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The temperature dependence of the sound velocity dispersion in bismuth and antimony is measured 
in the temperature ranges 3.S-7.S'K and 4-IO"K, respectively, and in strong magnetic fields for 
which K R 0( 1 (K is the sound wave vector, R is the electron orbit cyclotron radius) and under 
the conditions that K 1 Hand WT::; 1 (w is the sound frequency, T is the relaxation time). The 
temperature dependence of the relaxation time in bismuth and antimony is studied. In both cases, 
the temperature-dependent part of the inverse relaxation time is proportional to T 2. The numerical 
values of the proportionality coefficients for bismuth and antimony are P=0.S7x 108 sec- 1 deg- 2 and 
P=O.ISX 108 sec- 1 deg- 2, respectively. 

Magnetoacoustic phenomena in metals have long been 
used with success in the study of their electron energy 
spectra. [1J It was shown in [2-4J that there is a sharp 
(resonant) increase in the sound absorption coefficient 
and sound velocity in strong magnetic fields in the case 
of deviation of the magnetic field vector H by a small 
angle <p = <Pcr relative to the pOSition K 1 H (K is the 
sound wave vector). This phenomenon, which is given 
the name "oblique effect" in the literature, is due to 
electrons from the neighborhood of the limiting point on 
the Fermi surface, The conditions imposed here on the 
sound frequency and on the magnetic field intensity H 
should be quite stringent: 

oH~1, KR<L (1) 

Here 7 is the relaxation time and R is the cyclotron 
radius of the orbit of the electrons. 

Interest in the study of the time of free flight of elec
trons on the Fermi surface stimulates the development 
of new methods for its measurement. Magnetoacoustic 
resonance phenomena have already been used under cer
tain specific conditions for the measurement of the elec
tron free path length in metals. [5, 6J However, if we are 
interested in the temperature dependence of the path 
length (or time) in connection with the study of scatter
ing mechanisms, resonance effects turn out to be less 
suitable, because of natural limitations (their vanishing) 
that occur following a comparatively small increase in 
the temperature and decrease in the path length. It could 
be expected that investigations of the dispersion and ab
sorption of sound in strong magnetic fields (but not 
strong enough to be quantizing) would turn out to be 
preferable from this point of view, and would allow us to 
raise the temperature limit of the measurements. 

It was shown both theoretically and experimentally 
in [2,3,7, 8J that the sound absorption in a transverse 
magnetic field H 1 K changes according to the law 

r-A~ 
1+oo''\'' ' 

(2) 

whil~ the change in the velocity under these same condi
tions' referred to the velocity in the absence of the field, 
is equal to 

!:1s oo''\'' 
-=A---. 

S 1+oo''\'' 
(3) 

Here A is a constant that is independent of the mag
netic field and of the temperature. 

Upon increase in 7 (decrease in temperature), the 
sound absorption decreases and, if W7 »1, it tends 
toward zero as 1/w7; on the other hand, the dispersion 
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increases, tending toward its maximum value A, the de
termination of which under the conditions W7 » 1 would 
make it possible to calculate 7(T) for any temperature, 
regardless of the scattering mechanism of the carriers, 

It is seen from the dispersion (3) that the greatest 
sensitivity to a change in 7 is achieved in the interval 
where W7 = 1/v'3: 

_11'_ !:1s =2A 1-300'1:' =0 
d(oo'\') , S (1+ol'1;') 3 

and the dispersion is almost completely insensitive to 
changes in 7 if W7 »1 (the saturation region), 

(4) 

Various mechanisms of scattering of electrons are 
usually regarded, in the first approximation, as inde
pendent of one another, which allows us to represent 7 
in the form 

1/1:=1/-ro+1/'\'(T) , (5) 
where 70 is the relaxation time of electrons on impuri
ties and other static distortions of the lattice, and 7(T) 
is the time determined by electron-electron and elec
tron-phonon collisions. 

