationsnmade ~no— improveg

4

’

The 1ngot from which the large tw1nned crystal

| was prepared had a resistiVLty ratio of n22, 000

(Woods, private communication)._ This represents .an

electron mean free path of roughly 0,02»cm (u51ng qu

4 . 3o . . .

4.1).

A Goemetric osc111ations in the ultrasonic atten—

I uation (Bhatia, 1967) were observed at l 9 K using a_.'

»

frequency of 170 MHz. These osc111ations give ‘an

 estimate of the mean free path of the orbit produc1ng

‘the oscillations (Rayne and Chandrasekhar, 1962),

3 =vﬁ(ﬂ +'%)X“ﬁ L _‘-t' o .:?_" d.dl(4;2);

A 1s the wavelength of sound and n represents the number‘_.’

of oscillations seen.: For this orﬁit 2’»0 07 cm. 51nce

"experimentally n = 17 osc;llations.

A difference between the two estimates of 2 1s ;

expected because the eddy current method measures an

o average B3 while geometric osc;llations measure L for a

particular cyclotron orbit.

[ . .
AT R .



CHAPTER' S - . . o

COMPUTATIONAL TECHNIQUE

"r must then be repeated at dlfferent band-pass frequen-f

The’different»frequenciestcomprisind'a complla~
cated waveform.can‘be‘determined hyathreefbasic; . :;,
. methOdsz-comoarison,‘elimination, or transtrmation;
"The simplest‘comparison technique'is by insoection.

. In a slightly more sophlstlcated form, voltages from :
'several signal generators can ‘be mixed in an attempt»_'
- to synthesize the waveform. The ellmination method |

utilizes a narrow band-pass fllter to ellmlnate all

but one (or two)of the frequenc1es.‘ The measurements"

s

' c1es uhtll all the frequenc1es have been detected
1Lastly, the entlre spectrum can: be—found immedlately
by means of the Fourler transtrm, u81ng e1ther analoguef
ior dlgltal techni ?es : .fff“1'-' tihf; o o
Fourier transformatlon from dlgltally recorded

-ﬁdata was‘chosen as the‘host eff1c1ent means of analy—""

h'81s due to 1ts comparatlvely greater speed, sen51t1-‘

’uv1ty, and selectlvity, especially 31nce a trace mlght

contain 15 frequen01es with a 200: 1 range -in amplltudes.:f'

-

~The major. drawback was not belng able to calculate the

ftransform durlng the experlment. *fkﬂ

b come even more..
powerful, 1n pract1ca1 terms, sihce the 1ntroduct10n

o The transformatlon method has

b3

Q‘ﬁ'l .35



of the fast Eourier transform (Cooley and Tukey, 1965)

which requires much ‘less computer time.' However, it

has two restrictions. For a wave sampled over some

finite interval the entire transformed spectrum is

~“evaluated, but only at_those frequencies having an

'-integral numbér'bf oscillations'in the interval con—

sidered Also the wave must be sampled at N equal

intervals where N is an integral power of 2 (e g. o

256, 512, 1024 etc ).

,-

Briefly the method of analysis was as follows.,

The digital data acquisition system recorded the

3

attenuation, a(H), and field on magnetic tape, dA
"S; !

":program run on the Computing SerVices IBM $30/67

-computer inverted a(H) to a(l/H) in equal intervals

iy of inverse field, automatically removed non-oscillatory

nr'background attenuation, and evaiuated ‘the fast Fourier

1‘a”transform.- The inverSion process to 1/H and»the back— o
| ground attenuation removal are discussed more fully

',in Sec. 5 l while the extraction of frequencies and

amplitudes from the transform is described in’ Sec.,-;'

':5 2 An amplitude correction factor, calculated in

"n“Sec. 5 3, is necessary to prevent errors in the

effective masses.; The method used to obtain the ;:;f

- masses is . discussed in Sec. 5 4

T~

The main purpose of these experiments was: t0'

“ f‘eXtract the_frequencies_and amplitudes of thevA}D'



"~osc111atlons in the attenuation. Thls 1nformatxon ls f’“
: contained in’ the absolute value of the Fourier trans-

. form, 81nce the phase of the transform relates the

phase of the osclllatlons to the trace mldp01nt

. to the absolute value of the transform unless spec1f1ed

otherW1se.

5,1 Preparation of Data for ‘Analysis’

5;1;1 Inversion of*the Magnetic'Field

The attenuatlon was’ sampled approx1mate1y 1000

itlmes ln equal 1ntervals of magnetlc fleld but the Ferml

surface frequenc1es belng analyzed are perlodlc in-

l/H conseque tly, a computer program was wrltten to

calculate 512 v“lues (usually) of attenuatlon (a ) at;f

lpolat;on.”

.'Attenuatlon DR

' d1g1ta1 acqulsltlon syStem was at the lower edge of

' the graph paper.f Thus a contalned a large constant .»lfl

—_——

,;equal 1ntervals in 1nverse fleld u31ng llnear 1nter—

%

5 1 2 Ellmlnatlon of Non-0901llatory Background ‘

T , YRR S |
' ‘The zero of attenuatlon as recorded by the o

m

~offset Also,‘lt varied monotonlcally w1th H when

-the hlgh-pass fllter was not used._ These comblned—to,“

o
-Consequently, the term "Fourler transform" w1ll refer

—
3



produce a substantial amplitude in the Fourier trans~l

form. near zero frequency which swamped the Fermi-.

surface spectrum To eliminate this problem a straight_w

38 =

V'line, q' b + m(l/H), was generated and subtracted

from O using values of b and m. calculated from an

'initial fast Fourier transform.- A short analy51s shows‘"r

‘that the required value of b 1s just the real part of

"}'of trace in inverse field' = b = Re{F(O)}/L, and

: _ Zﬂ Im{F(w = )} o
mo= 3 i SRR

T The final set of attenuation data a(l/H) = am-a' glveS%

the oscillatory change in the attenuation w1th respect

“to equal intervals of inverse field S

'the transform at zero’ frequency div1ded by the length L

) . ’ . ' . E i L.

‘°5 2 Determination of Osc1llation Frequenc1es and .

Elitudes -.n.;‘._

'",The spectrum of a(l/H) could now be calculated

' but . a. further modification is de91rable., The Fourier

-7‘false frequency peaks (51de 1obes) which haVe the sameﬁ
,form as. Fraunhofer diffractlon. They occur at regularly

h:”spaced (frequency) 1nterva1s and decrease in magnitude'

h:ras l/lf-f I, w1th the first sxde 1obe being 22% of the

Zﬁpeak height

‘transform.of a waveform of finite length generates ':.ﬁﬁf;.f

-~



To reduce these as’ much as possible, the
attenuation data were multiplied by the ”Tukey
window" (Jenkins and Watts, 1968) ‘f »" . ;b?'

Ay

. ‘ e . R
. i her L
. &

-

wu/n) 4= 1_ + c’os’(f’l/m- B e -(vs.i)‘ '

wh:re fi is chosen to make W= 0 at each end of the '
trace.f The Window in: effect amplitude modulates each
frequency in such a manner that the upper and lower
sidebands in the Fourier transform caused by the
modulation cancel the side lobes.‘ At the expense of
roughly doubling the w1dth of the main peak the Side
lobes are reduced by an order of magnitude (to 2 7%

for the first side lobe). The fast Fourier transform

‘ was calculated on the modified attenuation data to

obtain the frequency Spectrum up to that particular.“‘
frequency which had. three data p01nts per osc1llation.u
.‘ ‘ The ampli*ude A of a srmple 31nu501da1 wave.;_
wrth angular frequency wy ¢ and oscillating for ahﬂh
length of time L, can be determined from 1ts Fourier.
transform through . | :.'!3 e

2]F(w )I |
L g

Th@ Fourier transform was plotted us1ng Eq 5 2 and R

’\

A typical trace of the oscmllatory attenuation 1n ffﬁ

1nverse field before multiplication of the Tukey

o

RS

:‘[fnué l/H to display the frequencies and amplérudes.‘a';]fr'



,fin a small frequency range including the peak, as

15 3 Correction Factor for the Oscillation Amplitude ‘i'ddﬁ

f;amplitude_of -a- particular peak—was needed-more

T T

-

N .

"window 18 displayed in Fig. 7, while its frequency

'spectrum is shown in Fig. 8., If the frequency or

preCisely, the slow Fourier transform was calculated S
Ny

'shown in Fig. 9. Although Eq. 5.2 accurately describes o
'the magnitude of a- Simple sinusoidal wave, an amplitude

'correction factor must be appiied when the wave is of

changing amplitude, such as the attenuation.

-

OWing to the variation in amplitude of the

-l

"osc111atory attenuation,: o With field, “Eq. 5 2

requires modification by_an amplitude correction ' A_':l‘~ '

Qfactor which is a function of temperature, effective
' mass, and the range of magnetic field The correction

'was determined by calculating the Fourier transform of

Eq. 2 8, the formula for the attenuation coeffic1ent at

" one Fermi surface frequency.: This is rewritten beEOW’

after collecting all the field independent terms into:

-,four parameters and discarding the unimportant constant

backgrdund attenuation. Also, only the leading term of

—

Eq. 2 8 is retained Since the harmonics were selgom

,detectable experimentally., Thus.

:-.' ] ‘;2 . . . ." L ) . -
‘“‘Y’,"§I§§'§§ cos(w y-+0). Y; S.X'S_yz. (5.3)

F
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~
'The parameter A contains all the field independent
factors of: Eq 2.8. in front of- the summation sign

2

_"B ~'2n m*kT/he, and y represents l/H in the sweep

‘range yl to y2, The theoretical expression for the

oscillation amplitude is a (y) —fk/sinh By, and thes
terms determining the frequency and phase of the
osc111ations have been combined into wo and e,'reSa‘
pectively.. The y;i term which appears in Eq. 5.3
will be neglected subsequently in order to keep the
Fourier integrals reasonably Simple. This w111 ‘be p~
;vjustlfled later, x_fi-- | : ; o S

:To'make'Eg. 5.3 more eaSily 1ntegrable, the
‘

wl/51nh By term, was replaced by an. 1nfin1te series.

(Gradshteyn et al, 1965) . . .
.0;5(sinh By)’l'= e-B¥-heTBBYi+e-5§¥4?.},,‘y'>p;'. (5.4) .

-
#

Thehoscillatorf_attenuation isenow} a§:
a(y)ﬁ“: ‘AeTBY‘cos-(w 'yi-‘_e) +’.Ae_'3vB'Y cos(w y+6) + .. (5.5‘) .

o . . -1,-"“"" B ' . B
where the ‘0. 5 from Eq. 5.4 has been absorbed into A
jTwo further Simplifications conSist of transforming
'; the 1nverse field y into X = Y-y ‘where' Y»— (yl+y2)/2
: j 1§ the midp01nt of the field sweep range, the new :

(1nversé) field x is swept from -x to’ +x Also, ther

-.

phase 0 does ndt affect the osc1llation amplitude and

&




-

“a(x)t-nﬁa'8¥{e‘3x cos w x] + Ae

e

S
"

attenuatibn becomes .,_,‘;; R

-3BY[ef3§xbcos'mok]

- can be neglected. With ‘these two simplifications the v

- 45 -

. o0t "X X SX .. (5.6)

. : s .
e . v ‘ . . .

,Next,,Since all experimental attenuation data were

3

o modified by the Tukey Window W(x), shown in Eq. 5. 1,.

the theoretical expression for a(x) must similarly

X

. be multiplied by W(x). Now the transform integrals

can be calculated The real part of the transform .

-.evaluated‘at theufrequency of oscillation wo'is:

: g - -
© - . . .o [ . Y

x . ’ - E "".'.u . "

Vg

a

Ret~F-(w6)} Lim i_a(:.é)-wcx)-gos_;wx a& - (s

Y
wwo

"(

, where a(x) 1s explicitly shown 1n Eq. 5 6.

The imaginnry part of the transform is almost
zero because the modified attenuation a(x) W(x) is an
even function (exceﬁt for the small field dependence

@ _
of the amplitude) andgthe Fourier transform of an
* ]

A’even function is real.. Thus the absolute value of

"’#

" the transform equals the real part to a very good

; .

