s °
(|)=:!:2%(1)n sin—2—-. (46)

To estimate the extinction coefficient and the fre-
quency shift of the scattered light we note first of all
that all the formulas obtained by us are valid in a re-
gion of temperatures that are much lower than the
quasiparticle Fermi energies. At low temperatures
the presence in the crystal of delocalized fermions
should lead, besides the high-frequency effects con-
sidered above, to a contribution linear in temperature
to the heat capacity. On the basis of the experimental
data for liquid He® (see, e.g.,t™), one can expect the
heat capacity to become linear at a temperature lower
by one order than the quasiparticle Fermi energy. At
T >0.1€;~0.1 K the Fermi excitations in liquid He?,
in view of the strong interaction with one another, are
not well-defined quasiparticles and the temperature de-~
pendence of the heat capacity is determined principally
by the phonon contribution.

For solid He®, the Fermi energy of the quasiparticles
is apparently low in comparison with the Fermi energy
in the liquid phase. Accordingly, the linear tempera-
ture dependence shifts into the region of much lower
temperatures. The presently available measurements
of the heat capacity can therefore not yield data on the
number of quasiparticles in solid He3.

An appreciable delocalization of the defects is possi-
ble only in an ideal quantum crystal in which there is
magnetic order besides the spatial ordering ofvthe
atom. Recently Andreev, Marchenko, and Meiero~
vicht®! have advanced a hypothesis, based on magnetic
measurements, ! that zero- point vacancies at a con-
centration 6% 103 exist in magnetic fields exceeding
0.2 T. Assuming that the quasiparticle effective mass
is of the order of the mass of the He? atom, Andreev
et al.'® obtained for the Fermi energy the value €,

~0.1K.

The coefficient of light extinction on the zero-point
oscillations of the vacancy density in solid He®, at M*
~M and N,~6X103N,, amounts according to (45) to
0.1% of the coefficient of light extinction on ordinary
sound waves. The relative change of the light fre-
quency is here lower by one order of magnitude than
the corresponding value for scattering by phonons, and
is within the present experimental capabilities.

The authors thank A. L Akhiezer, I. A. Akhiezer,
and I. E. Dzyaloshmskn for useful advice.

“Thiss assumption can be justified only for the bcc phase of
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Measurement of internal friction in solid He*

V. L. Tsymbalenko
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The internal friction in crystalline He* (molar volumes 19.2-20.95 cm’/mol) was investigated at ~15

kHz. The temperature dependence of the logarithmic damping decrement down to 0.55 K and the
dependence of the damping on the oscillation amplitude were measured. It is concluded on the basis of the
results that the principal internal-friction mechanism is due to dislocations. The temperature dependences
of the damping were reduced by the theory of Granato and Lucke; a number of dislocation parameters are

obtained.

PACS numbers: 67.80.—s, 61.70.Le, 62.20.Pn

Measurement of internal friction is an effective means
of studying defects in solids. As shown in‘"?in crys-
talline helium the quantum character of the point defects
(vacancies) leads to a peculiar dependence of the intern-
al friction on the temperature and frequency. The loga-
rithmic damping decrement A, when the crystal is in-
homogeneously deformed is described according to
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Meierovicht!? by the relation

BN (D)

where N(T') is the equilibrium vacancy concentration and
varies exponentially with temperature, N(T)x exp(—,/T),
7o T79 is the relaxation time, and w is the cyclic fre-
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quency of the oscillation. The temperature dependence
of the damping is determined mainly by the vacancy con-
centration, and according to studies of ion mobility!3?
and of the diffusion of He® in He'*! the energy is of the
order of ¢,~15 K for a molar volume V,=20.5 cm®/mol.
Unlike the behavior of damping in ordinary bodies,
where A~w7/(1 +w?7?), the decrement A,,, increases
monotonically with decreasing frequency.

Until recently defects in crystalline helium were in-
vestigated mainly by ultrasonic methods. An anomalous
behavior of the speed of sound as a function of tempera-
ture and frequency was observed in'*®, It was suggest-
ed in"®? (V,,=20.3 cm?/mol, =8 - 12 MHz) that these
anomalies are due to the presence of dislocations in the
crystal, and the Granato-Lucke theory was used to de-
termine a number of dislocation parameters, such as
the dislocation density, the loop length, the damping
constant, and the temperature dependence.

The damping of sound was measured directly' "’ in
crystals with molar volume V,=20.5 cm®/mol in the
temperature interval 1.63-1.77 K. It was concluded
there that the observed damping is due to the presence
of dislocations in the crystal. The frequencies used in
the cited papers were in the 5-50 MHz range. One in-
vestigation'®? at a lower frequency, ~500 Hz, was made
on samples grown by the blocked-capillary method.

