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The over-damped resonance of dislocation segments is investigated in antimony single
crystals in the frequency range 7.5 to 172.5 MHz in order to obtain information on the
dislocation drag constant. The dislocation part of the losses is separated by two methods,
namely by subtracting the internal friction of a crystal before straining from that of the
strained crystal and by calculating the value analytically. The dislocation density is deter-
mined by etch pit counting. The data of the two methods show a good agreement. The
frequency dependence of the internal friction due to dislocation motion is well described
by the frequency profile given by the Granato-Liicke theory for an exponential length
distribution of dislocation loops. The drag constant is obtained and increases from 6 X
X 107% dyn s/fem? at 100 K to 9 X 107% dyn s/em? at 300 K. The results correspond to
a theoretical analysis of the dislocation drag near the Debye temperature due to the joint
action of the phonon wind and “slow” phonon relaxation. Temperature dependences are
obtained for the dislocation segment lengths in the deformed and non-deformed crystals.

C neapio moayueHus mHGopManun o KosPduiuente IeMIPUPOBAHUA THCIOKA-
MK B MOHOKPHCTA/NIAX CYPbhMHl WcCCJefoBajics 3aneMIPUPOBAHHBIL pe3oHaHC
AUCJIORAINIOHHBIX CErMEHTOB B HHTepBaJe 9acToT 7,5 10 172,5 MHz. [JuciaoranuoH-
Hasi ROMITOHEHTa BBIAEJIAJACHh IBYMS METOJAMMU: IIyTeM BBIYHTAHHS U3 BHYTPEH-
Hero TpeHHs 1eHOPMHPOBAHHOI0 KPHCTAJIA BeJMYNHBI BHYTPECHHETO TPEHUs 10
aepopMamiy, a TaKk:Ke aHaIUTHYeCKUM myTeM. 11JI0THOCTD Aucaokanuii onpegeasn-
Jack 10 gurypam TpasieHus. J{anHble, 110J1ydeHHbIe 060UMH METO;1aMH, COT.I1acy-
I0TCA Me:EAY c00010. YacTOTHAA 3aBHCUMOCTh IHCIAORANMOHHOTO BHYTPEHHEro
TPEHUA XOPOILO OIIMCHIBAETCSA YACTOTHBIM NMPOQuJIeM, IIpeIcKasbiBaeMbIM TeopHeil
I'panaro u JIioKKe XaA ciydas SKCIOHEHIMAJLHOTO paclpeaeleHds IeTeh 110
aaunHaM. IloayyeHa BeanunmHa Koad@uineHTa AeMIQUPOBAHUA TUCIORAIIT,
RoTopast pocaa or 6 X 1075 dyns/em? npu 100 K 10 9 x 1073 dyn s/em? npu 300 K.
PesyabTaTel cOrJacyioTcd € TEOPETHUECKHM pPAaCCMOTpPeHHeM JeMIpupoBaHUA
AMCJIOKAIMiT B ORPECTHOCTH j1efaeBCKOIl TeMIepaTypsl B paMKaX CYIEPIIO3UIIIH
MeXaHH3MOB peJlaRCallii ,,MeIJeHHHX ¢ JOHOHOB M POHOHHOTO BeTpa. [loayueHna
TemiepaTypHas 3aBUCHMOCTL IJINHBL JMCJAOKALMOHHOTO cerMeHTa B HefopMu-
POBaHHOM U HeTe(pOpPMHUPOBAHHOM MOHOKRPUCTAJIAX.

1. Introduction

To comprehend the plastic properties of crystals one needs a knowledge of the
characteristics of dislocation dynamics, among which the drag constant B is
of greatest importance. The reason is that the value of B completely determines
the fast motion of the dislocation over local barriers and also has a substantial
influence on thermally activated surmounting of stronger barriers [1]. The drag
on dislocation motion results from the dissipation of energy via many different
channels of which the most important are the ones related with the phonon sub-
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system of the crystal elementary excitations (and with the electron subsystem
at low temperatures). The microscopic mechanisms of the drag can be identified
through investigations of the temperature dependence of the drag constant in
each specific range of temperatures. Measurements of the over-damped disloca-
tion resonance are especially promising.

The present paper describes investigations of that part of the dislocation drag
for which the phonon subsystem of excitations might be responsible. Single
crystals of antimony were chosen as the object. The contribution of some phonon
mechanisms to the drag constant is essential below the Debye temperature 0,
while others can manifest themselves at temperatures above . That is why we
have chosen the range 100 to 300 K containing the Debye point which is 200 K
in the case of antimony. This interval happened to be technically advantageous,
too.

2. Experimental

The measurements were carried out by the ultrasonic pulse-echo technique
in the frequency range between 7.5 and 172.5 MHz. Longitudinal waves were
excited in the sample with an X-cut quartz plate, 8 mm in diameter. with the
fundamental frequency 7.3 MHz. The experimental equipment was earlier
described in detail in [2].

