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The dislocation drag coefficient B in sodium chloride has been measured in the temperature
range 70—300°K. Use was made of a technique for measuring ultrasonic attenuation changes
Aa, at different frequencies, caused by a bias stress. The numerical values of B were ob-
tained from an analysis which does not require any knowledge of the dislocation density or of
other geometrical features of the dislocation network. The experimental results agree quali-
tatively with theoretical predictions of the temperature dependence of B, The dislocation
scattering cross section for phonons is deduced from these measurements and compared with

theoretical treatments.

I. INTRODUCTION

In spite of a number of experimental and theo-
retical studies carried out in recent years on the
viscous damping constant B of dislocations, many
qualitative and quantitative problems remain un-
answered. In the case of metals the viscous damp-
ing (resistive force proportional to the velocity of
dislocations) is attributed to dislocation interac-
tions with phonons and with conduction electrons.
In general, a direct separation of the two contribu-
tions is not easy. In an earlier study,! using ultra-
sonic techniques, we were able, however, to mea-
sure the electron contribution to B in lead by com-
paring the dislocation damping in the normal and
superconducting states of the metal. In the same
study we also found that the electronic B does not
depend on temperature. In a subsequent study of
B in aluminum,? also by ultrasonic methods, the
separation of the electron and phonon contributions
was carried out indirectly from the temperature
dependence of the dislocation damping. The pres-
ent investigation was undertaken to determine the
phonon contribution to B independently, i.e., in the
absence of conduction electrons. To this end we
measured the dislocation damping in sodium chlo-
ride over the temperature range 2—-300 °K. Use
was made of a previously developed technique which
allows one to obtain the value of B without knowing
the dislocation density or other geometrical fea-
tures of the dislocation network.

II. EXPERIMENTAL TECHNIQUE

In connection with the study of B in aluminum?

we developed and successfully applied a “dynamic-
bias-stress method.” This method is a way of ex-
tracting the dislocation contributions from the total
ultrasonic attenuation by applying a second ultra-

sonic wave (low frequency and high amplitude) in a
direction perpendicular to that of the attenuation-

measuring wave. The change in attenuation caused

s

by the bias-stress wave is measured as a function
of frequency at a given temperature and analyzed
on the basis of the string model of dislocations de-
veloped by Granato and Liicke.®> The merit of this
method is twofold: (i) It is possible to extract dis-
location contributions without damaging the sam-
ples (e. g., without irradiation); (ii) it is not neces-
sary to know the density of dislocations in the sam-
ples. Since the details of the experimental tech-
niques and of the method of the analysis were pre-
sented in a previous article,? they are not repeated
here.

The samples used are single crystals of sodium
chloride cleaved from optical-grade ingots supplied
by Harshaw Chemical Co. The size of the samples
is approximately 7X7Xx8 mm, and the faces are
oriented in (100) crystallographic direction. After
cleaving, two sets of faces of the sample are
ground slightly to obtain flat and parallel surfaces
for the purpose of ultrasonic wave propagation.

Two quartz transducers are used—a 10-MHz
transducer for the measuring wave and a 5-MHz
transducer for the 5-MHz bias stress.

Because of the large difference in the thermal
expansion coefficients of quartz and sodium chlo-
ride it is not possible, with a single bonding agent,
to obtain adequate coupling between transducers
and the samples for ultrasonic measurements cov-
ering the entire temperature range investigated.
As a consequence, different bonding agents were
used for different temperature ranges: i.e.,
from room temperature to 200 °K, Nonaq stopcock
grease or silicone grease; from 200 to 160 °K, 4-
methyl—-1-pentene; below 150 °K, 1-pentene. Since
pentene is highly volatile at room temperature,
bonds were made at temperatures slightly above
its freezing temperature.

