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The thermal conductivity of silver chloride doped with varying concentrations of eight impurities—
Li*, Nat, K*, Rb* Cut, Cutt, Br~, and I—was measured in the temperature range 1.2 to 80°K. Only
in the quenched, heavily lithium-doped crystal was a definite thermal conductivity dip observed. The
strong low-temperature depressions in the thermal conductivity of the Cu**-doped crystals suggest a
possible resonance below 1°K. The far-infrared absorption of some of the doped crystals was measured
from 33 to 105 cm™! at 7°K. Impurity-induced absorption peaks were observed in all cases, except for the
rubidium-doped crystal, where the concentration was perhaps too low to give rise to an induced absorption.
The thermal conductivity of pure silver-chloride crystals subjected to various heat and surface treatments
was also measured. The results suggest that phonon scattering is mainly due to dislocations and that diffuse
boundary scattering is perhaps due to dynamical dislocation loops beneath the surface. The thermal con-
ductivity curve of the pure single crystal was fitted by using the Debye thermal conductivity integral.
Because of the existence of many low-energy critical points, a two-group-velocity model was employed.
A relatively strong normal-process relaxation rate suggests that anharmonicity may be important.

I. INTRODUCTION

HE low-temperature thermal conductivity of

dielectric crystals containing imperfections has
been studied extensively from both an experimental and
a theoretical viewpoint. The scattering caused by
imperfections such as external boundaries,®isotopes,**
and dislocations,” in chemically pure crystals has
been successfully characterized. Investigations of
impurities have included precipitates,’®~4 substitutional
monovalent impurities,’>7 and vacancy complexes.!$-19
In recent years, because of better knowledge of the
lattice dynamics and also because of refined math-
ematical techniques, some experiments have been
analyzed with the Green’s-function method.17:20-22
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The present work is a systematic study of the effect
of monovalent substitutional impurities in a silver-
chloride host crystal on the low-temperature ther-
mal conductivity, supplemented by far-infrared ab-
sorptions. There have been other experiments on
AgCl: Donecker?® measured the thermal conductivity
in crystals doped with Ni?t) V2t Cr?*, Cd*t, V3, S
Te*, Lit, and Br—; Bausch?* e al. have observed
radiation-produced colloids in AgCl. In the process of
our investigation, we found that the thermal conduc-
tivity of pure or lightly doped crystals is very sensitive
to the crystal handling procedures. Therefore, the pure
crystals were subjected to a series of heat treatments
and surface treatments to determine the effects on
the conductivity. The thermal conductivity data were
analyzed in the framework of the Callaway theory?
with a modified Debye model.

II. CRYSTAL PREPARATIONS AND
EXPERIMENTAL TECHNIQUES

All the pure and doped silver-chloride single crystals
studied in this investigation were grown in this labor-
atory using the Czochralski technique. Before growth
of each crystal, the reagent-grade silver-chloride powder
was purified by bubbling oxygen and then chlorine
through the molten salt, which was then placed under
vacuum. Finally, the molten salt was passed through
a capillary tube after which it solidified in a quartz
crucible.? Pure crystals were analyzed semiquantita-
tively with the atomic emission spectrographic tech-
Lattice Dynamics, Copenhagen, 1963, edited by R. F. Wallis
(Pergamon Press, Ltd., Oxford, England, 1965), p. 523.
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1 PHONON SCATTERING FROM SUBSTITUTIONAL

nique by Mossotti and his staff at the Spectrochemical
Analysis Laboratory. The results showed that a number
of impurities were present in the crystals with con-
concentrations below 10 ppm. Exceptions were magne-
sium and silicon which were present at the 20 ppm
level. More details on crystal purification and growth
technique are given elsewhere.?

Thermal conductivity samples were rectangular bars,
about 5 mmX5 mmX40 mm and oriented along the
[100] direction. The samples were polished on No.
500-grit emery paper to remove the surface damage
and then etched in 3V NasS:0j3 solution for one minute
and rinsed with deionized water. After the etching,
some crystals revealed two or three large grains within
the sample. The reference pure crystal and all doped
crystals were annealed at 400°C in an argon atmosphere
for 10 h and then cooled at the rate of 20°C/h. Before
each measurement, the sample was sandblasted to
ensure diffuse boundary scattering.

The surfaces of infrared samples were polished on
No. 600-grit emery paper with deionized water as a
lubricant and then further polished on a soft polishing
cloth which had been moistened with a 5%-KCN
solution. The thermal conductivity of the pure and
doped silver-chloride crystals was measured as a
function of temperature from 1.2 to80°K. The cryostat,
electronics, and measuring techniques are described by
Klein and Caldwell.?

Because of the chemical reactions of silver chloride
with most metals, all metallic contacts were either
silver plated or covered with gold foil. The germanium
thermometer clamps are similar to those described by
Klein and Caldwell, but with the indium knife edges
replaced by silver-plated copper knife edges. Silver
chloride is a soft material, so that in the process of
mounting the thermometer clamps, the knife edges
immediately deformed the crystal. As a result, the
phosphor-bronze strip lost its spring action. In order to
secure the clamps on the crystal, further tightening was
necessary. It was found that a piece of 5-mil gold foil
at the knife edge provided excellent thermal contact
at all times. Unfortunately, the clamps left four grooves
of 0.75-mm width and about 0.5-mm depth on the
surfaces of the crystal. These deformations produced
dislocations in the crystal and interfered with the
phonon scattering due to the substitutional impurities.

The far-infrared absorption of pure and doped AgCl
crystals was measured as a function of wave number
from 33 to 105 cm™ at 7°K on a Beckman IR 11 spectro-
photometer using a beam condenser described in detail
by Brandt.?

27 C. K. Chau, Ph.D. thesis, University of Illinois, 1968 (un-
published).
( ;8 1\/§ V. Klein and R. F. Caldwell, Rev. Sci. Instr. 37, 1291
1966).

