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ABSTRACT

The Fermi surface of indium was investigated using the Doppler-

shifted acoustic cyclotron resonance method. The measurements are

sensitive to small changes in the shape of the Fermi surface and,

hence, are a good measure of the deviations of the Fermi surface from

the free—electron model.

The attenuation of short pulses of longitudinal sound, with a

frequency between 100 MHz and 300 MHz, in single crystal indium was

measured in the presence of a varying r~tagnetic field. Values of the

magnetic field at which peaks in the acoustic absorption were observed

are related to the rate of change of the area of the cross section of

the Fermi surface normal to the magnetic field with respect to the

component of the electron wave-vector parallel to the magnetic field.

The shape of the Fermi surface of indium in the third Brillouin

zone is in question. Most investigators have not observed the cL-arms

of the Fermi surface in the third zone predicted by the free—electron

model. As a consequence, the existance of the a—arms has been consid—

—~
ered doubtful. However, the observations of this investigation can be

interpretated consistently only if the a—arms are assumed to exist.
I. ’

A limited investigation was made of the dependence of the heights

4 of the absorption resonance peaks on temperature, magnetic field and

sonic wave number. The results of these measurements await the develop-

ment of a general theory of Doppler—shifted acoustic cyclotron resonance

~~ 

for comparison with theoretical predictions.

___________________ __________________- _____________ -—
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— CHAPTER I

INT~~~DU CT ION

Invest igations of the Fermi surface of metals have become an active

area of research over the past several years. These studies are im-

portant since nost of the electronic properties of a metal are related

to the topology of the Fermi surface . A reason for this is that the

conduction electrons that participate in electronic processes , in

general , reside on or near the Fermi surface. The crystalline ani-

stropy in the electronic properties of metals is related to the an!—

stropy of the Fermi surface and the electron effective masses and

velocities are directly related to the topology of the Fermi surface .

The Fermi surface is used in the explanation of several experi-

mentally observed effects such as the de Haas-van Alphen oscillations

in the magnet ic  susceptibility, the Sondheimer oscillations in the

magnetoresistance, and various types of magnetoacoustic e f f e c t s .

Conversely , these effects can be used as ef fective tools in gauging

the Fermi surface . For example, the de Haas-van Aiphen effect and

magnetoacoustic quantum oscillation measurements yield areas of

extremal cross section of the Fermi surface and the low field magneto-

acoustic effect yields extremal radii.

Another type of magnetoacoustic measurement , called Doppler-

shifted acoustic cyclotron resonance (DSACR) , can be used to measure

the extremal values of the derivative of the cross-sectiona]. area of

,1
the Fermi surface with respect to the component of the electron wave-

-p
- vector in the direction of H. This method providE.s additional

- ~~~~~~~~~~~~~~~~~~~~~~~ 
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2

information about the topology of the Fermi surface which , in general ,

is more sensitive to small changes than that provided by other

methods. DSACR measurements complement other types of measurement of

the Fermi surface.

I t  is the purpose of this thesis to use DSACR to explore the Fermi

surface of indium . A limited investigation of the effect of some ex-

perimental parameters on the acoustic absorption peaks due to DSACR is

also done.

Indium was chosen for this investigation fox two reasons. Indium

is available in pure, single-crystal form and there has been a lack

of agreement between various sets of reported data and several explana-

tions offered for the marked deviations from the free—electron pre-

dictions. It is hoped that the additional measurements reported in the

thesis will contribute to a resolution of these differences.

~~

• (A 

_ _ _   

_ _ _-b :- 
~~~~~~~~~~~~~~~ 



CHAPTER II

THEORY

A theory of Doppler-shifted acoustic cyclotron resonances has been

given by several authors.
14  

The theory is not reproduced here . In-

stead , the resonance condition is derived in terms of the free—electron

model and a physical picture of DSACR is presented. The resonance

condition derived here is the same as that of the detailed theory.

Consider the motion of a free electron in the presence of a

magnetic field along the z-direction. The Schr~dinger equation is

-p 2
1 1~V e

• ~—r ç
~
— — — A 4a(x,y,z) — C

A~
4)(X.Y,Z) (1)

where e is the electronic charge, m* is the effective mass of the

electron which is , in general , a tensor

-p
1 1 ~~c(k) (2)
1 ,)  i j

-p
and A is the vcctor potential , (O ,Hx ,O). The Schrodinger equation can

~
- t

be solved easily yielding an electron motion in the x—y plane with

quantized energy levels , called Landau levels , given by

4~~k 2

£ A (k z ) — (A + l/2)4~~ + ~~~~~~~ , (3)

where A — 0,1,2,

The f i rst term on the right side of Equation (3) is the cyclotron

energy, where

4  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

______  

—--‘~~~~~~~~~~~~~ - -~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~ -



4

eH
(4)c in c

C

is the cyclotron angular frequency . For a spherical Fermi surface , the

cyclotron mass , — m~ . However, for a general Fermi surface , m * is

not constant around the cyclotron orbit and in is defined by Equation

(4 ) .

Consider the case where an electron in the presence of a magnetic

field changes Landau levels; i.e., A in Equation (3) changes upon the

-p
absorption of a phonon with a wave vector q. The conservation of

energy and linear momentum in the direction of the magnetic field is

expressed by

~~2 2n k  2
(A + l/2)hw 

2~~~ 
+~~iw (A f l/2)Th~ ~~~~~~~~~ 

(k~ 1- q ) 2 (5)

where A is the phonon angular frequency and q the component of q in

the z-direction . Equation (5) is reducible to

n~ + w— ~
1r q

2 + k q  , (6)

where n — A
f 

— A . . For the highest son ic frequency used ( 300 MHz ),

q — u/v — 3.27X 10 3 cm~~ . The radius of the free—electron sphere in

reciprocal space , k is - 10 bc1n~
l . Therefore , for values of k such

that k~ ~ k q
~
,

F~~
5 term in q2 on the r ight hand side of Equation

(6) may be neglected compared to the term in k q .  Then, using the

relation v — —r k , we findz in z

a + w - v q  . ( 7)
C Z Z

I
- — - -



5

If the angle between H and q is 0 , then q = q cos €3 so that

V
• 

n~ — v q cos €3 - — w —~~ cos 0 - 1 , (8)
C Z V

5

where v is the sonic velocity appropriate to the direction of q.

Introducing u ff .

I
w = w  —~~cos f j — l  , (9)ef f  v

5

the condition of absorption is

W nw (10)ef f  c

which is of the form for normal cyclotron resonance. Note that W f f
is tIeDoppler-shifted sonic frequency seen in a reference frame moving

with a speed v parallel to ~~; thus the name Doppler-shifted acoustic

cyclotron resonance . Substituting eR/in c in Equation (10) and

noting that v lO cnl/sec while v lO 5cm/sec so that —
~~ cos 0 >> 1

if 0 does not approach ff12, the resonance condition is closely

approxima ted by

1— n  
ev 

(11)
H c(m~~~ ) w cos O

F’ C s

‘I -

Here, v has been replaced by v , the average value of v~ around the

cyclotron orbit, since, in general , v is not constant around the
z

orbit.

a The resonance condition is related to the topology of the Fermi

surface through the product in ; . consider the intersections of

-- _ _



6

f ’ planes normal to H at k and at (k + 6 k )  with a general Fermi surface

as shown in Figure 1. Both intersections correspond to electron orbits

on the Fermi surface in reciprocal space with the Fermi energy , CF .

The point ~ ~n the orbit in the k equals a constan t plane ~.s

translated to the point P’ on the orbit in the (k + 6k
5
) equals a

constant plane by 6i~ . 6i~ can be described by comPonent: 
~~n normal to

the orbit in k-space , 6k
~ tangential to the orbit and 6k in the

direction as shown in Figure 1. Since the energy corresponding to both

orbits is the same, the change in ene~~~~y,  6c — ~~. Then ~~~~~~~ Lh~~L

(ac/ak.) = 1w, and v~ = 0, since the electron velocity is normal to the

orbits in reciprocal space, we can write

= 

(~~~~} 
6k~ + 

~~~~ 

6k + 6k = 0 (12)

or

1w 6k + 4 iv &~ — o  - (13)n n z z

Using the Lorentz Force equation ,

-p
dk

(14)

j where — (O ,O ,H) and k~ is the component of perpendicular to

• I to eliminate v in Equation ( 13) , we find

6k + lw 6k — 0  . (15)
H’ - - eH L fl ~ Z

a 
_ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _

- 
. 

- 
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- 
Now take a time integral around the orbit:

v d t  + ~~~~~ ~ 6k k~ dt 0 (16)

and note that

v d t  — !.; (17)

and

eH— —  . (18)c m c
C

In Figure 1 it can be seen that dk
~ is in the kr

_direction so that

6A 6k dk
~ 

— 
~ 
6k~~~ dt (19)

where 6A is the difference in the area enclosed by the orbits in the

planes perpendicular to H through k and k + 6k . Substituting Equa-

tions (17), (18) and (19) into Equation (16) one has

2 1rm~~ — 
~~ 

(20)

or
-

4 ~

~~~~~; —~ F~R , (21)C S

;~ where

3A( l ç )
R E ~~~ - 

~~ 
. (22)

S

ii 
_ _ _ _ _ _ _ _ _  _  _ _ __ _ _ _ _ _ _ _ _ _ _  

- 
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9

Substituting into Equation (11) we f inal ly  arrive at the desired

resonance condition

ev
1 s— — n  . (23 )H 1~cwR cos 0

The changing of Landau levels by an electron may be viewed as

resulting from a perturbation by the sonic wave. The interaction arises

from the induced electric field associated with the sonic wave and the

deformation of the Fermi surface resulting from the compression and

rarefaction of the ion cores. The perturbating potential , U(r,t), seen

by the moving electrons may be written

- iu  t-p effU ( r ,t) — u ( r ) e  , (24)

where 
~e f f  is the effective angular frequency defined by Equation (9).