For bismuth and antimony, the temperature-dependent 
part of the relaxation time was measured in [9-12J; it is 
of interest, by measuring this same quantity over a wider 
temperature range, to compare the resultant data with 
already known data, thereby verifying the new method. 
Inasmuch as there is interest also in the numerical 
values of the mean time of flight 7, along with interest 
in the function 7(T), one could ascertain, by comparing 
our data with the results of [9-11J, whether the quantity 7 
defined in Eqs. (2) and (3) as the relaxation time of the 
distribution function at equilibrium [7, 8J is identical with 
the mean free path time obtained from data on the size 
effect. 

EXPERIMENT 
The relaxation time can be determined both by dis

persion measurements and by measurement of the sound 
absorption in a strong field, The quantity !::..s/s is the 
more convenient for the measurements. The sensitivity 
of the apparatus for the determination of r depends on 
the loss in joints between the transducers and the sam
pIe, and a calibration is necessary for the temperature 
measurements. On the other hand, the change in the gen
eration frequency1) does not depend on the nature of the 
joint, and calibration is not required for measurements 
of the relative frequencies !::..f/f ~ !::..s/s. 

Single crystals of bismuth and antimony were used in 
the experiments. These were obtained from metals of 
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grade Bi-OOO and Sb-OOO, subjected to additional zone 
recrystallization in a graphite mold. The resultant bulk 
single crystals had dimensions of 20 x 15 x 200 mm. 
The contaminated ends were cut off by an electric spark 
cutter and the samples were prepared from the middle 
part. The resistance ratio which characterizes the pur
ityof the samples, was R(3000K)/R(4.2° K) = 300 for 
bismuth and R(300° K)/R(4.2° K) = 2700-3000 for anti
mony. 

The samples were cut with a tungsten wire of 0.05 mm 
diameter in the form of discs of 6-8 mm diameter and 
thickness d = 1-3 mm. Since the samples must them
selves act like acoustic resonators of the Fabry-Perot 
type in the measurements of the dispersion of the sound 
velocity, it was important that they be plane-parallel. 
Lapping of the samples to the required degree of plane
parallelism was performed by a fine abrasive with sub
sequent polishing; the metal surface layer damaged by 
such a treatment amounted to a depth of about 0.1 mm, 
i.e., not more than 20% for very thin samples. 

The experiments were performed in the temperature 
range 1.4-12° K; the temperature was measured as 
usual by the helium vapor pressure in the range 
1.4-4.2° K, and with a differential thermocouple2) 
(ELZh-999-copper) at higher temperatures. In this case 
the sample was placed in a brass container in which a 
vacuum was created; it was heated by a wire-wound 
oven. One end of the thermocouple was attached to the 
sample and the second to the container wall in direct 
contact with the liquid helium. 

Investigations of the temperature dependence of the 
dispersion of the sound velOCity were made on a series 
of 3-4 samples, prepared from one bulky single crystal. 
The experimental points had a small scatter from sam
ple to sample, and therefore we give in this paper the 
results of measurements obtained on one of them. 

EXPERIMENTAL RESULTS 

It follows from theory [3J that the dispersion of the 
sound velocity in a transverse magnetic field does not 
depend on its intensity if the conditions (1) are satisfied. 
The field intensity, which can be assumed to be strong 
for given wand K, was determined from measurement of 
the dispersion at some constant temperature as a func
tion of the field H. Typical plots ~sls as a function of the 
intenSity of the magnetic field at T = 4.2° K are shown in 
Fig. 1 for the case K II Y, H II Z. As usual, we connect 
the set of coordinates X, Y, Z with the directions of the 
binary, bisector and trigonal axes of the crystal, respec
tively. Saturation of the dispersion in the given case 
takes place in fields H > 2 kOe. Further increase in 
the field intensity does not affect the magnitude of the 
dispersion, showing that the criterion (1) is satisfied for 
the given mutual orientation of the vectors K and H. 

The temperature dependence of the dispersion of the 
sound velocity in bismuth and antimony was studied at 
two ultrasonic frequencies, 165 and 65.4 MHz. The 
maximum of ~s/s as a function of the angle cp between 
the magnetic field and the direction of the sound wave 
vector K was reached, in complete agreement with the 
theory, at cp = rr/2, i.e., (K' H) = 0, and the curve ~s/s 
= f/cp had a bell-shaped form. 