# R. C. Brandt, Appl. Opt. 8, 315 (1969).
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III. THERMAL CONDUCTIVITY RESULTS
A. Pure Crystals
1. Polycrystal

The low-temperature thermal conductivity of sintered
alumina is dominated by crystallite boundary scattering
with a phonon mean free path similar to the average
grain size. This result has been clearly demonstrated by
Berman.® We have seen a similar effect in AgCl.

The thermal conductivity of a Harshaw rolled optical
sample before and after annealing is shown in Fig. 1.
Bellow the maximum, the conductivity of the unan-
nealed sample is depressed by a factor of 70 with respect
to the single-crystal data. The slope is approximately
2.5. This large depression is perhaps due to crystallite
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F16. 1. Thermal conductivity data for the polycrystal. Curve
4, pure single crystal; curve B, unannealed Harshaw rolled
optical crystal; curve C, after anneal.

% R. Berman, Proc. Phys. Soc. (London) A65, 1029 (1952).



2644

boundary scattering which limits the phonon mean
free path. From the conductivity at 1.5°K, the estimated
mean free path should be of the order of 60 u. Photo-
micrographs reveal the average grain size to be about
5 p. The difference between the estimated mean free
path and the average grain size, and the 7-* dependence
suggest that some specular reflection within the grains
or transmission through the grain boundaries occurs.
Thus, as for the sintered alumina case, diffuse crystal-
lite boundary scattering seems very likely.

The polycrystalline sample was annealed in an argon
atmosphere at 400°C for 10 h and then cooled at the
rate of 25°/h. The conductivity increased by a factor
of 30 and exhibited a 72 temperature dependence.
Annealing enlarges the grain size and removes strains
from the crystal. The result is that the mean free path
and hence the conductivity increases. The remaining
depression with respect to the single-crystal curve is
thought to be due to some dislocations and grain
boundaries remaining in the crystal.

2. Surface Treatments on Single Crystal

Worlock suggested that diffuse boundary scattering
is mainly due to the tangle of dislocation loops produced
by sandblasting and not merely due to the irregularity
of the surface.!* We performed an experiment on a pure
AgCl single crystal to confirm Worlock’s suggestion.
Unfortunately, we were unable to observe dislocation
loops directly with Mitchell’s etching procedures.?

Figure 2 shows a sequence of five thermal conduc-
tivity measurements on a pure AgCl single crystal
(SH12-1-D-3) after it had undergone different surface
treatments. The surfaces of the crystal were first
ground with 2/F Carborundum until they were dull;
then the crystal was annealed at 400°C for 10 h and
cooled at the rate of 20°C/h. Its conductivity is shown in
curve A. After the first measurement, the crystal was
gently polished with Kimwipes disposable wipers until
the surfaces were reflective. The conductivity was
depressed below the maximum as shown in curve B.
This indicates that an additional scattering mechanism
was introduced during the polishing. The crystal was
then reannealed in the previous manner and then
etched in 59-KCN solution for 2 min ; the final surfaces
were fairly smooth and highly reflective. The resulting
conductivity curve C increased above curve A. This
indicated that some scattering mechanism present
for curves 4 and B was partially or completely removed
from the crystal. For curve D, the crystal surfaces were
ground again with No. 500 grit emery paper. The
conductivity curve depressed and fell slightly below
curve B. This shows that some scattering mechanism
was introduced with strength similar to that in stage B.
Finally, for curve E, the crystal was irradiated with

3t J. W. Mitchell, in Dislocation and Mechanical Properties of
Crystals, edited by J. C. Fisher, W. B. Johnston, R. Thomson, and
T. Vreeland (John Wiley & Sons, Inc., New York, 1957), p. 69.
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3-MeV v rays. The y-ray source was a gold target
bombarded by a high-energy electron beam from the
Van de Graaff accelerator in the Materials Research
Laboratory. The estimated number of charged particles
produced in the crystal was approximately 107 esu/cc.
The conductivity curve E increased, indicating that v
radiation lessens the effect of the defects in stage D and
reduces the total scattering strength.

With a modification of Worlock’s suggestion, it is
possible to explain the results of each surface treatment.
Assume that the important ingredient needed to achieve
diffuse boundary scattering in AgCl is the presence of
dynamical dislocation loops just beneath the surface
of the crystal. They can be generated by rubbing the
crystal surface. For curve 4, the dynamical dislocations
generated in the process of grinding were removed by
the careful annealing. The boundary scattering is due
only to the rough surfaces and is partly diffuse and
partly specular. For curve B, the dislocation loops were
introduced and reduced the degree of specular boundary
scattering thus lowering the conductivity. For curve C,
we purposely remove the dislocation loops and rough
surfaces by annealing and etching. Now the boundary
scattering is mainly specular, hence the highest con-
ductivity is achieved. For curve D, dislocation loops
were reintroduced into the crystal, but the surfaces
were less irregular than for curve 4. As a result, the
conductivity is.again depressed and is similar to stage
B. This suggests that the main mechanism for diffuse
boundary scattering is dynamical dislocation loops
just beneath the surfaces but not the irregularity of the
surface. If this interpretation is correct, then one can
pin down these dynamical dislocation loops by means of
v irradiation. This was performed for curve E, and the
result shows the conductivity increase after the irradia-
tion. We may conclude that dynamical dislocation loops
scatter phonons very effectively and can be generated
just beneath the surface by gentle rubbing. However,
during this sequence of treatments, the crystal was
handled extensively. It is also not clear whether there
are any other defects being introduced. In future work,
it may be desirable to repeat stages D and E and
perform the irradiation with the crystal mounted in the
cryostat, at liquid-nitrogen temperature.

3. Heat Treatments on Single Crysials

Heat treatments were performed on two pure AgCl
crystals (SH12-1-D-2, SH12-1-D-3) which were cut
from the same bulk material adjacent to each other.
Prior to the cooling of each crystal, the specimens had
been annealed at 400°C for 10 h. They also had identical
surface preparations, and thus the observed effects are
solely bulk effects. The results for each heat treatment
are shown in Fig. 3.