• Then, using first-order time-dependent perturbation theory, the prob-

ability that an electron in state at time 0 will be in state i~
’>

at time t is

- 
4t’~~~ ’I

2 

sin 2 ~~~ 
- We f f ) 

~ , (25 )
4

~ 

(c~~~~j~ — Wef& 
2 2

where ~~~~ is the matrix element <~~‘I u ( i~)~~~> and is the energy

dif ference in the Landau levels of states Ii~
’> and . I a ~

,(t) I
is sharply peaked when W

ecf 
— which corresponds to the absorption

• condition expressed in Equation (9). The transition probability per

unit time when u) — W-~,
- iseff  k k

_ _ _ _ _ _ _ _  
- -- 

—~~~~~~~~~~~
.

- 
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TI 
~~~~~~~~~~ ~(c) , (26)

where J ( c )  is the energy density of states at k’

Consider first the interaction due to the induced oscillating

-p
electr ic  f ie ld .  For longitudinal soun d with q in the z—direction , the

fo rce on the electron due to the induced field is al so in the z—direc-

tion. The energy of an electron in a magnetic field H — Hz on the

Fermi surface is

— c + 
~ 

, (27 )

where

4~
2 k 2

L A 
— ( A  + l/2)’~1W and c

~ 
= 

~
— . (28 )

If the f requency of the induced force as seen by an electron

moving on a cyclotron orbit matches the variational frequency of V

of the electron around the cyclotron orbit, which is w , or sw for
C C

an orbit of s-fold symmetry, the cyclotron motion of the electron is

in phase with the oscillating perturbing potential arising from the

sonic wave . This perturbation causes electrons to change their Landau

levels and absorb sonic energy . For metals and for sonic frequencies

well, below the electron plasma frequency, which is typically the order

of 10 16 H z for metal s , the electrons follow the motion of the ion cores

closely so the induced electric field is weak . It is not expected

then that the interaction of the conduction electrons with the in-

duced electric field of longitudinally polarized soun d will be the

dominant interaction for DSACR in indium.

- _ -_ ___~ __i______~___ _ _ _ _ ---

~~~~~~~--- -- ~
•I
~~I~~~~~~~~ -- - -ii -— -
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It  is expected that fo r longitudinal soun d the deformation of the

Fermi surface is the dominant source of interact ion . As the sonic wave
- 

travels throug - the cry sta l , there is a periodic deformation of the

Fermi surface . An -otron experiences deformation of the Fermi surface

with a frequency Cu f f  defined by Equa tion (9) . The magnitude of the

deformation is dependent on the “deformation potentials” for the Fermi

surface. The deformation corresponds to a change in the cyclotron mass,

in , which occurs with a frequency We f f • The cyclotron m otion of the

electrons is perturbed (Equation (24)] and there is a periodic change

in energy of the Landau levels.

For absorption of energy from the sonic pulse by reason of either

type of perturbation , the condition of Equation (23) must be met. For

any value of R on the Fermi surface, there is an appropriate value of

magnetic field , H , for which absorption can occur. A peak in the ab-

sorption is expected when a large number of electrons have the same

value of R and satisfy Equation (23). The location of the peak s in
/

H determines the value of R for these electrons through Equation (23) .

Fig~ire 2 shows a plot of R vs k for a hypothetical Fermi surface.

R is nearly constant over a comparatively large range of k between

(2) (3) -
and k . Since a large area of the Fermi surface and , hence ,

a large nt~nber of electrons have nearly the same value of R, an

absorption peak is expected. It has been found experimentally that

the amplitude of these absorption peaks is small compared to the type

that occurs when aP/ak 5 equals zero. M sorption peaks of the former

type were not observed in this investigation.

r:—~~~
-
~ ~~~~~~~ _ _ _ _ _ _ _ _
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Figure 2. A plot of R vg. k for a hypothetical Fermi surface.
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The absorption peaks observed arise because 
~

A (k
~
)/ak

5 
has ~1r

extremal value . This corresponds to k = k~~~~ in Figure 2. It can

- be shown that in a narrow range 
~~~~ 

a large number of cyclotron

orb i t s  lie on the Fermi surface  compared to the number in the same L~k

at non-extremal points .

For the cyclotron period we have

T — ~~~~~=~~~~~dt , (29)

where the integral is taken around the cyclotron orbit. Using the

Lorentz for ce equation (Equation (14))

(30)eHv t
- n

where V is the component of the electron velocity normal to H, and

dk •~ is the direction tangential to the cyclotron orbit in k-space in

the plane k = constant.

Then from Equations (29)  and (30),

Cu - (
~ ~

_
~

} . (31)

Consider two cyclotron orbits on the Fermi surface separated by

t~k and having cyclotron energies c and C + ~ € corresponding to orbits

at k and (k + i~k ) ,  respectively, where k — a constant. Since
S z z z

V
~~~~~

V
k
C , ( 32 )

- 
for small & ,

- ~~~~~~~~~~~~~~~~~~~~~~~~~ ~
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t 1~~~LV 
(3 3 )

n
fl

Ac
— . 

(34)
n V

n

The d if f e rence  in area enclosed by the two orbits , AA , given by

Equation (~ 9), iS

Ak d k  , 
(35)

n t

where the integral is taken around the orbit in the k
~ 

a constant

plane . Then , using Equations (31) , ( 3 4 )  and (35) ,

_ _ _ _  

(36)

C

Let 
~ 

be the number of cyclotron orbits that lie on the Fermi surface

between k a n i  (k + Ak ). Since ~~~~~ is the energy difference between

z Z Z C

adjacent otbits ,

~~ 

_ _ _ ~~ _i__ _ . 
(37)

c

Using Equation (36),

C1’12W 3P.(k )
___

C 

~~
k 5 I  

Ak
~ 

(38)

so that

aA (k )~
- 

~~~~~~~~ 

- -

~~

---

~ ~~~ 
. 

(39)

~

-
•

~

‘-
-  

-

~~~~~~~~~~ 
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For a fixed i~k , the numbe r of cyclotron orbits on the Fermi surface

in the range ~k is a maximum when ~J~(k )/~ k - is maximum for whichz z z

a’A(k )/ik 2 0. This corresponds to a maximum value of R [Equation

(2~~ ) symbolize-i by R .  Eckstein has shown that this type of ab-

sorption peak is “sharp ” and has a Lorentzian line shape .
7

The expected dependence of the sonic absorption , a , on 1/H is

shown in  Figure 3. The values of n correspond to tnose in Equation

( 2 3~~. 11( 1/Hi , the d i f f e r e n c e  between values of 1/H for ~~~cessive

absorption peaks, i~~ a constant. From this value of A~ l/Hj , R may

be determined. In general , there are more ~h ari a single series of

absorption peaks , each corresponding to a different value of E .

Other conditions for observing DSACR absorption are ~pparent in

the general theor” but cannot be deduced from the physical picture

presented  here. It has been shown that the product qZ must be greater

one whe re ~ is the electron m e a n- f r ee- p at h . 8 This co-’dition is

a statement of the tact that the electron must stay in phase wi th  the

soni.. wave lo.g enoucTh to absorb a phonon before scatter~ ry . It has

-p
- al so been shown that when H and q are parallel  to a crystal direct:on

cf s-fold symmetry , n in Equation (23) is replaced by sv , where

• 1,2,3, . - . .  Hence , only absorption peaks for which n = s’u

• will ~~e observed when q and H are parallel to a Lrystal axis of s-

fold symmetry .

-

~~~

~~~ 

~jUuului,U_,__p___MluuuuI.____._.__-_
~
- - ---- - •~~-~~~~~ - - - ;

~~~ 
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Figure 3. A plot of the sonic attenua tion , a,  vs. 1/H showing the
behavior expected from the theory.
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CHAPTER I I I

EXPERIMENTAL APPARATUS AND TECHNIQUES

Method Employed for Measuring Ultrasonic Attenuation in the Presence
of a Magnetic Field

The pulse—echo technique was employed for measuring the attenua-

tion of longitudinal sound in the presence of a varying magnetic

field. RE pulses of about 1 usec durat ion was applied to a quartz or

lithium-niobate transducer bondeu to the specimen. A single ended

system was used in which the sane transducer served to convert an RF

pulse into a sonic pulse and sonic echoes to an RE signal. Echoes

corresponded to successive round trips through the specimen of the

pulse which was reflected at opposite faces of the specimen . The

signal sent to the receiving circuit consisted of a train of echoes

decreasing in amplitude exponentially.

~cit:— i specimens about 2 mm thick , the echoes were large enough in

amplitude for reliable measurement. However , with a specimen t~~13 thin ,

the first echo arrives back at the transducer before the drivin~ pulse

is extinguished and successive echoes follow too close to be resolved .

This was overcome by bonding a quartz delay rod 1 cm long to the

- parallel face of the specimen opposite the transducer. At liquid He

temperatures the attenuation of sound in quartz is very small compared

with In and is independent of magnetic field so that the resonances

observed were due to the In.

The bonded faces of the specimen met necessary critical require-

ments. They were smooth compared to the sonic wavelength to minimize

_ _ _ _ _ _ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~ ‘
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5~~n t t e r i ng  of the sound at the s~~~r f - i~~~ and t hey  were flat and parallel

to better than a wavelength of sound to minimize di~~tor t ion  in the

echoes and conversion of long i tudinal  to tr an - - ;-/ rse s irid.

Apparatus for Measuring Doppler—Shifte I tcoustic Cycl tran Resc~nance

There were three basic parts t n  t h e  apparatus. They were tne

superconducting magnet, the liquid helium cryostat and the electronics

for measuring the ultrasonic attenuation.

