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Thermal conductivity, internal friction, transverse sound velocity (60 mK to 300 K), and specific-heat
data (100 mK to 40 K) for (NaC1)& (NaCN), (x =0, 0.025, 0.05, 0.1, 0.76, 1) show a progression from
crystalline to glasslike behavior as the CN concentration is increased from 0 to 76%. The evolution of
glasslike properties is compared to that in other crystals in which glasslike properties evolve with in-

creasing disorder, e.g., (KBr)& (KCN)„and Ba& „La F2 „. For (KBr)& (KCN)„, Sethna and Chow
have shown that as the concentration of the almost freely rotating CN ions is increased the average po-
tential barrier for CN reorientation also increases through elastic quadrupolar interactions. For
x -0.5, only a small density of low-energy states is left, which equals that observed in structural glasses.
In Ba& La F2, on the other hand, the crystal field for small doping x is so large that no atomic
motion occurs at low temperatures. (NaC1)& (NaCN) is shown to represent an intermediate case, in
that the crystal field is non-negligible at small x, yet glasslike low-energy excitations indicative of very
small potential barrier heights evolve with increasing x. It is argued that random internal strains cause a
decrease of the barrier heights in these crystals, which lead to the low-energy excitations. It is proposed
that random strains have a similar effect in other disordered crystals as in Ba& La F2, which for
small x show no low-energy mobile states, yet which for large x become glasslike.

I. INTRODUCTION

For nearly 20 years the phenomenological tunneling
model' has provided a powerful conceptual framework
for analyzing the properties of amorphous solids.
Despite its successes, however, many fundamental ques-
tions remain regarding the low-energy excitations (re-
ferred to as two-level systems, TLS) in glasses. Amor-
phous solids are not the only solids with low-temperature
thermal and elastic properties that are dominated by
TLS. Certain mixed crystalline solids with substitutional
disorder, such as the mixed alkali-halide cyanides, show
the same effects. The systems retain their crystalline or-
der, making them simpler to model than amorphous
solids, and their degree of disorder can be easily changed
by varying the concentration of constituents. Conse-
quently, mixed crystals with glasslike properties have
proven to be very useful for studying both the TLS and
phase transitions in glasses.

The system studied in this paper, (NaC1)& (NaCN)„,
belongs to a class of materials where the elongated CN
molecule is randomly substituted for a halide atom in an
alkali-halide host, (MX), (M(CN)) where M refers to
an alkali metal and X refers to a halogen ion. The reader
is referred to the literature for a review of their proper-
ties. For the present work we note that for intermedi-
ate CN concentrations the CN ordering and structur-
al phase transitions which occur in the pure alkali
cyanides are suppressed due to a competition between
lattice-mediated interactions between CN which favor
ordering and random strain Gelds which act against it.
The low-temperature thermal and elastic properties in

this same concentration range are dominated by TLS.
We will explore the roles of disorder and elastic qua-

drupolar interactions in producing the broad energy dis-
tributions found in the mixed alkali-halide cyanides by
comparing the thermal and elastic properties of
(NaC1), „(NaCN)„and (KBr), „(KCN)„. In
(KBr), „(KCN) the TLS are believed to evolve from in-
dividual CN which reorient by 180' via quantum-
mechanical tunneling at low temperature and small CN
concentrations. Sethna and Chow have persuasively ar-
gued that as the CN concentration is increased, elastic
quadrupolar interactions between the CN cause the po-
tential barriers for reorientation to increase for the ma-
jority of CN, leaving a small fraction with the appropri-
ate tunnel splitting energy to give the universal glasslike
properties.