Curve 4 shows crystal SH12-1-D-2 which was cooled
at a rate of 20°C/h. It gives the highest thermal
conductivity. Curve B shows the same sample cooled
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at 40°C/h. The conductivity below the maximum is
depressed and the slope is 2.5. Crystal SH12-1-D-3 was
quenched to room temperature in less than 20 min.
Its conductivity, which is similar to curve B, is given
by curve C. Curve D shows the same crystal quenched
to liquid-nitrogen temperature and then brought
back to room temperature before mounting in the
cryostat. There is no pronounced effect on the thermal
conductivity.

Two possible phonon scattering mechanisms may
arise during the rapid cooling or quenching of the
single crystals. We point out that Castle observed the
dislocation density in a well-annealed silver-chloride
crystal® to be about 105/cm?. We expect this density to
have essentially no effect on the thermal conductivity.
Rapid cooling and quenching, however, exert thermal
stress on the crystal; hence fresh dislocations may be
formed in the process. From the degree of low-tempera-
ture depression, we may estimate the dislocation density
to be about 107/cm? according to Ohashi’s theory®3
which is discussed in Sec. VI. This is well within the
limits of 10%-108/cm? observed in crystals which had
been annealed at 400°C and then deformed.®

3 J. Castle, J. Appl. Phys. 28, 742 (1957).
3 K. Ohashi, J. Phys. Soc. Japan 24, 437 (1968).

Second, in ionic crystals an edge dislocation is
electrostatically charged, and in thermodynamic equilib-
rium its core is necessarily surrounded by charge-
compensating clouds.?*3 Plint and Breig® used a light
scattering method to demonstrate the presence of
long-cylindrical scattering centers in the crystals.
These were presumably charge clouds surrounding
dislocations. With 10-20 ppm of divalent impurities in
our samples and an annealing time of 10 h at 400°C,
one might expect the impurities along with vacancies
and interstitials to establish equilibrium by forming
charge clouds around dislocations. By rapid cooling
or quenching one might expect the charge cloud to
remain in frozen metastable equilibrium. Then phonons
will be scattered by cylinders with an effective size
similar to the Debye-Hiickel radius instead of bare
dislocations. The relaxation rate for phonon scattering
by a cylinder perpendicular to temperature gradient is
given by Klemens¥; it is proportional to the fourth
power of the radius of the cylinder and to the third

4], S. Koehler, D. Langreth, and B. von Turkovich, Phys.
Rev, 128, 573 (1962).

% A, Hikata, C. Elbaum, B. Chick, and R. Truell, J. Appl.
Phys. 34, 2154 (1963).

46 C, Plint and M. Breig, J. Appl. Phys. 35, 2745 (1964).

31 P, G. Klemens, in Solid State Physics, edited by F. Seitz and
D. Turnbull (Academic Press Inc., New York, 1958), Vol. 7.
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F16. 3. Thermal conductivity
data for the heat treatments on
the single crystals. The single
crystals were annealed at 400°C
for 10 h and cooled at the
following rates: Curve 4 20°C/
~ h; curve B 40°C/h; curve C
quenched to room temperature
in less than 20 min; curve D
quenched to- liquid-nitrogen
temperature.
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power of the frequency. Therefore, the choice of radius
is very important in determining the strength of the
scattering. The Debye-Hiickel radius is determined
by the temperature at equilibrium.

It must be pointed out, however, that our assumption
of charge clouds which freeze immediately is not
strictly correct. The reason is that the divalent impurity
ions and silver-ion interstitials and vacancies remain
mobile well below 400°C. The final configuration of the
charge cloud must be determined by considering each
freezing stage. If the dominating process is the scatter-
ing by cylinders, then curves B, C, D show a similar
charge cloud radius for all three cases. We also note that
pure charge-cloud scattering will not give the observed
725 dependence, and other scattering processes must
occur. The relative importance of these two-phonon
scattering processes could be assessed by performing
two consecutive measurements : first measure a quenched
crystal, then remeasure the same crystal after it is
deformed at liquid-nitrogen temperature. In the latter
case, the freshly created dislocations would certainly
be bare.

B. Doped Crystals

Figures 4-9 show the thermal conductivity data for
the Lit-, Nat-, K+-, Rb*-, Br—, and I~-doped crystals.

100

Each figure shows the data of the reference pure crystal
and the doped crystal in various concentrations, which
are summarized in Table ITT below. Because of the
limited solubility of each impurity in silver chloride,
the above data are from samples without noticeable
precipitations. In addition, theoretical curves are
plotted for comparison. These are discussed below.

IV. FAR-INFRARED ABSORPTION RESULTS
A. Pure Crystal

The purpose of this measurement was to search for
isotope-induced absorptions such as were found in
alkali halides®® and any absorptions induced by the
background impurities. The optical density of a 1.25-
mm-thick pure crystal, curve D in Fig. 10, shows that
the absorption increases toward the reststrahl frequency
and no peaks are observed.

B. Doped Crystals

Three concentrations of NaCl-doped crystals have
been measured in the same way as the pure crystal.
Their optical densities are shown in curves 4, B, and

38 M. V. Klein and H. F. Macdonald, Phys. Rev. Letters 20,
1031 (1968).
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C in Fig. 10. A measurement was also performed on absorption peaks and sample thicknesses are sum-

one sample of each of the other impurity-doped crystals.
Absorption peaks were found in each doped crystal
except for rubidium. This is perhaps due to the low
concentration of rubidium in the crystal. These impurity
doped crystals were measured against a pure crystal of
the same thickness. The mismatch of the thickness was
less than 5%. The impurity-induced optical densities
of the Li*-) Cut-; and K+-doped crystals are curves 4,
B, and C in Fig. 11, respectively. The impurity-induced
optical densities of I=- and Br—-doped crystals are the
curves 4 and B in Fig. 12. All impurity induced

marized in Table 1.

V. ANALYSIS

An expression that is often used for the lattice
thermal conductivity is

h2
 3KuT?

x

K

— 1)

(e=—1)?