The superconducting magnet has already been described.
lh 

It

is a Varian Associates Nb-Ti alloy superconducting magnet variable from

0 to 50 kOe. It was used with a programmable ?.bdel V-4l02 power supply.

The magnet current was determined by measuring the potential difference

across a precision 1 milliohm resistor in series with the magnet

solenoid with a Hewlett-Packard Model 740B differential voltmeter. The

magnetic field was calibrated against magnet current using a rotating-

coil Rawson Electrical Instrument Co. Model 820 gausometer. A least-

mean-squares fit was then used to determine n and B in the relation

H (k e) czI(axnperes) i- B for sweeps from low ~~ high fields . Their

values for magnetic fields from 0.4 to 50 kOe were:

• (2 .7702 ± 0.0005) koe/amp (1)

f and

S B — ( — 0 . 1 2 3  t 0.005) kOe . (2)

• ‘1

The persistent current switches which were provided with the magnet

— were removed so that H was linearly dependent on I when sweeping the

magnetic field.

-~~ ~~
. ~~~~~~~~~~~~ ~~~j~~~~~~~
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~- ; ince the range in 1/H in which the data were recorded was large

(-2.5 ‘ i0~~ k0e~~ ) it was not feasible to use the 1/H sweep control

to 1r~~:e t h e  magne t power supply. However, a large number of data

1:~ t~ were needed for sufficient resolution of sonic absorption data

in the region of small magnetic fields when using a linear sweep. The

~-r o h - l e o  was solved by using the multi-ramp sweep unit  shown in Figure

4 10 
The unit consists of a digital counter with latched output

(Figure 4a) which drives a programmable integrator (Figure 4b. With

the dividers set on divide-by-128 , they change state (open or close)

after every 128 input pulses. The output of the dividers is used to

automatically close the four latches (switches) in succession , for

divide—by—128, af ter 64 , 320, 576, and 832 input pulses. The output

of the latches (A, B, and C in Figure 4a) is a step function which

drives the integrator changing dV/dt whenever a latch is closed. The

four values of dV/dt are set with the gain adjust (Figure 4b). The

vol tage ramps are input to the magnet power supply which is a V-to-I

converter. In the fast mode and on divide-by-128, this provided four

linear sweep rates starting at the low field end of 320 counts at 4.8

millianlpF/sec and then 256 counts at 6 . 3  milliamps/ sec , 9.5 milliamps/

— sec , and 16.8 milliamps/sec.

The rotating specimen holder and finger dewar are described in

reference 10. The specimen holder was rotatable in a plane containing
-p -p -p -p
q ari d H with the angle between q and H variable from ~~300 to +90°.

Low temperatures were achieved by pumping on the He bath in a

— finger dewar in the core of the superconducting magnet with an Edwards

Hi gh Vacuum Ltd. Moael 9133 vapor booster pump yielding a min imum

-

~~~~ 2 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ 
— 

- _ _ _ _ _



20

-

4.,

[j ~~~~~~~~~~~~~~~~~~~~~~ i
.

,
~,

~~~~~~~~~~~~~~~~~~~~~

0

I ,
‘-4 0

N
04

0
• 4.,

4- ‘0p.. 0
I - Z 4J U)

* 0 4-’
• 0 - ‘-4o N

N ... ,—4

N 
04S -.4 0—

~~ 
C) 0’ ~1)

04 04
I’

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - --- - - — - —-—---——-—- — — ——- --- - 

-~~~ --



21

_ _ _ _  ~ I
- 

- II .

4~~~~~~~

s

a

- O flw..~~. - ‘~~~ - - — - -

A



22

t pressure over the liquid-He bath of ~ 0.1 rmHg . In termediate pressures

up to 1 atm . were achieved using a manostat regulator in the vacuum

line allowing data to be taken in a temperature range from 4.2 K

down to 1 K.

A block diagram of the electronic apparatus is shown in Figure 5.

It consisted of four basic sections. The acoustical signal (Figure 5a)

and automatic gain control (Figure 5b) sections are described else-

where.
12 

Two RE pulsed oscillators were used depending on the sonic

frequency desired . A range of 20 to 180 MHz with a peak power of 400

watts was provided by an Arenberg Ultrasonic Laboratory Model PG 650C

and of 200 to 500 MHz with a peak power of 2.5 kwatts by an American

Microwave Laboratories, Inc. Model 1223. Both oscillators generated

1 ~isec pulses with a repetition rate of 500 Hz when using “divide-by-

two” in the trigger-chop divider in the timing section (Figure Sc).

The RE preamplifier greatly improved the signal-to-noise ratio; how-

ever , it could not be tuned below 200 MHz. The signal-to-noise ratio

in the low frequency range was satisfactory without the RE preamplifier.

The receiver is of a s~:perheterodyne type with an intermediate fre-

quency (IF) of 30 MHz. The logarithmic amplifier was used to provide

a video detected output proportional to the logarithm of the IF
- 4

signal input which served to eliminate scale changes when recording

both large and small amplitude resonances in addition to providing a

linear dB cal ibrat ion for attenuation changes.
•1

- 
The timing section (Figure Sc) provided the triggers and refe rence

signals to the various electronic components . Ti e  “master ” timing

si.gr sl used to generate the tri ggers and referc ~ce signals was provided

— - —-~~~ -- — -
- 

- -----
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p 
h’. the 1 kHz pulse - u n e r a t o r .  A negat ive 20 volt  chopped ‘r t q q e r

wi th  a width of 1 I.isec was providcrl for the RE pulsed oscillator in

Figure 5a. The repeti t ion rate of the chopped tr igger equals the value

of tr te  - i i- •’ ide -by ” setting on the divider divided into 3. ~~~~~~~~ A square

wave reference signal synchronized with tne chopped ~r i~~qer is provided

for  the lock-in amp l i f i e r  (Figure 5d) . i’ r 1 j— ~crs  at a repetition rate

of 1 kHz are also provided for the high-speed sample ar -1 hold and the

diode switches.

The recording sectir ’n is shown in Figure 5d. The recording of

signal s only slightly greater than the noise level was possible with

the  ise of the high—speed sample and hold circuit shown in Figure 6 and

a lock-in amplif ier .  The h .gh—speed sample and hold circuit sample

time was set at 400 ri anosec with the gate width control in Figure 6.

The echo to be sampled was selected by adjus t ing the delay control

ahead of the ga~~width circuit used in corij~ nction with the actual

sample and hold circuit shown on the lower ha l f  of F igure  6. The

signal level to be held could be changed at the rate of ±40 v/lJsec.

The lock -~ n ampl i f ie r  was a Keithley 840 Autoloc Ampl i f i e r .  The

reference signal to the lock-in ampl i f i e r , supplied by the t iming

sectior , is a square wave synchronized witn the RE pulsed oscillator

and its frequency matched the output frequency of the sample and hold

circuit. For example , using the 1 kHz repetition rate and divide-by-

two set on th~ divider in Figure Sc, the sample and hold circuit

samples every millisecond. However, a chopped trigger to the RE

pul tol oscillator is supplied every 2 milliseconds and the reference

signal to the lock—in is a 500 Hz square wave. In this situation the

—  — - - - - ———--- — — - - - -
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sample and hold : ~ r cu it  samples the signal plus noise and holds for

1 millisecond after which it samples and hol ’i~ the noise f~~r 1 rn~~~li—

second. The result is a 500 Hz square wave with it:~ minimum voltage

• ial to the vide o de t e c-e d  no is e  vo lt a~ ab- ground and a maxir- ur

-- u i t a ge  equal to the noise plus s iThal  above ground. Thus , the out~;ut

of the  l o ck -an  is the k . C .  signal level wi th  the noise averaged cut .

This w~ s rec: r- ~e~ as the cr~ -:1i:iatu on an X— Y  r c-corder  and nunched in

four  di n t  code on the f i r s t  channel of th e  paper tape punch . The

voltage drop across the milliohm resistor in series with the magnet

windings , which is proportional to magnet current arid , henct~, magnetic

t~ elri , is recorded as the abscissa on the X—Y recorder and , af ter

amplification by the differential voltmeter , is recorded on channel

two of the paper tape punch . A Digitec paper tape punch and controller

was used. The X-Y recorder was a Moseley Model 7001 AM and the

‘liffrrrential voltmeter a Hewlett-Packard -lod. l 740B. The timing

i rr ~al for the paper tape punch arid the multi-ramp sweep unit is

provided by a Krohn-~-1ite signal generator Model 440AR. The number of

4 counts is registered on a Hickok ~-1o~ ’ I OPl5O i~-t7 counter.

Specimen Preparation

• A sin~ile crystal rod of indium about 1.3 cm in diameter and 12 cm

long was purchased from Reseax :h Crystals , Inc., Orartgeburg, New York .

- The sin le crystal had been grown by the Czochralski technique from

starting material 99.9999% pure. The residual resistivity ratio ,

c- (300K)/c (-4 .2K ), was 8950 450 which was measured using the eddy

current decay method.~~ Although the chemical purity was high ,

diffuseness of the Laue X-rr7 spots gave evidence of more than normal

f~~~~~~~’ — . , .~ -~~~~ —- — — - - __________- - — .4 -
- - -
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st rain in the specimens. Because indium is a -.‘ery ; s f t  na ter ia l ,

additional strain was introduced in the j~reparat or .  of specimens f rom

the single crystal rod. To mininiz’. this strain , spark—erosion

method , which is non-abrasive , was used to cut and plane t :-~e specimens.

This method has the advantage that a machining tool never touches the

specimen . The cu t t ing  or planing is accomplished ~ n a kerosene bath

by a spark Jumping from the machining tool to the specimen.