For (NaCI)& (NaCN)„, on the other hand, the aver-
age potential barrier for reorientation (i.e., the crystal
field) is already large at low CN concentrations. In
effect, the CN orientations are frozen in at low tempera-
tures. Increasing the CN concentration should further
increase the potential barriers for reorientation for the
majority of CN, assuming that quadrupolar interactions
between CN dominate and that the crystal field can be
ignored, as in the Sethna-Chow model. This leads to an
interesting question: Is it possible for (NaC1), (NaCN)„
to show glasslike thermal and elastic properties which,
after all, require the presence of TLS with relatively low
potential barriers' This question is closely related to that
of the occurrence of glasslike excitations in many highly
disordered crystals. In Ba& La F2, for example, '

low-energy excitations have not been found for x ~0.01,
yet evolve gradually for larger x, approaching the proper-
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ties of amorphous solids for x ~0. 1. What role, if any,
do the crystal field, elastic dipoles and their interaction
play in this or similar cases'?

The paper begins with a comparison of the known
properties of (NaC1)

&
„(NaCN)„with those of

(KBr)I „(KCN)„which will help put the present work in
context. This is followed by a description of the sample
preparation and experimental methods. Our data are
then presented and discussed.

II. BACKGROUND

Before it was recognized that the mixed alkali-halide
cyanides exhibit glasslike properties at intermediate CN
concentrations (x -0.5), alkali halides doped with small
concentrations of cyanide (x ~ 0.001) were used to study
the ways in which tunneling centers are influenced by the
crystal field in which they are embedded. "' This early
work showed that the potential barrier that an isolated
CN experiences varies considerably between alkali-
halide hosts.

Several experimental techniques demonstrated that the
potential barrier for reorientation of an isolated CN ion
is larger in NaC1 than in KBr. From IR absorption mea-
surements, Seward and Narayanamurti" deduced a po-
tential barrier more than three times larger in NaC1
( V~ 0.01 eV for 0.1% CN ) than in KBr ( V-0.003 eV
for 0.3% CN ). From ultrasonic velocity and attenua-
tion experiments, Byer and Sack determined that the bar-
riers for the CN in NaC1 are -0.035 eV for 0.1%
CN .' Thermal conductivity measurements on 0.05%
CN in KBr were found to be consistent with the IR re-
sults. The lower potential barrier in KBr results in a
larger tunnel splitting of the ground state of the CN
ion, leading to strong resonant scattering in the thermal
conductivity at a temperature ( —500 mK) consistent
with the energy-level spacing of the CN in the lattice. "
For 0.27% CN in NaC1, by contrast, no resonant
scattering was evident in the thermal conductivity below
1 K, from which Seward and Narayanamurti deduced
that the potential barrier was larger than 0.017 eV."The
large potential barrier in NaC1 results in a small enough
ground-state splitting that resonant scattering might ap-
pear at lower temperatures, outside of the experimental
window. In addition, since the scattering rate is propor-
tional to the energy-level spacing, the smaller ground-
state splitting results in less phonon scattering. ' The
CN orientations in NaCl are essentially frozen in at low
concentrations and temperatures.

Figure 1 dramatically illustrates the different effect on
the thermal transport of small concentrations of CN ' in
the two alkali-halide hosts. Phonons in KBr+0.3%
CN are strongly scattered by the tunneling states of the
CN, leading to a thermal conductivity (solid circles)
that is orders of magnitude smaller than for pure KBr.
The same concentration of CN in NaC1 (solid triangles),
however, has nearly no effect on the thermal conductivity
below 1 K where resonant scattering from tunneling
centers should show up. The presence of CN only be-
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FIG. 1. Comparison of the thermal conductivity of
(NaC1)

&
(NaCN)„(x =0 and 0.003, Ref. 11) and

(KBr)o 997(KCN)o oo3 (Ref. 4) for low CN concentrations. The
curve marked T indicates the Casimir limit for the
(NaC1), (NaCN) samples (cross sections: 0.5 X0.5 cm, Ref.
11). Below 1 K, resonant scattering from the CN tunneling
levels dominates the thermal conductivity of KBr+0.3%%uo CN.
The same concentration of CN in NaCl, however, produces no
signi6cant resonant scattering below 1 K, indicating a combina-
tion of larger reorientational barriers, and perhaps, weaker cou-
pling.