/ " dw 720 (w)p(w)

where K is the Boltzmann constant, v is the average
group velocity for states with phonon energy %w, p(w)
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is the density of states, « is defined as #iw/K 5T, w,, is
the maximum allowed frequency, and . is the over-all
relaxation time due to several phonon scattering
process. Under the Debye approximation, a crystal
lattice is assumed to be isotropic and there is no
dispersion in the frequency—versus-wave-vector rela-
tion. All phonons in the lattice have the same group
velocity, which is also identical to the phase velocity.
Use of the Debye approximation in Eq. (1) has been
quite successful with many alkali-halide crystals. We
can see why by making a comparison of a simple

Debye model and a shell model, which represents
phonons more realistically. We consider the sodium-
chloride crystal for which shell-model phonons have
been calculated by Caldwell and Klein.'

The first critical point of NaCl occurs at 80 ecm™!
corresponding to a temperature of 115°K. The Debye
density of states is in good agreement with the true
density of states calculated from the shell model in this
frequency range. The average group velocity as a
function of frequency, calculated according to the shell
model, is constant at low frequency and then decreases
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F1c. 6. Theoretical fit and
thermal conductivity data for
the system AgCl:KCl. Curve
A, pure; curve B, 0.035
mole‘%; curve C; 0.037 mole?%,
(see Table III, footnote f).
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rapidly when approaching the first critical point. The
average group velocity further decreases when passing
through the other critical points and finally recovers in
the region of the optical branches.

The thermal conductivity integrand without the
total relaxation rate is

?(w)p(@)e’[e”/ (o —1)7]. (2

This quantity calculated with the shell model and the
Debye model is shown in Fig. 13. The average group
velocity for the Debye model is 3.84X10% cm/sec,

corresponding to the Debye temperature of 326°C for
NaCl.3® The agreement between the two models is
quite good for the low-frequency region (below 110
cm™) even at high temperatures. The deviation becomes
important in the high-frequency region (above 110
cm™), where there are many critical points. Here the
Debye model overestimates the high-frequency phonon
contributions to the NaCl thermal conductivity cal-
culation at temperatures above 30°K.

Recently, Nicklow and Vijayaraghaven have mea-
sured the dispersion curves of AgCl using neutron

TaAsBLE I. Summary of impurity-induced infrared absorption peaks.

Thickness
Figure Curve Dopant (mm) Position of peak in cm™ (peak absorption constant in cm™)
10 A Nat 1.025 7043(23.9), 50+1.5(5.29)
10 B Nat 0.76 70+3(8.60), 50+£1.5(2.54)
10 C Nat 1.26 70+£3(1.61), 50+£1.5 (0.58)
11 A Li+ 1.25 9542(17.3), 6943(2.58)
11 B Cut 1.26 98+2(5.5), 98+2(4.24), 60-:2(0.116)
4841.5(2.56), 763(2.77)
11 C K+ 1.26 834-2(1.85)
12 A I~ 1.30 86-£2(2.94), 64+2(1.52)
12 B Br- 1.29 814:2(2.95), 6442 (0.461)

?]3; ?2 Leibfried and W. Ludwig, in Solid State Physics, edited by F. Seitz and D. Turnbull (Academic Press Inc., New York, 1961),
ol. 12.
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diffraction techniques at liquid-nitrogen temperature.%
Their results show many critical points in the frequency
region corresponding to the temperatures above the

TaBLE II. Summary of critical points in silver chloride.

Branch and Neutron datas X-ray datab
direction (cm™) (cm™)
TA[100] 33.3ZBe 30
LA[100] 54.0 ZB 60
TA[110] 53.3 TA, 33.3

TA; 50.0
LA[110] 38.3 66.6
TA[111] 71.6 ZB 40
TO[111] 76.6 ZB 66.0
LA[111] 100 ZB
TO[100] 150 ZB
LO[100] 200 ZB
LO[111] 203 ZB
LO[110] 196.6 ZB
TO[110] 163.3 ZB
TO 121.6 Cd
LO 193.3 C

a Neutron diffraction data was obtained at liquid-nitrogen temperature
by Nicklow and Vijayaraghavan (Ref. 40).

b X-ray diffusive scattering data from Cole (Ref. 41).

¢ ZB: Zone boundary.

d C: Center of the zone,

49 R. M. Nicklow and P. R. Vijayaraghavan, Bull. Am. Phys.
14, 302 (1969); and private communication.

thermal conductivity maximum. These critical points
are summarized in Table II along with Cole’s room-
temperature x-ray data.® The phonon states at the
critical points will not contribute to thermal conduction
because they have zero group velocity. This, rather than
a strong umklapp process, is perhaps the true explana-
tion of the rapid decrease of the thermal conductivity
above the maximum. The conductivity integrand for
silver chloride probably has the same general structure
as for sodium chloride but with the high-frequency
deviations shifted to lower frequencies. Hence, the
Debye model not only overestimates the integrand at
moderately high temperatures but also at lower
temperatures. A more refined model is needed for the
theoretical calculation of the thermal conductivity of
silver chloride. Details of unsuccessful curve fitting
with the simple Debye model are given elsewhere.?

A. Two-Group-Velocity and Multiple-
Group-Velocity Models

We now propose a simple two-group-velocity model.
It considers the lattice to be isotropic, but the fre-
quency-versus—wave-vector relation is altered. The

4 H. Cole, J. Appl. Phys. 24, 482 (1953).
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group velocity v; is assumed constant up to a certain
critical frequency wi; then it is changed to another
constant value v,. The phase and group velocities of
phonons above the critical frequency will be different.
Below wi, the phase velocity and group velocity are

1,=0; and v,=07;. 3)

Above the critical frequency ws,

w

Vp =102 and v,=1,. (4a)

w—w1(1 —'1)2/711)

The total number of phonon states is restricted by the
number of molecules in the crystal. Therefore, the total
number of states must be conserved regardless of the
model that we use. In the Debye model, the Debye
temperature corresponds to a maximum frequency with
the property that the total number of states below
this frequency is equal to the total number of degrees
of freedom in the crystal. We also have to restrict the
total number of states in the two-group-velocity model
by use of a certain maximum frequency. If v, is less
than »;, the maximum frequency is lower than that in
the simple Debye model. This is favorable to our case
since it suppresses the high-frequency phonons.

