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The temperature dependence of the electron scattering time 7 averaged over an orbit has been

investigated in thallium using the radio-frequency size effect. It was found that ~ fit an expression of
the form 1/v = a + b T ". For closed orbits the temperature exponent varied from n = 3 at low

magnetic fields to n = 5 at high values of the magnetic field. A scattering-effectiveness criterion was

introduced and was used to predict a magnetic field dependence for n in agreement with experiment.

The value of the deformation potential averaged over an orbit was obtained for orbits with n=3.

I. INTRODUCTION

The temperature dependence of the relaxation
time for electrons in metals has been the subject
of several recent investigations. Various tech-
nicIues including radio-frequency size effects
(HI'SE), ' ' ultrasonic attenuation, e-" cyclotron
resonance, 6 bulk-resistivity measurements, ~~

and magnetic-surface-state resonance~~ 2~ have
been employed by experimenters, yielding a vari-
ety of results. Generally, however, it is found

that the relaxation time ~ varies according to I/v
=a+bT" for temperatures in the range 0 to 10 K,
where g assumes values between m=2 and g='7.

The experimental results may be understood by
assuming that an electron on a resonant orbit un-

dergoes a scattering event in an average time v.

which removes the electron from the resonant or-
bit. If one Blso assumes that collisions with im-
purities and with the lattice (in the form of elec-
tron phonon -interactions} contribute to the total
scattering rate independently, the expression for
v may be written as I/7= I/7, + I/v~, where I/r; is
the average scattering frequency due to impurities
and 1/~~ is the electron-phonon scattering fre-
quency, 7, is temperature independent over the

range of temperatures investigated,
A model for electron-phonon scattering in which

it is assumed that every electron-phonon collision
is effective in removing the electron from the
resonant orbit results in an expression of the form

I/~~ =, ' I'n;(I -f„-,;)5(z„-„--a(u; —z„-)
IC I

+ (~;+1)(1 —f„- „-}5(Z„-,"+au); —Z„"}]qdq,
corresponding to processes of emission and ab-
sorption of a, phonon of wave vector q. (M is the
ion mass, C, is the velocity of sound, and C0 is the

average deformation potential. ) In the Debye ap-
proximation and at low temperatures the integral
may be evaluated and one finds I/v~ = I'I' where

I'=2 ~ 4&&io'(I Col'/a ) (m. /I)
for thallium where I COI is measured in eV and kD

in units of 10 cm '. Thus a temperature depen-
dence for I/v of the form I/~= a+ I'Ts is pre-
dicted. If v=3 experimentally, as occurs for
many orbits observed in this experiment and

others, a value for the average value of the defor-
mation potential over the orbit can be determined.

In this experiment, as well as in the work of
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other investigators, values of the temperature ex-
ponent g & 3 have been observed, the most fre-
quently observed result being g = 5. Ziman 8 ex-
plains the n= 5 result for bulk-resistivity mea-
surements by noting that mhen a direct current is
measured, it is the change in the component of the
electron velocity parallel to the static electric
field mhieh is of importance. Thus a factor pro-
portional to (v„; -v;) ~ E introduces a factor of
(1 —cos8) as an effectiveness weighting factor into
the integrals for I/~. Since for electron-phonon
scattering q«k~, then 8 =q/k~. This results in an
additional term proportional to q in the integral,
giving rise to the n = 5 exponent. Myers et gE. 6

use similar arguments based on the fact that as q
becomes very small, multiple-scattering events
become necessary in order to render an electron
ineffective, again resulting in a I= 5 exponent. The
n= 5 case, as mell as the general case g & 3 is dis-
cussed further in Sec. GI of this paper.

In the parallel-field BFSE,2~ an rf electric field
is applied to the major surfaces of a thin metallic
sample. In the antisymmetric excitation geometry,
as used in this experiment, the rf field is in oppo-
site directions at the major sample surfaces. Un-
der the conditions I-d» 5, spatial resonances in
the BFSE occur at magnetic fields such that B
= c8k~/ed, where I is the electron mean free path
(emfp), d is the sample thickness, 6 is the rf skin
depth, and jpa the orbit caliper dimension. The
amplitude A of the BFSE line is proportional to the
number of electrons passing through both skin-
depth regions without being scattered from the
resonant trajectory. Thus if L is the length of
the trajectory followed by the electron in proceed-
ing from one sample surface to the other, then

g /8g ~ ff' / 40c'F

A ac e- I /al 1 -n'/cd&v

allowing for multiple passes through the skin depth
before scattering. Measurement of the tempera-
ture dependence of the RFSE signal amplitude,
therefore, alloms the temperature dependence of
7 to be determined.