Figure 2 shows the results of measurement of ~s/s 
as a function of temperature with the ordinates in logar
ithmic scale. The upper three curves, designated by 
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FIG. I. FIG. 2. 

FIG. I. Dispersion of sound velocity !:;.s/s in antimony as a func
tion of the field intensity in the case KIIY and HIIZ. 

FIG. 2. Dependence of the sound velocity dispersion !:;.s/s on the 
temperature in antimony: 'V - KIIY, HIIX, w/2rr = 165 MHz; D - KIIY, 
HIIZ, w/2rr = 165 MHz; 0 - KIIY, HIIZ, w/2rr = 65.4 MHz; in bis
muth: • - KIIY, HIIX, w/2rr = 165 MHz,. - KIIY, Z II X, w/2rr = 

65.4 MHz. 

open triangles, squares, and circles, give the dispersion 
in antimony. The two lower curves, denoted by black 
squares and circles, give the dispersion in bismuth. 
The dispersion curves were measured in a magnetic 
field H = 2400 Oe. At temperatures less than 4.4-5° K, 
the velocity dispersion tended to a saturation value de
termined both by the behavior of T(T) and by the effect of 
electron scattering from impurities and structure de
fects of the lattice. 

Figure 3 shows the experimental results in the coor
dinates liT and T, T2 and T3 for bismuth and antimony. 
The values of liT were calculated from Eq. (3). The 
constant A was determined for several values of the 
temperature at two frequencies and then the mean value 
was taken. The value of A turned out to be equal to 
3.5 x 10-4 for bismuth and 9 x 10-4 for antimony. 

It is seen from the drawing that the temperature de
pendence of the irwerse relaxation time is best described 
by the quadratic function 

1/-r=1/-ro+~T2. 

and the constant f3 = 0.57 X 108 sec-1-deg-2 for bismuth 
and f3 = 0.15 X 108 sec-1deg-2 for antimony. 

DISCUSSION OF THE RESUL T5 

The magnetic field intensity does not enter directly 
in Eq. (3) for the sound dispersion in a transverse field, 
but its role is very important. With increase in field, the 
twisting radius R of the electrons decreases and, if 
R - 0, all the electrons on the closed Fermi surfaces, 
moving along the direction of H, slide along the phase 
fronts of the wave. Collisionless absorption, which is 
associated with the Landau damping, is impossible in 
such a geometry. Collisions with the scatterers lead to 
viscous absorption and sound velocity dispersion. Here 
the average work performed by the sound field on the 
electrons becomes different from zero. For purely 
deformation interaction, the work performed by a longi
tudinal sound wave on the electrons is proportional to 
IAkk l2-the square of the longitudinal component of the 
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FIG. 3. Inverse relaxa
tion time T in bismuth and 
antimony as a function of 
T (points. and 0) and T2 
(points. and 0) and T3 
(points A and b.). 
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deformation potential tensor. The sound velocity disper
sion is proportional to this same quantity. 

The relaxation time T, calculated from measurements 
of the velocity dispersion from Eq. (3) in such multi
valley conductors as bismuth and antimony, is a quantity 
averaged over all equal-energy surfaces. The tensor A 
for bismuth is known. [14J In the set of coordinates con
nected with the crystal axes, the matrix Aik takes the 
form 

-0.37 0 0 
A .. e~5.9 eY. 0 0.25 (6) 

o 0.25 -0.29 

for electrons and is diagonal for holes; A~ = A~y 
= 1.2 eV, A~z = 1.03 A~y. We determine the contribution 
made to the velocity dispersion and to T by each group 
of carriers individually. This contribution, as has 
already been mentioned, is proportional to IAkl/. In the 
case K II Y, we have 

Here (]I is the matrix of rotation about the Z axis, the 
angle 1JI is measured from the Y axis and is equal to 
zero for the hole and first electron ellipsoids, and 

(7) 

1JI = ± 1200 for the turned electron ellipSOids (we use the 
anisotropic quadratic model of the carrier spectrum in 
semimetals). Substituting the numerical values of the 
components, we obtain 

IA .. hl'=1.44 ey2; IA~=I'=34.81 ey2; IA~~el=IA::,el'=O. 