5 10 20 50
TEMPERATURE (°K)

100

This modified Debye model introduces two extra
parameters into the calculation; the critical frequency w;
and the second group velocity vs. With this model, a
step occurs in the density-of-states and the thermal
conductivity integrand curves due to the discontinuity
of the group velocity at wy. This step can be removed
with a further refinement: The multiple-group-velocity
model. In this refined model, the group velocity
gradually changes from v; to wvs. This transitional
region can be described by using a Fermi-Dirac function,
and the rate of transition is governed by a width
parameter D.

B. Two-Group-Velocity Model Fits

We choose the two-group-velocity model over the
multiple-group-velocity model to avoid the addition
of the width parameter D. With this model, the con-
ductivity integral has to be modified to account for the
variation of the group velocity and phase velocity.
It must be written explicitly in terms of v, and v,

Tm 2 xxd

K=1.57X109T3/ T,;(‘Ug,'vp,x,T)_ _dx’
0 v, (e —1)?

(4b)

where

x=hw/K T (4c)
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and

Q="1y/vp. (4d)

The group velocities are obtained from the low-temper-
ature elastic constants.”? We use v1=1.62X105 cm/sec
which is the rms value of the group velocities as
calculated by the Houston method.** The critical
frequency w1=31.2 cm™! (45°K), was chosen to be
near the first critical point in the silver-chloride
phonon spectrum. We use a value 72=8X10* cm/sec
which is approximately half of the average group
velocity in the first range and is similar to the sodium-
chloride case. The maximum frequency is 57 cm™
(82°K) which is obtained from the Debye temperature
of 215°K as given by Nicklow and Young from specific-
heat data.t

C. Pure Crystal Fit

An appropriate total relaxation rate includes normal
and umklapp three-phonon scattering processes, bound-
ary scattering, and isotope scattering for the pure
silver-chloride crystal. The theoretical boundary-scatter-

4 W. Hidshaw, J. T. Lewis, and C. V. Briscoe, Phys. Rev. 163,
876 (1967).

4 D. D. Betts, Z. B. Bhatis, and M. Wyman, Phys. Rev. 104,

37 (1956).
4R, Nicklow and R. Young, Phys. Rev. 129, 1936 (1963).

20 50
TEMPERATURE(°K)

100

ing relaxation rate is
1/7(boundary) =Cv,=1v,/1.12dy. (5

For our crystal d=0.555 cm and the finite-length correc-
tion factor 7 is 0.6 as given by Berman, et al.2 Therefore,
C is equal to 2.68. The fitted value was 5.0.

Klemens* has derived an expression for the scattering
rate due to randomly isolated point defects:

1/7(point defect) = (nQo/4m1*)w?4S?, (6a)
S2=(AM/M)2+2(AF/F—13.44(AR/R))?, (6b)

where Qo is the unit-cell volume, # is the defect con-
centration, AM is the mass difference between host and
impurity atom, AF is the change in the coupling
constant (this is related to the compressibilities of
host and impurity atoms), AR is the change in the
nearest-neighbor distance, M is the average molecular
mass, and v is the average group velocity. For isotope
scattering, Eq. (6) reduces to

1/7(isotope) = (Qo/47m3)wiS 2, (7

Se=% fi1—My/M)2,

where

% P, G, Klemens, Proc. Roy. Soc., (London) A68, 113 (1955).



1 PHONON SCATTERING FROM SUBSTITUTIONAL IMPURITIES. -

2653

2.0 —
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pure. Crystal thickness is given in Table I.
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where f; is the fractional concentration of the ith
isotope, and M is the mass of the 7th isotope. The
theoretical value of S¢? is 8.03X107%, in comparison
with the fitted value, 9.03X1075. This large fitted value
is perhaps due to other background impurities in the
pure crystal that contribute to the Rayleigh scattering.
The normal and umklapp three-phonon relaxation rates
used for the fit are

1/7(normal) = Byw?T?5 (8a)

(8b)

and
1/7(umklapp) = Bew?Te 35/ |
where

B1=5.0X10"% and B,=2.0X10"%,

To summarize, the total relaxation rate used to fit
the thermal conductivity of the pure silver-chloride
crystal is

(1/76) =8.1X 1054754 X 1044,
+5.0X 10262725 +2.03 X 10~ 7e?Te=/7

w<wy

(9a)

50 60 70 80 90
ENERGY IN WAVENUMBERS (cm™")

100

wnS>wSor (1/7) =4.0X10546.25X 1045402

+5.0X 10 200272-54-2.03 X 10102 Te=35/T | (9b)

where
w—w1(1 -“‘1)2/‘1)1)

w

The result of the theoretical curve is shown in Fig. 14.
Note the large coefficient for the normal process that is
necessary to fit the pure-crystal data. This suggests
that the anharmonicity in AgCl is strong, in agree-
ment with findings of Hidshaw et al.%?

D. Doped-Crystal Fit

The two important scattering processes in the doped
crystals which we believe to have the strongest influence
on the conductivity are simple point-defect scattering
expressed in Eq. (6) and static-dislocation scattering.
The dislocation-scattering relaxation rate of the form



2654

C.-K. CHAU AND M. V.

KLEIN 1

OPTICAL DENSITY

0.21—

O.l —

1 : l
T

Fic. 11. Optical density of impurity-
induced far-infrared absorptions. Curve 4,
0.291 moleY%;, of Lit*; curve B, 0.0654 mole%,
of Cu*; curve C, 0.37 mole?, of K*. Crystal
thickness is given in Table I.
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derived by Klemens,* Carruthers,% and Ohashi?® is

1/7(dislocation) =Ww, (10)

where W=pT', p is the density of dislocations, and T"
is the strength of the scattering which is different for
each theory. We add these two additional relaxation
rates to that of the pure crystal and then fit all the
curves of the doped crystals by adjusting the quantities
Y(=NS?) and W. The fitted curves for Lit-, Nat-
K+-, Rbt-, Br—-, and I~-doped crystals are shown in
Figs. 4-9. The results of all fitted parameters and a
comparison of their theoretical values are summarized
in Table III. The quantities S? and all relevant constants
for evaluating S? are given in Tables IV and V,4—4°

4 P. Carruthers, Rev. Mod. Phys. 33, 92 (1961).

47 J. T. Lewis, A. Lehoczky, and C. V. Briscoe, Phys. Rev. 161,
877 (1967).

4 M. H. Norwood and C. V. Briscoe, Phys. Rev. 112, 45 (1958).

4 H. B. Huntington, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic Press Inc., New York, 1956), Vol. 7.

respectively. The conductivity curves of the copper-
doped crystal have not been fitted, but they are
discussed in Sec. VII.