Two damping maxima were observed on the temperature
dependence.

The purpose of the present paper was to study the in-
ternal friction in single-crystal samples at a frequency
on the order of 15 kHz.

EXPERIMENTAL PROCEDURE

The crystals were grown at constant pressure and a
low temperature gradient in the container shown in Fig.
1. Measurements of the thermal conductivity of crys-
tals grown under such conditions'®? point to high mono-
crystallinity of the samples.

A quartz resonator 3 with dimensions 2.8X2. 8X48

FIG. 1. Construction of
container: 1—filling
capillary, 2—glass isola-
tor, 3—quartz resonator,
5—internal volume filled
with the crystal, 6—copper
cold finger.
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Container with
He* crystal

FIG. 2. Schematic diagram of the damping measurement:
FM—frequency meter, TG—train generator, PV—peak volt-
meter.

mm was placed along the axis of an ampul inside diam-
eter 10 mm. The volume 5 was filled through capillary
1 with liquid helium at the required pressure (up to 61
atm) and then, as the temperature decreased, a crystal
started growing from the copper cold finger. After a
time on the order of 2 hours the crystal filled the entire
internal volume 5. The sample was then annealed at a
temperature 0.05-0. 1 deg lower than the melting temp-
erature. The annealing was assumed complete if the
damping did not change by more than 10% in a time 0.5
-1 hr. The annealing time was thus 1-6 hours. The
temperature was measured with a carbon resistance
thermometer and was maintained constant accurate to
~0.01 K during the measurement time.

The internal friction in the quartz + solid helium sys-
tem was determined from the damping of the free oscil-
lations of the quartz. The measurement setup is shown
in Fig. 2. A generator (G5-6A) produced negative and
positive rectangular pulses at a repetition period 20
msec. The negative pulse, of 1.2 msec duration, trig-
gered a generator producing a train of sinusoidal waves

T=147K

176K

e

109K

/EAS

!, 1 1 ]4
’ z 7, msec

FIG. 3. Typical plot of the voltage produced on the quartz in
the case of free vibrations of the quartz + solid helium system.
The He* crystal was grown at p =32 atm (V,,=20.5 cm3/mol).
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with fundamental frequency 14-17 kHz as measured by
a Ch3-24 frequency meter. The amplitude of the gener-
ated train could be varied from 5 mV to 5 V. After the
end of the train, the amplitude of the signal voltage on
the quartz decreased exponentially. The signal was
amplified with a low-frequency V6-4 amplifier and regis-
tered with a peak voltmeter with time gates, operating
in a stroboscopic-integrator regime.t’® The peak volt-
meter was synchronized by the positive pulse of the
G5-6A generator. This made it possible to record the
signal on an x-y recorder and, furthermore, to improve
significantly the signal/noise ratio. A typical record is
shown in Fig. 3.

The successive values of the amplitudes of the record-
ed signal were approximated with a computer by least
squares by the relation InA,=const —zA. The mean
squared error in the measurement of the damping dec-
rement was calculated from the scatter of the points
and reached ~5%.

The temperature dependence of the damping was mea-
sured on the same sample both in the course of the cool-
ing and during the heating. This made it possible to
verify that the internal state of the sample remained es-
sentially unchanged during the time of the experiment,
usually ~20 hours. The rate of change of the tempera-
ture did not exceed 5x10~°deg/sec.

The parameters of the fundamental flexural mode of
the oscillations of the quartz resonator in vacuum at T
=4.2 K were f,.s =9.886 kHz and @ =1,91x10°,

RESULTS

The investigated samples were grown at four pres-
sures: 25.8, 32, 43, and 61 atm. The resonant fre-
quency of the quartz + liquid helium system, depending
on the elastic constants of the helium crystal, ranged
from 17 kHz at V,=19.2 cm®/mol to 14.3 kHz at V,
=20.95 cm®/mol, and was constant in the entire temper-
ature interval accurate to ~3%. Figures 4-7 show the
measured values of the damping A.