A conventional cryogenic system, described
ea).rlier,2 was used to control temperature ranging
from room temperature down to 2 °K.
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III. RESULTS AND DISCUSSION

An example of the results is shown in Fig. 1,
where the attenuation change A« caused by the
bias-stress wave applied at various temperatures
is plotted as a function of frequency v. As dis-
cussed in connection with the study of aluminum,

a maximum is observable in the Aa-v relation
(depending on the temperature at which the experi-
ment is performed), and the position of the maxi-
mum is shifted to higher frequencies as the tem-
perature is lowered. (If a relaxation type of mech-
anism is responsible for this effect, the shift of
the maximum with temperature should be in the op-
posite direction.) The curves drawn through the
points are the results of the least-squares fitting
by computer of the following expression:

o

Aa= %c fo a(l)IN,(1)dl (5L,) , 1)

where «(l), the attenuation per unit length of dis-
location, is given by

4RGb? w?d
a(l)= (szv ) (Ezof_ PP (wd)2> @)
and N.()dl is the number of dislocations whose

loop length lies between I and [ +dl; w, is the reso-
nant frequency of a dislocation of length / and is
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FIG. 1. Incremental attenuation Ax as a function of
frequency for five representative temperatures. The
points represent experimental data; the continuous
curves represent computer fits of Eq. (1) to those
points, Experimental uncertainty in Ao is +0. 01 dB/
usec.
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FIG. 2. Damping constant B as a function of tempera~
ture. The circles represent the values of B obtained
from the curves of Aa(w). The curves marked L, S, G,
and Br represent computer fits of Eqs. (3), (4), (5), and
(6), respectively.

given by
wo= (/1) (C/A)/2 |

where C is the dislocation line tension; w is the
frequency of the applied ultrasonic wave; d=B/A,
where B is the damping constant and A is the effec-
tive mass per unit length of dislocation, assumed to
be mpb2, where p is the density of the material and
b is the Burgers vector; R is an orientation fac-
tor; G is the shear modulus; and v is the velocity
of the wave. For the distribution function N (l)dI,
an exponential distribution has been used:

N (@)dl=(A/L)e" " Ledl |

where A is the total length of dislocations per unit
volume and L, is the average loop length of the dis-
locations. The derivation of this expression is
given in Ref. 2. For the least-squares fitting, d
and wg are used as the adjusting parameters. The
values of the damping coefficient B thus obtained
are shown in Fig. 2 (for A, mpb%~10"'* cgs is
used). Although the experiments were carried out
at temperatures down to 2 °K, only the results ob-
tained at temperatures above 77 °K are presented
in Fig. 2. The reason for this is that at tempera-
tures below 70 °K contributions from mechanisms
other than the viscous damping seem to become ap-
preciable. As a consequence, it may no longer be
justifiable to carry out the analysis with expression
(1) alone. A report discussing this matter will
be presented separately.

Following the procedure given in Ref. 2, theo-
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retical expressions predicting the values and tem-
perature dependence of the damping constant B are
compared with the experimental results. Here,
however, the term B, (contribution from conduction
electrons) included in Ref. 2 is set to be zero.
The theoretical results are shown in Fig. 2 by the
curves marked L, S, G, and Br. The explanation
follows.

First, the definitions of the symbols and their
values used for the computer fitting are listed:
¢ (Debye average sound velocity)= 2. 7x10° cm/sec,
c; (velocity of transverse wave)= 2. 41 x10° cm/sec,
¢, (velocity of longitudinal wave)=4.74x10° cm/
sec, b (Burgers vector)=4.0x10"® cm, p (density)
=2.16 g/cm®, w, (Debye frequency)=3.68 x10'%/
sec, ®p (Debye temperature)= 281 °K, y (Griineisen
constant), w,, (thermal phonon frequency), T (tem-
perature °K), and 7 and kg have the usual meaning.

Curve L: Leibfried’s theory® based on the flut-
teving mechanism of dislocations. The expression
for B is given by

Bp=1s (0/c)E, @)

where € is the thermal energy density and is given
by

_ 3 “p )
e:——-gzﬂgc j h’w3{exp[ (h’wph/kBT)_ 1” ldw,h )
0

The scattering cross section per unit length, o,
which is assumed to be independent of phonon fre-
quency, is chosen as the fitting parameter. The
best fit is obtained when ¢ is 8.2x107% cm, i.e.,
approximately equal to 2b.

Curve S: Scatteving of phonons caused by the
strain field of dislocations. The scattering cross
section of dislocations at rest has been calculated
by several investigators for the study of thermal
conductivity. Aside from numerical constants,
they all agree in that the scattering cross section
is proportional to the phonon frequency, i.e.,
0(wp)=Twy. If one substitutes this cross section
for o in the following expression derived by
Nabarro,’

F:%(U/C)EU ’ F=BSV3
one finds

nr
Bs= 2n2ct
0

®p

whdwplexpiwy,/kT) =111, (4)

The best fit of this expression to the data is ob-
tained when T is equal to 9. 2x1072% cgs. This
value of I' may be compared with the various pre-
dictions.