All the experiments were carried out with antimony single crystals of the same
orientation, grown from a 99.9959, pure material. The crystals were gzrown on
a seed in a sectional graphite crucible placed in a 2 x 1072 Torr vacuum [3].
The as-grown single crystals were of dimensions 8 x 36 » 110 mm?. The single
erystal was cleaved in liquid nitrogen along the cleavage plane (111) and then
the spark cutting technique was employed to prepare S - 1S < 18 mm?
samples. The (111) plane served as a lateral surface of the 8 » 18 mm? speci-
men. The 8 mm edge was along [110]. This crystallographic axis coincided with
the direction of sound propagation. The as-grown surfaces normal to [110],
18 % 18 mm? in size, were the working surfaces on which the quartz plates were
cemented. The careful preparation of the moulds allowed one to obtain the as-
grown working surfaces parallel to within +2pm/em. To reduce the non-
parallelity, the samples were lapped on an iron lapping plate until they were par-
allel to 4-0.3 pm/cm.

Temperatures from the 1.3 to 100 K range were measured with a GaAs thermo-
meter providing an accuracy of +0.01 K. The voltage across the thermometer
produced by a stabilized current was measured with a microvolt microam-
meter. Between 100 and 300 K a copper—constantan thermocouple was employed
whose thermo-e.m.f. was measured with the same device. The temperature was
recorded continuously with an automatic recording potentiometer. A given tem-
perature could be maintained and controlled with an electronic mechanical
semiantomatic system to an accuracy of 0.1 K.

The dislocation density was determined from etch pit patterns on the cleavage
plane (111). The etchant was a solution of FeCly in methylalcohol. After etching
the samples were rinsed with concentrated HCl and distilled water [4]. Fig. la
and b represent the etch pit patterns obtained with non-deformed and
deformed specimens. The etch pits were distributed randomly; hence, to improve
the accuracy of the dislocation density determination, the number of the etch
pits was counted and averaged over a large number of microscope visual fields
(not less than 50).
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Fig. 1. Dislocation etch pits on the cleavage plane (111) of antimony single crystals (77 X).
a) Unstrained crystal; b) strained crystal

3. Experimental Results

3.1 Separation of the dislocation part of ultrasound attenuation

The absorption of the ultrasonic signal was measured at different frequencies.
The value obtained consists of dislocation and non-dislocation parts. As is known,
the background losses are of the same order of magnitude as those due to disloca-
tion motion, hence the problem of their separation is of principle importance.

Several methods are known for separating the dislocation part of the attenua-
tion. According to one of them, the non-dislocation (background) component is
assumed to coincide with the attenuation in samples subjected to heavy irradia-
tion (108 to 101 R) by neutrons or y-rays. As a result, dislocations are pinned
to radiation-induced crystal defects [5 to 11]. The drawback of the method is
that it can be applied only to a number of materials and in a limited temperature
range [9, 12, 13]. Another method is to take for the background the attenuation
in annealed specimens [14 to 18] or in specimens before strain treatment [19].
Still another technique of determining the dislocation part of ultrasound absorp-
tion consists in subtracting the total contribution of non-dislocation mechanisms
evaluated analytically [12, 20 to 22].

The authors have tried all the three techniques. We had to abandon the first
method since non-deformed samples subjected to vy-radiation from a COS
source (temperature 350 K, radiation dose up to 108 Rad) showed no absorption
values below those of annealed crystals. Two samples that were strained to
0.19, showed a reduction in the amount of attenuation through the entire fre-
quency range after they were subjected to a dose of (1to 3) X 108 Rad; yet the
values obtained were not below the attenuation observed in the crystals before
straining.

To employ the second method of separating the dislocation part of attenua-
tion, the initial dislocation density was determined first and frequency depend-
ences of the attenuation rate were measured at fixed temperatures decreasing
from 300 to 100 K. Then the temperature was lowered to 1.4 K and the tem-
perature dependence of «(7') was measured at two fixed frequencies, viz. 7.5
and 97.5 MHz. The a(7') curves were also measured when the sample was heated
back to room temperature. At 300 K the sample was strained in compression to
small residual deformations (not exceeding 0.29%). The measurements were
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Fig. 2. Frequency dependences of the a) total absorption rate (O unstrained crystal;
® strained crystal) and of the b) dislocation part of the decrement at 7' — 155 K.

repeated for the deformed sample. The difference in attenuation between
the deformed sample and the same crystal before straining was assumed to be
dislocation contribution. It was related to the difference in the density of dis-
locations observed in the deformed (7.7 x 104 cm~2) and non-deformed (3.2 x
X 10* em~2) samples. Frequency dependences of the total ultrasound absorption
in both non-deformed and deformed samples and of the dislocation decrement,
Ad, are shown in Fig. 2a and 2b. It is easy to see from Fig. 2b that the experi-
mental frequency dependence of Ad conforms to the theoretical curve calculated
for the exponential length distribution of dislocation loops (solid line in Fig. 2b
[23, 24]).