II. EXPERIMENTAL

The samples used in this research mere ob-
tained from a refined 99.9999%%uo-pure bar of thalli-
um purchased from Comineo American Incorpor-
ated. A 2-in. long section mas spark eut from the
original bar and subjected to the strain-anneal
technique of crystal growth. Several large crys-
tals mere produced, and the samples used in this
research mere cut from one of these crystals. The
crystal was oriented using Laue ba.ck-reflection
x-ray photographs. Rectangular samples approxi-
mately 6~9&2 mm mere cut from the oriented
sample. Although sample orientation within 1 of

a crystaQine axis mas considered adequate, the
faces of the sample had to be parallel to consider-
ably better than 1' to ensure the desired 2% uni-
formity in the sample thickness. To produce ade-
quate parallelness, a block of stainless steel mas
first spark planed to ensure that the mounting sur-
face mas parallel to the planing wheel. The sample
mas then mounted on the stainless steel and spark
machined. Since the orientation of the planing
wheel mas found to change slightly over long peri-
ods of planing, the sample was removed before the
final fern hundredths of a mm mere taken off, and
the stainless steel mas replaned. The damage
from the spark planing was removed by applying
very dilute nitric acid with a Q-tip and rinsing
immediately in water. The orientation was re-
checked by Laue back reflection and found to be
within 1 of the desired crystal Rxis. The sam-
ples were stored in glycerin between experimental
runs to prevent oxidation. .

A micrometer gauge having a 0.0001-in. vernier
was used to measure the sample thickness at each
edge, each corner, and in the middle for a total
of nine measurements. The thickness of the [0001]
sample was 0. 1655+0.0038 mm. The thickness of
the [0001] sample could be also determined from
the period of the open orbit along AI.. The Bril-
louin-zone dimension in the AI direction calculated
from the lattice constants of Barrett30 has the val-
ue jg» = 2. 1103+ 0.0011 A . The open-orbit elec-
t p d p i di th t d p 1

ly and dominate the high-field data. The period
48 of the resonance ean be used to calculate the
sample thickness d from Iksm = (e/c)d(nB). In de-
termining the period it is necessary to extrapolate
the fiducials to the zero-skin-depth limit before
measuring B as discussed in Sec. III. The result
is 2 =0. 1622 +0.0016 mm for the [0001]sample,
which mas the thickness used in the data reduction.

For another phase of this research it was neces-
sary to design a sample holdex which would allow
the plane of the sample to be tilted at any angle
up to 20' mith respect to the magnetic field for any
orientation of the magnetic fieM. This capability
allowed the sample surfaces to be aligned parallel
to the magnetic field to within 0.O'. Tilt studies
were performed and were invaluable aids in orbit
identification and assignment. A block diagram
of the apparatus ls shown ln Fl.g» 1o An rf eo1,1
was placed around the sample and formed the in-
ductive part of the I C tank circuit of the marginal
oscillator similar to that of Shih-Yu Feng. 3~ Using
a ten-turn potentiometer for the bias resistor al-
lowed the sensitivity to be reset precisely enough
so that amplitudes could be reproduced to about
2%. The detector output of the oscillator was fed
into a PAB model HB-8 lock-in amplifier mhieh
also provided the sinusoidal reference used to
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FIG. &. A recorder tracing of dR/did va the magnetic
field between 0 and 1 kG. The magnetic field is oriented
along the I1120] axis.