The amplitude dependence of the damping decrement
is of considerable interest. Figure 4 shows this depen-
dence for three temperatures at V,,=20.5 cm®/mol.
The amplitude A=1 corresponds to a maximum applied-
voltage amplitude ~5 V and to a relative strain e~1075,
It is seen from the figure that our measurements were

ara
¢ ¢ 2

-}_ _{_ - "Q" —! —_§"_§"§__'g

7

at s kS

J

S st £

I 1 1 —
4 A w7 14

FIG. 4. Amplitude dependence of the damping decrement.
Crystal with molar volume V,=20.5 cm®/mol. Light symbols—
sequence of measurements from the smallest to the largest

amplitudes, dark symbols—reverse sequence. Curve 1 -T
=1,62K, 2-T=1.37K, 3-T=0.56K.
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performed, within the limits of errors, in the ampli-
tude-independent region.

Application of a higher voltage at the resonant fre-
quency led already to a noticeable heating of the crystal.
Thus, at an amplitude ~100 V (¢ ~10~*%) the overheat
reached 0.02 K.

Typical temperature dependences of the damping 4,
for samples grown at three pressures (25.8, 32, and 61
atm), are shown in Figs. 5-7. The plots obtained for
the same sample in the course of cooling and heating
were in agreement (see, e.g., Fig. 7); in other words,
no significant change in the internal state of the samples
occurred in ~20 hours. From sample to sample, how-
ever, the shape of the curve, for the same molar vol-
ume, differed substantially. It is possible nevertheless
to point to a number of common features: a) the decre-
ments for all samples lie in the interval 0.01 < A<0.5;
b) the damping of all samples decreases monotonically
as T-0; c) a maximum of the damping is observed for
a number of samples (see, e.g., Figs. 5a, 6a, and Tb)
at temperatures ~0.8 T',.

A
- &P,
a2 . 380
°
o
yy g0
o
0
” 1 1 L LJ
a5 9 P4 2
22+
b
ok ﬁ
Vi - 1 i }_J
a5 1 1w 20
221
c
o
o
-
7 | ! T
125 174 I 7K 20

FIG. 6. Dependence of damping on the temperature for sam-
ples grown at p =32 atm. Solid curves—approximation of
points by relation (8), b—at 8yp=0.23, T 5, =1.41K, %k =2.84;
c—at Agp=0.27,T 0 =1.30X, k= 2.15.
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FIG. 7. Dependence of damping on the temperature for sam-
ples grown at p =61 atm: ®—measurements with decreasing
temperature, O—with increasing temperature.

DISCUSSION OF RESULTS

The energy loss in the oscillations of the quartz +
solid helium system consists of the loss in the He! crys-
tal (W), in the quartz crystal (W,;), and in the container
walls and to sound radiation to the outside (W;). The
loss Wy is independent of temperature, and the corres-
ponding decrement A; can be estimated from the minimal
values of the damping obtained in the experiment: Ag
<107%, The damping decrement connected with the
sound radiation can be estimated from the formula A,
~picy/Pyc; (Where p, and p, are respectively the densities
of the solid helium and of stainless steel, and ¢y and c,
are the sound velocities in them), In our case we ob-
tain A,~5x1073%. To determine the loss decrement A,
in the helium it is necessary to consider the coupled
oscillating quartz + solid helium system. The measure-
ment decrement is

A=(W+W.)/(EHES), 1)

where W, and W, are the energy losses in one-half of
the period in the quartz and helium crystals, and E, and
E, are the average energies of the mechanical vibrations
of the quartz and helium crystals. The damping decre-
ment in the helium crystal is A; =W,/E and we obtain
from (1), recognizing that A, < 4y,

Av=A(1=E./E,). 2)

The ratio of the vibration energies E, and E, can be es-
timated from the resonant frequencies of the vibrations
of free quartz and the quartz + helium crystal system.

This ratio is E,/E;~0.3, and it follows therefore from
(1) that A, =1.3A.
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In view of the high purity of the samples, the internal
friction in the helium is caused by crystal-lattice de-
fects, i.e., by dislocations and vacancies, and has been
estimated for vacancies in'!'’as A,,,=1073-107% for a
temperature close to the melting point. The temperature
dependences obtained by us for the damping allow us to
assume that the observed internal friction is due to dis-
locations rather than vacancies. Favoring this assump-
tion is also the fact that in practice it was possible to
grow two samples with identical A(T) dependences. A
similar phenomenon is observed also in ordinary mater-
ials (see, e.g., "'!?). This non-reproducibility is at-
tributed to the non-reproducibility of the dislocation net-
work.

There is at present no theory that described the be-
havior of dislocations in a quantum crystal and capable
of calculating the dislocation-induced internal friction.

It was noted in %137 that the large amplitude of the
zero-point vibrations of the atoms in the He! crystals
can lead to specific properties of the dislocations.