(a) Klemens’s expression®”:

2,2
I,-6.04x10"2 ’lc—y— ~4.16x10"% cgs with y=1.06 .

(He revised his estimate of I" by a factor of 10
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upwards in his later publication.”)

(b) Carruthers® and Moss’s® expression:

2\2
r,=5.21x10"3 (g—b%‘lﬁ)— ~3,4x10"% cgs,

where g is the anharmonic coupling coefficient, B
=(1-2v)/(1-v), and v is Poissons’s ratio. These
values are tabulated in Ref. 9. (For numerical
comparison with our I, ', and I'; given in Ref.
9 should be divided by ¢ as indicated above.)

(c) Ziman’s expression!?:

I,= 3v%%/c ~3.5x10" % cgs .

(Brailsford11 recently stated that the value T,
should be reduced by a factor of 8.)
(d) Ohashi’s expression'?:

2
Fo=l _i [2"23X10'190gs
Cu

2 ¢y
with
Cy;=5.88x10" dyn/cm? .

Order-of-magnitude agreement was obtained be-
tween the experimentally determined I' and the val-
ues predicted by Klemens and Ziman. The theories
of Carruthers and Ohashi, on the other hand, give
values of T substantially in excess of the present
results relating to B.

Curve G: Grunev’s theorvy. In the above calcu-
lations, the scattering cross section of dislocations
at rest was estimated first and then the effect of
motion of the dislocations with a constant velocity
v was evaluated. Seeger and Engelke,'® on the
other hand, calculated the retarding force on a
dislocation using perturbation theory, starting
from a Hamiltonian in which the motion of disloca-
tions with velocity v is taken into account from the
outset. Their final results (applicable to disloca-
tion kinks), however, were too complicated to be
tested by means of the fitting procedure used here.
Gruner,14 following the same approach, derived a
simpler expression for the damping constant B
when all parts of a dislocation move with the same
velocity. The extension of his theory to the case
of dislocation kinks was found!* to agree, except
for a numerical factor, with Seeger and Engelke’s
result for the case of interactions of “light pho-
nons.” Gruner’s expression is given by

Bo=[EpT/(c,0p)] @®r™/ % (5)

where a®¢™¥/¢d¢ jo o numerical factor connected

with the anharmonicity and €, is the energy of the
longitudinal phonons given by

Although this theory may be applicable only for
low temperatures (T <3®p), as Gruner indicated,
we arbitrarily extended it to higher temperatures
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by using the expression for €;,

n

_E. =
1o

@p
f w3 [exp(w,y /kpT) - 1] dw,, .
0

ascrew/edee wag chosen as the fitting parameter and
was found, for the best fit, to be equal to 6. 5.

The value of a*°™"/°%¢ for NaCl is not known to us.
If this value does not differ much from that of cop-
per, i.e., 4.599%10%, as quoted by Gruner,'* then
the experimental value obtained here is obviously
much too small. If one compares Griiner’s orig-
inal expression with the data at 77 °K (disregarding
the computer fitting), one finds for ascre¥/edee 5
value 20, which is still too small.

Curve Bv: Brailsford’s theory. Brallsford
made a detailed study of the drag force acting upon
moving dislocations and developed a unified theory
which includes and classifies the thermoelastic
damping, phonon viscosity, phonon scattering, and
reradiation damping. Among these mechanisms,
the most relevant one here is the phonon scatter-
ing, which is given by the following expression:

3 T (ys?\2 [P 4
BBr“‘z c (ZW)I; chdq: (6)

where C, is the contribution of the mode ¢ to the
specific heat per unit volume., Using the Debye
approximation w,=cq and the relation C,
=Tnwy,(9n/87T), the curve Br is obtained with y as
the fitting parameter. The value of y for the best
fit was found to be 1.4, which should be compared
with the values reported in the literature ranging
from 1,55 to 1.61.°

Some remarks should be made concerning
Brailsford’s theory. Expression (6) was derived
in terms of a single phonon velocity (longitudinal),
and it was pointed out by Brailsford that a numeri-
cal correction factor of 22 should be applied to
take into account the weighing of each phonon mode
by its velocity. We have used here the average ‘
velocity (as defined above), thus incorporating
from the outset a correction of similar magnitude
to that suggested by Brailsford. The same pro-
cedure was also used in our previous work on
aluminum,? in connection with which his remark
was made. It follows that our values of B in alumi-
num apparently are consistent with Brailsford’s
calculation, contrary to his assessment. The cor-
rectness of Brailsford’s theory will have to be
tested further, but the fact noted above supports
his calculations.