In the oruparation for cutting a specimen , the single crystal rod

was cemented on a copper trough to support the weight of the rod along

its axis. Duco cement was used since i t  is soluble in acetone permitting

the specimen to be removed without d amage. A General Electric XPD-5

:.:-ray machine with a tungsten target X-ray tube was used to orientate

the single crystal rod to within 10° of a desired crystalline direc-

tion by the Laue-back-reflected diffraction method. Once orientated ,

conducting silver paint was applied to insure good electrical contact

between the ru-I ood the copper trough .

A Metals Re-rearch , Ltd., Servornet SMD spark erosion machine wi th

- a wire sliL ’r att ac :,m ent  was used to cut a disc from the single crystal

red . The wire slicer attachment uses as a cutting tool a 0.46 zan

diameter t inned copper w i r e  which is continuously pulled across the

rod, ~~sin~ ~~~~~~~~ ‘ c -w~~~;~ sparking power ranges , the time required

‘u make one cut was about s r x  hours .  A disc was cut with a thickness

- i j o u t  tw~~~~€- tae desir~ -d t o  i cknrt g of the finished specimen .

~he disc was cemented to a two-circle goniometer and orientated

to within 10 of the desired crystalline direction . Discs cut at large

angles with the axi s of the rod were trepanned to 1 cm diameter to fit 

——-  
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in trie specimen holder. A planing wheel replaced t :t  w i r s -  s l i - t r

(or trepanning tool) on the Servomet -in-I one su r face  of the disc was

planed flat using only the lowest sparking power range.

To insure tha t  the opposite face is planed para l le l  to the f i r s t

face planed , a piece of aluminum block was planed flat and the pre-

viously planed face was placed on i t .  Cement and silver paint wore

applied only around the edges of the disc and not between th~ face of

the disc and the aluminum block . The opposite face was then planed

f la t .

Usin g only the lowest sparking power range and working with cau-

tion , the planed surfaces exh ibi ted damage as evidenced by the dif-

fuseness of tue Laue Spots . Much of the damage was ren~~ved as evidenced

by the improvement in the Laue spots by etching each face for 30

seconds in a solution of equal parts of concentrated HNO 3 and H 20.

Further etching rounded the flat surface to a point where a bonding

of the transducer was not reliable.

Some specimens were annealed at 120°C for approximately 24 hours.

I - 

They showed only a small improvement in the sharpness of the Laue

spots. Annealing rounded the f l a t  s u r f a c e  and made an acoustic bond

• unrel iable .  Accordingly, specimens used in this investiga~ ion were

not annealed.

Specimens prepared in the above manner were oriented so that the
-+

sonic wave n umber , q, was parallel to the (00l~ , ( 100] , or (1101 direc—

tions of the face-centered tetragonal structure . The specimens were

j  approximately 1 cm in diameter and 2 tt~n thick with flat arid parallel

faces perpendicular to the direction of the sound propagation .

_ _ _  
•• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Specimen Bonding

A 2-i or ~5 MHz t r ao sd-uc ”r  and a z-cut -ria rtz delay block were

-j~ ded to t ~~- specimens . Both x— cut  quartz  and l ith iun-niob ate

tran sducers were used to generate longitudinal sonic waves. The

li t h i um-n i o b a t e  t r ansducers  were only slight ly  more e f f e c t i v e  than the

quar tz  t ransducers .  The transducers were 0 .945  cm in diameter and the

quartz delay block was 5).945 cm in diameter and 1 cm long. The bonding

agent was a low-temperature epoxy made by mixing ten parts of Hysol

Type R9-2039 resin to three parts Hysol Type H2-356l hardener. General

Electric “Clear-Seal” silicon rubber adhesive was also used as a

oondi.ng agent . Since the d i f fe rence  in the coeff ic ients  of thermal

contraction between the indium and silicon rubber adhesive is smaller

than between the indium and the epoxy , the strain applied to the indium

when the specimen is cooled to liquid—He temperatures was smaller for

the s i l icon rubber adhesive bonds. However , the epoxy bonds were more

reliable.  Dow Corning 200 f l u i d , having a viscosity of 60, 000 centi—

stokes at 25° C , was also tried as a bonding agent.  Acoustic coupling

was ‘ost at liquid nitrogen temperatures,  however , so it was not used

in this investigation.

When thu bond had cured , the specimen with the attached transducer

and delay block was placed in the specimen holder. Laue backscatter

patterns were taken on the edge of the specimen in order to be able to

rotate the specimen in its holder about a desired crystal axis.

An acoustic signal was observed at room temperature and then the

specimen and its holder were cooled to liquid nitrogen temperature be-

fore emersion into the liquid-He cryostat in preparation for taking

da .a.



CHAPTE R IV

MODEL OF INDIUM FERM I SURFACE

Indium has 49 electrons in a ls22s~ 2p € 3sZ3p € 3d lO 4s Z4p€ 4d l O 5s 25p

configuration . In the soild state In has 3 conduction electrons , the

5s ’ and 5p electrons.

The crystal structure of In is face-centered tetragonal with

lattice constants a — 4.5557A and c/a = 1 - 0831 at 4.2 K.’4 Figure 7

shows the first Brillouin zone of In where the G~ are the reciprocal

lattice vectors. GJ — 0.923 and G 2 1  j G 3 I  — 1.000 in units of

2 W/ a .  The free-electron Fermi surface constructed by the method de-

scr~ ued by Ha r r i son  in a reduced zone scheme is shown in Figure 8)~

The conduction electron states of the first Brillouin zone are corn-

pietely filled. The Fermi. surface in the second zone, Figure Ba, is a

hole surface multiply connected at W. The Fermi surface in the third

zone , Figu re 8b , is an electron surface  which consists of a r ing of
t

fou r connected :-arms and eight ct—arms connected to the Junctions of

t~ e ca-arms . Small electron pockets are also predicted in the fourth

zone , but are not shown .

Measurements of the high-frequency magnetoacoustic effect ,
16

radio-frequency size effect ,
17 

cyclotron resonance cutoff ,
18 

the

cyclotron mass using the cyclotron resonance method1
19 

and de Haas-

9 van P.lphen e f f ec t 2° are all in essential agreement with the free-

elect ron model of the second-zone surface . However , the agreement

with the f ree—elect ron u~ del of the third-zone electron surface is not

- Tr —— —--- - I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~— ~~~~
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Fi gure 7. The f i r s t  Br illouin zone of indium.
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Figure 8. The free-electron model of the Fermi surface of indium.