Eq, 5 7 yieldS'f'

(3BX) + AXe SBY

F(wo)l-—AXe (Bx)4-AXe 3BY g(SBX)

o

",'

o\ approximation. After evaluation of\&hi( ounier ntegral



."ﬁh'e.r'e sthe ‘l'function '

[ ’ .
’ ( : LAY ‘
YRS

o

9B - e - n?xa:)lnh'(nBX) L on=1,3 $Srees (5.9)
: : - (nB |

T

The guantity_whlch»must flnally be determlned

% ‘sweep range, which from Eq. 5. 6 is

is the osc111ation ampli tude at‘the mldp01nt of the
-

a (0) ='1°Ae,":B,Y + ne3BY | Ae"SBY"+’ e : " (5.10)

&% -

But each Qerm in thlS serles can be evaluated through .

I

rearrangement ‘of Eq; 5.8.° Flnally, the corrected (mld*

p01nt) osc111atlon amplltude is

lF(w NG ,e-BY@# e-3BY e~5BY ‘
a (0)- : 3
. _(2AX) e By (BX) + e~ g(3BX) +e SBYg(SBX)-f-. ..

_ , _ (5 ll)
The term in front of the square brackets glves the am-
plltude of a 51mple 51nu501da1 wave, whlle that w1th1n‘“'
the brackets corrects for the 1/51nh By dependence.

Eq. 5. ll w111 be used in- the evaluatlon of effectlve"
’ )

C
masses, descrlbed 1n the follow1ng sectlon

.~
-

-3
As prev1ously mentloned the factor y (1 e.vH ‘).

_was neglected in Eq. 5 3. Slnce thls is cnly slowly

B varylng compared to sxnh By, the correctlon factor w1llﬂ'v

remaln qulte accurate._ Furthermore, thls approx1matlon

=}

' causes no error whensamplltudes are comEared u31ng thei

| same field.sweep_range. The effectlve masses w1ll be

. .
- ot

.

.



.
A

-_determined in this way by changing only the tempera-"
" ture between each sweep. o ‘

5.4 'Effective-Mass Determination:'

-'j@ywi

Effective masses are determined by measuring o

'bthe variation 1n the experimental oscillation ampli-‘

tude as a function of temperature at one average field

Hp.7 To’ show explicitly how the theoretical oscillatlon

amplitude depends on- the temperature Eq. 2. 8 is

. rewritten below but with the temperature independent
terms colleated into the constant C. It is. assumedl
'that the mean free path is essentially‘temperature.
independent below 4 K. and can be 1nc1uded 1n C.§ Eq.2 8,
'vin.this‘more compact form,“is R hﬂ.'., '
PR e o’ - L A
‘where, 1n tErms of the variableslintroduced 1n‘the

'last section, C = A/T and D = 2n2k/ﬁe = B/m*T

, Although only approximate, the sstandard method -

hcompares theoretical and experimental osc111ation
amplitudes: by graphical techniques after linearizing
Eq. 5.12. The linearization is achieved by the__““

approxrmation

"f'exp(bmgT/nd)e 2 sinh(OWET/H) . - (5.13)



b'wfth;some'rearrangement.Eq. 5.12 simplifies to

) ‘.=.. | ‘*, -.-. o . = S |
ln(ao/T) ln 2mcC (Dmc/Ho).T_’.;i (5.14)

By plotting the exper1mental a /T vs' T on seml— f

.48

‘logarlthmlc graph paper, mg can be determlned easxly o

_from the slope,'u51ng Eq. 2. 10

Unfortunately, the approximatlon, Eq. 5.13, is

' quite lnaccurate for small values of the argument,

(Dm*T/H ). Thls dlfflculty can be . av01ded by manl—

pulatlng Eg. 5. 12 into the form

ln[(a /T - {1 exp( 2Dm*TY)}] 1n(2m*C)- (Dm*Y) T

(5. 15)

TNy

-where H, has Been replaced by Y - It is the neceSSLty.

'of sweeplng H td obtaln osc111ations whlch requlres

[

‘the constant 1nverse fleld (H ) to be approx1mated
cThe correct value 1s the:mldpolnt_of the SWeep range,7

‘3-Y whlch may ‘be’ substltutéavw1thout error.

The LHS of Eq. 5.15 must now be determlned

us1ng the formula for a , Eq. 5. 11, rememberlng

Dm*T "B. We flnally obtaln for the_LHS,

2|F(w )| o e-BYL,

.

(5.16) -

B S
<F T

.‘ln[fgﬁ(lp —2B!,]_;1n[ (—= ,J"-.é:_-}}
A T(ﬁX)' g(Bx)+e 3.¥§(3Bxlf.}.:



. B N - . ) . ’ : - N .- ’ ' I i ' "
v .. . . - . : . - N B ’ ’
’ ) Lo . : e ) 2 .
T ‘ CL o T
S . . o . . . . . i . ) .
.

‘¢Q~;f_Since Eq. 5.15 has me, on. both sides of the

equality signs, an iterative procedure must be used

' to evaluate ‘the correct effective mass. A computer

' program was written to first obtain an approximate

.49

- masses»differed by less than 0. 2% ~In all ‘cases- no

Zvalue for m* from the simplified formulas Eq.vS 2,

'and Eq. 5. 14 The experimental amplitudes were mani-

pulated 1nto the form ln(a /T) vs. T. The best

(4

-straight 1ine was obtained by the method of least

~sguares and the mass calculated from the slope., This

-

‘was then used as a starting value in Eq. 5, 16 which

gave a better estimate of m* from the slope of Eq. 5 lSh

fThe iterations were stopped when succeeding effective'

LI
A <

- more than five iterations were required

: An example ‘chosen to emphaSize the limitation f?ﬁ'f"'“

»zorbit The uncorrected pOints obtained directly from_

A

- Eq. 5 2 and Eq 5 14 produce ths upper (curved) line. N

B The corrected data points haVidg a linear relation-7

\with temperature were evaluated by the procedure Justg*'

described and had a slope NZO% smaller.
\\ ) . o .

. ':‘ l U
‘ of Eq 5 14 'is shown 1n Fig. 10, using data for the 83 -
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‘as a_function of T whose ‘slope is related .
to mg. ‘The. triangles are uncorrected points =
and squares the same points-.after-applying I
the corrections in Eq. 5. 6. - T
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© - CHAPTER 6
" EXPERIMENTAL RESULTSY. |

0ver 50 distinct frequency branches detected in

4

o
o

' plane in detail

el comparison is pOSSible.

6.1 Eermi“Surface'Ereguencies in”Tinf '

y;the three principal crystal planes*of tin are presented :l
' zn/éec.ﬁ 1. In order to make discussion of these

esults easier, a composite graph is displayad without p;

The results of the determination of twenty-eight
effective masses are presented in Sec. 6 2. These

were obtained for the three principal crystal axes, and

';13-also when the field direction waq.pear [110].

findividual data points, followed by graphs showing each

. \\‘
o\

Some interesting anomalies which were noted in 1.

,_the oscillation amplitudes in tin are detailed in
fSec. 6 3 For example, the Sn 2 and Sn 3 crystals,‘
"_gave significantly different amplitudes for certain

frequenCies in the (001) plane and along [001], where '

I

y The Fermi surface of tin has been extenSively

"studied. To best compare the present work Wlth that

;already reported, a brief summary of previous relevant

investigations is given in Sec. 6. l 1., In Sec.:6 1. 3

'iand Sec.-6 1.4 the experimental results are presented

ey . . . - - e . -.".




_and compared w1th this previous work In Sec. 6, l 2
:an elegant scheme is described for identifying th .

" vFermi surface orbits.‘ Originally introduced .

h this thesxs. "‘3r".“

ofted_by_later;investigators_and—wi11 beeused th_ygifi

,‘-_2‘,‘;, .

i

N el

Craven and stark (1968), it has- generally be" i‘“

b

6 l 1 Prev1ous Invest iga tions in Tin ‘_4@w \t“

The pioneering deA work of Gold and Priestley '

7(1960), subsequently referred to as GP, suffered from @.

) the lack of an accurate theoretical model , Thus they;

_were unable to correctly assign most of the observed Hﬂyf

,'frequencies. Weisz (1966) utilized the radio frequency

ﬁsize effect measurements of Gantmakher (1963 1964) to .

f deduce a Fermi surface model using pseudopotentlal

-’theory. Many of the extremal areas gredlcted by Welsz s

"model ‘were subsequently found by. Stafleu and’ de Vroomen

. (1966), referred to as SV,.and by Craven and Stark

(1968), referred to as CS, using the deA effect

The exPerimental areas, however, drd not agree quantl—k

: tatively WitKQWeisz s model. Thus'Craven (1969) “‘b‘j“

.calculated a new Ferm1 surface model to flt their :

-deA results. Subsequent radio frequency 51ze effect'

o

~‘,

~determinations (Dev111ers and deVroomen, 1971),

however, showed some disagreement with this model

hU51ng the.deA effect,.further infﬂ\tigations by



oy

T

-~

latorY,magnEtostriction by’ Finkelstein (1974) T,f S

e(referred tb as/Eﬁ) also did nqt ohserve new frequency

'”branches.e Prev1ous to thé5present results, the

LY RN . -\35:

dnly
k

“Eiareasr‘werélreported by peacon and Macklnnon (l973), :

.4.-.
re rred to .as. DM."Although they observed 1nterest1ng
. ;‘ c \ o a “'

‘ f-magnetlc breakdown effects, the number of frequency :

’branches detected ‘was much’less exten91ve than reported

/

R . ""'
4

f . s . -

P B ' R - g
I C - o
L . \

T o6.1,2. NOmenclature for IdentifyinQ;ErequencieSfin fin

' The namlng of Ferm1 surface areas-follows’that

'lntroduced by CS.i The thlrd, fourth flfth, and 51xth

Brlllouln zcnes contaln sheets of the Ferm1 surface, o

__and these are 1dent1f1ed—by the four Greek letters 6,

»e;_n and T, respectlvely. A subscrlpt attached to the

'ipartlcular éxtremal area 1s located. One refers to ‘f
';’the (100)plane, tw° refers to the (001) plane, and

.Lthree refers to fhe (110) plane. To dlstingulsh

Greek letter specxfles 1n whlch pr1nc1pal plane a“

,between dlfferent areas&}n the same zone and plane,

-«“

a superscrlpt attached to the Greek letter 1nd1cates lﬁ'



‘Tthe relative area of the orbit. Where necessary,

Sy

Roman letter appended to the supenscript identifies -

'a new orbit With an area intermediate to tWO orbits

already named by CS. for example, the Fermi surface .

<1etters for the three frequencies attributed to

h‘magnetic brgakdown. However, in this theSis all

'FrequenCies in Tin . BSTREL L.

f?f‘planes are COllected into the compOSite graph shown‘:pw

Coin Fig. 11. ‘The" frequency branches are named accord—”‘

- until Chap. 7. For cl&rity, indiVidual data pOints y

area in the third zone and (100) plane with minimumz’ L K
of - ":‘ . A

“

cross sectional area is designated 61."

The nomenelature employed by cs .used”homannj”

"magnetic breakdown orbits are identified by the Greek
bletter B, the subscripts and superscripts follow the |

convention already outlined

\ ’ . . . o .:."' o
' All frequenCies which cannot be assigned to a-

'particular Fermi surface sheet are denoted by Roman
'aletters. Subscripts Will be used where needed to

1identify the intended prinCipal plane.

r- - X

h.6 1. .3 CompOSite Graph and Table of Fermi Surfade

a e
: -

s

o FrequenCies detected in the three prinCipal

_'ing to the procedure discussed in Sec. 6.1.2, but

; Justification of the aSSignments Wlll be delayed



. -
- [

“'are not shown since the following section will provide.‘

T

this in detail. - ERIE B
In order to facilitate comparison with previous

: 1investigators a line convention has ‘been adopted for

L

-;uy;Fig.sll. Second harmonics of frequencies are ot dis-

aplayed in Eig. ll or in the detailed frequency graphs e

(discussed in’ the next section) hﬁﬁause they provide

",»no additional information regarding Fermi surface areas.