The dislocation density of strained crystals was determined after the fre-
quency measurements in the entire range of temperatures had been completed,
hence it was necessary to make sure that the density did not change with tem-
perature. To that end temperature dependences of the attenuation were taken
with decreasing sample temperature from 300 to 1.4 K (direct run) and on heat-
ing the samples from 1.4 back to 300 K (reverse run). Theresults are presented in
Fig. 3. As can be seen, the direct and the reverse runs of the temperature de-
pendence do not coincide which suggests changes of the dislocation segment mean
length and of the dislocation density. Direct measurements of the dislocation
density before and after the helium temperature experiment have also shown the
value to increase by 30 to 100%,. The increased density of dislocations results
from the deformation of the sample by the quartz transducer cemented to the
crystal, due to the difference in their thermal expansion constants [8, 9]. Hence,
the second method of separating the background and dislocation losses is not
applicable in the temperature range 1.4 to 300 K. However, between 100 and
300 K no multiplication of dislocations was observed and the temperature de-
pendences of « on cooling and heating did coincide. Thus, the second and the third.
methods of loss separation can be confronted in the range 100 to 300 K.

Q@

fi Fig. 3. Temperature dependences of the ultrasound
ST absorption at sample cooling (0, A) and heating (@, A)
0
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Fig. 4. Separation of the dislocation part of the decrement from the total absorption rate

at T = 260 K. a) 0 Experimental frequency dependence of the total ultrasound absorption.

Straight line: background losses due to the mechanisms which determine the quadratic

frequency dependence of & (i.e. thermoelastic and phonon viscosity losses). b) Frequency

dependence of the logarithmic decrement corresponding to the normalized frequency
profile for the case of exponentially distributed dislocation loop lengths

For separating the dislocation part of the absorption by the third method,
the frequency dependence of « was measured in unstrained samples. At higher
frequencies the major contribution to the non-dislocation losses is known to be
due to thermo-elastic mechanisms [25] and phonon viscosity [26] while at lower
frequencies diffraction losses dominate. Contributions of other phenomena can
be neglected [27]. The diffraction losses were calculated in the isotropic approxi-
mation [28, 29]. An important feature of the mechanisms described in [25, 26]
is the quadratic frequency dependence of the amount of attenuation. If the fre-
quency dependence of the ultrasound absorption is plotted on a lg-lg scale
(see Fig. 4a), the contribution due to the mechanisms [25, 26] should appear as
a straight line of slope 2. On the other hand, the dislocation losses are of over-
damped resonance nature [30] which is well described by the normalized frequen-
cy dependence corresponding to the case of exponentially distributed dislocation
loop lengths [24]. Thus, we simply have to match the position of the straight line
of slope 2 in such a way that its difference from the measured values of « would
vield on a lg Ad versus lg f plot the normalized frequency profile (Fig. 4b).
The plausibility of this method for separating the dislocation part of attenuation
was confirmed experimentally in [12, 21, 25]. In the present work the dislocation
losses were determined by this method for five antimony samples. Hereafter we
will compare the dislocation components of the attenuation rate as determined
by the second and third methods.

3.2 Effect of temperature on the frequency-dependent losses
due to dislocation motion

Fig. 5a and b show the frequency dependences of the dislocation decrement
for three values of temperature in the range 100 to 300 K for deformed and non-
deformed samples. Presented on the same graphs are also the high-frequency
asymptotic curves for the decrement rate, reflecting its behaviour at frequencies
much higher than maximum [30]. In this temperature range the maximum value
of the rate A, increases with growing temperature, the position of the maximum
<hifts towards lower frequencies and so do the high-frequency asymptotic curves.

According to the Granato-Liicke theory [23], the maximum value of the de-
crement A, the frequency of the maximum absorption fm calculated for the

25*
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Fig. 5. Effect of temperature on the frequency dependence of the dislocation part of the

decrement, Ad, in an a) unstrained crystal (background losses have been separated analyti-

cally) and b) in a strained crystal (the attenuation rate of the crystal before straining has
been assumed as background)

exponential length distribution of dislocation loops, and the decrement at fre-
quencies much higher than f,, respectively, are given by the relations

A, = 2.204,AL2 1)
0.084=C
In="512p (2)
and
40Gb2A
Aoo = *.‘,'E2Bf ) (3)

where £ is an orientation-dependent factor, A, = 8Gb%/73C, G is the shear modu-
lus, b the amount of the Burgers vector, C' the line tension (eva]uated as
2Gb2/7(1 — v)), » Poisson’s ratio (equal to 0.251 [32]), A the dislocation density,
L the mean length of the dislocation loop, and B the drag constant.