• a— . —  — —e•—- ---—--—--~ 
- — — —-- n_- -- - —



36

good . De Haas-van Alphen
2 1 

arid high-frequency magnetoacoustic
22

measurements indicate  tha t  the extremal area of cross section of the

is— arms along the (110) direction is smaller by a factor of 1.8 than

th e f ree—electron prediction . In the case of the de Haas-van Aiphen

measurements , the extremal area of cross section of the ‘-arms along

the (011] direction is larger by a factor of 1-6. If true , this means

that the extremal areas of cross section of the a- and ~-a.rms in planes

normal to their respective axes are very nearly equal. Other measure-

ments reported do not exhibit any evidence of the a-arms . O~Sullivan ,

Schriber and Anderson (OSA) have calculated the Fourier components of

an effective potential using a local pseudopotential in a 6-OPW ap-

proximation by f i t t i ng  the extremal areas of the E-arms in reference

21.
23 

The extremal areas of the second zone calculated with this

pseudopotential are in slightly better agreement with the experimental

data than the free—electron values - This pseudopotenti.al model pre-

dicts that  the second zone corners of the free-electron model are

rounded instead of pointed. It eliminates the fourth zone electron

- pockets and removes the multiple connections of the free—electron

second-zone surface at the corners labeled W in Figure 8. The rounding

of the corners of the second-zone surface and the elimination of the

mult iple connections at W seem to be in agreement with experimental

results

The values of R defined by Equation (22) in Chapter II , havemax

been calculated for the second zone using the OSA model and are

displayed in Figure ~~
24 

Measurements of the values of R using

- 
the Sondhei.mer size effect are in essential agreement with these

-- — •-.— 
~~~~~~~ ___
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calculat ions except for the curves labeled A for which no values were

observed- 
25

Fi t t ing  exis t ing ~3—aru~ data , local pseudopotential calculations

have also been made by Hughes and Shepherd (HS,1
26 and Ashcrof t and

Lawrence ~AL 
27 

‘~either the HS or AL models predict the existence

of the u-arms. In the case of the HS model this is not surprising

since in making the calculations it was assumed they did not exist.

Ashcroft and Lawrence point out that the pseudopotential parameters

will have a more pronounced effect on the u-arms than on the ~-artns

since the ca—arms lie closer to the Brillouin zone boundaries .
28 They

show that changes in the parameters which do not significantly affect

the :~-arm areas or the Fermi surface volume give different results

for the ct-a.zms. The combination of parameters under which the ‘i-arms

do exist is ruled out as a likely possibility by Ashcroft and Lawrence.

If it is supposed that the u-arms do not exist, it remains to

explain the experimental evidence mentioned earlier. The experimental

evidence of the existence of the a-arms in reference 21 was seen only

for directions of magnetic field , H, in the neighborhood of the (001)

direction . Since indium is a soft material and hence , easily strained ,

it has been suggested that the observed de Haas-van Alphen oscillations

att ributed to ‘-arrn u were actually due to ~-atm s  in a portion of the
~~-

specimen which has become (100) due to recrysta l l izat ion. Recrystal-

~~ li zation is not un cou~non in materials which have slip planes along

which stresses may easily be relieved. 29 The fact that the observed

extremal cross sections observed by Brandt and Rayne (reference 21)

were equal for th. a- and v-arms strengthens this argument.

-— -.—-.--.——- ---- — ~~-- - - - L  —.. ~~~
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I~ is also interesting to note that the In specimens used in the

de Haas-vari Aiphen measurements were of 99.98~ purity in order to avoid

appreciable eddy currents which made measurements extremely difficult. 
30

There is also strong evidence of the existence of the ca-ax-ms in the —

neighborhood of the (001] direction in some magnetoacoustic quantum

oscillation measurements in indium doped to 0.01% at. wt. Sn.
31 These

measurements of the extremal cross-sect ional areas agree with those of

reference 30. However , us ing the same 99 . 9999% pure In spec imens as

used in this DSACR investigation , for an investigation of the magneto-

acoustic quantum oscillations , no evidence for i-arms was observed .

This seems to be in conflict with the recrystallization suggestion

since the La~~photographs for the pure indium indicated more strain

than the photographs for the indium with 0.01% Sn. Whether or not

the a-arms exist appeared to be an open question when this research was

undert ~ ~en.

Since there were no model calculations for R in the third zone ,max

a free-electron calculation was made tor H oriented in the (010) plane.

Two computer programs , which along with all other computer programs

used in this investigation are on file in the office of Professor

F. G. Br ickwedde , Osmond Laboratory , Univers~.ty Park , Pennsylvania ,

were written for the calculation of R using The Pennsylvania Statemax
University ’s IH’l Model 360 computer. The direction of H was varied

by intervals of 40 except within 10° of the (001) and (100) axes where

the interval was 2°. For each orientation of H the program GENCIR

calculated the radii and the location of the origins and intersection

points of the circles formed by t~ e intersections of free-electron

- . J — — —--.- .. —. -.-- - -
~

- - _____________- - 
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Fermi sp:;errs centered about the fourteen r ’c~~ r- cac lattice j o i n t s

nearest to the or igin in reciprocal space ~~~~~~ planes normal to the
-
~ -*

direction of H. For each orientation of H , the distance ~-, t--;ee:;

adjacent planes used was D.Ol in units of 27T/a. According to t:e

method of Harrison (32), the cross sectional areas in ‘- ac; plane for

the third-zone electron surface are those areas enclosed by three

circles. Once these areas were identified by pi~~~~t t 1 : J the circles for

each plane, program A3BRZN was used to C a l c- j l 1t~~ t :.e a r  1 wi th t r e

information provided by GENCIR. In addition to the -n - a , A3BRZ~ also

calculated ~A/~ k where H is ifl the k — d i r e c t i o n ,  by approximating

each point and those adjacent to it on each side with a polynomial cf

degree two . That is , for the ~th value of k , the area , A . ( k ) ,  is

- approximated by

A. (k ) a , k 2 + b k  + c (1)
i z i z  i z  i

where a , ,  b , and c , are calculated from the points A , k ,
1 i i i—i z~i— li

A , k ~ , and A , , k . Then
1 Z .  - — i+l z.

i)  i-r l

~ Z 2 a , k  ~ b . (2)
i z  iz

The values of ‘A/rik j are then plotted as a function of k for each

orientation of H so that the values of j iA/~ k and , hence , R
z max mux

car. easily be identified . The results of this calculation are shown

in Figure 1~~. It  is not expected that experimental values of R

\ max

will agree well with these calculated values of R for the third
max

zone since it is known that the free-electron model is not a good

~~~~1 L_— ~~~~~~~~~~~~ - • •
~~~~~~~~~~~~~~~~~~~~~~j~ — -- 

—
~~~~~~~~~~ 
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i~~~ r -  x im a tl on  f o r  the third-zone Fermi surface . In addit ion , i t  was

~uu~ ,i that the magnitude of R
max 

depended upon the sizes of th’-

increment Ak hetween adjacent planes . However , Figure 10 is the

e st  picture •
~~~ have of the variation of R as a function of themax

‘r1e:~tation of in the (010) plane.

________________________ - - - - - - ___________ - - -



CHAPTER V

!:XPE~ 1MENTAL RESULTS

The Data

The experimental data were obtained in t oe  :-ao : . -- r deo r~ t~ed n

Chapter III. Three specimens , cut w i t h  d i f f - r ’ o c r - - - -~ Li ,e orienca-

tions from the same single crystal , were -~ 5e’i . - a :  , ~ ~~rect1in

of the magneti field was varied ir~ two ~-~ aoes . For t~ e specimen wit:

q parallel to t ool )  , H was varied in the (010) ~od ( 110) ~- - -a: .es. For

toe specimen with ~ parallel to (1001, the variatiofls of Ii were in the

(010) and (001) planes and for q parallel to [110) , toe (001) and

( 110) planes. Data were recorded for the angle 0 between q and H

ranging in each plane fr-c’- -12° to 80° in i ri cr ’- m e ; ts of 4 °  except

around a principal crystal axis where t h e  i n cr e~-i e nt s  were 2°.

The experimental data were recorded by two means. First , as the

magnetic field increased , the son~ c echo-height was recorded con-

• tinuously as a fuoction of the magnet current , being related to it by

~ o~~at1oo:~ (1) and (2) in Chapter III. A typical plot from the X—Y

recorder is shown in F~. ’-~ure 11. At tie same time that data were being

rec~ r’lod with the X—Y recorder , the ocbo-oei;nt vs. magnet current

data were also recor-ied automatically, at closely spaced intervals ,

on a punched paper tape . Information pertinent to each magnet ;weep

such as the direction of q, rotat ion plane of II , sonic f requency ,
4. 4.

angle between q and H , and temperature were manlally punched into the

first seven eight-digit words. The magnet current and echo-height ‘-~ere

punched r-v ’~ry secori’l giving approximately 1000 points per sweep.

_ _ _ _ _ _ _  - - —..—.—— --— 
- 
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Analysis of the Data

The data recorded on the punched paper ta~ e were transferred to

ma-;netic tapes using a PSU-supplied program in preparat ion for compute r

analysis. The data on the magnetic tape s were processed by a computer

program n amed D-OPPNY. rX) PAN Y performed oe ’,i -ral f-inct~ ons. Since the

paper tape punch code was not standard , the data on the rnaqr;ctlc tapes

were translated to a form usable by toe Penn Stat ~~c- mp~ ter. As dis-

cussed in Chapter III , the data consisted of one , two , three , or

four segments , each segment cirrr - -~ -e: .ding to a particular linear rate

of sweep H; i.e., magnet current. Since the resor.ances are periodic

in 1/H (see Cha~- e r  11 • the 1/fl va’ues were calculated for each

pun c-~ed data point ~t : -~~ ‘- oen the echo—height values interpolated to

correspond ~~~~- equal ;o  ‘- . rv tls in 1/H in preparation for a Fourier

ana lys i s  (see Appendix R I  . In order to :o’;rease the r oolution which

is discuoei- i in Appendix B, the values of H were extrapolated back from

400 gauss to 100 •4auss bet ro t~o’-rp-ol a~~on. A Fourier analysis Was

made for each sweep of t:ie ma 4net r: field. The sum of the Fourier

coefficients (a
k 

and b
k 

in Appendix B) squared were plotted as a

function of the period in 1/li in order to account for the phases ~

(Appendix B) of the resonance absorption series. The determination of

the period, A (l/H) of an oscillation in echo-height by this method was

generally poor since the echo-heights were not sinusoi lal functions of

1/H and there were usually less than ten periods in the res - r J~~J data.

DOPAN Y supplied , in the form of punched card output , values of

echo-height and magnet current which have been translated to a usable

form for each data point.  These cards wei used as the input for the

_ _ _ _ _ _ _  — - -~~~~~
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computer program GRAPIT. GRAPIT ; o n v ’ - r t - - ~ ~~~ i ’ -  echo-h’~iqo ’ data to

attenuation relative to an ar} i trarily set zen point in dB using the

calibration for the logarithmic arnplif ;-r described in Chapter III

aol - - -.‘ r ’ magnet current data to 1/H ì ’ ~ . ;RAI IT the:i  created

as ou t p a t  the ~tr -m- t ions for toi PS’J 0a1o-;m~ Plot er ~is~~~o -4 t : ’ -  PSU

;u’ ‘k Draw Graphics ~~h - r o u L : o -  ~-3 c r ; -~ :e f r  p1- - - io to~~ r a~~~ive

atteruation vs. 1/H. Figure 12 is s ~co a plot ~~ing toe data disp layed

ir i Figure 11.

By handling the experimental lat-i in ~his m a:- : -  r , s r i ’ -  of

resonances in the al:-so r p t ; - o - . were r e - i l i l y  I . c , t : f  led on t :~~~ -s~~~~~~ - r ia-

tion vs. 1/H Calcomp plots . The t~~r ee  - 0 -  r~~~~- -: , a , b , a o ;  c, shown in

Figure 12, correspond to A (l/H) 0.1235 , 0.u807, a:, i .0755 (kG)~~

respectively . These values were nbcai;-.ed by r A t ~~~: .  t - . - 1 - H  value f or

c - ac : .  n from the Calcomp plots and then calculat ing a least—mear - -, i J a r ’ -

value for the slope of a plot of 1/H vs . n. Since the -lif~ erences :n

1/H between ad~ acent points are small f r  small v a i u ’ -  of 1/U (large

L u) , t :-. - scaled value for n small is expected t~~ be more rrecise. Hence ,

-

, 

a weighting factor of l/~. n-~-l)~ was used in the least—mean-s-piare f i .

The values of R , where R is defined by ~u-a ion (22) of h a p t er  II,max

were calculated using Equation (23) of Chapter II, fo r each series in

1/H. The results of this kind of analysis of tie data are shown in

Fi-~ire 13 w: ere the abscissa is , the angle between q an- i H. The

values of R along pr incipal directions of crystal symme try ar ’-

given in Table I.

) 
____________________________________________________ _________________________________________________________ ___________________ _____________

~~~~~~1~ ~~~~~~~ 
- .---.-- - - - --- - 

~~~~~~~~~~~~~ .~ -
- 

- - - -~~~~~~~



47

• 4-i
- ‘-4

I 0 - --I
c•.J

1 0
- ‘-4
“4

14.4

L \
\ C

0
- . -4

4-,

- - In

-

‘ 
.
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

t I 
~p ç  

g

I 
-

~ NOU.VflN3.LJ.V

— - - -



.4 -

I 0[ ~~~~~‘ 
- ¶ 

~~~~ 
- 

~~~~~~~~~~~~ I - 
~~~~~~~~~~~~~~~ 1

(010) (001) (110)

0.9L

08/

\ 
~

-

0 5 -

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~1L
0.0 ~ L~__ A _L A _ J L L~ _~_ i _ J J  L~~~ ~~~~~~~~~~ L - A

(001) [ioo] e fool)

Fi gure 13. Values of Rmax,  cal culated from the exper imental da t a ,
plotted against  0 , the angle between ~ and ~~~~.