-

In the rest of the thesis, angles mentioned in

J“the text follow the same convention used 1n'Figs ll to

.,

6. o F*?;‘iiﬁj ié['f;‘

\

ca

“The values of the frequencies agong the symmefry‘

axes are presented in Tables 2 and 3, along with the

'reported values of DM, CS, and SV._Vf

6. 1 4 Frequencies in the Three Princ1pa1 Planesngf Tinf-

.Q

.The freqhency branches observed in each crystal-

: 1ograph1c plane is presented graphically, WLth separate

'

’figures for‘éach planeti In order to make discu551on

of the experimental results clearer, each frequency ’

;XV/?;f"'

i-branch on the - graphs 18 a851gned an 1dent1fy1ng 1etter o

in a¢cordance with the namrng procedure discussed in
. Sec. 6 1. 2., The solid dots represent ind1v1dual data*
spoints w1th a S/N:>2 while open circles show weakly

‘j"{-served data~m S,



/

Compééiie_graph.of
observed in tin,

not previously bee

ted by a solid l1lin
that have appeared
also were observed

3 .
“ ..

all frequency branches
Frequencies which have

h reported are represen-

e... Those 'frequencies
in the\'literatgafe and
in these experiments

are-shown:' by a dashed @ine. 2 dotted

line denotes.frequ

thege experimentg.

encies that, although

: reported-previously,_were not detected in’

id
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Table 3
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Ferml surface frequenc:.es £ meaSUIEG J-n tln, Wlth,}"l '

r

_ along [100) -or [110] , are con*d Wlth prev:.oué
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(100) plane'f R - -H“ff‘ e

:'ﬁ ' Detailed plots of the~frequencies observed in

the (100) plane are,presenbed in Fi_g~ 12 .and Fig. 13.‘

61 -
Lt
T

' effect studies by Vaughan (1971) revealed a large

4_No combinations of frequenc1e vfi'

R

f@‘W‘, In this plane four cut-offs'of bxaqches_were

: "“’«.,.‘ AL

5a

°bserved' 7} and By at 37%,. 1r1 at N16°v 133 gk ‘(?,7"*1

5a 6 "

' R at 38° 3\at 71°'and el and el at 72°-f
_9_ ~ sn 2 cannot be used for measurements in; this

"plane.i Experiments were performed on two separate

occa51ons using Sn 3, an. ultrasonic frequency of 410

.'MHz, ‘and a temperature close to 1 4 K., The 1ow fre-

.t - " N

‘\:quency % ‘and 6 orbits shoWn in Fig. 12 were“specifically
measured oply on’ the flsgb'occaSion usiﬁg fields between

27 and 60 KG.‘ The hlgher frequenc1es preSented in

vFig. 13 were measured on both occasions at fields rangr"

'ing from 79 tod 88 KG.~

”_ Along [100], sum frequencies of’ T, n, and € have'}

been reported by SV, and Cs mentions observ1ng unspec1-‘ ti_;

fied sum and difference fre&uencaes. Further-deA

o

cies. along [lDO]

}‘

35

r

A& L
) -’3~‘1njthe ultrasonic

'\ .

¢
Yoo

R
-
N
LN
-~

3 observed in these 1‘
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(110)\blane , thf}a' _ ;'15;.w
: Ferm1 surface frequencies detected when the]; tﬂa.j‘rilﬂ

magnetlc field was: constrained to move in the (110)

"plane are presented 4n Flg..l4 and Fig._lS. Three
=“;f";?cut-offs of branches were observed in thlS plane'”
‘-:.the frequency ng cut- off at 25°,1§ at 15°,and55 at 7o° L,
Y . The’ high frequency odbit, 83,qa1though not T
R .'detected 1n Sn 2 was seen at 39° once*very strongly Li
' 'in Sn l. At that t1me the gear arréngement had not
n'been 1nstalled in the sample holder, consequently, BEA

the crysta was only approxzmately allgned 1n the

. . \
(110) pl e and these data are not J.ncluded, in- the
'presults. S . | o

ungerlments werg" performed on Sn 1 durlng the‘f,f ﬁfh-a'

";flnltlal’testlng of”ﬁhe apparatus;f Unfortunately the
;crystal tw1nned during an‘uhsuccessful attempt to ?[”

p*-h

. afflx traﬁQQgggrs‘by th_ indlum bond technlque,dls;qf”

HaE L e ..r._l,_‘.

_u.cussedilnMSec. 3 5, Sample Sn 2 was then grown and M

:f; 'used in subsequent experrmente. Thug%?lthough onlY§ g ;
.; "one cryetal was used for accurate measurements, mostN;

sz; frequenc1es had also been detected u51ng Sn 1~*'t

ay ) The data were collected on three occaSLOns >afs::¥§}t3;&

us1ng ultrasonlc frequenc1es 1n the range 390 to 430:

- r'

MHz. The 390 MHz frequency was needed only when the':i

3 fl&ld dlrectlon approached [001], then the total
attenuatlon became very hlgh The temperature of } ey
- e Sl
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the sample was’ held between 1. S and 2. 0 K dependlng

on the experiment. For measurements of the 1ow '-f'nl';g..,

M;_ulm_frequenc1es shown in Fig. 14 fields between 35 and

75 KG were used Shorter sweeps 1n the range 75 to
87 KG were employed for the high frequency observa-w"

tlons presented in Fig.,ls.

(001) plane

| . requency branches observed in the'(OOl) plane

_are presented in the detailed graph Fig. lG._'Alf

1

though the frequency labelled "2 was extended only 2°

_ the 1mportant 1nformat;on comes.from observat1on of a

~ .

cut—off at 100, oo " T
_ . R
This plane’ could be studred w1th both Sn 2 and f

Sn:3,‘ The [110] crystal Sn 2 was used on two

occa51ons,'wh11e the [100] crystal Sa 3 was used : ’_ilpgj;fﬁ

on one. occa51on. All measured branches, except the "‘)4i?¥

one labelled 82, were observed in both crystals at o : ~f

least at one angle.; o o o e :f’ A
A S

'-The experlments were performed at ultr_‘

‘

frequen01es from 390 to 430 MHz, at temperatures {"“

between 1; 4 and 2, 0 K, and at 66 to 87 KG. The orblt
N 61 could not be detected at greater angles than N12°

due to an overlapplng of the larger amplltude thlrd

.'harmonlc of Té in Sn 2. The T frequency was belng

»

- -

S
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'attenuated by‘.the- h:I.gh-pass fi‘lter. When the angular
dependence of 6% was measured wrth Sn 3, it was seen

‘weakly at 26°, at 37, and at 45° R S

5 . .
v i . .

6.2 vEffective,Masses.ianin

.
. -

'-Effeéyive mass measurements from 28 orblts are,f‘,“

'renorted effectlve masses have prev1ously been

\ :
measurea by ultrasonlc attenuatlon although some have o

”talned by other methods. GP' found approx1ma¢e'

RS T3
values for 11" masses us1ng the deA effect w1th
': 1mpu131ve magnetlc f1elds to 80 KG. \'/ also employed
the deA effect to obtaln more accugate values of

several masses. Then earller thlS year Flnkelsteln

,/' :

Azbel;Kaner cyclotron resoneé;e prOV1des an;

| entlrely dlfferent method for Bbtalnlng accurate
' effective mass values. ‘But for var1ous reasons 1id_i’ .
dlscussed in Sec.v7 2 theysare not 1mmed1ate1y com--:Aﬁi'

parable.

. _6{2.1 ;Elimination.of Erroneous Data‘,' .f‘;

All effectlve masses were obtalned usrng_the

-.lteratlve procedure descrlbed in Sec. 5.4. 'Also,"



BT

v .

cOrreCtedfoscillation amplltudes from Eq.-5 16 were

plotted against temperature on semi logarlthmic T?.ﬁt

70

graph paper to check the llnearity of the dataa

Occa81onally an : amplltude data pornt for a partlcular
temperature WOuld have a value much dlfferent from
that predlcted by the other data._ Such "bagd" data

points usual;y had a low S/N ratlo, and thus were - A

C ! v ?‘,‘:Vo'&,? -
: confined to. t_e h;gher t ratures.": 'l‘ . f'gm@
One accepted procedure for error analysls 1s

VLR
tw neglect bad data pornts in. the determlnatlon of

the slqpe of the llne, but to 1nclude 1t in any error'

7

analysrs such as the standard deviatlon. Unfortun—f7

ately, he small number of dat used 1n evaluatlng s
¢

m* (8 to 15) meant that a "bad" data p01nt greatly

: 1ncreased the standard dev:.atlon wh:.ch then }geve un-

- ¥y
' reallstlc error llmlts.. In an attempt to overcome

.

the problem,_the follow1ng procedure was adopted llf’
a. data p01nt was qulte far from the predlcted stralght
'llne found by a least squares f1t the effective mass
’was recalculated w1thout the p01nt along,waﬁh ‘the *.
T estlmator of the standard dev1at10n of the slope.i
If the neglected p01nt was greater thpn three standard
‘/rdev1at10ns, 30, away from the llne, it” was. assumed to

_be 1n error and the new mé was accepted - If however,

the data p01nt ‘was less than 36 from the llne, the «

Y v

‘original effective mass (1nclud1ng thls p01nt) was :~

SPER

N



) L. . 5 . ) . . 5 . .: N . . ._’.

‘:. user} The 30 criterion was adopted since it repre-'

A

sents a 99% confidence interval (Cameron, 1960), 0 oL

. that-is, on.ﬁ 1 data point in 100 is expected to _be

outside 30. L T -

o The increasing S/N ratio at decreasing tem-.f
l peratures suggests that ‘a weighting function should |
%&Sﬁ;ﬁ" be usedyin the least squares determination of the |
A slope. But it was felt that the increased complexity - .
in calculating\m* outweighed the pOSSlble slight » '."":g
improvement in accuracy. ' . - :' . . ﬂ;
R Once the efTective-masses had been. obtained ' i
;end checked for bad data points, each)was assigned

a 95% . confldence interval This was calculate‘froh

e o
< & i

the estimator of the ‘standard deviation of the slope o
using the Stude}t s~-t- distribution (Cémg‘ron, 1960) | | “.-l

. S T . ‘o . “# 'ﬁ f
6.2, 2 Presentabion of EffectiViMasses in Urin SN
All effective masses calculated in this series : w

"A'of experiments are presented below._ The temperature : ‘ ', <
-and field'ranges used are 1ncluded ‘along w1th the | A '
':Values of mé obtained'by prev1ous investigatorS’u81ng - 1C

either -the deA effect or magnetostriction.

.- o . S SN
! & T C . . . ! ' ' T . N '\
. . “ . ' . 2 N e

4 Ry ) T . . . ) . . - » s i .,"'A.dl
- The t.welve effective masses determined w1th H TN

SR parallel to [0(@ are-pr_ésented in Table',_4. The,
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',1' Abbreviations for.L efefeﬁceskﬁﬁndin Sec. ﬁ 1 1 . "'.“_:’""

"'-a_: H fap§e¥25.9.— 53, 9‘KG T range— 4.10, tom, R .

RS § | values.'»"' ‘ -
SRR N

¥

;. be H range@al” 6 o 87 1T KG, fr range— 2.80 to 1, 46 x, |
B 1 5 Wlueén. | "*» 0 -3 . o

uﬁr . A4’

& range 83 4 to 87?;9 KG;, T‘ r”‘nge—' .2,9 to L 32 K,

-..13 valués. Ty ST SR A A gp'." o oW

. ‘ . ‘ 3 L S f. - Ce b .ﬁm_" T - w
R - Me;avsujred_ b‘y- a crystal uséd. in -prel%mg:nary,: %es-ﬁ&ements. e



v ¢ * - e
oo .. ' t Lt :
L) o . o .
. L \ . . o ok , S \
S freduenca.es‘“ found along@"tg‘ls crystal axJ.s covered two"" _ .
: "‘,:" o R é ‘;j'_,a- .‘.‘~~ .
Yoy decadm*\"tt'herefor three different sweep ranges were .