Thus, according to Petukhov and Pokrovskii‘!®!, the
formation of kinks on the dislocation can take place not
only as a result of thermal activation but also on account
of tunneling. Andreev'!*! discusses the possibility of
delocalization of the kink and its conversion into a quasi-
particle. No quantitative estimate was made of the con-
tribution of these phenomena to internal friction.

Besides quantum effects, contributions to the internal
frictions should be made by processes occurring also in
ordinary bodies. We consider three loss mechanisms:

1) loss due to thermal conductivity;

2) loss due to relaxation processes (e.g., thermally
activated kink motion);

3) loss due to oscillation of a dislocation segment be-
tween pinning point (the theory of Granato and Lucke'!*?).

For the first case we estimate the damping decrement
by using the formula from the book of Landau and
Lifshitz!15;

Ar xxToa/pC,?, 3)

where » is the thermal conductivity, a is the coefficient
of volume expansion, p is the density, and C, is the
specific heat of the helium. For our experiment the
upper bound is A; <1074,

In the second case the internal friction is given by

oty @

Ar=bo o
r

where 7, is the relaxation time and depends on the
temperature: 7,~exp(q/ksT). The A/(T) dependence is
determined mainly by the temperature dependence of
the relaxation time. One cannot exclude the presence in
the crystal of several relaxation processes having acti-
vation energies ¢ about which we have no .nformation at
present. The presence of a large number of unknown
parameter prevents us from reducing our experimental
data with the aid of formula (4).

V. L. Tsymbalenko 790



In the third case, Granato and Lucke'!®? obtained for
the amplitude-independent internal friction the expres-
sion

Ao=Rup01s/ (1+0%157), (5)
Bor~4 4QGHALY/C, (6)
1o=11.9BL*/x°C, \))

where § is the orientation factor, G the shear modulus,
b the Burgers vector, A the dislocation density, L the
length of the loop, C =2Gb?/n(1-v) the effective tension
of the dislocation, v the Poisson ratio, and B the damp-
ing constant.

The temperature dependence of the internal friction
is due to the temperature dependence of 7,. The change
of 75 is determined by the change of the damping con-
stant, which has a power-law dependence on tempera-
ture, B=gT*, where k is a proportionality constant.
Substituting this relation in (7) we obtain the explicit de-
pendence of 7, on the temperature and next, substituting
7p(T) in (5), we obtain the temperature dependence of
the damping decrement

(T/T mes)* (8)

Ao (T) =Aonm,

where we have introduced, to simplify the notation, the
parameter T, defined by

0.33G6* '
T [a) ‘ Q)

We have approximated with the aid of (8) the experi-
mental data obtained for six crystals grown at p =32
atm. In four cases the points fit the relation (8) well
(see, e.g., Figs. 6b and 6¢), but in two cases there is
no agreement (Fig. 6a). From the obtained values
A, Tma, and k we calculated the values of gL? and
QAL?, found to be in the intervals

gL%=(5-8) 10713 cgs units, QAL?=1.4-2.3, k=2,15-2.85.

The maximum value of 2 is 0.5. In our experiment its
value was not determined, since the deformation has a
very complex character and the crystal orientation is
unknown.

We present for comparison the same parameters de-
termined by Wanner, Iwasa, and Wales'®’ from the
sound velocities:

gL?=(1-3) - 10713 cgs units, AL?=0.04-0.18, k=1.5-2.3.

The quantities gL? and % are close, and this confirms
indirectly the correctness of the chosen model, but the
cause of the large discrepancy in the values of ALY is
not clear.

To identify the mechanism responsible for the internal
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friction in solid helium the damping must be measured
on the same single-crystal sample at different frequen-
cies. If the dampling is due to relaxation (case 2),

then the damping maximum shifts with increasing fre-
quency towards lower temperatures. Measurements of
the positions of the damping maximum on the tempera-
ture dependence at various frequencies make it possible
to determine the activation energy g of the relaxation
process. If, however, the damping is determined by
the dislocation vibrations (case 3), then the maximum
will shift towards higher temperatures with decreasing
frequency. Thus, measurements at different frequen-
cies enable us to distinguish between these mechanisms.
In addition, by choosing the frequency we can decrease
the dislocation damping near the melting temperature.
This will permit a measurement of the internal friction
due to vacancies, a friction fully masked in our experi-
ments by the dislocation damping.