I IG. l. A block diagram of the experimental apparatus.

drive the modulating magnetic fieM for phase-sen-
sitive detection. The output of the lock-in ampli-
fiex' mRS displayed on the g axis of Rn gp recox'dex',

The x axis signal mas proportional to the current
through the magnet, and the magnetic field mas
calibrated using NMB. The resulting display mas

proportional to (sB/SB) versus B (Figs. 2 and 3)
where B is the real part of the surface impedance
of the samyle. At low temperatures the 29' varia-
tion in oscillator sensitivity dominated the uncer-
tainty in the resonance amplitude A.t high tem-
peratures the amplitude i.s small, and the uncer-
tainty in A is dominated by the signal-to-noise
ratio. A basis for judging the over-all sensitivity
of the electronics is to note the highest tempera-
ture at which resonances are stiD visible, and

compare the temperature mith that of other investi-
gators using the BFSE in the same metal, Gage
and Goodrich, 33 using second-harmonic detection
to plot (s B)/(&B ) versus B, observed no lines
above 2.2 'K. Takle Rnd Stanford33 observed lines
up to 3.3 K using FM detection to plot (sg)/(sB)
versus 8, mhere y is the imaginary part of the
surf Rce impedance. This %ox'k produced lines Rt

temperatures as high as 3.V-3.9'K. The tem-
perature interval investigated in this research mas
1.2 to 4. 1V K.

HI. DATA ANALYSIS AND RESULTS

A. Frequency Studies and Caliper Assignment

Although the BFSE has found mide acceptance as
the best experimental technique for direct mea-

surement of Fermi surface calipers, no complete
theoretical treatment exists to date mhich pre-
dicts the observed li.ne shape mell enough to allow
the caliper field point to be detex'mined. As a re-
sult, several empirical methods have been devised
to determine the resonance field assigned to a
HFSE line. Two of the mox'8 successful technigues
have been discussed in detail by Jones et gl. and

by Gage and Goodrichs and mill not be reviemed in
this paper. A third technique, exploited by Cleve-
land and Stanford35 and by Krylov36 relies on the
fact that the BFSE linemidth is proportional to the
skin depth 5. Tn the anomalous skin effect region
5 vRx'ies Rs (d where (d is the frequency of the
rf field. Thus if 8„ is a value of the magnetic fieM
associated with an observable feature of a BFSE

dR
dB

C D

A r«order tracing of dB/dB vs the magnetic
fieM between 0 and 5kG. The high-field oscillations are
due to the AJ open orbit electrons,
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line arising from an orbit with a caliper kD, one
expects a relation of the form B„=Bo+ a~ to
describe the frequency dependence of B„. (Bp 1s
the true resonance field. ) By plotting B„versus

and extrapolating to infinite frequency, the
true resonance field for the kD may be determined.

In this research, the RFSE signal amplitude pro-
portional to eR/SB was recorded as a function of
magnetic field for several frequencies. Fiducials
corresponding to points of steepest slope and ex-
trema of the signal amplitude were plotted versus

In all cases studied it was found that B„
varied as expected. Further, it was found that in
most cases two or more extrapolated va, lues of B„
coincided within 2% for a particular BFSE line as
shown in Fig. 4. As is also illustrated in Fig. 4,
some RFSE lines due to different orbits overlap as
a function of magnetic field. By using the frequen-
cy-extrapolation technique, it was found that sig-
nals with complicated line shapes due to overlay
could be resolved into their separate components,
allowing an unambiguous caliper determination.
All orbits identified in this research are assigned
in this manner. The reported resonant fields are
the extrapolated values corresponding to the inter-
section of two or more frequency extrapolations.

While it was not the major emphasis of this re-
search to caliper the Fermi surface of thallium,

IOOO--

900-
~ o-o

~W

800-

700.-.
I

I
I I

.005
(H -I/3)

FIG. 4. A plot of B„vs ~"' indicating convergence of
resonant field points.

it was necessary to make RFSE line and caliper
assignments as part of the relaxation-time study.
(The Brillouin zone of thallium is shown in Fig. 5.)
Sufficient data were taken about the crystal sym-
metry directions to determine the angular depen-
dence of the caliper as well as the numerical val-
ue. These results along with the results of the
tilt study were used in making caliper assignments.
The results for the [0001] sample are reported in
Table I and are in general agreement with those of
previous workers. However, the angular and tilt
dependence of the i series observed in this re-
search suggested that a caliper of 0.4S be assigned
to the orbit shown in Fig. 6, in apparent disagree-
ment with Gage and Goodrich Th. e f series, which
produced a signal which overlapped the i series
resonance and was resolved using the frequency
extrapolation technique, would be assigned to an
intermediate orbit such as that shown in Fig. 6.