. '. . 1 ‘.' . - . v N -
_,r._‘......-_« _-_.._used~—te «abtain—the"amplltudes. Alt%oggh copslderably e et
R . :." ‘ _‘"\ '
% attenuated by the h1gh-pass fllter, 1ntermed1ate “f“‘}" T "
P ‘ o w0 :
' _ff”equ &eles were bbserVed ‘in the hJ.gh frequency *{' T

v

L e b :
‘ /traces«and thus had thelr masses determlned tw1ce.:v
L _ : . \ : — oL
R oAk '100 T e CGE T
ml? 5 ,.-*[.——]- ‘. "‘ 5‘ ‘ ,- ' F‘ Q -_.;i;k oy ' . » ] o " . B
o . . : 1 --«g,

- ‘ ¥
. When the maghét:r.c fleld awas albh Z

éﬁ@f each |

% - vl%"" .

orb1ts were detected and the effectlve,m
ce determlned These are glven in TabJ.é 5’ alon§ w1th
g

a masses reported J.n prev:.ous J.nvestigatlons. _‘-It_ j L Ve

!)' should be not,ed that at [ _;(‘:s reported a second "i
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calculated for two other directions of field iﬁ the i_i"?u“',

4 (llO)‘plane. The first was at . 2¥° fiom [110], and

_ ' A
[;i,;"m the_second at_li_from [110] Thige masses are
) _ i _ ) \ﬂ,' [
}“““; ; presented in Table 7 R ;
i“i-- : Two sweep ranges were . used to adequately ’ .

include all the Fermi surface frequencies. The
Jx? ] * o ‘ ( . . s e .
. . i 1 . C . .’,.~‘ ‘.‘.-‘

_.As}p 53¥s B; and €3 appeared in - both' aces and con-'y_ '~¥;¥VI.'

'_séquently had their masses determined twice.‘.The
'low amplltud%)OSClllatlonS of the &3 orbit could

'i, nog be distinguished in the high frequency trace due '

ﬂ"g to;the 1ower frequency resolution.'
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L ‘Comparison of OSCillation Amplitudes in Tin . Coe
‘6 3 l Comparison of Amplitudes from Sn 2 and Sn 3 e
.;f; 3,;‘j'7‘ Both the [110] crystal 'sn 2, and the [lOO]
_crystal Sn 3, were used in obtaining frequencres .
PR " i ’ban .
fi’f,v,ln the (001) planei In addition, frequenCies along : g
s . LR ‘
e [001] can be observed in both crystals. This overlaps»; o
'allowed the measurement of osc111ation amplitudes-at i:.;
?r{ﬁr- a particular field\direction but w1th ultrasonic waveshi '
Ld .o Y w‘ S LT e o et
travelling down different crystal axes.v‘_" ' : C
) / a’- ' - K
The amplitudes were reasonably constant in the .
PR A e v
= (001) plane.a Thus only at one_angle in the»gdane‘ﬁere

B the amplr;udes&from each crystal comqued, this was at”<-“

[100] Details ‘of the angular dependence ‘of the
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- amplitudes with angle are given in Sec. 6 3 3
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'*,&The ratios of the amplitudes (from each crystal)

wi_imn«__at {1004 and‘EOOII weredﬁglculated and those equal to

- or greater than three are included in Table 8. .These'f’

O

ratios w111 only be approximate since thé‘data were

';'1 # gathered during different experiments at slightly

_if* different temperatures, field sweep ranges, and’nOise N
levels.. Also he amplitudes were not corrected forvi.ﬁﬂw;~;'.?;
‘the 4% difference.in gfngth of: the crystdls.zi'ﬁgq,dl'\ ;~. L

6.3.2 'Amplitu'des 'o"f-'the 'oscillatiohs'f"i"?:. S _,"-':‘.’af ,
_ . Tl I

~' Theory predicts a :ather strong dependence of

.: . % .‘-vv -
o ,.osc111ation amplitude on angle.- The dat *
R sented below so. that a comparison can be mad
. .,‘ ‘ N '
‘Q:- ‘ﬁh Most frequency branches exhibit a f
C o 7

U amplitude o;\DSCillation across their entiie_

range. However, some orbits shqn variations gr

than a factor of five, these are collected into,
T RS ‘ ’ . o

e Dage

;Q}‘Qfl two amplitudes is: displayed in;

he last column of théf :

T S

%ﬁVT”' table.:«Md!t of the orbits An: this ggble had only a~~‘ -
f‘ sgngie“MEXLm;m in amplitude. Dp B ; - s Jzﬁig : T
- S T e . S

§ 75@-* - L.
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. Tabie 9. B &qy”;~_‘

| Ratio (R) of the maximum oscillation amplitude of an . o
ofbit, observed at angle emax' to its minimum amplitude, ,

—“%*Fe"““observed—at -angle- e -in tinfeAngles are~measured inmum;vwie—

min” R A
degreee and follow the convention of Fig. ll.

Qrbit-a- . Cpax - ®pin R
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;4*:Fermii8urface Freguencies in’indium
. The exper1menta1 data dlscussed beiow resulted7b'1y Loe
from a prellmlnary lnvestlgation of the frequencies

e .
in 1nd1um.r751nce only one crystal was usedo\the study

< |

c wasdfestrlcted to the two pr1nc1pal planes, (001) and

'(100) In none of these experlments was ere any

;.evldence of oSC111atlons attrlbutable to the large
~ ;'=¢second zone hole su;face.-.h “_;~ | |

P

| 3{ No generally accepted,.systematlc procedure h\?

o vvbeen used to 1dent fy the orblts 19 1nd1um "Therefore, B . :@.
~ . : ‘ . . - . » . 4
- in thls the51s the nomenclature employed w1th trn(was vt

i -
e modlfled for use thh 1nd1um The thlrd zone has been

, ass1gned the Gréek letter 8, and subscr1pts~and su--r-f
. N,
scrlpts ldentlfy crystallographlc planes and Fermi
. ; :
’ - surface areas asadlscussed prevxously

B " 'qm"“. Justlflcation for the assagnment Qf orblts w1ll L

Cy

ff:”jr be made 1n Sec. 7. 572

. In. thé (100) plane a frequency branch Bl' was - f

| '_.,observed wh:l.ch had a 8/N 39 (at 2 K) at 1001

‘"the angle from thlS axls 1ncreased toward [OOl], the
'amplltude decreased untll 1t was lost at 783 The R

'1

angular dependence of thlS frequency 1s shown in Flg.;
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During a preliminary search gsrng small frelds‘. ‘ﬂi':.}
.a 1ow frequency orbit Bl ‘was detected at 53° from B .
. [100] in the (100) plane. . . ',.- ';";.Ji=gr ‘._,MAAi;;
B D B DEEE
{o01) 'Pl'ane- "'df_ S ”3‘ ‘
. o Two frequenc1es mere observed in the (0

~‘and assrgned to the thlrd zone arms w/ihelr angular A;Q:f'

dependende 1n }

‘s plane 1s shown 1n Frg._lB The ' . ;-U"‘

[lOOI 1ncreased a

than 40 5° : Thls '

‘_e l" The frequencies measured along [100] and at
other angles are recorded 1n Table 10 Correspondlng
freguencaes reported by other lnvestlgators are 1nc1u-'31;~{/

Y W2

ded for comparlson.A Measurements on the th1rd 20ne35:w"

3

"'w hf ;pdium usrng ‘the dHVA effect have been do'-" D ;

. | Brandt and,Rayne (1963 1964), Hughes ang Le . on ql
(1968) . Hughes and Shepherd'(1969) , and van weer_e?/_ .
; :, i surface areas hayealso : ﬂn_; Z;ég
heen easured by Balcomb' et al (1964) and Cowey etaalH, b;;d-“i
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51974)4us1n§ ultrasonicbzitenuation.

7?3_ ‘ Thermal tycling ween room temper!ture and

4 K caused the indium sample to twin, and each . thermal

' cycle increased the,amplitude of the frequencies -from

f?\g\, the. new crystallites. The angular dependence of these - 't.z?§
. :\;freQuencies suogpsts that the twinnedvcrystallites - : .'Té
~————are—so—eriented—that—their+{oOl}—axis—is—nearly—pa —~— ‘

:_ lﬁ. allel to [100] or [010] of the original crystal = ’.; ' .

(Cowey et al,'1974). o S , .1 ¢ _'_qA. ;
od -'.- Geometric oscillations were observed between 450

]
\ . ) s

| and 4000 gauss at T = 1.9 K when the field was parae
”‘1131 to [010]. The ultrasonic frequencies used were
3;L17O 130, and 90 MHz. The number of oscillations

i detected, 17 2t l7d‘MHz, allows an approxinateemean

E free path to be calculated, as disoussbd in Sec. 4, 2 2.- .':¥ ‘g
fywhe extremal calipeg dimension neasured by these : ' L
_'oscillations (Bhatia, 1967), was. o 88 x10% cn™! A the

.[001] kirection.. f’ _ 7;’ SR "ﬂ S
. i T 5 SRR ..‘“. e

‘ ‘6 5 Apg;rent Modulation of Two Freguency Branches ff :f-i ' A

»

y - .
.

. i Fourier analysis of data collected in. E‘e (100) f‘f_ \l L
: piane ‘during the’ 1aft run revealed appareut amplitude 3 |

;mbdulation of two Fermi surface frequencies.;;The sweep

‘franges chosen provided sufficient frequency disctlmins

e e i e L

.v-‘ation only on: this occasion to resolve ‘the "modurati"'

| side bands.' A similar'sweep range had been used
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A J M ri . 4 \ % v r .
previoualy, but not-fn the (lpOi plane.
’(, f 'Thhgez frequency branoh\yaa affeeted over,an

displayed some. haracteriati?s of-the;ﬁmodulation'i

 The’ angle at ‘which the field trace- uaa taken. is 1,.&‘

ginn i column,l, anﬂ in oolumn 2 the meaaured)

-
.

_ 3 and 4, respectiwely. : 8

in ftequencies between the ehrrier frequency (elj and
the upper and- lover "aide banda ‘are shown in columns

-

« '

.

The fre ueney branch B is unambiguously
q 1-

."modulated" for anglee }ees than 10° only. The

(

&tails are also prehented ih Tablel}.

r LS

B i Several'other oecillatione were ohserved with

i
amplitudes as great as theseibut without imodula}:ion"
therefore this feature i7/probaS1y pot productd by
the electronic ‘appatatug. " Although. the -difference !

: frequencies ehown in Tableli<are agproximately equal‘}

to the’ frequency of - 6{ or ZxGi/
true in other directions and thus. the "modulation"
effect is not alsociated with thesdﬁorbits?'

thguf'

showed an'

~

-

at other’ frequen0198. when inverted produced a com—'$M”“"

‘*

plicated 'modulation" or beat pattern which was about"

K3

.\‘.\. -

at. [001], thie is not o

eolute value of the‘?ourier transform 1.'
modulation of el and an 80% npdulation :
of Bl' The transform, aftEr zeroing the\amplitudes‘j'
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Su. 7. 1. and thg meuured fffectiv& passes. lrQ"-'—_ parid A
wﬁl.th ptevious 1nvest:l.gations \1‘9\ sec. 7 2. Thg l'eaulta T

. 5 :f 3
S of the compa:ison rof amplitudem at. a:l. ' '_ A o ; .
".7 3. A short ana]ya:l.s is prelented :[n de _7 4 which A .'
RN --;,.‘;, estimates the probability of breakdqyn at two non- . L. /
Slaet . y I A
’f«,',"fzw \'aqu:l.valgnt junctions. F:l.nally, the results obta.inc'ﬂ L
"'...,‘.}' : - Y ' . “
Ny J*n ’i.nd'ium are ducuued in Sec. . S S D
X e I R
'T”{"' T - S ' BRI o :' o
o M Pegg. Surface F‘ e » : "'

o ‘,' 7.1,1 nodel Jof the remi Surface of Tin -

\ c The P/emi nurface nodei \calculate‘d‘ I':y Craven -
g (1969\and reproduced in rig. 19 te used as. a basis .
,. ‘ :‘ \to égsign f.requexicy branches. 'xgxu f:l.gure (except
the sixth zone__ A'ﬂol‘ar') oxiqi.nally....agpeared 1n .
. o the article by cs bmd on the alcu.l.ations of !ieisz

i e oy Y o v e

B Based on crlven 8 two dimnsional scale draw:l.ng&,



Fti 19: Model of the Fermi surfacefoﬁ tln according to : fxf‘%
“Craven {1969):. (a) third zone.holes; (b) e

T [-;_ ‘fourth -zone holes;-(c) fourth zone ‘electrons;. ' L
SRESPIPE ‘located ‘in.the interior of. ‘the fourth zone. 0

-~ .. > holds surface; (d) fifth zone electrons; (e) .

Nl .. ..;.sixth_zone.electrors. Orbits corresponding .

to most extremal cross .sections are shown;: T
 (£) the first Brillouin zone, inclnding some ool
pertinent symmetry points._ﬁﬁ  : L
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* & u a nonﬁy cmuni neck BT the «gourth uonc.