Measurements, by Hiki at Tsuruoka'”, of ultrasound

damping at frequencies 5-50 MHz yield dislocation pa-
rameters that differ substantially from ours. Thus, at
t=1.7 K they obtained'™ BL?=1.4x10"' cgsu and
AL?=0.36. Our data extrapolated to 15 MHz, however,
yield at T=1.7 K a damping A~5X10"¢, which agrees
with the data of' ™,

When our results are compared with those of
Andronikashvili, Gachechiladze, and Melik-Shakhnazar-
ov'®), it must be taken into account that the samples
in'®) were prepared by the blocked-capillary method.
Such a procedure should lead to appreciable residual in-
ternal stresses. Therefore the internal states of our
samples and those of % differ greatly. Since our re-
sults were poorly reproducible, no detailed comparisvn
with the results of '®’ is possible, with the exception of
the maximum damping values. To compare the latter
we must convert the data obtained in '®? for the capillary
+ solid helium system to the damping in the sample it-
self with the aid of relation (2). The ratio of the vibra-
tion energies of the capillary and of the helium sample
in the geometry used in '®’ is given by the formula

EJ/E,~p:Sy/0.S\, (10)

where p, and p; are the densities of the capillary mater-
ial and of the solid helium, S, is the capillary cross
section area, and § is the helium sample cross section
area. Assuming p,/p, ~40 and S,/S; ~2, we get the ra-
tio E;/E; ~100. The maximum damping is then 4;~0.1,
which agrees in order of magnitude with our data for a
crystal with V,, =19.2 cm?/mol.

It follows from our results that to explain the energy-
dissipation mechanisms in oscillations of solid helium
the internal friction must be measured in single-crystal
samples in a wide range of frequencies. Such measure-
ments, with controlled variation of the internal state of
the sample, for example under plastic deformation, can
yield information on the dislocation-induced loss mech-
anism,

The author thanks P. L. Kapitza for the opportunity of
performing this work at the Institute of Physics Problems,
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Spatial amplification of helical waves in the course of

uniaxial deformation of Ge crystals
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Measurements were made of the spatial gain of helical waves in Ge crystals compressed and stretched
along the {111} direction. At frequencies corresponding to the maximum amplification, the value of the
gain increased (decreased) in n-type samples and decreased (increased) in p-type samples as a result of
elongation (compression). The results are attributed to a change in the velocity of the ambipolar drift of
helical waves in the course of intervalley redistribution of electrons caused by the deformation. The
calculated values of the gain are in qualitative agreement with the experimental data. Analogies with

gaseous plasma are pointed out.

PACS numbers: 77.60.4v

1. The absolute instability of helical waves (oscilla-
tion regime) was first observed in the experiments of
Ivanov and Ryvkin,[*! who discovered an instability of
the current in Ge samples subjected to a sufficiently
strong longitudinal magnetic field. The results of these
experiments were explained by Glicksman'?? on the
basis of the theory of helical instabilities developed
by Kadomtsev and Nedospasov!®) for gaseous plasmas.
The regime of spatial amplification of helical waves
(convective instability) was first investigated by Hurwitz
and McWhorter.®) This regime appears in the case
of ambipolar drift of helical perturbations in the di-
rection of an electric field and is characteristic of
semiconductor plasmas when the drift velocity can be
controlled by varying the ratio of the electron and hole
densities through suitable doping of a sample. The
phase velocity of helical waves is equal to the velocity
of ambipolar drift. An increase in this phase velocity
is accompanied by a reduction in the maximum value
of the gain %;,, and an increase in the frequency corres-
ponding to the gain maximum (f=f,).“? A considerable
change in the ambipolar drift velocity results from an
intervalley redistribution of electrons when the aniso-
tropy of the electron mobility becomes important.[s?
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In this case, the drift occurs even when the densities

of electrons and holes are equal (z=p). The influences
of this anisotropic drift resulting from such an inter-
valley redistribution on the absolute instability of heli-
cal waves was studied in detail by Bondar et al.'*? in

Ge and Si crystals. We shall show that this effect great-
ly alters the nature of the spatial amplification of helical
waves.

A considerable intervalley redistribution of electrons
in Ge occurs when a crystal is deformed along a (111)
axis. The constant-energy surfaces of Ge near the
bottom of the conduction band are four ellipsoids of rev-
olution elongated along such (111) axes. Compression
transfers electrons to a valley parallel to the direction
of deformation and elongation removes electrons from
this valley.!®? In the former case, the transverse mo-
bility averages over all the valleys is greater than the
longitudinal value (u,,> .,), because the electrons are
transferred to a valley with a higher transverse mobil-
ity, whereas, in the latter case, we have [1,,> i,,. An
expression for the ambipolar mobility, which governs
the drift velocity (v,= uoE), has the following form in
the anisotropic case!s’
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