I.

‘ S..— 
- -- —.—--,- - - - -— — — -—- - - - -—.~~~~~~~~~~-- —~~ .-——--- —— ----

a,



49

TABLE I .  Experimental  values of F along axes of crystal  symmetry .

Axis F (A 1 )

(00 1] 0 .2 2 5  0 .353

(100] 0.262 —

(110] 3.199 0.364

4
The error bars in Figure 13 represent estimated uncertainties

arrived at in the following way . A standard deviation was calculated

for each least—mean—square fit of ~~( l/H) values to n for a particular

series which took into consideration errors in scaling with a ruler

the plots like the one shown in Figure 12. For large angles between

* -4.

q and H, most of the uncertainty arises from the uncertainty in the

orientation of a specimen. Since , according to Equation (2 3) in

Chapter II, the value of F is inversely proportional to the cosine

-p -p
of the angle between q and H , the error in R due to misorientation

max

is equal to (tan 0)1~8 . It is estimated that the specimens are orientated

to ~~~~~~ 10 of a principal crystal direction. The uncertainty in the

magnet calibration , which was estimated to be less than 0.3% , was

considered negligible. The time lag ~n the lock—in amplifier also

was negligible because the lock-in time constant was set to a value

much shorter than the minimum time between passage of the resonance

peaks wrico was determined by the t ime—rate of sweep of the magnetic

f ield-

~~~~~~~~~~ 
_tS_
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- 
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- 
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~j~~ar1son of the Results with Models of the Fermi Surface of Indiuri

The selection rule for n , the or’Ier index of a resonance , was

discussed in Chapter Ii. I~ n ralation t~~~ the experImental V ã i u - -3 of

F when H was parallel to a direction of crysta l symmetry (the [O~ l),

[100), and [110) directions in Figure 13) is considered here. The

selectior -, rule has been observed in gallium .
33 The fundamen tal

(n = 1) an-i odd harmonic resonance peaks were reduced in ampli tude by

a t a : : o r  typ ica l ly  the order of 20 when ~‘ and q were in a direct~ or of

an axis of symmetry . When the angle between 11 and q was greate r than

approxImate ly 10 (q along the symmetry axis), the amplitude of the

resonance for an odd-integer n was l:-ir-i ’ enough to be easily oi served.

In the present investigation , also , i~~or ~~rIse:  in a~~pl~~tudc  ‘~ er ~ ob-

served , but not by factors as b r-”- as those reported for gal1~ urrr. :t

may he that misorientations of njr specimens wlt :in the estimated

certainty of 1° can account for our rot observing gre:~rer differences

in the magnitude of the odd and even numbered n-~ - - r A d O O c- ,. A l l  t o ’

-;urve o ~n Figure 13 with the exception of J, in t : i e  (11- ] - irr t: .,

extend nr re Loan 50 from the axis nf crystal symmetry wher’~ re~ -.’r A : ce

absorption pea- . for all values of n, even and odd, are expected .

Since our values of 1
~max 

at an-I near a sym metry axis are contio’~ou:-’

with toe values well displaced from the axis , it is believed that the

values of R along crystal axes given in Table I are not in need of
max

any adjustment because of the selection r d ’  on n . The curve 3 in

Figure 13 , al so , requires no modification for the n-selection ru le  since

some of the values of F on the 3-curve w’n obtained using a specimenmax

_

~t~ I

—-—-——-,---—---* - --—— - -  - -——S ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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in which  q was parallel to the (100) axis rnahing t he  a nH l e  between q

- & h ~~-j t 4 50  t o r  these 3—curve  points .

- om ma rin o  Figures 9 and 13 , j t  is ev iden t  tha t  the val ue s of F
- - max

riea-~uro i in this ~:v e -~ t i -~at i o n  do not correspond with the experimentall y

ve r r f re — l -jalues in the second zone calculated from the OSA model which

inc i : i - i t, s  all the curves in Figure 9 with the exception of those lab-clod

A. hei’hcr t h e  values of F along the principal crystal directrooa

nor t; , c  variation of R with angle between q and :1 (Figure 9,1

correspond. 1ne values of F for the curves C and E alooo toe
max 2 1 -

(001] -l ire ctr on (F igure  13) are w i th in  4% of the OSA v a lu e  for curve A

in ~
- :~~~ ( 1b) and (110) planes, respectively, in Figure 9. Curves A

of F~ :~ re 9 r~-iresent aA(k )/~k for values of k near the
Z z max

Brillouin zone boundary and result from the rounding of the shar

corners -of the second-zone Fermi surface in Figure 8. The shape of

t:- , - - ~ u calculated A—cur’ies depends critically upon toc- choice of

- 34
parameters fur the p5eudopotentlal model. Since these A-curves

have not been observed experimentally, it may be that their shape

differs from that shown in Figure 9. However, it is expected that

they would not extend more than roughly 45~ from a symmetry direction

as may be seen in Figure 8 of Chapter IV. C~ rves C2 and E ex tend 70~

from the [001 ] direction making it unlikely that they correspond to

curves A. The value of F for F (Figure 13) along the (100) d i rec—max
tion is within 8% of the corresponding value for A and the variations

of R
max 

with angle between q and H in the (001) planes of Figures 9

and 13 are similar. Althouqh it is unlikely that F for the second-- max

zone corners would be observed in the (001) plane and not in the (010)

- -
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and (110) planes, we include tI- A c identification of F2 in Figure 13

with A in toe (001) plane of Figure 9 as a remote possibility .

Interpretation of the data in terms of the third—zone Fermi surface

is more successful provided the X-arms are assumed to exist and that

-~ -p
the variation of F with the angle between q and H has the generalmax
shape predicted by the free-electron model. This ~: apparent if the

calculated free-electron values of F in the (010) plane in Figuremax

10 are compared with the experimental data in Figure 13. C 1 and

of Figure 13 were character ized ‘oy absorption peaks of large amplitude

when compared with other data in the (010) plane and they contained

up to the n = 9 resonance absorption peaks. It is possible that they

arise from the same piece of the Fermi surface . If C 1 and D 1 are

extended until they meet , they are similar to the a1 curve in Figure

10. The shapes of curves C2 ari d 
~ 2 in Figure 13 are similar to Cl3

(or ‘1 2 )  and B respectively in Figure 10. Curves C3 and C of Figure

13 , which were not ident i f ied in terms of the second—zone Fermi

surface , are not identified in terms of the third zone either.

~J~though a flee-electron calculation was not carried out for the

(001) and (110) planes, the expected behavior of F as a functionmax

of the angle be tween q and can be estimated with the help of

Figures 1° and 14. Figure l4a is the projection of the free—electron

third zone Fermi surface on the (010) plane. When 11 is along the (100]

direction , H is in the plane containing the axes of the B-arms and

F is a minimum as shown in Figure 10. As H is turned toward themax

[001) direction in the (010) plane , R increases , becoming large as

II approaches the [001] direction . This is explained by the cross-

! ‘

.

I 
_ _ _ _ _ _ _ _  _ _ _ _ _  

_ _ _ _ _
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-- c  : u  I ar - -a , Al k~~) , - f thc  :—a ~~ c becoming smal ler at an ~;ru-s~-

ing y-~
t t- as k

H 
increases. Here k

H 
is the compo’aent of k in the direc-

tion of H. The v a l u e  of R is -f the ~r’Ic-~ of the ratio A ( k  ) = 0 ) / k ’
max H H

~h - ’ rc- h ’ ~s val ue of k -4ne re  A ( k  ) becomes zero . For the ti—arms a
H H H

similar type f ‘ -  a-.’i - - r  is predicted. The curve ‘
~ 1 of Ficur c -  10

- the behav~~- r  - - f  s in Figure l4a. ~~en is at apnroximately

45° fror- t oe I 0 1) di,’- c- - - t  i~~O , which corres -on --:s to along the axes of

- - - i r-~s , F oas  a o~~oimal value . Since c/a for indium deviatc.~1 max

8% f r o m ~ face-centere-1 cubic lattice value , the value of F for thc-

z~ —ar tr~s is sli- utly Thr icr along the ( 100) - b r e c t i o n  than  along hI ,-

[1)01) ~~~: r -  o~ ion . This a l s o  accounts for the fac t  tl,it the ninimal

valu e of F is exactly at  450 , The ~ and 1 —arms behave  in a
max 2 3

similar fashion. F— for the s~ —a rms become s la rg e  at H nearly 45 0

f rom toe (001] -h~ rection which occurs when H is o -o-rr~a1 to t: ’~ u axes

and F has to~ samc- value as for -
- .- i -ar : a~ong the ~i0l] andmax

~l - 1 )  directions. F for the -:13 -- -i ro-~ becomes large as H is variedmax

from th.’ (001] to the ~1h l )  directions.

The behavior of F f-o r the z and s-arms can now be r:edic~ -1 in
ax 

(OOU sod (110) planes . FL-!ure 14b is the ~~r c j e o t i On  of the th,~ rd—

zone Fermi surface on t I~ (001) plane. In this plane , as I )  is varied

f r o m  the ( 101)] ~ . (1101 -lirections , F for th” :—arms labeledmax

is expec - e--1 ~ crease , r - a’oirlg a minimum value when H is parallel

- t he  ax e-s of 1a- ~ 1 —arms; th a t  is , parallel to he (110] direction .

This corresponds ~~
- H ~~~~~- i  n to a d i rec t  ion norm&I to the axes of the

8 -arm - : ’  so t R to y  s~ c u d  become large . This is the behaviormax

exhibited by F 1 and F 2 in Yx i - 13. However, F is the extension of

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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the same oeries of resonance pu~~I~.S a io :vJ  t o ’ -  (100]  direction in toe

(~‘)1) plane as in the (010) plane. Since ti was o i e n ta f~~-’ i v i t o

an i-arm , to be consistent , F 1 should also be identified with an h-arm.

Since i t  is not a likely coincidence that F f o r  an -i-arm would o-cual
max