' ltend of !he lqupro . shovm ;l.q tho ugvm. '.t‘he 5
%@l‘tpnrs‘ in the fifth :onﬁ are \quarwwmn cmt by N
Loa plane gerpendiounr to [001) aecordinq to Weiu e

A1966) ¢ and this’ has’ not bﬁa oontxadicted by Cravon; o
\/thq: figux- thw- ‘a q:l.roular cross sect:lon. p:l.nally ' ,8 ,

e

K the—*fﬁﬁ—_"'et conne;.zi::lnq the poars aro muoh Qwrter%nd 3 T
\ ¥ ) .‘.}" ‘l
‘ of a rounded x-shaped cross-lectiion, again according ‘

“ '*to Weiﬁ ‘and not contradictﬁ by Craven.. L ‘

‘ L ® _' In the, lixtli‘zqn'e Cl:mvsn's model of ‘the . "mcrlar". ._ ‘ B
- has on.‘Ly ong extremal cron-aection perpendicular to e . u
Lo01T. However, ‘this wil] be disputed in the'mext = -
B section wherev'a minimum&area orbit around the waist' . - ;
g N of ‘the molar is proposed, “.,\ shown in Fa.g. 19, :
' »'7.‘1.2 ._D;_s_cussion} of‘Frequ'enCX Bréﬁéhes ‘vin ‘rin o ! h
‘ Juséification for. tne sssignment of frequency R b
” fbranohes to extremal. Ferm;l. surface areps is giver} T
’ "*low, -an qrbit also seen by other investigators but 4
° named differently w:.ll have the a&hors speeifically
"" mentioned in brackets; for -example. 81 (cs)f Those .'"

‘.branches in Fig.,ll to Fﬂ.g. 16 IAbelled with a Roman .
f_letter were not assignable to specific Fsrmj.,,,agrfece P ;;ﬂv__
orbits. - Of these, on].y the F.., F, H, and possibly K u

\]
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gnd Iy brinohes heve previousiy’ieen réported, 5i: o
larg'e nuabef of“ sudh orhi.ts, A-ﬁ; 6\’bqests that the |
rermi surf:ci'iﬁ tin iq nore ccﬁ%l&k than l“gQOltdew |
Ti', by Cravén“'"f‘, i '

3
- .

¢ W o :
P Co ©
1
1
I
!
]
|
|
l
\

(100)j19m , SR T

- In this planq. the \number ob obaerved frequencies . A
"has been doubled and for nino branches the aﬁgu;arvu ~gé%‘..
fdependdhce was extended.- ﬂowever, the el branch ﬁ&s o ‘

1'\)6

"been detected over a reduced range‘

. .‘,' o - t ’ L

, -

Low frequencies

d Considering first the frequency branches shown ,«".;St,ﬂa
in Fig. 12, the 'value of the frequencies at [001] and |

[100], listed in Tables 2 and 3, agree with CS-and DM. .

v IR o . L 4

. _bf. _The. frequency Tl was seen !gzx.weakly (S/Nfu 1)
- on the two occasions that low frequency data were ’\
measured at [001]% - Due to the- closenessaof its cross-
- sectional area to t% and the lack of other small Permi .
surface pockets, this frequency-has ‘been assigned tg a
'minimum area at the waist of the (sixth Zone) molar.
B Although Craven s model does not predict a. sécond .
. extremal area, CS reported observing "clear evidence

for other branches running near T

.
: . n - " .

[N . ‘ e . . q':: ) S
. . PN R . e T B
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WAER the dixyet] With .
Aﬁ[OOIJ, 6} was the Larqelt amplitude in

o teat cryst 1 whose flat aurfaces were perpendicular‘
to [001)} ie. ql1001]. sn-2 with g||(ng]r thg\-f | -
o amplitude "atio 61‘/63 -&43 but with Sn 3 where “1 B ’9 .

. > ]

e ratio 51/51 - 1 84. The amplitudes \

e sensitivity of the ultrasonic probe“ to.

_certain orbits.

Tl N * L . ) .
The ftequency branch 11 had a S/N~ 3 'in the - T
(100) plane. - But it was observed by GP, using thh

-dgva effect,-withva._ ¢b13 at [601) and a substan- -

tially smaller S[N,fg.m rections~of H off-axis. S

o : L,

. : . . ’ » ’ . RN
PS &( R t N FEEPRE B
X O . . N )
. . e B .
.

High frequencies_i
In order to facilitate comparison with other ~
»work Table 12 includes all branches which were B

detected over a different angular range than reported . :
L -i_ L by q.cs' Dﬂ .and sv.~ N e ._i e e ..-.. e ._;--.,..._? ...,l ,!.-,. '._..,r_r,'.v K

. -

. » - . - . . » ) .
-0 - R ) - ‘. ) . - , . ) Lo &" . . R N
c . ) ) ) .
» . : : S . S - o
- ) ' ~ ) ' e
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COmpariaon with prcviou- 1nvnstigation-, of tho.anqular ..
.rango A8 of frogucncy brancho- in the . (100) plana of ..

tin. Angloilaxt moalurnd in dnqrccl from [001] Oniy
those branchon vith diffeé.ﬁce :3‘ are pro&entod. .
Y
o o A _ < :
Orbit ‘ . -" A8, e o .
, Thtn—wurk ‘ 'ﬁﬂ*" et gyta
; S
/3 ,52.5-90 _ 55—90 Jj/;_s;-sq
S AR \

‘4« 31-90° . 55-90 © 53-90. © ' 43-90
el at 90 81-90  70.5-90 72a%9>
CE 0-69 . -.0-70 - 0=71 . 0-70
B, L 0=27 | at'10; at 15 o 15-27

A 0-36 - 15-25 . 27-30
| 0=, - |
35-59
o~

5 52-72

! .- Lt 6-:.25 . Do

. A ¢

.. 0=36- .

I

< Q=10 7 0=5

wﬁ;f?g?ﬂbbreviations for references are found in Sec. # l Lo
AngIei are extracte& ‘from the Approptiate graphs.
bi’ Three data points, one weakly observed._ '

r

.
A .
S . . P
.
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‘.l'he b;anohoa w{ and "1 wbre not resclved at
[100] . Ul:l.aq gour:ler amlylu the molutfon of two
!.'requonciu re?uim at 1eut one. boat, ‘and ‘this bould\
not be recorded within 'tho 15" 1limit of the X~¥ plotter -

while stilf providing enough ump}ing pointa to menure v

r4 -

- the qu frequency, 'rhe measured value of 1;1 (and "1) ’

’ and not’ detected at other angles[ Alsb, the frequency ,

2,072 x 107 gauu, fallx between the values measured py |

Cs for "i and n;. The ’branch “i wag obeorveo. by cs to .
cut off at .5\.59" _~ The low S./N' prew.nx;te_d. ob'eeri}ation of . -
an unambiguouf t-offJ.in these ‘experiments but "i wae
seen ‘at 59‘: an observation which is not in essential

'.. - o ~

disagreement. | | . "
The e} orbit ‘was oBsexved at- [100] with a, S/N'\,Z L o

',.was 38 qreater than reported:by cs and DM. : In the o ‘
A dBvA ef*t GP :ob,serée.d. ‘ei vii.th a S/N > 10, and V . ‘1-.
- . i reported that :l’.t produCed the largest amplituda oscil—"-.- ~,' .,f

' ! 4". lations "of a11 frequencies' de,te'oted at. [100]., 'rhe l’w |
R __deA effect appears to .be more sensi.tive to this orb:.t e
'than ultrasoh:l.c attenuat:lon... Y . ,_,-‘f". L _.- ".. " ::' :
< o : j\-.. .’ o 4,‘ ; " ; ., o

1' 1 \ o " > : o - ’: "_ ‘ ) % o ’ ‘ .‘:
The unaasigned frequency» brancges E end Fy have S

Lo - . PR B N .
. L. . . 2y - .o F
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. boen oburvod ova/ a far groater range than prcviously‘
| Although not seen at all by Cs, DM dotocted fivo fra-
quend& data poiﬁts (his F three points ware vaakly
observed% 1n tno region of Fi and two voakly obserVed
data points (qot named) in the rogion of I" The .
1ess precisq.meaaurameqtt of 8V (his 23) show'thné El

". was. weakly observed between 15' and 30‘ In the’ present
experimonts, E' and Fl were measured from {ool] . to. 28“'

. nhere they merged into a’ single brahoh which cut off .
at 37°. No unamﬁi'uoul assignment of El and F;. codld :“
"‘be" made, even thd;ph the cut-off is 1dentica1 witb that

S - .
of "1 wh%gh suggests that thex correspond to non-qpntral L

. orhits in the fifth zone._ ST . f"‘;i';ﬂ
. 4 \ . . ',
o . ‘ll:isa‘ . \" ¢ L B I o {

R .The fraquency branch nia cuts oﬁf at. 60' '*It‘ '

o is. tentatively assiqng to an orllt enclpsing a'pear'-i‘i
3 ;nd 'tube' in the flfth zone, as sketched in Fig. 19."R'j

hd o . . - .
. : e 4 -
e . ' . .. S
' A .- . e , . .’ " . ) '," ‘L
6 ."7 . M - . - . - T L . o

The short branches 1 aqd ﬁ ;ere observed to

1 merqo and cut off at v16°, cs reporteﬁ a cut—off but a

- ; N did not menﬁion ehe angle; fro their Fig. 3Yit can ‘be !
inferred to be mlG’. T o ";wa‘“'?’“”jjf“T“”f
S . dr  c ) e




DR 4 SO ,’A N : L
‘.A,n‘_.v_ RN . e -
. , - .

: ,'-‘Fi ; e1 ‘. e1

‘ Eilabelléd elland~F1 but are referred to,: g a
_,faﬂﬁ eg (CS), that I belleve were incorrectly.‘ )
‘wlhéo the orbits el and.el.f The orbit eg traverses the L’
"thole surface and is cut off by the neck for angles |
.;;gteater than 719 The orb;t el is a non-central one
“?1fwhich goes through the re;entrant neck and around the
'“.nelectron'"crossed—lens“ sﬁfface, reremerges from the

/flsame neck then contlnueéaround on the hole surface but

'7f{f Craven (1969) cla;med to have verifled the B
'*gﬁcaléulation, However, Devillers and~de/Vroomen (1971)

_.{fxappreoiable deviatlons of Craven s model from thelr 7

v ffradio frequency szze effect measurements.; In additibn,fi;ﬁi;_ﬁﬁﬁ

g'igi;s shown in Fig. 13 two new frequencieg were found “‘ o

. whi%ut@off within 1° of 51 (CS)._ The centre fre; o
n

"~ "quent®¥,

3

-.E 6

'jmlsses the neck on the oppositehf}de.. A sketch of “;':Ei{gﬁ;

lthese orblts is shown in Eig.;zo. 3 a*ﬁ"¢;Af.¢;g#;,_'1;7,wf’;}

N

. »J‘,:

‘:;assignments of CS on the basas of hlS band structure

Vfcast doubt on the~assignments Sane they report t@, ;?"

'dg , corresponds tOr 1 (CS) and another branch,:kf;;

L%

¢, ’ Lt e






w01

.Héi (CS) and'é1 (CS) have been incorrectly assigned

’“«it. The composite €

- form €]~ Using values of frequency extracted from
_mg. 3 of cs at 71°, s (CS)»- el-= a 1x10 . gauss . but .

' e (CS) has a lower value equal to 6. 1.x107 gauss."

.ﬂ'pretation of 81 (CS) and ed

-[10 81 x 10 gauss. L”}

.ﬂgz wunally. a simple comparison of areas also‘i'

1 suggests that tge prev s assxgnments are in error.

3

At CUtLOff (71°) ‘the area 'of the orbit €. must be 3

greater than the areas of eg'- Si which approximates
g,_ ei serves as a lower bound v
sinceﬁe is a Minimum area orbit while 8 is a maximum :}.

area orbit, and both mupt be displaced slightly to
3

2 7

‘As a result of the difficultieswwith the 1nter-:'”

1

(CS), these two frequencies e l.
haVe been reasSLgned 1n this thesis.4 As shown inbi |

' Fig;_zo, thefe are two possible orbits which include

‘both the hole and electron surfaces but only one‘neck.