Al shits'!® also calculated B, and obtained the
same temperature dependence as Bra.ilsford,11 but
different numerical constants. However, his ap-
proach is strictly valid only in the regime of fast-
moving dislocations (v >103¢), which is well out-
side the region investigated in the present study.

The values of B obtained in this experiment are
now compared with the experimn ental results of
other investigators.

The methods used by these investigators can be
divided into three categories: Two of these involve
ultrasonic techniques and the third consists of
measuring dislocation displacements under the in-
fluence of short-duration stress pulses. The es-
sential steps in those measurements are, by cate-
gory, as follows. (i) Measure the ultrasonic de-
crement as a function of frequency, obtain the back-
ground decrement by immobilizing the dislocations
through irradiation, obtain the decrement due to
dislocations by difference, estimate the disloca-
tion density by etch-pit count, and use the following
approximate expression for analysis:

decrement A= <§TGb )RALE I‘:‘—_T'g R (7)
where 7= BL2/7%C. There are, however, at least
three significant sources of error in this technique:
(a) the instrumental difficulty of returning to the
same tuning condition, at each frequency, after
irradiation; (b) the uncertainty in the relation be-
tween the etch-pit count and the dislocation density
responsible for ultrasonic attenuation; (c) use of
Eq. (7) in which the ultrasonic frequency w used is
neglected relative to w, [see Eq. (2)]. (In our
experiments the values of resonant frequency w,
corresponding to the average loop length L, were
found to be temperature dependent and range from
100 to 300 MHz. The effective resonant frequency
then should to 1/3. 31 of w,,® which falls easily in
the experimental frequency range.)

(ii) Measure the ultrasonic attenuation and ve-
locity, obtain the dislocation density from etch-pit
counting, use Eq. (7) with the corresponding equa-
tion for velocity to perform the analysis. This
method is subject primarily to errors of type (b).

(iii) Measure the dislocation displacement x re-
sulting from the application of a stress pulse of
duration ¢ and magnitude S, and obtain B from the
relation

By=Sb withv=x/t.

This method is subject to uncertainties resulting
from the fact that measurable displacements x
are much larger than those involved in ultrasonic
experiments. The value of v thus obtained is very
likely, therefore, to be lower than the intrinsic
values, because the moving dislocation may be held
up by obstacles for a considerable fraction of the
measured time ¢.

Moog,'" who used method (i), reported seven
different values of B in NaCl ranging from 2.5
x10-%to 10.5x107* cgs at room temperature.
When one of his data (specimen FG) was analyzed
with our computer-fitting method, a value of 7.6
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x10"° cgs was found, which is much smaller than
the quoted value of 2.5%10"* cgs, but close to the
results of this experiment. Korowkin and Soifer!®
reported 4X10"* cgs for B at room temperature
using the same technique. Fanti, Holder, and
Granato, *® who used method (ii), reported a value

of 1.6x10"* cgs, which is very close to our value.
Gutmanas, Nadgornyi, and Stepanov,®’ who used
method (iii), reported 2x10-* cgs at room tempera-
ture. Ermakov and Nadgornyi,?! on the other hand,
reported (using the same technique) 5x10°* at room
temperature, 4x10°*at 150 °K, 2.8x10"* at 100
°K, and 1.7x10"* at 77 °K. Obviously, the tem-
perature dependence of their results does not

agree with the present results. They also reported
that the value B increased by a factor of 1.5 with
5% 10%-rad %%Co irradiation. This last point sug-
gests that their value of B may include the con-
tribution of point defects interacting with the moving
dislocations.

IV. CONCLUSIONS

The results of this study on the dislocation drag
constant B in sodium chloride bear on three prob-
lems: the absolute value of B at a given tempera-
ture, the temperature dependence of B in the
range investigated, and the dislocation scattering
cross section for phonons.