VI. INTERPRETATIONS

A. Temperature Region above Conductivity Maximum

Our analysis shows that the point-defect scattering
as described by Eq. (6) gives good agreement with the
data on low-impurity-concentration crystals. For high-
impurity concentrations, the conductivity curves
recover from the maximum depression to approach the
pure curve at a much faster rate than that caused by
Rayleigh scattering. The fitted values of ¥ do not scale
with the measured impurity concentrations (see Table
IIT). Hence, we suggest that another scattering mecha-
nism must occur. With far-infrared measurements on
alkali halides, one may observe odd-parity impurity
resonance modes in the form of peaks at energies cor-
responding to the resonance frequencies. In thermal
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conductivity measurements, one may detect both odd-
and even-parity impurity resonances in the form of a
dip or dips at temperatures corresponding to the reso-
nance frequencies. Therefore, impurity resonance modes
which are detected in the infrared absorption may also
be detected in the thermal conductivity, but the reverse
situation may not be true. We should point out that the
thermal conductivity is more effective in detecting a
resonance with a large width, but far-infrared absorp-
tion is more effective in detecting narrow resonances.

The relation between the resonance frequency and
the conductivity-dip temperature is

w(cm™) =oTq; (°K),

where w, is the resonance frequency, Tqip is the corre-
sponding conductivity-dip temperature, and o is the
scaling factor. This scaling factor varies for different
host crystals and also depends on the parity of the
resonance. The value 2.66 may be obtained with the
Debye model by maximizing the thermal conductivity
integrand [see Eq. (2)]. This gives the predominant
phonons in the lattice at a given temperature. The
resonance relaxation rates derived by Klein® have
frequency dependences which tend to shift the scaling
factors to smaller values. This effect is observed in
different ionic crystals where the scaling factors range
from 1.2 to 2.6. A detailed study of the relation of the
conductivity dip to the resonance frequency within the
Debye model has been carried out by Rosenbaum.®

It may be difficult to relate the far-infrared absorption
to the thermal conductivity in weakly perturbed
systems. The presence of impurities will destroy the
translational system of the perfect lattice, hence the

Fre. 13. Comparison of
Debye-model and shell-
model calculations on the
“thermal conductivity in-
tegrand” in Eq. (2) for
NaCl.

THERMAL CONDUCTIVITY INTEGRAND (cmil sec?)

% M. V. Klein, Phys. Rev. 131, 1500 (1963).
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Fi16. 12. Optical density of impurity-induced far-infrared absorp-
tions. Curve 4, 0.29 mole%, of I~; curve B, 0.13 mole9, of Br~.
Crystal thickness is given in Table 1.

wave-vector selection rules will be relaxed, and acoustic
modes of lattice vibration can be excited by the far-
infrared radiation. Then the absorption peaks may

46
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® R. L. Rosenbaum, Ph.D. thesis, University of Illinois, 1968 (unpublished).
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TABLE III. Summary of computer-fitted parameters.

Figure  Curve Dopant No® (mole9) v Ne (mole%) wd 0° (No./cm?)
4 B Lit 0.017 2.04X10™ 0.0046 1.50X10-¢ 432108
4 C Lit 0.29 1.8 X103 0.038 1.35X107¢ 3.89 X108
4 D Lit 0.67 8.1 X107® 0.17 6.76 X107 1.94X108
5 B Nat 0.048 1441074 0.010 1.50X107¢ 4.32X108
5 C Na*+ 0.59 36 X10™ 0.25 3.38X107¢ 9.75X10¢8
5 D Nat 4.16 3.3 X107 2.32 7.50X1077 2.16X108
6 B K+ 0.035 1.14X10™ 0.047 6.76X1077 194108
6 C K+ 0.037¢ 9 X10™ 0.36 1.81 X108 5.9 X108
7 B Rb+ 0.0011 5.4 X105 0.0063 8.95X10~7 2.6 X108
7 C Rb* 0.024 2.64X10™4 0.031 3.00X1076 8.65X108
8 B Br- 0.13 6.6 X10™* 0.27 7.50X1078 2.16 X107
8 C Br~ 1.70 3.6 X1073 1.44 3.75X107¢ 1.08 X108
9 B I~ 0.061 2.34X10™¢ 0.058 1.65X1076 4.75X108

. 2Ny is dopant concentration determined by spectrochemical analysis.
;7 b Y is computer-fitted value for point-defect scattering.

7. ¢ N is calculated concentration by using S2 and Y.

¢ d W is computer-fitted value for dislocation scattering.

, ©p is calculated dislocation density by using I'o and W.

f This result is unreliable because analysis was performed on only a small portion of the crystal where the impurity-concentration gradient is expected to

be large.

occur in the region of the critical points where the
phonon density of states is high. Ordinarily, such peaks
are not simple resonances, because any resonance
that would otherwise occur in this frequency region is
strongly modified by the critical points. This situation
is similar to the isotope-induced absorption case, and
there is no thermal conductivity dip corresponding to
absorption peaks of this type. Phonon resonance
scatterings and their related optical absorptions are
thoroughly discussed by Pohl®? and Klein.5?