3 ‘5a-

" .The areas enclosed by el and €5 will be less than the -;c,f:f

f’;area of eg, consequently, the highest freguency of the

6"

‘,-three has been ascribed to 81, the middle frequency to “":"“ﬁ_
e5a, EREEE

ey which traverses a smaller part of the electron

.surface, and the lowest freguency to Ei.y Using values:yiiiﬂirﬂg

ffrom Fig. 13 at 69° where data f’r s is available,

: ; 6 g

1; 1:= 11 37*10 gauss which is 5% larger than el el5=,g;fﬂ‘ﬁ”{“
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o “orbits. Near [001], the small waist of \ 't ird .
;szone dumb-bell orbit (61) acés as a switching or .E;f,lhh‘.?al‘i

';h;,the algebraic sums of & and el comprising the break~

i point at.50° had a frequbncy below the anticipatgaﬁﬁh.

: graph Fig. 11 thie point is denoted by.a small aquare..fjf

’ agrees with el (CS) in the region of overlap. .

]'Magnetic breakdown orbits B

‘“l:labelled.with B are assigned to magnetic breakdown

T linking orbit to: €] in the fourth zone. At the : o
.\'maqnetic fields employed :l.n these experiments (H«. 80 I(G)J,w;?'f

- ana Bq. 2.1, e

ut' off &t 38' '_ The Hﬁal

extrapolation of the other points. “In the. composite

?7“tright error in the angle or\frequency is unlikely
since other ﬁrequencies in the same Fourier transforﬁ\\
were not similarly displaced The amplitude was also 4

comparable to the aMplitudes o£ other dota in R

(S/N1>10). Except for this one point, the(hranch R
3

L .
As discussed in Sec. 6 102, all frequencies

5.

many breakdown orbits can exist becausb the tunneling

probability is about 0. 9 (Barklie and Pippard, 1970 fe.;;*i

The frequencies ascribed to breakdown are given

_in Table BB which shows the experimenta; frequencies, j?ffﬁ o
1 5-

'\—.._.__x-___
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aon in tin of experimental jgéguencica fexp' _“:“7‘;<}f
l . o ly.
£rag néien. f P of“prdbgs d m4§$gtic brqudown P

oibits (T) at angle e from [001] in/the (100) plane. -

These otbits -are caleulatéd from the measuréd yalues of -

. \5‘.

1 and; Gi and,the frequency unita are 10 gauss. |

Lo " ¢ . R
-G e . R R A0
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+ laf_‘e'a‘_ of Brillouin zone*\ABz .
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/ the algebraic sum of
"‘bﬂralicov, 1967; pg 261).1 'd' o ye f.’ B

1ower f,han Hl at [001-]“ bﬁt which increased rapidly in '.

’fnot expected to'\:rec:[sely equal the frrequencies R 3T

_ in/rig. 21. Qf the seven breakdowrr orbita measure7
ii# this plane, onﬂk Br-and.Bl h‘ve been observed pre-‘ 'i' S

! 1!(5' T S

viously. L o L SRR
o : N - .7 »’.“ "

]
o - IR

T l‘he experimentally measured‘frequencies a.te o

}galculated in the manner dewribed since the elect:ggn S
AN

' / on’ tunneling enplose a slightly /dd.fferent area than

P

cow

'e component arew (Sterk and

J.

anglja, aa shown in' F_g ’M' and the cérre)sponding branch ,
in the (110) ‘plene, n3, i creases only sn"ghtly“jj(riq 15). R

' In cont;ast DM obser\red a freéuency B G(DM:) v that wes 5%

By e

‘ botm planes. G(DM) was incom:ectly ascribed to the

magnetic b:eakdown \‘prbit’;_‘_"‘ l_ -j BJ. ,ﬂ f:!'ﬁ?efhm orbi L _..;,L‘_\ r




5 of ‘the -
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éction’in TXL plaiie of .parts of th
id fourth -zones, ‘shown periodically

_ Cross. séction in TXL

- Mhird:

o Figl 211

fichbreakdown:

magne
and 8.
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e
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gauu using t.ne'
.6". _.'}!‘e dittémnce,
2 7!, is ‘aﬁe\ﬂuj azgnﬁgnan tha d:l.ffemnoen found e

: i.n ‘l‘abla 13, *(3) Fhere, axisé% ehe! \possibility that RN
R ; Hl and L are partp of a single b‘anch, althouq%x.’the o )
'.' " : shaz'p c\frvatur"'thcn u,i,ted a9 is, unuluul. RIN 1'. St

EEE SR

anch-‘ then 1t ia deﬁnitely

v< '*not caulcd by &aqnetic bﬁeakdo\m. S TR
’ a ' L ;' ' B ‘-';‘-‘ IR . L e S <
; “ﬂ S v ‘ et T .

d L In ‘this plane, th7 number of known frequency T
| "'""-"branches hus been doublﬁ and the dqgular dependence . ‘i
“'---of seven ,have been ext’ended' “ B ‘ ) .

N the third ﬁnd sibxth zones were shown ,in 1?19.. 14 Qs i
, reported observing four 6 frequency brahches :l.n the - "
4 _"-':' | :‘engre of the Blane which indicate the dumb-bells R
--fi*'“are not of &irculap'-cmss-sectinnf

Y v
.as

res}plved, but Gg-

~and 6




—The-high—fre y eTH.O) plane B
) f}were shown in‘rig. 15, and'in‘Ttbie llitho angular - e?fi@*\

- "; .. range of branbhee oBserved in these experimenta and ‘",

previoualy are compared. :"”;- ﬂ'~vf$hffﬁg‘ ,'“— f5f".bﬁifff

B The e% orbit was only observed up to 30° from

[110]. and DM reported seeing it weakly between 1o° '“W:ffrf‘””

3 *éhd 20 from [110]. waever, the'deA.work of cs and S ]

) detected this orbit up to 44‘ from [110], suggest- ki?tﬁl;?io
inq that ultrasonic attenuation is a’ less sensitive Zd.eg:xgﬂgﬁf?
ff”ﬁ;i probe for\this pggticular orbit.vb,rfi-ff

' ., S A cut-off o£ e§«was fougF at~70° in aqreement f?”
fﬁzjwith DM and the band s;;uctﬁre calculatlons of Cravenk
R (1969)., The observation of thie orbit to within 20°

;,ft;?r; 5§~[110], and similarly for e (21°), coogkrms that

. ‘A‘eﬁ‘VJ'\ - e O Aatieianis

S .: the neck has a‘more circular shape Ehan.shown i Fig. s

PR [ S

'(]g-fsf;ﬁ The w% orbit was observed in theae experrments

5 i:jQ to be cut bff at 25°

157.~” at m23° Ai 23° the frequency;of5w3 was 5 64§io7 gause,




tin.v
those braébhes with differencea z3° are included. R S s

W,

R

Orbit (i VY I SR

S 0-16

Aﬁgldi are measured in degreea fzqm [001]'-'dﬂi§5;$:’1 A

 This work  oMt® - cs*’] S st

L 43&544'f'5“_ff{ﬁ;ff~ L 0-70-;5'
60-90- - - 70-80° f’_ 46-90 ' ,'.§§;§§f
eam0 Lmee0 . a0 F 0
”’o;zs:1j ._](‘ ofaé‘rff§¢'o;£3{;*;'»”d415;7f i
. SRR e

0-69 . 0-70 ':7,_?0558:,“;mf'p—52"‘ S
\1'4527;'.i "_.at 25

AN . . . - LR . » .
Lo ) o -4‘, R . PR B . _:‘ LR T A

W 2-6l ,_at lo,at 30‘*'T; :‘:,»fJ:.

R T

0330 Do 0m3l - 0-38)

=25 0-11 . . 0=3

To.

Abbreviations for references are found

Angles are extracted frdm the appropr_vte graphs -
~g,ﬂ\_:»~ T T S
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';uhich,aéreesvwith~csis:(fig;'3)'rsluswof-5;7xlbj‘gsuss;l,'fff

BN I BN
e P - . ) i
L - Pt RN Ty [T Gon
w’ NS - H P} .—.dh y
‘. - e K < .
L BRCEN . il Lo . .
e e . P .
RN .
. !
. . ' o,
. Do -
» N Y

.7'

"covering these angles some weeks later. o

Es' Fa

.-/
&

"'”' "-"f'fthese frequencies were not observed by cs or’ SV. .' '.l‘he E_'. '

less convincin'_g. o R SEE

lnlso, the orbit ‘seen by DM appears to have a much -';:'}_‘;Qéff

larger angular dependehce and wal observed past 25"..' -

3 4 LT T e T
T3 T3 | SR :

s )
The two branches wg and wg were obserVud to cut* - .\

| off at 16° wnich is the seme as reported by CS. L ;
. ) ‘: . ) A ".,\" T ,‘ : . .. -..-“ . ‘ ;‘ ‘
' r ‘ . . f: ' ) l | . | e ‘ . | | )
..D ) o ':\';*,/ L e :‘»’“ ' ‘ - : L
o ,\ 7 The collection o‘f detw@ints labelled D had a.
' fS/N v2: to 3 and could not be dismissed as noise.‘ 'rhe - s
point at 72° was cc»bservecl during one experiment ’ while ‘
:_the others were detected during the other experiment o H

e"'.

'I'he unassigned branch F3 was weakly observed

- ae 10° and 30°, end the branch.El at 25° by nu (Fig 3),

ot e+ S S b

. two branches appear to merge at ~28° ,'- although the lack
" Aof data at this particular angle gakes the evxdence '

IR W4

K St * ﬁ
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' ‘with the data measured in theee experiments and shown
in Pig.'15 Possibiy his data at 10‘ and 12‘ are in

'.)‘,

-‘-at [110], compared to the measured frequency of

'"reality part of the frequency branches R an J3

’respectively._ Their assignmentﬂbf G3 (DM) to the!’

magnetic breakdown orbit 2e - 83 is clearly incorrect,*
. ap has already been discussed for the corresponding

"f-orbit in the’ (100) plane.~ o
It is improbable that the weakly observed branch’

'H3 is produced by the magnetic breakdown orbit 284 B3,
’ .o !p v
1whose expected frequency is 9. 05)(107 gauss at [001]

'and 8. 97 XI07 gauss at: 20° (using the experimental

'Gg and eg frequencies). In contrast, 33 =8, 67><107
\gauss at . [001] ‘and- m9 6 xlO7 gauss at 20°" S

to the fourth zoﬁe.v The electrons producing this

branch travel down the-neck and along the ridge of the

vcr0ssed lend’ surface, re-emerging from the opposite
' Tneck,f They then«move across the hole Surface fo the e

neck in the adjacent zone, when viewed 1n the repeated &

a prédicted frequency of 7:8:<101

9. 60 XI07 gauss. uThe large difference between the

l

N

Thé branch 53 ifn almost certainly be assigned

zone scheme Half the orbit is shown in. Fig. 19._liy{"‘.
| A rough calculationgusing Craveh's Eig. 7 yields

g;uss for thlS orbit iﬂibfv
o i&fﬂ.g\l'“
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If'wlnd uloulqud a:on. Aad tho dﬁaupan— ".a-,; o

- - Qa:‘;.uq:cmotn;lnc ‘Eﬁ: ai, ti‘; and‘sg A Z
:r%v «‘,\llliﬂnﬂintl, cqul-t thug the tourth sone’ out!aoes of jli;
| Cravdn'o modnl aro dilmd. ?nuntto;nd prov:loully, '
R ?ﬂ{'npvillorl and de vroom.n (1911) haﬁbdli-o notod : .
| - apgrociahlowdnviaﬁioni o! the aodol 2:6: thoir rqdio y |
o #.qmngy nisé cttoot uuuunont-.,_”, o ga .
.Magn.tic'broakdown at [0011 ‘ » | ’>'_ L
| ' Bxcept fbr 83 and 33, tho alolgnnuﬂtl of fro- | <
, quancy branchen n.nr [001] to bthakdoun orbits hav. ;_.
A been disqnasod in thc section on nagnetic b:oakdown -

j_._:ln the (100) p‘lano. - l‘he expctineﬁtal f:oquenciu '
lf!ascrib.d to braakdown in this plane are given in Table

'15. !l'he propoud breakdown orbi‘t,s and tho:l.r cortespond-
N :Lngquuencius are also gim for couparilon. M.ong

. [00i] the (110) lnd (100) plmn inuruqt and 'com -

o quently the f:equenciu shown 1n thil tablo should be
"-‘rha h:gut diff.cnnc. is 0. 8!.