comes apparent at higher temperatures where other
sources of phonon scattering dominate. Near 10 K, the
random substitution of CN for Cl results in point de-
fect scattering of the phonons, reducing the thermal con-
ductivity of NaC1+0. 3% CN below that of NaC1.
There is a slight dip in the data near 40 K, similar to a
depression in the thermal conductivity data of
KBrp p5KClp 95 which has been ascribed to a resonant
mode from the Br in KCl. ' Seward and Narayanamur-
ti speculated that the dip in their data for NaC1+0. 3%
CN may have been caused from either a resonant mode
of the CN in NaCl or from resonant scattering of pho-
nons from the higher CN energy levels near the top of
the reorientational potential barrier. "

The size of the potential barrier for reorientation of
CN is not the only difference between the two host lat-
tices. Low-temperature heat-capacity measurements,
which probe the energy spectrum of both the phonons
and the CN tunneling centers, reveal that the tunneling
levels of the CN in NaC1 are more strongly inAuenced
by changes in their local environments than CN in
KBr. For small concentrations of CN in KBr, the CN
tunneling centers are isolated and have nearly identical
environments, resulting in a similar energy spectrum for
each CN . Under such circumstances a Schottky peak
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in the heat capacity is expected in addition to the T lat-
tice contribution (or a broadened peak if a few closely
spaced energy levels are involved; see, for example, Ref.
11). If the CN remain independent, the peak should
simpjky scale with the CN concentration, which is ap-
proximately the case for concentrations less than -0.3%
CN in KBr (Refs. 16 and 17) [Fig. 2(a); see also Fig. 7 of
Ref. 4]. The low-temperature tails in the solid curves of
Fig. 2(a) (Refs. 4 and 16) are believed to be due to residual
strain in the crystals. ' The dash-dotted line is a
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FIG. 2. (a) Specific-heat contribution of CN tunneling
centers to KBr (i.e., heat capacity with lattice contribution sub-

tracted) after Ref. 17. The peak in the Schottky type anomaly
remains at the same temperature and approximately scales with
the CN concentration. Solid lines are from Ref. 16; see also
Ref. 4. The low-temperature tails in the data are believed to be
due to residual strain in the crystals. Data for 0.034%%u~ CN
(open triangles) and Schottky peak calculated for 0.034 /o

(111)-oriented CN in KBr (dash-dotted line) are from Ref. 17
(see text). (b) Total {lattice and CN tunneling center) specific
heat of (NaC1)& (NaCN) for low CN concentrations, Ref.
19. A specific-heat anomaly appears to shift to higher tempera-
ture with increasing concentration. The dash-dotted line is an
estimate of the Schottky-type anomaly expected for x =0.01/o
in (NaC)& „(NaCN) based upon the estimated energy levels of
0 cm ' (degeneracy=go=1), 0.21 cm ' (g&=2), and 0.36
cm ' (g2=3); see text.

TABLE I. Room-temperature lattice constants a and number
densities N for alkali halides and alkali cyanides referred to in
this work. For the rocksalt structure the number density of
each constituent is N =4/a '.

Material

NaC1
NaCN
KBr
KC1
KCN

a (A)

5.64
5.85
6.593
6.293
6.523

X (cm-')