We found impurity-induced absorption peaks in all
the doped crystals except for rubidium. There the
impurity concentration was perhaps too low to have
detectable absorption peaks. The frequency range of the
above absorption peaks could, in principle, cause
conductivity dips in the observed temperature region.
However, the thermal conductivity of the pure AgCl
crystal decreases rapidly at temperatures above the
maximum ; thus it is very difficult to resolve any possible
conductivity dips in this region. This suggests that the
strength of phonon resonance scattering is weaker than
that of phonon-phonon scattering. But, with high-

TaBLE IV. Summary of point-defect scattering strength.

impurity concentrations, resonance scattering may
perhaps be revealed in a thermal conductivity curve.

In order to confirm this interpretation, a heavily
Lit-doped crystal was measured, and the conductivity
shows a dip at 35°K in Fig. 15. This may be related to
either one of the two absorption peaks at 6943 and
9542 cm™.. A further discussion of this crystal is
given in Sec. VIL.

B. Temperature Region below Conductivity Maximum

Dislocations are probably the dominant phonon
scattering mechanism at temperatures below the
conductivity maximum in our crystals. The thermom-
eter mounting technique produces two deformed regions
near the knife edges, and these are constantly under the
stress of the phosphor-bronze springs. This causes the
dislocations which are generated in the deformed
regions to propagate into the undeformed parts of the
crystal. Such propagation of dislocations under stress
has been observed in silver chloride by Sprackling.5*
From the computer fits for the impurity-doped crystals,

TaBLE V. Summary of elastic constants and compressibilities
used in this paper.

(2s/8
—13.44(AR/R))> S2»

Dopant (AM/M)* AB/B AR/R
Lit 0.495 0.446 —0.076 2.14 4.775
Nat  0.351 0.927 0.014 0.536 1.423
K+ 0.230 1.87 0.131 0.01 0.25
Rb*  0.0244 1.75 0.178 0.416 0.856
Br- 0.096 0.256 0.0461 0.0765 0.249
I+ 0.406 . 0.166 .. s

aS=(AM/M)2+4-2[AB/8—13.44AR/R]2 [Eq. (6b)].

$2R. O. Pohl, in Localized Excitations in Solids, edited by
R. F. Wallis (Plenum Press, Inc., New York, 1968), p. 434.

8 M. V. Klein, in Physics of Color Centers, edited by W. B.
Fowler (Academic Press Inc., New York, 1968).

Elastic constants
(10" dyn/cm?)
Crystal Cu Clz C44

Compressibility Temperature
(1072 cm?/dyn) (°K)
B

LiCl=  6.074 2.27  2.692 2.82 4.2
NaCl» 5733 1.123 1.331 3.76 4.2
KCPP 4832 054 0.663 5.60 4.2
RbCls  4.297 0.649 0.493 5.36 4.2
AgCle  7.590 3.908 0.6894 1.95 4.2
AgBrd 563 330 0.720 2.45 300

a Reference 47.
b Reference 48.
© Reference 42.
d Reference 49.

5 M. T. Sprackling, Phil. Mag. 13, 1293 (1966).
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we may deduce a value for the dislocation density p by
setting

p=W/T. (11)

Expressions for I' which have been derived by Klemens,
Carruthers,* and Ohashi® are

Tk =6X 102522, (12)
To=1/192(gbo/D2?) , (13)
To=3(—g/c1)%?, (14)

where & is the Burgers vector, v is the Griineisen
constant, D is the mass density, v is the average group
velocity, c11 is the elastic constant, g is the anharmon-
icity coefficient ¢’(ro), 7o is the lattice constant,
o=(1—2»)/(1—»), and v is the Poisson’s ratio. The
value of g is —2.2X10 erg/cm? as obtained from
Kurosawa’s expression for the interionic potential for
AgCL.% The values of the other parameters in Egs. (12)-

8 T, Kurosawa, J. Phys. Soc. Japan 13, 153 (1958).
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F1G. 15. Thermal conductivity data for silver chloride doped
with lithium. Curve 4, pure; curve B, 0.017 mole%, of Lit;
curve C, 0.29 mole%; curve D, 0.67 mole%,; curve £, 2.49 mole%,
precipitated; curve F, quenched; curve E.

(14) are
b=V2r;=3.88X10"8 cm,
vy=1.6, (Ref.43)
C11=7.59X10" dyn/cm?,
C12=3.908X10" dyn/cm?,
C*=0.6894X 10" dyn/cm?,
D=5.699 g/cm?,
v=1.62X10% cm/sec.

(Ref. 56)

% M. N. Kabler, M. B. Miller, and L. M. Slifkin, J. Appl. Phys.
34, 1953 (1963).
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These give the following values for I':
T'x=2.30X1071% cm?,
T'¢=9.04X107 cm?, (16)
Ty=6.33X10715 cm?2. )]

Klemens has pointed out that random dislocations
reduce the scattering rate by a factor of 0.55. Combining
this with Ohashi’s value in Eq. (17), we find the disloca-
tion densities in the impurity-doped crystals range
between 2.16X107/cm? and 9.75X10%8/cm?. We also
estimate the dislocation density in the heat-treated
single crystals (see Sec. IV) to be approximately
107/cm?. We do not use the values for Klemens’s and
Carruthers’s calculations, as they are probably some-
what low, if previous work in alkali halides is any guide.
The above values of the dislocation density are felt to
be reliable.

(15)

VII. OTHER CRYSTALS
A. Heavily Li*-Doped Crystal

A heavily Lit-doped crystal with an impurity con-
centration of 2.49 mole%, in the melt was white and
opaque after annealing. Its conductivity, shown in
curve E in Fig. 15, is depressed by a factor of 300 with
respect to the pure crystal at 1.5°K. The crystal
became transparent when quenched to liquid-nitrogen
temperature, but later turned milky and eventually
became opaque. Immediately after quenching, the crys-
tal was mounted in the cryostat and necessarily held
at room temperature for more than 3h while the
system was pumped out. The resulting conductivity
plotted as curve F shows an increase in the low-
temperature region but is depressed both near and
above the peak and exhibits a dip around 35°K.