F for a -~~rn along a symmetry direction , F 2 would correspond to an

1- - a r m .  F u r t h e r , in the (010k plane there was no evidence of -~-arm

data near  the  [100] direction . I t  is possible tha t  the  arms labeled

-a 1 in Figure  14b could correspond to F 1 but  the assignment of F~ to an

i-arm does not seem to be possible. The resonance absorption peaks for

the F1 series were large whereas the resonance absorption peak s for

the F, series were smal l and were difficult to analyze as is evlieric- -

by the large error bars for F 2 in Figure 13. It may be that F2 ‘--iso

incorrectly i den t i f i ed  as a series. The curve J of Figure 13 n i - h - t

possibly -orr ~ spond to F for the s-arms near the [110] direction .

Figure lOc is t h e  projection of the third-zone Ferm i surface on

the (li1). plane . When H is in the [110] direction , F for i~ ismax

I-ar -n whereas F for ~ - is a m i n i m u m .  F for B grows lar as Hmax 2 max 2 -

approaches the (00 1) direct ion.  For Cl , the variation of R is1 max

expected to be like that for Cl1 in Figure 1-la; t h a t  is , reacl--, i : ;  a

minimum when 0 is nearly 4 50~~ R for cx is expected to become
max 2

large as 0 approaches 45 ° f r o m  both the [110) and [001) directions

5fl ’~i beha’i’- much like - i
2 
of Figure 14a. In F r iu re  13 , 12 might

correspond to 
~~2 and be an extension of J in t o  the (110) plane.

~ 1

Using the same argument  by which F1 was attributed to an (1-arm because

was assigned to an i-arts , E along the (001) direction mu st be

— a t t r i b u t e d  to .ar a—arm since it is the extension of C1 into the (110)

— - - 

‘ “
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~lan e and C 1 was i t  r i - ,tr’ I above to an i-arm . The amplitude of the

L 1 series was large for 1 rarallel to t i e  [1)0 1) dir et ion . However ,

as H v-so turned towards the  [110) direct ion , the a r s :i i t u&  ~f th e -

a- : :0 m e ar c S diminished r ip ill y so-i became so : a ll  ti 5’ tney were

d i f f i c u l t  to analyze .  When 28° was reached,  a series of resonances

of ia r ~ c amplitude appeared with a periodicit’~’ , ~~( l / i U  , nearly the

same as f - or S less than 28°. It is possible E corresponds to two

iitfereot pieces of the Fermi su r f ace ; i s ~ is , u~ of F:curr- 14c f o r

S less than 28° and an as yet un iden t i f i ed  piece for  0 oreater than

2 0 g . I~ and 12 data were taken using the  specimen in w h i t -h  ~ was

parallel to tIne (110] direction . In this specimen , the am p l i t -u d co  of

t I - c absorption peak s were only s l iq :t l y aij o’: the noise level when &

was less t h a n  10° and only I, and J were observed in this specimen.

F 1 data o r  the (110] di rec t ion  in toe  (001) plane were taken using

the specimen in which q was parallel to the [100) direction. The

arnplit-a le of the I series absorption peaks were small for  S less

t than 36° measured from the [110] axis and were not observed -ar the

(h o) di rection . If for 0 less than 36° is the extension of F,

~r~to the (110) plane it  would correspond t - k-arm. Analogous

to the beoa’iror for E 1, the amplitudes of the ab~ nrption peaks of

tOe series were laru an— i were easily analyze-I when 0 was ;reater

than I3 (.°. The series E 1 for 0 greater than 28° measured t rots the

[001] rlxr~-ction and I~ for 0 greater t.. ~: 3t, ° measured from the (110)

dire ntion exhibit laroe ainpli’ u’le al •orptlon resonances and might

arise from the same piece of tI~ - Fermi. - -; i r f a c e .  
~~ 

in !-1-; u r ’ - 14c has

H - 
the same symmetry as the curve formed by joining curve F 1 t -  1~ in

~ 

-—
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Figure 13 at 0 equals 450~~ It is possible : a t  E 1 joined to I~ at

45° does corresponc~ co R f - r t he  .~ 1
- a r m o.  E 2 arid E ir’ e xt o o l  0 ,

of C 3 and C In t o  the  (110) plane and th et ’  -iv’ - not bee r related to

t : e  Ferm i su r f - t o t - .

In o - lmrtary , i t  appears that  t i e  a s s l -mn e n t  of the  DSACR data,

Figure 13 , to the third-zone piece of t i e  ic - zr-u sur face  is the one

mo s t  consistent with all the  data. It assumes t I e  existence of o—

arms. It s~ p sri that the curves C 1 and D 1 in Figure 13, for whim the

al : - orotion p aks are among the largest amplitude measured in ti is

investigation , can be attributed only to cx-arms . Existing pseudo-

potential calculations of the Fermi. surface of indium are haoi ii on

the assumption that the i-arms are nonexistent in indium . Calculi-

tions from these pseudopotentiols would not, therefore, be expected

to be reliable even for the 2 — a r m s .  If our assignment of the I)SltCi -

data is correct , it - as important implications for t h e  size and shape

not only of the  Cl—arms of the Fermi surface  in indium but the o’I-arms

as well.

— oj€;r;ije n-ue of the hSACR Attenuation on Temperature, Magnetic Fiel~~
- -in - i honi c Freouencv

A theory for the Doppler-shifted acoustic cyclotron resonances

which relates the height of the acoustic resonance absorption peaks to

the t ’- mlo - r a t u r e  of the specimen , tim- magnitude of the magnetic field ,

and the sonic frequency has not been developed. A limited experimental

investigation was made of the effects of temperature , magnetic field ,

I
- and sonic frequency on tI.e size of the acoustic resonance peaks. The

results or’ shown in Figures 1’~ to 17. In these figures , A represents
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Figure 16. The normalized height of the absorption peaks , A/0 , on a
‘1 

, logarithmic scale vs. the order n umber,  n , of the l edks.
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P the height of a resonance absorption peak in decibels rclat~ vc tc thc

background attenuation; that is , A equals (a - — s ) where ~ is the peak

¼total) ultrasonic attenuation and is the background ultrasonic

attenuation (for the same value of H) above which the DSACR absorption

~
es-

~ rises. For Figures 15 to 17, A 0 is the largest recorded va l ue

of ~l for the figure.

~ was determined by scaling the P.S.tJ. Calcomp attenuation versus

(1/H) plots of which Figure 12 is an example. For this purpose, the

output of the lock-in amplifier (Figure Sd) , which is measured in

voltage units , was calibrated in db. Calibrated attenuators were

inserted in the receiving circuit ahead of the logarithmic amplifier

(Figure 5-a) . An attenuator reduced the output voltage by a fraction

that was practically independent of the output voltage over the entire

useful range of voltages ,

(attenuation in dB) = 20 log 10 (V
~ /V 2 ) . ~l)

Th-js , while the receiver output was not readable in attenuat ion in

decibels, differences or changes in output voltage were , after calibra-

tion, precisely readable in dB. Sonic attenuation resulting from

transducer bonds , thermal phonons , crystal impurities and imperfections ,

which do not change when parameters like H and 0 are varied , do not

affect the value of A.

Figure 15 is a plot of A/A 0 data as a function of temperature. The

n — 2 resonance absorption peak was selected for investigation . The

sonic frequency was 220.8 MJ-Iz and q was parallel to the  [110] direction ;
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r 
H was in the (00 1) p lane displaced 10° from q. A 0 fo r  the n = 2

resonance was 5.8(- dB at 0.98 K. The linear relationship

t~/ A — m T + b  (2)

is eviden t in Figure 15. For this absorption peak , m = (—0.36±0.02)K ’

and b = (l.33t0.04) .

Figure 16 is a plot of A/A
0 
on a logarithmic scale as a function

of the order number of the resonance peak , n .  Three separate resonance

series are plotted in Figure 16 distinguished by a hexagon , square , and

circle which are referred to as A , B, and C respectively. Information

pertinent to each is given in table Ii. A
0 

wzs ~ for the n = 2

resonance peak of B and equaled 9.55 dB. For values of ii less than

or equal to seven , the curves are linear and can be expressed by

ln (A/A 0) = inn + b (3)

or

A/A 0 Ke~
nn (4)

where K eb . The values  for m and K are given in Table II .  The

values of in are nearly equal. Since the resonance peaks are periodic

j in 1/H, Figure 16 is equivalent to a plot of log (A/A 0 ) vs. 1/H.

For n less than or equa l to seven the curves may be represented by

L/ t  — Ke in /H (5)
H U

where in ’ — ni/A(1/H . The values of m ’ also are given in Table II.

The n — 1 points for curves B and C and the n — 1 and n — 2 points

for  A are missing from the plot since for small values of 1/H the

_ _ _ _ _ _ _ _ _ _ _ _ _  
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background attenuation was difficult to determine and no reliable

measurement of A could be made. For n greater than seven , t~-~e ~Jat-s

departs from the straight lines in Figure 16. t~ was difficult to

measure for large values of n , but it appears that the linear relation

represented in Equation (5) fa ils for large values of n (small values

of H).

Figure 17 is a plot of A/A 0 versus the sonic wave number , q, 
whi:I-.

is proportional to the sonic frequency . The n = 3 peak was meas-ure~

and ~~ was 7.41 dB , the value of A for q = 7.31 -- l0~ Lin ’ . The

values of A/A 0 
have been adjusted for the fact that the resonance

absorption peaks for different sonic frequencies occur at different

values of magnetic field (see Equation (23; in Chapter II). Using the

average value of in ~n Table LI , the adjusted value of ~~~ was cal-

culated on the false  assumption that all the resonance absorption peaks

occurred at the same value of H, namely the value of H for  the peak

with  q equal to 7.31 X 
~~~ cm ’. q was parallel to the [001] direction

and H was in the (110) plane at an angle of 68° from q. The t empera tu re

was 1 K.