2 23X 10
2.00 X 10
1.396X 10
1.605 X 10
1 441 X 102~

Reference

20
This work

21
20
22

Schottky-type peak for 0.34%%uo CN in KBr calculated by
Dobbs, Foote, and Anderson for a (111)-oriented CN
molecule in KBr with four energy levels of degeneracy 1-
3-3-1 separated by 1.0 crn '. ' The (NaC1), (NaCN)„
data of Seward, Reddy, and Shaner, ' however, are quite
different over a similar CN concentration range [see
Fig. 2(b)]. For 0.01% CN in NaCl (open circles) there
is a sharp upturn in the heat-capacity data below 0;5 K,
suggesting the presence of a Schottky-type anomaly
below the experimental temperature window. Upon in-
creasing the CN concentration from x =0.01 to 0.05 %
(open triangles), a peak is visible, and at x =0.3% (solid
triangles) it moves to higher temperatures and broadens
considerably. The dash-dotted line in Fig. 2(b) is a
Schottky-type peak calculated for 0.01% CN in NaC1
assuming six energy levels [ground state, first excited
state (6,=0.21 cm ') with a degeneracy of two, and a
second excited state (62=0.36 cm ') with a degeneracy
of three] appropriate for the (100) orientations of the
CN in NaC1. For the tunnel splittings of the CN in
NaC1, we assume that the splittings scale with the poten-
tial barriers as V'~ exp( —ao V'~ ) (where ao is a constant
assumed to be the same for CN in KBr and NaC1) so
that for NaC1, where the barriers are roughly nine times
larger than in KBr or KC1, the tunnel splittings for the
CN are seven times smaller than in KCl." [The tunnel-
ing state energies for ( 100 )-oriented CN in KBr and
KCl are 1.4 cm ' (for the T,„state) and 2.4 cm ' (for
the E state). "' ]

From the observed shift and broadening of the
Schottky-type peak in (NaCl), „(NaCN), Seward, Red-
dy, and Shaner' concluded that the tunnel splitting of
the ground state is determined largely by interactions be-
tween cyanides. However, lattice-mediated interactions
between cyanides are not the only effect of introducing
more CN into NaC1. Due to the size disparity of the
lattice constants of NaCl and NaCN (Table I) random
strains are also introduced. Since it is possible, in theory,
for random strains to broaden the asymmetry distribu-
tion of the tunneling centers, some of the broadening of
the peaks in (NaC1)i „(NaCN)„data may originate from
these static internal strains. Theoretical studies by
Michel of the mixed alkali-halide cyanides at higher
CN concentrations have underscored the importance of
the static random strain 6elds on the structural phase
transitions. The author has argued that dynamic and
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static strain have an impact on both the elastic quadru-
poles (T2 or E» symmetry, also referred to as "elastic
dipoles") and the small electric dipole moment (T,„sym-
metry) which should have the relevant symmetry for the
low-temperature TLS. NMR experiments probing the
Na ions at the glass transition in (NaC1)035(NaCN)065
support the view that random strains are significant.

Structural studies have shown that both
(KBr), (KCN) and (NaC1) i „(NaCN) have high-
temperature cubic phases on the CN -rich side of the
phase diagram, stabilized by the rapid reorientation of
the CN, and low-temperature glasslike (x ~ x, ) or or-
dered phases (x ~ x, ), where x, is the critical concentra-
tion below which phase transitions into ordered phases
are suppressed. Due to the differences between the ionic
radii and lattice constants of the systems, the critical con-
centrations are material dependent: x, -0.8 for
(NaC1), „(NaCN) and x, -0.6 for (KBr), (KCN) .
In other words, the phase transitions which result from
the lattice-mediated interactions between the CN are
more easily suppressed by dilution of the CN in
(NaC1), (NaCN), the system with the larger random
internal strain field, than in (KBr), (KCN)„.

III. EXPERIMENTAL MATTERS

A. Thermal conductivity

The thermal conductivity below 30 K was measured
using the steady-state temperature gradient method with
two thermometers [100-0 Allen Bradley resistors with
two 20-cm, 0.076-mm diameter constantan (advance) wire
leads above 1.5 K; 200-Q Matsushita resistors with two
4-cm, 0.05-mm diameter Pt:W wire leads below 1.5 K]
and one metal film heater (1000 0 with two 20-crn,
0.076-mm diameter constantan wire leads above 1.5 K
and with two 1-cm, 0.05-mm diameter Pt:W wire leads
below 1.5 K). Thermometers and heaters were epoxied to
Cu foil with Stycast 2850. The foil was soldered to bare
Cu wire (-0.3 mm diameter) which was wrapped twice
around the sample and glued with GE 7031 varnish. The
thermometers were calibrated during each run (with no
heat into the sample) against Ge thermometer standards
mounted on the stages of a dilution refrigerator and a
"dipper cryostat" which can be inserted into a He
storage dewar, as described in Ref. 25. The dipper cryo-
stat provided insufficient cooling power to allow measure-
ment of the large thermal conductivity of NaC1 above 1.5
K. Instead, we used a conventional He cryostat for this
sample. Due to the uncertainty associated with deter-
mining the cross-sectional area of the sample and the sep-
aration between thermometers, the thermal conductivity
data are accurate to within +15%. The precision, how-
ever, is on the order of a few percent.