The effects of annealing and quenching the heavily
doped crystal may be explained in the following way:
From the appearance of the annealed crystal, we
conclude that most of the lithium ions were separated
from the solid solution and formed clusters, which cause
phonon scattering similar to that observed by Bausch
et al.®* For the quenched crystal, we expect only partial
precipitation, with many of the lithium ions in substitu-
tional sites. The conductivity reveals a typical resonance
dip.

B. Copper-Doped Crystals

Two copper-doped crystals were annealed by our
standard procedure to ensure that only cuprous ions
were present in the crystals.57:%® The solubility of
cuprous chloride in silver chloride may be as high as
19, as suggested by Parasnis.’® The more lightly doped

57 I, Moser, R. N. Nail, and F. Urbach, J. Phys. Chem. Solids
3, 153 (1957).

58 I'. Moser, N. R. Nail, and F. Urbach, J. Phys. Chem. Solids
9, 217 (1959).

9 A. S. Parasnis, Acta Met. 9, 165 (1961).
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crystal (SH10) was clear while the more heavily doped
crystal (SH24) was milky. Their conductivities are
shown in Fig. 16: Curve B is the data of SH10 in the
cuprous state, and curve D is the data of SH24 in the
cuprous state. Curve B peaks at 4.5°K and has a
moderate depression above the maximum, but it does
not have a low-temperature depression. Curve D, on
the other hand, has a very large depression below the
conductivity maximum along with a 7? temperature
dependence, but it does not exhibit a high-temperature
depression.

After these measurements, the same crystals were
annealed in a chlorine atmosphere for 10 h at 400°C

and they were cooled to room temperature at a slow
rate. This process converts the cuprous ions to cupric
ions.57:%8 Both crystals appeared yellowish brown
after the chlorination. Their conductivities are given
by curves C and E in Fig. 16.

After the chlorination, both crystals have cupric
precipitates. Curve C represents a lower Cut* con-
centration than curve E. Thus, we expect curve C to
be above curve E for all temperatures. However,
curve C is below curve E on the low-temperature side
of the conductivity maximum. This suggests that some
additional scattering mechanism, possibly resonance
scattering, may be present in curve C,
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Cutt is a paramagnetic ion which has the electronic
configuration 3d°. Tucker® has observed three types of
Cut centers in silver chloride: Type 4 has a bound
vacancy at a nearest positive-ion site, type B has a
vacancy at a next-nearest positive-ion site along the
[1007] direction, and type C is an isolated ion, which
gives rise to a strong Jahn-Teller distortion along a cube
edge of the surrounding octahedron of Cl~ ions. The
hyperfine-splitting constants of these centers given by
Tucker are of the order of 100 G, corresponding to an
energy of the order of 102 cm~ or 0.014°K. A splitting
of this magnitude might give a thermal conductivity
resonance dip below 102 °K, which is too low to have a
strong effect in our present temperature range. Tucker
pointed out that the type-C center is strongly affected
by the Jahn-Teller distortion. Perhaps this could cause
energy splittings of the order of a few wave numbers and
thus perhaps be related to the depression in curve C.
If the low-temperature depression of curve C is indeed
due to this resonance scattering, then we must assume
that curve-C crystals have more substitutional cupric
ions in the lattice than do those of curve E. This situa-
tion could be explained in the following way: Both
copper-doped crystals were chlorinated at 400°C
and cooled to room temperature at a slow rate. The
crystal SH24 (curve E) might have been supersaturated
with cupric ions at high temperature, where the cupric
ions could move relatively easily in the lattice. The
precipitation rate would then be fast and a large
density and elastic mismatch would form between the
precipitates and the host. This could induce further
migration of cupric ions to the precipitation sites. There-
fore we would expect the crystal to be only slightly
supersaturated at room temperature. On the other hand,
it is reasonable to suppose that crystal SH10 (curve C)
was not supersaturated until a much lower temperature,
where the curpic ions would be relatively immobile in
the lattice. This would allow the crystal to remain in a
more highly supersaturated state than the heavily
doped crystal, and hence there would be more substitu-
tional cupric ions in the lattice for curve C than for
curve E. :

VIII. CONCLUSIONS

The thermal conductivity of pure and doped silver-
chloride crystals has been measured as a function of
temperature from 1.2 to 80°K. The far-infrared absorp-
tion of some of the impure crystals has also been
measured from 33 to 105 cm™ at 7°K.

6 R. F. Tucker, Phys. Rev. 112, 725 (1958).
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A. Pure Crystals

In the polycrystalline sample, the low-temperature
part of the thermal conductivity curve is depressed
probably due to the limitation of the phonon mean free
path by the crystallite boundaries. The difference
between the estimated phonon mean free path and the
observed average grain size suggests that specular
reflection within the grains or transmission through the
grain boundaries occurs.

The results of surface treatments on a single crystal
suggest that dynamical dislocation loops beneath the
surface probably cause diffuse boundary scattering.

After a 10-h 400°C anneal, similar strengths of
phonon scattering are introduced into the single crystals
by various speeds of cooling. This scattering may be
due to bare dislocations or dislocations surrounded by
a Debye-Hiickel cloud.

No far-infrared absorption peaks are observed in the
pure crystal.

B. Doped Crystals

Simple point-defect Rayleigh scattering cannot
explain the data obtained on the doped crystals. In
order to fit the conductivity curves within the theoret-
ical model used here, we have to assume that the
doped crystals contain dislocations in large (103-10°
cm~2) densities. An independent determination of the
dislocation densities would be desirable. The derivations
from Rayleigh scattering observed in the high-concen-
tration crystals may be due to resonance scattering by
impurity modes. Only in the quenched, heavily lithium-
doped crystal is a well defined thermal conductivity dip
at 35°K observed. In the same crystal, a strong low-
temperature depression shows typical phonon scattering
by precipitates.

For the copper-doped crystals, the thermal conduc-
tivity suggests a resonance below 1°K, which possibly
is due to Jahn-Teller distortion about isolated Cut+
ions.

As for the far-infrared absorption data of the doped
crystals, more information on the phonons in the
silver-chloride lattice is needed in order to perform a
significant analysis of the absorption spectra.
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