B. Temperature Dependence

The temperature dependence of the electron
scattering time, v, was determined from the ex-
perimental data using Eq. (1) and 1/~ = a+ b T". In
all cases it was observed that the temperature de-
pendence of the RFSE signal amplitude obeyed a
relation of the form A ~ e ' "&' equally as well as
Eq. (1), indicating that +,v~ 1, i. e. , the effect of
multiple passage through the skin depth could be
neglected. The temperature exponent g was ob-
tained by plotting the natural logarithm of the
signal amplitude versus T" for each resonance and
selecting -that value of n which resulted in the best
straight-line fit. A sample set of curves is shown
in Fig. V.

The temperature dependence of 7 averaged over
an electron orbit was investigated for several
orbits and the results are summarized in Table I.
Below 800 0 all the orbits studied showed the ex-
pected I/v~ = I"7 dependence characteristic of a
single electron-phonon scattering event being suf-
ficient to render the electron on the orbit ineffec-
tive. The constant I' can be evaluated by deter-
mining the slope of the lnA versus T plot for those
orbits with g. = 3. In addition, it is necessary to
know ~, at the resonant field. This quantity was
estimated using the relation &o, = AD/m, d at the
resonance field, which is exact for a spherical
Fermi surface. Thus a value of the average scalar
deformation potential, I CO I, over the orbit can
be determined according to

IC I'
hkD

'
ka &pe

where ICOI is in eV and k~ is inunits of 10 cm '.
The results of the calculations are shown in Ta-
ble I. Wherever possible, the experimentally de-
termined values of nz, and kD were used for each
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CL,

E
CX

FIG. 5. The Brillouin zone of thallium.

0

40 80 t20 i60 PK )

32 PKs)

16 ('K )

FIG. 7. A typical plot of the natural logarithm of the
signal amplitude vs various powers of the temperature.
The size of the marked data points are indicative of the
uncertainty limits.

FIG. 6. A cross section of the thallium Fermi surface
in the AHI planes. Orbits investigated in this research
are indicated by a letter symbol. The notation corre-
sponds to that used by Gage and Goodrich wherever pos-
sible.

orbit.
The resonances which. occur at magnetic fields

greater than approximately 800 6 indicate a tem-
perature dependence for 1/i with exponent values
greater than 3. A simple interpretation of the n
& 3 exponent is that a single electron-phonon scat-
tering event is no longer sufficient to render the
electrons on the orbit ineffective. The higher ex-
ponent suggests the necessity of multiple scatter-
ing events similar to those observed in dc resis-
tivity measurements at low temperatures. How-
ever the scattering effectiveness criterion for
BFSE should differ from that for dc effectss as
discussed below.

A scattering-effectiveness criterion for the
BFSE consistent with the data may be understood
as follows. In order for an electron to contribute
to the RFSE signal, it must pass through the skin-
depth region of one sample surface and proceed
along a trajectory which brings the electron into
the skin-depth region of the opposite surface (Or-
bit A, Fig. 8), An electron initially on a resonant,
orbit will satisfy this criterion if unscattered. If
an electron originally on a resonant orbit is scat-
tered to a final trajectory which still passes
through the skin-depth region of the second sam-
ple surface, the electron will still contribute to the
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TABLE I. Summary of experimental results.

Direction of
magnetic field

[1120]

[1120]

[1120]

[1120]

[1120]

[1120]

f1120]

f1120]

[1120]

[1010]

[1010]

[1010]

[1010]

Orbit
designation

f+a @ i+g

4+8

Resonant,
field

(G)

612

—4000

766

Caliper~ Qg)

(1O' cm-')