Since the dislocations in the glide plane {111} cannot be revealed in antimony
by the etch pit technique, the sample orientation was chosen so that the ultra-
sonic wave gave no shear stress component in the {111} plane, the major contri-
bution to the dislocation absorption of ultrasound being provided by the system
{111} <101} [31]. The orientation-dependent factor 2 was calculated for that
system with help of [30, 33]. The corresponding magnitude of the Burgers vector
is 8.06 x 10~8 em [31, 34]. The temperature dependence of elastic moduli from
300 to 873 K can be found in [35]; we have extrapolated them to 100 K. Having
determined A, from the high-frequency asymptotic behaviour and A from
independent etch pit counts, one can obtain the drag constant B from (3). The
value can also be found from(1) and (2). Fig. 6 shows the temperature dependence
of B as obtained from 4. One of the B(T) curves was provided by the second
of the above methods for separating the dislocation losses. Another one is the
result of measurements carried out on the same sample before straining applying
the analytical method. The third curve was obtained from data on another
sample, also through the use of the analytical method. As is seen in Fig. 6, the
three curves are in good agreement which supports the analytical method of
separating the dislocation part of absorption in the case of antimony.

The drag constant B changes with temperature between 0.6 x 10~ dyn s/cm?
(at 100 K)) and 0.9 x 10~ dyn s/em? (at 300 K).
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Fig. 6. Temperature dependences of the drag constant as obtained via the analytical

method of background separation (2, 0) and with the assumption of unstrained crystal

losses as the background (@). The solid line is a theoretical curve [36]; By denotes the
drag constant value at the Debye temperature

Fig. 7. Temperature dependences of the mean effective dislocation segment length in
unstrained (0, ») and strained (@) crystals

Fig. 7 represents the temperature dependence of the mean effective dislocation
segment length L. The value was estimated from (2) for deformed as well as non-
deformed crystals.

4. Discussion

In the temperature range under discussion an important role in damping the
dislocation motion is played by phonon mechanisms. Among such phonon effects
as combination scattering, phonon viscosity, phonon wind, flutter effect, and
thermo-eclastic losses at temperatures close to 6, the phonon wind mechanism
stands out. Recently another efficient channel for the dissipation of the energy of
moving dislocations has been discovered, namely the “slow” phonon relaxation
[36]. At the temperatures of our interest the joint action of these two mechanisms
an be the dominant factor in the dislocation drag. A reasonable comparison of
experimental results with theory [36] apparently can consist in confronting the
temperature run of B as provided by experiment with the theoretical prediction.
This can be conveniently done in terms of dimensionless variables B(7')/B(f)
versus 7'/6. According to [36] we have

B(TY £ (T/6) : l (T)
=2 — (D] 406 —f | — 4
B((ﬂ fl(l) [ fh( )] [ 10 fl 6)[ ( )
with
/7T arct QE ¢
(T (Y dtes O EE
1(?)‘(?) f ©—1F 7
; Byt
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Here 7, is the effective radius of the dislocation core and kp, the Debye limit
of the phonon spectrum;

T\ 6 exp (0/T)
i (F)“T[e—xp o/7) — 11’

Lis the phonon path length, 6 a dimensionless parameter which can be found from
experimental data by extrapolating the high-temperature asymptotic behaviour
of B(T')/B(6) as a function of T' /6 to zero temperature, and 0y is a phenomenolo-
gical parameter of “slow” phonons. The ratio I/l was estimated from (c(0)[e( e
% (0/T) where ¢ denotes the heat capacity. As can be seen from Fig. 6, the theo-
retical curve (solid line) agrees with the experimental data at & = 0.67. Thus,
the temperature run of B can be interpreted in terms of a superposition of the
phonon wind and the “slow” phonon relaxation mechanisms. The magnitude of §,
namely & = 0.67, indicates that the relaxation of “slow” phonons is in this case
an essential mechanism in the dislocation drag. The importance of this mecha-
nism has been already pointed out by other authors [37, 38]. Hence, the disloca-
tion dynamics should be sensitive to the form of the crystal phonon spectrum.

Although the temperature run of B is of importance, it is also necessary to
compare the absolute values predicted by the theory and those given by the
experiment. According to [36], the contribution of the phonon wind and the
relaxation of “slow” phonons to the dislocation drag is described by the relation

o G- P B i)

where 7 is the Murnaghan modulus and

. B0
T L=

Assuming for antimony |n|/G = 10 one can obtain from (5) absolute values of B
which are close to the experimental data, e.g., at 300 K the equation yields
9 x 1075 dyn s/cm?

To find out the role of other mechanisms of dislocation drag one needs data
on the behaviour of B in a wider range of temperatures, particularly in the low-
temperature region (1.3 to 100 K).
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