Data above 30 K were taken by an ac technique, the"3' method, " for which the effects of blackbody radia-
tion, which plague dc measurements above —80 K, are
negligible. This method is also well suited for measure-
ments of thin samples. For the present study, samples
( 8 X 8 X 3 mm ) were attached (with Dow-Corning 200

fiuid) to the stage of a He dipper cryostat. Thermal
equilibration times were very short.

B. Heat capacity

Heat capacities were measured with the transient
heat-pulse technique. The precision of the data is on the
order of a few percent. From the outset we should warn
that there is some uncertainty in the magnitude of the
heat-capacity data below 1 K for x =0.05 and 0.1. The
internal equilibrium times for these mixed crystals were
long enough to be noticeable on a time scale of several
minutes. As a result, the temperature variation of the
samples was nonexponential after application of the heat
pulse, making determinations of the total temperature
change b, T, and hence, C = ( b g) I(6T) uncertain
(C=heat capacity; b,g=heat input) (see Fig. 3). Similar
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FIG. 3. Temperature decays (with baseline temperature sub-
tracted) after application of heat pulse for (a) x =0.05, and (b)
x =0.76 at T=200 mK. For x =0.05 there is evidence of both
short (dashed line) and long (solid line) relaxation times. For
x =0.76 there are only short relaxation times (dashed line); the
large scatter at the tail occurs as the temperature decay ap-
proaches the baseline.
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behavior had been seen for (NaC1), (NaCN) by Se-
ward, Reddy, and Shaner who concluded from the long
internal equilibration times that the CN in NaC1 are
more weakly coupled to the lattice than in KBr. ' The
net result is that the data for x =0.05 and x -0.10 are
most likely an underestimate of the actual specific heat.
(If only a fraction of the states have been excited on the
time scale of the heat release, the tunneling defects will
not be in equilibrium with the lattice and the change in
the lattice temperature after the heat pulse hT will be
artificially large. ) Two data runs using different ther-
mometers were performed for the sample with x =0.05 in
order to check whether the nonexponential temperature
decays were an experimental artifact. The two runs re-
sulted in nearly identical specific-heat data (to within
+5% ), supporting our belief that the effects are intrinsic;
only one data set is shown in the figures for clarity. Note
that for pure NaC1 and NaCN, and for x =0.76, the
internal equilibration times were small enough that the
temperature decays were exponential [e.g., Fig. 3(b)].

For measurements below 1 K, samples of -3 g were
clamped between sapphire pins to the stage of a dilution
refrigerator. The small contact area between the sample
and pins combined with the large Debye temperature of
sapphire ensures that the sample mount makes a relative-
ly minor contribution to the heat capacity. The ther-
mometer (a ground down, 10 mg, 100-Q Matsushita resis-
tor with two 3-cm, 0.05-mm diameter Nb:Ti wire leads)
and the heater (a 500-Q metal film resistor deposited on
sapphire with two 2-cm, 0.05-rnrn diameter Nb:Ti wire
leads) were glued to cleaved faces of the samples using
GE 7031 varnish. Sample-to-bath thermal time constants
were on the order of 20 min at 100 mK decreasing to -2
min at 1.5 K for x =0.05 and —15 sec over the entire
temperature range for the NaC1 and NaCN samples. The
doped samples, x -0.1 and x =0.76, had time constants
between these two extremes.