0.49+ 0.01

0.59 + 0.01

0.70 + 0.01

1.06 + 0.02

1.4o + o.o2

1.51+ 0.01

1.92+ 0.04

2.01 + 0.03

High-field
oscil, lations
associated
with harn1onlcs
of open orbits

0.70+ 0.01

1.72 + 0.02

1.81 + 0.02

1.89 + 0.02

Temperature
dependence

of 1/v
(1/~=re )

n=3. 0+ 0.2

n=3. 0+ 0.2

n=3. 0+ 0.2

n=3. 0+ 0.2

n=3. 0+ 0.2

n=3. 0+ 0.2

n=4. 0+ 0.2

n=5. 0+ 0.2

n=3. 0+ 0.2
n=5. 0+ 0.2

n=3. 0+ 0.2
n=5. 0+ 0.2

n=3. 0+ 0.2
n=3. 0+ 0.2
n=3. 0+ 0.2

n=3. 0+ 0.2

n=5. 0+ 0.2

ISIope ) of
In& vs K

0.116

0.116

0.097

0.101

0.100

0.069

0.0230

0.0078

0.063
0.0055

0.060
0.0064

0.Q86

0.070

0.156

0.140

0.0072

)Cp)
(eV)

4(j

4.82

4.65

2.00

4.43

IIFSE signai (Orbit &, Fig. 8). A phonon scatter-
ing process which renders an electron originally
on a resonant orbit ineffective is shown as orbit
C, Fig. 8, in which the final trajectory does not

)iX

pass through the skin depth region of the second
surface. The scattered electron thus cannot con-
tribute to the BFSE signal. A model calculation
based on this ineffectiveness criterion is presented
below.

The equation of motion for an electron of wave
vector k and velocity v in the presence of a mag-
netic field 5 is

dk
n —= v&&5 .dt

For a constant magnetic field in the g direction, .

Eg. (3) can be integrated to find the trajectory co-
ordinates in the gy plane:

I"IG. 8. A projection of the electron trajectory onto a
plane perpendicular to the magnetic field for an unscat-
tered resonantelectron (GrbitA), an electron which is not
removed from the resonant orbit by a single electron-
phonon scattering event (Orbit B), and an electron which
is removed from the resonant orbit by a single electron-
phonon scattering event (Orbit C).

—gk
~s+yo ~eB

where the integration constant xo and yo are the (x,
y) coordinates of geometrical center of the tra-
jectory (Fig. 8). In an electron-phonon interac-
tion the position of the electron (x, y, z) is instan-
taneously unchanged, but the wave vector (k„, 0, ,
&,) and the orbit center (xo, ya, zo) change to (k„',
k,', k,') and (xo, yo, za), respectively.

Using Eqs. (4a) and (4b) and the primed counter-
parts gives displacements of the trajectory center:
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p
-cS pxo-xo= (& —& ) (5a)

The change in the electron wave vector due to a
collision with a phonon of wave vector q obeys the
selection rule k'-k=q. The effect of the interac-
tion, then, is to displace the center of the electron
trajectory by an amount

QA
xo xo e

an electron ineffective in a single electron-phonon
scattering event. Note that q &, is proportional to
both the skin depth 5 and the magnetic field B. As
the resonance field increases, q &, increases, re-
sulting in a reduction in the number of phonons
which can render an electron ineffective.

In order for the scattering model to be complete,
one should demonstrate that the phonon distribu-
tion over the temperature range in which the data
were obtained is consistent with the predicted val-
ue of q &,. If the most probable value of q for a
phonon at a temperature T is denoted by q, then

QS
Xo So= ~ qx ~

l. 594k~ T
8

(13)

2
kI k kgq g qg sfCs

2k 2k hk
(9)

If x is the extremal value of the x coordinate
of the orbit before collision, and x' is the extre-
mal value after collision, then the criterion for
an effective scattering event may be expressed as

( 10)

Using (Ga) and (9) along with the ineffectiveness
criterion yields

q,k, q2g m C, q e)95

For central orbits me may ignore all but the first
term, and averaging the effect over the Debye
sphere yields

(3)1/3 B0
qmin- (12)

for the minimum value of q sufficient to render

The q„component causes the trajectory center to
move in the y direction, parallel to the sample
surface. This miQ not move the trajectory ex-
tremes outside the skin depth. The q, component
is responsible for moving the trajectory extremes
out of the skin depth.