We can now determine the contribution to the sound 
velocity dispersion for each equal-energy surface; 

(~) =A= 4nA •• 'mp, (8) 
s =. s'p(2nli)' ' 

m is the cyclotron mass, po is the momentum of the 
electrons from the vicinity of the elliptical limiting 
point, and p is the density. Using the bismuth-spectrum 
parameters given in (15, 16J, we obtain the estimates 

(LlsIs) '::.=3.5·10-', (LlsIs)..?..=5.8·1O-', 

(LlsIs)~~ = (LlsIs).:.:.:e=O. 

Thus, (.t.s/s)~ax ~ (.t.s/s)!hax and the time T in bis
muth, at K II Y, is determined by the electrons of a 
single electron ellipSOid extended along the Yaxis. 

For antimony, the measurements of the deformation 
potential tensor are lacking, which makes difficult the 
exact identification of T. 

In the temperature range studied in semimetals, a 
whole series of mechanisms are possible which lead to 
relaxation of the distribution function. The quadratic de
pendence of the inverse relaxation time on the tempera-
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I 'to. sec I sec-' .~deg -. I Avo' eV I Author 

Bi 3.3·10-' 0.57·1(1' 5.25· Present research 
'- 0.77 ·10' ['] 

3.1.10-1' 2.02·10' Pi] 
5.9±0.6 P') 

Sb 3.7 ·10-' 0.15·10' Present research 
0.22·10' ( 101 

*The value of Ayy was obtained from Eq. (8). 

ture is typical of processes of electron-electron (or 
electron-hole) scattering. Along with this, because of 
the specifically elongated shape of the Fermi surface in 
bismuth and antimony, such a dependence is possible 
also for phonons, the limiting frequency of which is 
equal, for example, to Wo = 1.5 X 1013 sec-1 for bis
muth. [17J It is seen from thermal conductivity data[18J 
that inelastic scattering of the carriers predominates in 
bismuth. 

The status of scattering theory at the present time 
permits us in the best case to determine correctly only 
the character of the temperature dependence of one 
process or another. For the determination of the effec
tiveness of these processes, we require a knowledge of 
the numerical coefficient in front of the corresponding 
power of the temperature. Since such calculation does 
not have the required accuracy, we limit ourselves only 
to giving the experimental data. It is not possible to de
termine the predominant mechanism of scattering in 
semimetals with certainty at the present time. 

The table gives the values of the constant {3 which 
characterizes the effectiveness of the scattering as de
termined from measurements of the size effect[9,1oJ and 
from a study of the temperature dependence of the ampli
tude of the cyclotron resonance line, [l1J and also the re
sults of the present research. 

There is agreement, with good accuracy, between the 
coefficients {3 obtained from data on the size effect and 
those obtained from measurements on the sound velocity 
dispersion ({3disp "" 0.7 (3size ef)' Since in the size effect 
one measures the mean time of flight between collisions, 
we can assume that the time T, which is determined from 
the formula (3), is also the mean time of scattering of 
the electrons (at least for closed Fermi surfaces). This 
result, as it appears to us, confirms experimentally the 
legitimacy of introducing the relaxation time into the 
theory of sound abSOrPtion and of dispersion of its veloc
ity in a strong magnetic field. 

In conclUSion, we consider it our pleasant duty to 
thank E. A. Kaner, V. M. Kontorovich and V. L. Fal'ko 
for useful discussions of the present work. 

1) A detailed description of the methodology of measurement of the 
dispersion of the sound velocity, which was used in our experiments, 
is contained in(13) 

2)We take this occasion to thank B. A. Merisov for kindly making 
available his thennocouple and the calibration curves. 
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