With regard to the first point, it should be noted
that the present analysis yields the quantity B/A,
where A is the effective mass of the dislocation.
The numerical value of B depends, therefore, on
the value adopted for A (we used A=npb?~10"1
cgs). Inaddition, theoretical predictions of B in-
clude the anharmonic phonon-phonon coupling co-
efficient. This parameter is often represented by
the average Griineisen constant or by a combina-
tion of second- and third-order elastic constants,
derived from an assumed model of the interaction.
The difference, if any, between the above and a
rigorously derived coupling is not known. Further-
more, the calculated results for B depend on a high
power of the sound velocities and are therefore
very sensitive to the values used. Thus the ex-
perimental values of B can be compared with pre-
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dictions only to within these uncertainties.

As far as the temperature dependence of B is
concerned, in the range investigated here (T35 1@p),
current theories yield essentially the same result,
namely, Bx T. The proportionality constant of the
relation B« T differs, however, from model to
model. As can be seen in Fig. 2, curve L and
curve S are almost indistinguishable, and are in
fairly good agreement with the data. Curve G
seems to be too steep and curve Br appears to be
too flat. The real test of the models, however,
might come from measurements at lower tempera-
tures, where Leibfried’s theory (curve L) predicts
T* dependence of B, while the scattering, Gru-
ner’s, and Brailsford’s theories, curves S, G, and
Br, respectively, should give 7° dependence.
Furthermore, Brailsford!! suggested that his theory
predicts 7® dependence when applied to dislocation
kinks. Lothe,? on the other hand, suggested that
for kink mobility the cutoff temperature @} =0,/7,
instead of ®,, should be used where 7 is the ratio
w/ b, w being the kink width. The effect of this is
to lower the temperature at which B approaches its
asymptotic temperature dependence (linear in 7).2
All these temperature dependences, however,
should show up below 77 °K, and for the reason
mentioned earlier the subject will be discussed in
a separate publication.

Finally, we consider the dislocation scattering
cross section for phonons obtained in this study.
Most of the calculations of this cross section
aimed either at predicting or at accounting for the
thermal resistivity contributed by dislocations.
Earlier calculated values of this cross section were
systematically much lower than those estimated
from thermal resistivity measurements,'? but are
of the same order of magnitude as the one deduced
here. It is suggested that the cross-section values
obtained from thermal-resistivity measurements
are generally too large, because of the consider-
able uncertainty in evaluating the total dislocation
density (the measured density is always a lower
limit of the actual density). By contrast, the pres-
ent method, which is independent of dislocation
density, is likely to yield a more realistic scatter-
ing cross section.
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In the present paper we have explained the temperature dependence of the thermal conduc-
tivity of KCl and NaCl by considering the separate contributions of longitudinal and transverse
phonons. It is found that the transverse phonons make a major contribution towards thermal

transport in these alkali halides.

INTRODUCTION

The low-temperature thermal conductivity of
doped and undoped alkali halides has been studied
extensively from both an experimental and a theo-
retical viewpoint by two different groups, one under
Pohl at Cornell and the other under Klein at
Illinois. The work of the Cornell group has been
reviewed by Pohl in three different review arti-
cles.!=® The group at Illinois has also done a
large amount of work*® of which the most re-
centand important is the work of Rosenbaum et al. 7
Many other workers have also studied the ther-
mal conductivity of doped and undoped alkali
halides.®!® These workers have been successful
in explaining the experimental results using the
Callaway model* in which no distinction is made
between longitudinal and transverse phonons, This
distinction is, however, essential in view of the
different dispersive natures and different relaxa-
tion times for the two types of phonons. Using
both a variational method!? and a relaxation-time
approach, ¥*~1 it has been shown that in semicon-
ductors most of the heat is probably carried by
transverse phonons. Such a possibility also exists
for alkali halides. Therefore, it is desirable to

estimate the separate contributions of transverse
and longitudinal phonons towards the phonon con-
ductivity of alkali halides. This is possible either
with the Holland model!® or the Sharma, Dubey,
and Verma (SDV) model*'!® of phonon conductivity.
In the variational method a provision to estimate
the separate contributions due to longitudinal and
transverse phonons exists in the technique given
by Hamilton and Parrott.'? However, the varia-
tional method is very difficult to apply owing to
the complexity of the calculations involved. In
the present paper we have used the Holland model
to estimate the separate contributions of trans-
verse and longitudinal phonons towards the phonon
conductivity of alkali halides. As typical examples
of alkali halides, we have considered KC1 and
NaCl.

THEORY

In the Holland model the lattice thermal conduc-
tivity K is given by
K=K, +Kp +Kr,.
The subscripts 7 and L indicate transverse and

longitudinal phonons.
In alkali halides the longitudinal phonon spectrum