The q, component of the phonon wave vector can
cause the electron to move to an orbit having a
different radius. The resulting change in the tra-
jectory radius in the x direction may move the
trajectory extremes out of the skin depth. Assum-
ing a free-electron model for the Fermi surface,
the k-space orbit radius k„ is

k„=k —kg . (7)

Combining Eg. (7) with the corresponding equation
after the collision and conservation of energy
yields

k,'3- k,'= —(q, + y, )q, +2mC, q/I .
For the case of central orbits, k„»k, &q„one
thus finds

for thallium. Setting the value of q at 2. 2 K (the
midrange temperature for our experiments) equal
to q &, alloms the transition value of the magnetic
field to be determined. Using a value for the skin
depth determined from experiment according to the
relation 5= 0. 15(AB/B)d= 2. 43X 10 cm, a transi-
tion field B,= 718 6 is predicted. The data show
that the transition from T' to T "~ occurs between
600 and 800 6, in agreement mith the prediction of
the model.

The temperature dependence of the open. -orbit
resonance C or D shows a more complicated be-
havior. A plot of loA versus T"does not give a
straight line over the range of temperatures inves-
tigated. An exponent of n = 3 appears to mork mell
between 2 and 4. 2'K, whereas n= 5 is required
between 1.2 and 2. 9'K. We are thus led to con-
clude that a transition occurs in which the domi-
nant scattering mode changes from a single to a
multiple-phonon process.

A semiquantitative explanation of this effect may
be found in the following manner. The electrons
contributing to the resonance travel along the AL
open orbit which must pass through a point of de-
generacy between the third and fourth bands. In
theory, at 0 'K the degeneracy region is a mathe-
matical point, and the width of the open orbit band

(M, ) in the direction parallel to the magnetic field
is vanishingly small. However, at finite tempera-
tures, the Fermi-Dirac distribution "smears" in
a small range of energies about the Fermi energy.
The "smearing" of the distribution function gives
rise to an effective thermal broadening of the con-
tact at the po1nt of degenelaey If a simple form
for the Fermi surface is assumed near the point
of degeneracy, the width of the open orbit at the
degeneracy point becomes

~u. = 4(mu, r/@')'/'. (14)

Thus one might expect multiple-phonon scatter-
ing to be important at temperatures such that
4k, &q, whereas at temperatures for which hk,
&q, single-phonon processes should be the impor-
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tant scattering mechanism. An order of magnitude

To may be found by equating the expressions for q
and 4k„which results in a transition temperature
of To= 1.66 'K, The data indicate that the transi-
tion occurs at a temperature between To= 2. 0 and

To= 2.7 'K, inapproximate agreementwith the theory.

IV. MSCUSSION AND CONCLUSIONS

The temperature dependence of the electron
scattering time, v, has been measured for several
orbits in thallium. The results for closed orbits
at low magnetic fields show a temperature depen-
dence with an exponent n = 3 indicating that a single

. electron-phonon scattering event is sufficient to
remove an electron from a resonance orbit. At
values of the magnetic field above approximately
800 G, the temperature exponent assumes values
greater than three, indicating the onset of multiple
scattering events as the effective mechanism for
removing the resonant electron from its orbit.
Thus it would appear that the scattering time is
dependent upon the magnetic field. Similar results
have been reported by Phua and Peverley, '

by Dea-
ton, ~ and by Cox and Gavendas in copper and by
VAtt and Peverley and by Tsoi and Gantmakher in
potassium. In order to explain the results, a scat-
tering-effectiveness criterion appropriate for a
RFSE experiment was introduced. It was found
that in order for a single phonon to scatter the
electron from the resonant orbit, it was necessary
for the magnitude of the phonon wave vector to have
a minimum value proportional to the product 85.
The most probable value of the phonon wave vector
at a temperature T was calculated assuming a
Debye model and was equated to q &„. Thus a rela-
tion between. the magnetic field and the temperature
was found which was used to predict the value of the
magnetic field at which the transition from single
phonon to multiple phonon dominated processes is
expected. A value of the temperature exponent of
n = 3 was appropriate at low values of the magnetic
field, and a transition to values of n &3 at high val-
ues of the magnetic field was found in agreement
with experiment. It is interesting to compare the
results with those of other investigators. Phua
and Peverley found a temperature dependence for
1/v~ with an exponent equal to 3 using geometric
resonances in copper. Cox and Gavenda using the
results of Deaton found 1/r~ to vary as the fifth
power of the temperature in copper at high values