- fﬂagnet:lc breakdown at [110] =

' 1dentical with those in Tablc 13 ror the (1oo) plane.‘;;wi:;

lugnotic breakdown qccur not only at the e




. | | "r le 15 ,
Comparison :I.n tin o! omrimnul crbquunclu, m.

with the zrcqmnciu', pr Of propond uquotic brnk;
~ down orb:lu (T) for n{ uoom. . -mmo orbitt are cu- o :%
" cuiated from the mlurod values o! e3 and s} fha
. t:equoncy unito are 107 qaun. SR --{-9';; o “
9,”_”“'. - fexp sz B e | §
83 . - 48 as7 . 288 -2cd

C o mt e e
g 41’1'.‘:03" e soob © ;,;}- zd,ﬁ.‘ Y
I mae Tmas 8 -‘katf';.,*'f' if
R T ) - 13627 “"AB’; 283 LR ,
83’ o 1668 < ‘,i'q.:zb" "zs3+ zcg-;e; o b
et 1327 S -;19&‘23;: 388 - 25; ' '
; - 83:

4 61,

B 193 2037 3

At 10‘ fron [0011 d.n the (110) plm.. L e

’_"b;, At 3° from [oon :I.n'tho (uo) plm




" .' .";\"1'19. 22° alonq vith the orbﬂ:s 6 aud e . In 1'19- 22 “
iiﬁ .f:ﬁﬁe two non-equtvalenc breakdownxjumctﬁpnd A.and B i
"‘arer shm X 'ro juut:lty auigninq the frequelwf" t“

I - ;rma9negac breakdcwn orbitl. thc meaaured frequenciesp.aqra‘nﬁf:

_ _ y‘the proposcd—breakdcwn orbitl, and their correlpondinq 1¥f;;ﬂ
| w‘“frequenciel have been qathered 1nto Table 16. Only e
L 63 has prev:l.cualy been cblerved (frequency M by Du and
LK bysw._if‘ﬁ A T o
E }1”'7 . The. two orbitc 83 and 83 c&n be ccnetructed b
" from’) breakdcwn occurring juﬂt at Az, however, electronu
must tunnel thrcugh at’ both A i"u B to produce thie i
'7;81 and 83 orbita.: Theee.experimeuta repreeent the : ?
“b;'firat observation of breakdown at the B junction..4f -
| ﬂrhe breakdown probabilitiea at h and B are f‘;Q
e esti.matad :l.n sec. 7.4. sl e

- ¢
*

(oo;z 2,1_.2‘_1_"9_;.';;"

' - The frequency branch 62 vae cbaerved by CS but
v',not detected in these experiments, and "2' reported
by cs, oould not be ‘resolved from the w% brancb. A11

BRI <‘other frequenciea were meaaured, tuo being extended.. " g
r;ﬂ;fgfgcrive acw brancbee were~£oﬁnd _f}fjww-wwwkw~»u~~cw¥¥~~w~w"f§
o -

: ,'z.

L The branch 12 wac cbaerved from [1001 (at 5°)
. to :l.te cut-off at 10* ,'fz;gé e(ug.

3) reported-obaervihg

———m




B T

SRR Flg 22.' cross-sectional view of magnetlc breakdown o
AL L R orbits when H||[110]’. A




.:':. fComm:I.son 1n t:ll: of

!l'able 16 Lo 5
;riuntal fnquanciu { !

with. the f;dah-ncicu'z ‘of'gzopo--a magnltic b[’ak-

: dbwn orbita T for Hlllllol.,

wh.wuﬂarbius are cal-'-"'

e,

orbit. . f'

exp

2 0 2007,

", . tsst

P

A .8 8“ o

V- .

G

‘4,16

' .frequency un:l.to aro 107 guun.

2,08

2,29

4.50T

tow

St At 6§°‘£rom‘tobll_inuﬁng.}11oi 91¢n¢;,;f

| Vo 7563 + o 25 3.

'v163 +\83

'I'culatod trom the mnurcd ypﬁﬁn of 63 and s3 and the

v

A

".05634-05:3‘

1,

f‘ao 25 5§ + 0. 75 e3 T

1
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LR K

rt e',o “x.i-_z';;.@ﬁut} did riot ‘detect a quteoff., o]

tho ‘2 orbif wud\moaourod to vithin 11' of

g

L 1when tho rermi surfaoo is viewod 1n tho :opeatod zoneﬂ»'

' fucolloction aystom. )

'Vf,[1101 whilo cs oboorvod it a furthor 5¢, "j‘v,ftxggg'gf"

: 52 '\\ ;
L The continuation of €

1s eg. As proviously discussod, tho froquoncy is f}fi“
'asaignod to the otbit travolling through four neckl '

§‘ fnun ‘the (110) plano

-ochemo oo _.__;, f J fg,“; e o
, o Thp amall numbor of data points for e between Ce
'~ [110] ‘and “6° was due to an accidont with tho data

'5,u.gnat1c breakdown at [1101 N -;‘jjf" )

o ‘The four branches in this plane asoigned to ;, R
_t'omagnetic breakdown ara a continuation of ftoquencies .fitf‘L f
vu'tfwhich havo alroady beon discuasod in tho aootion on :;giff{it;
‘j:f}magnetic:greaxdawn in ‘the (110} pian°-,¢__f',o' lar T
ﬁt;fdapendonce of tho orbit Bz ha. boan ;'w;i.o:fi Q;ﬁ;fﬁ\




"f';fﬂﬁf"“ mho cyclotron offootivo mqsiqp prolontod 1n *fm
Tablos & to 7 havu not prov;pusly boon moa-urod usinq

':i- vzagen£é~aﬁtﬁﬂu‘t£° } ; ]J’. ;,' . :‘ f)*t, “‘. %fii%ff
by‘ any mothod. o 'l!hxoughout th:l.- noot:l.o‘n‘, prov:l.oua :l.nves-
tigations will not be :ufofonogd diroctly slnco this  ,.‘ ' 
1nformation haa boen. 1noludod in. Tabloo 4 to 7.5»= . 1" 4
s chlotron ro-onanco pxovidoo an- altarnate mothod
for accurately moasnring tho cyclotron efchtiva maases.Vjﬁ*l
Unfortunately, the o:bit oorrosponding to a particultr :

o mass can only bo doducod indirootly.u This makes com-'_?_?f'.@

I :5‘.‘” parison with maasos detorminod by the tomporature e

. “_') difficilt .

’dopendonoo of quantum osoillationl (ﬂl

~and uncertain. Evon worse, cYclotron 'onance measuresfﬂk?{ﬁ

......

: . the mﬂBB (m -'ﬁz(aS/an)/zn from.Bq.,z 8)_at an extremumﬁfiogf
5\\'f':i¢ value of the darivativo 33/33 (Chambors, 1968) while the;il;““
B TDQd\;Ehsuromenta qoo'orbits of oxtrumal aroa; except On51*~3”

.Hze

}“ﬁ icentral sections thesa maasos will not no:mally coincide
“For. theao reapona the masses aro not eonparad with the ‘effﬂ

-?;&.f';i cyclotron reaonance mnaaurenontq of Khaikin (1962) and
‘;Zv‘n Niouvstadt and do v:oononi(1967). ﬁ;; R

s

' &Vﬁ?falong [001]

’ ‘uithin exporimentatiih by



' v:.:': 5 J.init.. vu:h thc valucb_ ,port-d» by ptavmu
“ﬁﬁiﬁori u.inq othor tnchniqéﬁl'ffff_. o :the *
‘nfvulugi for ei uni high (o 59),'£h‘g_vnrage 1u.£n

“"i agream-nt~w1tn pruviqully rnportod v&lucl.t35:&g=;" 

”'Tmodiate frequancy mqauuxcnents; tha SIN 1n the high

'*,EAIthough the uncertainty 1n tha mansuremant wac quite

EE rinkelstein (1974) for this particular mass, the dis— /7f@,gf

“.?'are substantially different.‘ Unloss an error of a

'}a_~factor of two hau crept into the calculatiansfbf

uv.é}epancy is unexﬁ&ained.‘_’ﬂ '

.:}“;in Table 5.“ The r% and 62 masses agraeawith pr liously Qrili
_':{reported valuas, but the mansea of both “2 ana 52 are
#fhigh~wﬂit shouid he tumnmberednﬁﬁ!tfﬁ1? ””“‘“”‘ not’

The Z mati was d‘tozninad only £:om the intc:-

frequcncy traeeu wa- too 1aw to aliaw avnluatian._5n ;

large (t25§), the discrapancy with praviou:ly :uported

' ;rvaluas is avan gruater. fﬂ,5y~;,  ; A.Q;;% ;‘;;,a‘n}'ﬁ_;fegfff

The tuo sepqrate evaluations of tha ;: masg' fﬁ?V: SO

’;7which agree to nithin 6!, and previously neported valueaf:”}n;

lon 00'7 "‘5fﬂ

The m"’e' for ﬁ parallel t"[100] ue:e presented?if{‘;

1

17§5resolvad in the.e experinent_;”conseqnently, .

515 1n xable 5 18 an ave:age fram”the tuo orbit'




were p e-ented 1n Tablo 6. ronr now'hasaQ: were n

\iured,

and tha others axu.in agraomnnt with those
:eportcd by previons invustigationg,ff :%;~‘. .

'.\;\f»-'” several affactivgﬁmanses wezd measured wha”

~ the magnetic field was at 2&' and 7‘ fram [110] 1j

(110) plqne; thene wore prasentad in Table 7. On

the ﬁg masb ahows a strong dspendence with’angle.

N A




_fthdsﬂacf. that qznso (sec. 4 1 2). If n |
' o [001], a w:?]l\ be the ume in both Sn 2

_t° Eq-' 9: '1!100 qpk - 0.‘ However, o
e f:i.m thiﬂ- APparently the electron-phonon interact:l.on E Q. -
\has not beeh 1ncluded adequately 1n Eq. 2 s, and as .

'-.’-;;plltudes Var:led with temperature as pred:lcted by Eq._ : "-' g
- 28 and the‘ ca:fculated masses agreed v(in,most casea)




magnttﬁde when g approachee, perpendicularity with

L j.'l;l_{ chang,e of. 1ees than a factor ot five was observ’ed.',.

_ __ Thie method of cﬁecki g .the qzz dependence of
L :l.e lees certain than that'

the di:qection of n :Ls changed. 'l'heref.ore the orbite

"'ed in Sec. 7 3. 1 becausel-":-‘;; ot

sample different parts_ of the rerm'ibeurface and eevera].

of etates I (Er'q’ 'o_ 'z

ture S'(BF, j) are expected to change ae the f:l.eld

R :4:_» .of magnitude

o ,V is rotated; however, a variationiapproaching two orders

\l

unukeiy. Aleo, Penton and WOoda (1966)

reported

), rj, m’ j' and the eurface cnrva-',;.}

at‘ attenuation "o "'illations :l.n zinc and: o



"i:fiture calculations.g It is evidentlfrcmfrig. 22 that
'”ff”many breakdown orbits associated with the basic orbits;;g

- ¢} and & are’ possible die to tuﬂheling;at_tuo_distihcgﬁﬂ; i

:'”i'points (A and B) in the Brillouin zone. ff;; rfiiﬁf;;;f;.}fgﬁ;

B Fourier analysis technique used in.these experiments;

LR The conventional method for determining the e&;¢f}f;}&f
":breakdown field B (eg._2 12) was ‘ot applied here.ifﬂf;;j?-,;
for two reasonss (1) it is not compatible with the i; ,Ef ‘h@i
A i(b) it does not accurately determine “large' values of
VJH such as will be shoyn to occur for B.a,jf”f '”Vyjk"~i;i:;£
‘ Another method wss devised which took advantage/
“:jof the multiplicity of orbits obserVed This‘hade i; _
llgpossible to set'up simultaneous equations covering all int

,;possible ways of generating the Various orbits ffbm »

hfcfsub-sections of the basic orbits multiplied by the

:Eki*a check on the method..

f'tunnelinq Probabilities. It turned out that there areAi?fgﬂﬁﬁ
':;four unknowns ‘and. five usable orbit amplitudes given :;Er
ﬁlin Table 17, leaving sufficient redundancy to act i’

The amplitudee of four orbits were calculatqd”:

affiusing Bq. 2 8 and the magnetic“breakdbwn damping factor o e

| 'VQ;(Chambexs, 1966)

n’ - Dlpl"lql “"“"




.;]fnxperimental oscillation amplitu
f;¢somn bruakdoWh o;bits and-the two baaic gxbits qpen
’ Hlll1101 frcm,the_twnﬁsets_of_measuremehts—used*£”“'

‘:‘- . .
s .,...