I t  is to be expected that DSACR would not be observable if the

product -~ Z , where 2. is the electron mean-free—path , was less than one.

In Figure 17, A approaches zero at q equal to 2 X l0~ ctn 1 . Since

for the indium used in this investigation was i0~~ cm (see Appendix

A), the critical value of qi for the appearance of DSACR absorption

peaks in Figure 17 is 2.
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~-1’-t \J-~Y , CON C S I ) N ~~, A’- I )  -h .T~ST i -j h ~ FO~ i - Y 1 U R F  WORK

:he purpose - :f this investiqat inn was to ~:-:j ~ - r -  t Fent-u. s irface

of indi irr using DSACR and to make a limited invest: ;ati.J:. a t  t o e  effe--t

of some experi:-~entaJ parame ters on the height -~ f tUe  DSACR absorption

:~- -~kc~ absorption peaks were oL s -rv ~~- i and they s’r -r o in t e r p r e t e d  in

terms of the existing models of the Fermi surface of i nd ium . The

dependence of the heiqht of the absorption peaks on temperature , r - l a ;-

netic field , and sonic wave number was measured and disilayeh graph ica ll y .

• In order to accomplish these objectives some rnod i f .L - at :c’ I o f a:.

existing experimental apparatus were made to make the re-car -i ing of

DSACR data more convenient. Since the exi~ t1r;a local pseuciupotential

models of the Fermi surface of indium , which were deduced from other

types of measurements, did not adequately a c c ou nt  for t h e -  ohservatior~

of tals invastiga tion , an extensive free—electron model calculation of

4 the Fermi surface  of indium in the third Pr~~i l~~uin zone was made ao-.t

t h e  r ’- - ; . lt s  included . Th’- -~e calculations facilitated t o e -  i n t e rpr e t a -

tion of the experimental  results .

It  is hoped that t h e  results of this investigat i~ - will contribute

to th. - resolution of the  problems concern ing  t h e  Ferm i sii rf a ’ -e of

indium . An imp~rtar~t concern is whetH~’r or not third-zone a-arm ;

really exist. The free-electron ~~dei of indium includes them. How-

ever , in several investigations where i t  is expected u-arm would be

~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- — -  - 
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observed if they existed , there was no evidence for their existence.

Other investigations , fewer in number , give evidence for tx -arms but

this evidence is questioned by some investigators . Pseudopotential

calculations were made based on experimental data for the B-arms

assuming the ct—arms do not exist .  However, small changes in the

pseudopotential parameters can be made that would lead to tx-arms with-

out much e f f ec t  on the B-arms. The small changes have been rejected

since the ct-arms are not generally observed.

The second-zone Fermi surface has been experimentally observed by

other methods. I t  is evident that there is an absence of DSACR dat -i

in this investigation that corresponds to the second-zone s ur f a c e .  The

most consistent interpretation of the data reported here is made in

terms of the third-zone Fermi surface of indium including the i — a r : -  o .

The evidence is good that some of the data arise from the B-arms but

i t  appears that some of the best data can only arise -
~~~~~ the -i-arms .

It  is concluded then that the a-arms most probably do e - ~st in pure

indium.

Suggestions for Future Work

A calculation of R for Lhe B—arms of ind lin using the- exl.tingmax
local pseudopote tial models for indium should be helpful in testing

the assignments made of the experimental data from this  investi gation ,

in particular those assignments made to ~-ari-ns . Also i t  would pro cii ly

settle questions as to whether the assignments made here to u-arms

might have been made instead to B-arms. After this use of exi~~t ing

pseudopotentials , a new local pseudopotential could be set up to include

- 
- -~~~~~~~~ — -
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the -iota of th i -; in-/ t ag -it :o: along with tUe  o t h e r  data . With this

:r— :- i- o’- ’-d potential , the assignments of the U-~11’1- - d ci ’ ci here c-ciuld be

made with more assorance.

A l’.ta iled -
- -or g of DSACR absorption that would explain the

- I e - r’,-o~ be~ a-u cr of the resonance ciL-nnrption peak heights under

changes of ter p ra~ ure , magnet ic  f~~ -ld , and c i c i i~~~~ f requency  is needed~

Such a theory wo-il i be constructe-i  on the ace- of th - conduct~ -,’i ty

tensor and the defo rmat ion p ot e n t i a l s  for  toe Fermi surfac - .

Ii 
~~~~~ ~~~~~~~
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AP1’l ’IhfX A

P~~)PERTIES T

Physical data for indium relevant to too present work.

i~t omi ; number:

A 49

~\tomic weight:

M = 114.82 g/mole

Density -it 20°C:

0 = 7.31 gm/cm~

Electrical resistivity :

p ( 0 °C )  = 8 .3 7X l0 ’6 a—cm

Fermi energy (free-electron gas)

C
F = 1.40xl0 ’’ erg = 8.74 e.v.

Radius of the free—electron Fer-nu sphere in k—space:

- 

F = ~~ (2mE F
)~~

’2 = 1. L 4 X 1 O 8 cm~~

F’ermi velocity for the free-electron gas :

“F = l 7 5~~l0 can/sec

4 . Residual resistivity ratio for the indium used in this investiqa-

tion :

c (3- v /p (4.2K) — 8950 ±~ 450

—
~~ ——  -- - 

~~~~~~~~ 
---‘

~~~:
-‘

~~

-‘- 

- 

- - - _ - -,- , 

~~

- -

~~~

. - - - -



71

E~~’- c t r o : i  mean—free-p-ath at 4.2K (calculated) :
35

*
(a  v

2. 
( 3O- °Y /~~ . 4 . h K )  F 

lO~~ cmp ( 3 o I a K )  Me2

c c i er e  ~J density of the conduction electrons in indium and

2.~ ~i~~~~
2 0  erg--sec/cm , a typical value taken frarc this rose -arc

Product of toe sonic wave number and the electron :-;-ao-~ rno-p ath

q2.(f = 3) 0  Mt iz  = 7

Ultrasonic velocities for longitudinal sonic wa-;e~~ at 4.2K :
36

v~~ -cOl) = 2 . 6 2) (l 0~ cm/sec

v [lOO] — 2.68Xl05 cm/sec

v [l lO] = 2 . 90X l 0 5 cm/sec

•1
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AP I I N P I  X Ii

f )\:: FOURIER TRA~ S~ ~~

The subroutine RHARM in toe- 1H’-~ “ -~ - - i e n t  i~~ in S a  ro- j t~~n e  Pac~ age ’

co m p - i t e - -- ; t o.~ Fourier coefficients a0, a~~, , a~ , b2, . . . ,

h , ~r&d a ia t- ; i ’ ton
a-l

X . = ( l / 2 )a 0 +~~~~ [a~ cos (~~jk/~ ) + b~ sim (1rjk/~~)] (i/2)a , (- l;~~, (1)

where j = 0, 1, 2 , . . . , 2N-l and 2:~ is the number of dependent

var ;iJ ~es , X ., corresponding to the equally span;- i independent

var~ a( les , ~jk/~~, and 2N is an integral power of two. For convenience ,

o- 0 5 1 ( er  the case for a single frequency though the resul to that follow

are gen~- ro - Then , t o - data to be analyzed have  the form

f~ t sin(27to 0t = sin (2~To 0t)cos (i~) + cos(21r\)0t)sin( ) , (2)

where u~ is the- value sooght. Since j  labels the independent variable

7rjk/~ with which t - e -  - -‘ ~r iab J e  is associated , it corresponds to t in

i - q u a t lo :  ~2 . Let t~ be the lower bound on t and ~~ the upper bound

so th at t (j  0) = t
L 

and t (j = 2 : -1) = t~~ . Therefore ,

j — (t  — t~ )/~ t , (3~

where

= (t
~ 

— t
L

)
~ 

2h , ( - ~ ,

• or- increment in the independent variable. Then we can write

..

1’~ 
- -
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27R)0t = = (lrk(t — t
L
))/N

~
t (5)

or

= ( k/ t )  ~ ( t  — t
L)/L~

tl , (6)

where

t i T = tu
_ t1 , ( 7 )

the total range of the independent variable. We can set t
L = 0 which

will only a f fect ~ in Equation (2) and , hence , does not affect the-

calculation of ‘-)
~~~

. Then

V 0 — k/ST (8)

or

k = ~~Tv0 . (9)

Define the resolution , R, as the difference in V 0 Letween adjacent

values of k. Then

V 0 (k+l) — v 0 (k) = l/~T . (10)

Hence , the reso]ution , R, is independent of the number of po in t s  used

and depends only on the total range of the independent variable.  The

number of points used does affect the range of V 0. From Equation (8),

V0 (min) 0 (11)

--s
and

V 0 (max) — (N - 1)/ t ~T — N/tAT l/ (2 1~t ) .  ( 12 )

- -

_____________________ _______ a.
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Hence , the minimum period which can be analyzed equals twice th e-

interval between the independent variables for large N .

.

a.
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