of the magnetic field also using a magnetoacoustic
technique. . A resolution of this apparent discrep-
ancy may be found by adapting the effectiveness
criterion for the RFSE to the magnetoacoustic ef-
fect. The sample thickness corresponds to the
electron orbit diameter for a given geometric
resonance peak. The diameter is given by (p+ y)X
where p is the harmonic index integer, y is a con-
stant between zero and one, and X is the wavelength
of the ultrasonic wave. The skin depth would be
replaced by a reasonable fraction, e (0 ~ e ~ 1), of
a wavelength of sound corresponding to the region
of large v 0 interaction between the electron and
the ultrasonic wav8. One then finds a relation be-
tween the magnetic field and the temperature for
the transition from single to multiple phonon scat-
tering, which can be written in terms of the har-
monic index P as discussed by Phua and Peverley.
Recalling that the results of Cox and Gavenda are
obtained from high-magnetic-field data, one ex-
pects multiple scattering to be the dominant
mechanism, wher eas single-phonon scattering is
dominant in the range of magnetic fields and tem-
peratures investigated by Phua and Peverley. W'il-

lard measured the temperature dependence of 7
in thallium using an acoustic technique at mag-
netic fields up to 9.4 kG, and found a value of the
temperature exponent equal to 3.6. On the basis
of this work an exponent n & 3 is expected consis-
tent with the observations of %'illard; however,
at very large magnetic fields a value larger than
3.6 would be expected. BUlk resistivity mea-
surements in thallium give n = 5 as expected. The
results of the open orbit studyy although less con-
clusive due to the existence of only one open orbit,
are consistent with the theory and with the results
of Cox and Gavenda,

It is of further interest to note that the value of
the deformation potential averaged over the orbit
as observed for those orbits for which the geomet-
ric effects were normalized UsiIlg the cyclotron
mass and measured orbit caliper gave the same
value of Co within experimental error. This sug-
gests that the most appropriate measure of the
scattering anisotropy might be Co rather than z,
since y appears to depend upon not only the expexi-
mental technique used in the measurement and the
value of the experimental parameters such as the
magnetic field and the skin depth, but also on the
orbit geometry factors such as k~ and m, .
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Measurements have been made of the transit times of pulses of longitudinal and transverse ultrasonic

waves in single-crystal samples of Ti,O, having appropriate orientations at various temperatures between

75 and 580 K. Sample-length-versus-temperature data were also obtained using a dilatometer. The

elastic constants deduced from our measuremetits are found to exhibit anomalies connected with the

gradual electrical transition which starts at about 400 K. Minima in C», C33 and C,2 and a

maximum in C» are accounted for semiquantitatively by means of a calculation of the contribution of
Ti 3d electrons to the elastic constants using a deformation-potential approach and two 3d subbands

whose separation decreases drastically with increasing temperature and becomes negative above the

electrical transition. Electron-electron and/or electron-phonon interactions may be involved implicitly via

the strong dependence of the energy gap on temperature. The temperature dependence of C44 is

accounted for as a lattice eA'ect, and C,4 is so small that no attempt is made to interpret its

temperature dependence. The room-temperature bulk modulus and Debye-temperature-versus-

temperature results are reported.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

The purpose of this investigation is to study
elastic properties through a metal-nonmetal tran-
sition which is not accompanied by a change in

crystal structure nor in magnetic phase. Ti&03
shows an interesting gradual electrical transition
which extends from about 400 to 500 K. It has the
rhombohedral n-corundum structure, and can be
indexed in the hexagonal system. ' Although there
is no change in crystal structure during the transi-
tion, the c axis expands and the a axis contracts.

Single-crystal boules of Ti203 were obtained
from the Purdue Central Crystal Growth Facility,
where they were grown from the melt by the Czoch-
ralski method. Crystallographic directions in each
boule were determined by x-ray diffraction. Sam-
ples of the order of I cm long were cut with a wire
or diamond saw. Each was x-ray oriented, ce-
mented into a brass lapping ring, and lapped on

successively finer grinding powders on plates of

glass and granite. Distilled water was used as a