Table 17 \Lv"“

PR s
L s

“afﬂcalculation.of the braakdown fields (HA H ). Experi—;
a mental amplitudes foi some breakddwn orbita#{and u%)
ﬂ}; when HI[[OOI] are 1ncluded-under u 1 an d the S/N is

A
’ : : e «

}i v i

'f:*'“".“. --yﬁ°?’?‘t‘:r SLSEE SMH 02 S/N(a ).

RN £ 51} IR ;]~]b‘ozo'~ f1Qi;2a:“f'7fo 015 7’§u3.,

: 9 & - -. 0.021 ‘ ' : . f;ffs.:‘", "‘.

- -Ti

deq a 1 and a 2 in db ot't

 @¢




N

7”6rblt.. The degeneraoy £actor, D, repreeente the
: Srinsushited v

"D

'f:number of distinct orbite o£ tH@ seme erea end p,q

:are the breakdown and reflection prohebility amplitudee," fj

feleotron travelling on one quarter of the 53 or 63

reepectively. It is aeeumed in my enelyeis that an
1 1

0.

7orbits prodhce characterietio abeorptlone “e or “6'

;'reepectlvely. By including all faotore ‘of Eq. 2 8 1n

“e and “6 except m and R, which both depend on theif;il:?;

complete orbit, the oscillation amplltude can be sim—

f"plified to - l-; e e

,f“f,nmza R U

. where ZqQ repreaents the number of quarter orbits of

| ,6% and e required For example, ta - 4“6 for 6%

,'fand Za = °6 +a3a for 83 as, ehown in Pigdl 22.a._.“37i7t7'b-vv

;ﬂand e3

The theoretical amplitudes o of sl 1, sl, 33,: o
1i.

d aﬁ' ae' PA and PB evaluatedf"“where Pb and P are
»the Pr°bab111tieﬂt9f breakdown at’ A end B. The results
. .were PA e 0 6 and Pﬁ - 0 °1J whic* from Eq. 2‘ 11 glves”""" "

were equated to the«experimental valuee at [110]ff[ft7




s St e T

. A AT I RN
o i 'I'ha analysié waa also appliéd to :Qmilar R R
T -~ R .;.’.' ‘f““_"f
L ] measuramonts” ohta:lrned dur.i.ng anot:her qxpariment.;, g el
" 'rhe probabilities obtained f;oxh she ne\y_ data wore ,,'-"".'j- ﬁ_':
. ' PA = 0, 4 and PB ‘- 0 003, cor,rosponding. to HA - 76 KG&SN

and nB - 480 xctaoe with.a6 uncnanqed and o ,a faq;or ;;3‘;;
df two: smalls_r. p '.l‘he pradictiom for the redundant i ‘
B .orbit amplitude ga\rs exoepti.@nany good aqréemem: with'

experiment. ;~-'-"' W T ~_..~'f e T e "'»'f'é' \ ,»’
R Tt i;s recognd.ud that for a tnethod °§ such »
no; lty two 'sats of ngasuremenf:s are insufticiﬂnt and - ’

.fﬁ“ .

fur' her work is necessary ts i‘éﬁuce the e:tors., | '"Anotha- o

SN

E

f’A " combination of orbits wamdstected alon‘a [001] emd ot ‘
S T SRt

P r:ould be analysed in a simd.lar,, though mdrs co‘inplgx A ..‘-‘._:? .

manner. Somo o£ thess«amplitudes are also given :I.n “ ;
- v» . ..?‘»‘W. ‘.'

Table 357., The amylitudes of some of the 1ar9en,orbits

_ areﬁ at. first s:lght, too 1arge but thisﬁ :l.s Probab].y
B Ll L e
expl:l.cabie ‘by the largs value of-D. __' ;.',:' ;4,»;,-;. S

- .

: @ j Although t:he analysi.s is provisional, it does
make poss.tble est:l.mates for °the breakdown iields at

e o both junct:l.ons.,g; The 1arge dj,fference I‘? determinea..f-_;.:’..

fm the two "t‘ °f ‘htﬂ m!‘ ~indicate* i.tsr oritica]: o
dependencg on angle. A 'rhe othsr fiold, nA ig much iarger
S ‘l:han the brsakdown ﬁ.eld of 8 KG (Barklie and Pippard' o
’=3}L4;11970flde,:rm1ned for.the same junction but with o o




e (1969) is used to assigu the neasured £¥equsneies to
. .r particular orbits. This model supposes a tull first

'-u.f“; and an empty fourth zone. The second sohe contains

PN

LA ders jotned 1nto a square loop by small necks, &8 8h°“n

T ,a,.. in Fig'qé - o .'. ‘
D o Lo < -, '.‘.__f_‘;'L l' .

No hiqh frequencies~ re detected that could be

-

But lower frequencies were observed, as presented in
vf?Figs. 17 and 18, and these are ascribed to the third

Zone arms: the orbits have been drawn on. the mode%kfh

"EFig. 23.w The frequencies measured in these experiﬁhnts*

~u7f a large hole surface and,the third. zone has £our cylin-ig’-l'

. i€953‘ attributed tqhthe Jarge ho: surface in the. second zone.;; o

. -.at both [100] qu [110] and displayed in Table 11 agree R

-j.with the values found by previous investigators...i 'il

' Both Bl and 84 have heen observed to gneater i

7 ”ffangles than previously.d In the (100) plane, sf was _

i;f'f i;extended 18° ﬁo 76’ froﬁ [100] and Bz was’ extenged 1o¥°

o to 40.5° ih the (001) plane The frequencies measured
" .-at these angles are iucluded in Table 11 ~_ v
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i ¥
f". o

v;Model of the Fermi surfaéé 1n 1ndium accerdl 3
to Hughes and: Shepherd (1969)' (a) second" '

zone holés,_(b) ‘third zone: electrons.. Orblts

et
f.‘,. :
‘

D= T @ L Te L

s
3

_;_corresponding to extremal cross’ ectlons are ~f%'~”
.mshown.-zuAf”‘ T R e ’



' 'fwo ﬁow frequencies were detected; at 16° ‘, ' N '_ \
in- the (001) plane and 53° in the uoo) ‘plane. + Both ER

‘,have heeh aasigned to orbits around the co?mecting

L "‘necks. . Thes&orbits are drawn on the model in Flg. 23,
@ -'and from Table ll the frequencies agree with prevrously
reported values. Ll B o :

l. : s s BT i . . : .
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CONCLUSIONS

': A simple method has been devised for rotating

a sample about two perpendicular axes while at operat—flau} fﬁ“
‘" ing t temperatures.; This allowed the specimen to be f“ﬁﬂ '
faligned in" situ using the symmetry of the Fermi surface. i'ﬂf;iéQ
.vThe manufacture of tin samples by the Bridgman technique 5hf.:h
:was found to give specimens of adequate perfection with |
.Kffa minimum of effort.dx:;ﬂ':ffflﬁ"f \ih‘ _“'_' v ."‘
4 | The method of digital Fourier analysis has proved
“‘;to be a poﬁerful tool the extraction of frequencies jiLa
: ‘from the oscillatory ‘enuationf In addition, G
atiprocedure for the accurate-calculation of effective
; masses from the Four~ier transform was developed which ﬁ

should find general application ':'.i*h~“

These e&periments have provided much additionaldfuf?ﬁ
.:,information about the Fermi surface properties of tin.iﬂf?f,
;’The new frequency branches presented in Fig..ll-almost;;l?f

va'idouble the number knownq; In addition, the angular _;:;.;‘

’ftextended, and in several cases new cut-offsfobserved'Iﬁjxaaf'

VN

o Cyclotron effective masses in tin were det_rfl f7

fmined for two-thirds of the orbits, including several

'r“new ones, along the threerprincipal axes.“*The massesfff”iq.

. b




Llas

*751\‘“ of four orbits were measured off'axi (injﬁﬁélkiiOYf

plane near [110]). T:ﬁ’i R RERCY
P In tin severai differen%es were noted between

the amplitudes Qnd angul&r ranges of the oscillations

%ﬁir““i» ohserved in the present experiments and.those deter-f~ e

mined with the deA effect These differences provide f?,fal
further evidence 'wjt the two methods are complementaryl o -

g ’f rather gpan tompetitive.

.-

' The many new, unasSignable frequenCies disclosed*

in these experiments suggest that the Fermi surface

"is more complex than Craven s model ,ﬁt.“ff~l*'v
e
Nine new orbits resulting from the magnetic

-

"_*" breakdown of electrons across small forbidden regions

have been observed.f Their oscillation amplitudes werevf;”"J

%'.'i'j used to estimate the breakdown field at the two non- wﬁ‘ifﬁh'
equiValent tunneling junctions,_bne of which had not
been detected preViously.. It was observed that the ﬁﬂfd“"b”

amplitudes of breakdown orbits along [110] were not

‘hglas reproducible as non-breakdown orbits. This is

. ey F
Ep
» .

probably due tb-thenlarger dependence of amplitude onf;E;““

L -~the\direction of the field, ng;edsfor these orbits, ff*"ih’

combined with the difficulty of setting angles exactl"

u«The unexpectedly large amplitudes of”:ome breakdown,;a;y

orbitsjnear [0011 are explained bylthe 1arge number of.

ways of generating thosebgrbits (degeneracy).




fin both planes inVestigated a. frequency from the
! -“h:-

small Ferm1 surface neck was detected."‘~ '

Jeioe W
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White (metallic) tin crystallizes in.the hody-*ue

"hf symmetric PH line lies along [001]. The latticefftrf“A" .

PR
P .

entred tetragonal lattice structure with a basis of f;;ijf]?;r-n
two atoms per lattice site.\ The positions of r x, f"n‘ e
L,land H in the Brillouin zone are shown in Fig. 19.:f?fﬁki"

The two—fold symmetric rL and rx lines are alongff‘*‘f
[100] and [110], respectively, and the four-foldwf;.'

constants, extrapolated to OK, are c = 3 15 ﬁ along
[0011 and a = 5 ao ES along [1001 (Weisz, 1966)._f_ul'"
White tin is the only material with this lattice
structure at normal temperatures and pressures.if{fiu"

Indium crystallizes in the faceecentred te%ra— ah”
.:. . B ‘v.

gonal 1attice structure with lattice constants a

4 56 ﬁ and c = 4 93 K at 4 K (Hughes and Shepherd,

1969).L The axial ratio c/af= 1 08 indicat"

.two-fold symmetry aboutmthe [lOOLf:!ﬂJ

structure.i There is

and [110] axes and four—fold symmetry about [0011‘§;‘3;f5§



.‘-;“Definlﬁdons of Crystallog phlc Planes and Cut-off of

RN O []ﬁ*lfqaéPENnIx-zvi,,}lz;;'g;*7

\

~

'V_an Orbit *5'-1:'. ﬁf‘-~- ~{-"f‘ i ﬁ_fn ~F"T L

- i:and the (001) plane by [1001 and [1101 Orblts. areas.
.;ltf:defined by an orblt is parallel to H.

‘lllsmall angie (m3°) to the p01nt at wh;ch-they could no
"f<h“1onger be detected The decrease was attr;buted to\a

'Zb'jcut—off of" the Ferml surface orblt producxng the osc11

fhﬁ For the results described 1n this thesis, ﬁchas
"}3constrained to be in.one of ts; three principal crys-
.“_tallographic planes. When reference to the (lOO) ‘“
| fgplane is made this 1ndicates that H was in the plane i
defified by the two crystal axes, (100j and [001;, _'='
“similarly the (110) plane 1s defined by [110] and [OOl]

Tor masses are Specifled w1th respect to: the axxs of H,_,

"and therefore the normal tp the crossfgectional aredpi»'h

In these experlments several Ferml.surface fre- .

.’quenc1es were observed to decrease rapldly w1th1n a

4

"a-_,

.-1pglations.~ SinCe the dependence on angle of the frequenl;f.v

j?fcies was-measured at dlSCIEte intervals, the cﬁt-off -
N \- 0 ‘

’**y%9wds determined'by plotting the 0801llat10n amplltudes, ;fff,v“__ﬁ

e'“'fifas a function of angle. The partlcular angle at WhICh

v?b(the extrapolation of the rapldly decreaszng amplltuﬁes

'“gfffhad a signal—to-noise ratio of untty Was deflned as the