The heat capacity due to the addenda was determined
by measuring the specific heat of a high purity KBr crys-
tal and assigning the addenda to the heat capacity in ex-
cess of the T lattice contribution taken from the litera-
ture. The addenda heat capacity was subtracted from all
data sets except for the NaC1 sample, where a different
thermometer was used and no addenda data are available.
The thermometer used for the NaC1 data was nearly
identical in construction to two other thermometers for
which the addenda heat capacities were measured and
were found to agree to within +20%. In Sec. IV B we
use the addenda of these other thermometers as an esti-
mate of the addenda for NaC1. For the NaCN sample
the addenda heat capacity was comparable to that of the
sample at the lowest temperature and dropped to less
than 10% by 500 mK. For the mixed crystals, the adden-
da made a contribution of less than 10% over the entire

temperature range.
Above 1.5 K the heat capacity was measured in a

dipper cryostat. Application of the technique to the
alkali-halide cyanides is described in more detail in Ref.
27. Typical sample masses were 300 mg. The thermal
link to the calorimeter was through two heater leads (5-
cm long, 0.127-mm diameter brass wire) giving sample-

to-bath thermal time constants on the order of 10 sec at
1.5 K and increasing to roughly 1 h at 50 K. A ground
down Allen Bradley resistor with two 3-cm, 0.05-mrn di-
ameter Pt:W leads served as a thermometer and was cali-
brated during each run against a Ge thermometer stan-
dard mounted on the copper stage of the dipper cryostat.

For measurements above 1.5 K, the heat capacity of
the addenda, due to the calorimeter with no sample
mounted and due to materials used for mounting the
samples (1-mg Apiezon N grease, 1-mg GE 7031 varnish,
50-mg sapphire) was measured separately, as described in
Ref. 27. . The addenda contributed less than 10% over the
entire temperature range and have been subtracted from
the data.

C. Internal friction

The internal friction Q
' was measured in torsion at

an excitation frequency of -90 kHz using a composite
oscillator technique (with samples epoxied to a quartz
transducer) which ensures good thermal contact between
the sample and the cryostat. Crystals were cleaved
along I100I faces, resulting in torsional motion around
( 100) directions. Samples epoxied directly to the quartz
transducer with Stycast 2850 repeatedly cracked during
cooldown because of differential thermal contraction, as
evidenced by sudden shifts of the resonant frequency
( —1%) of the composite quartz-sample structure. This
cracking was avoided by epoxying a 0.25 mm layer of in-
diurn foil between the sample and transducer using Sty-
cast 2850.

The internal friction due to the mounting arrangement
was measured in a separate run by affixing a quartz sam-
ple (i.e., a material with low internal friction) to the trans-
ducer with 0.25 mm of indium foil sandwiched in-
between (and epoxied with Stycast 2850). These data are
referred to as the background and have not been sub-
tracted from the data for the alkali-halide cyanides. Al-
though the precision of the measurements is typically a
few percent, the accuracy is dominated by the uncertain-
ty in the moments of inertia of the samples. Since the
alkali-halide samples were sanded by hand to achieve the
desired length and cross section, the uncertainty in the
moment of inertia, and, hence Q ', is +20% for
x =0.025, 0.05, and -0.1. Due to the limited availabili-
ty of material, the sample dimensions and moment of in-
ertia for the x =0.76 sample were much smaller than for
the other concentrations. As a result, we pushed the lirn-
its of applicability of the equations used to convert the
measured loss of the composite transducer-sample struc-
ture to the loss of the sample alone. To take this into ac-
count, we conservatively add another -20% uncertainty,
resulting in a total uncertainty of +40 for x =0.76.

Data from 300 to 1.4 K were taken in a dipper cryo-
stat, while slowly cooling the sample stage and rnonitor-
ing the magnitude of the signal at the resonance frequen-
cy, fo (see Ref. 28). Below 1.4 K the sample stage of the
dilution refrigerator was temperature controlled and the
internal friction was determined directly from the full
width at half maximum of the square of the amplitude of
the resonance peak by performing a frequency scan from
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fo 2—b,f to f0+28 f, where b,f is the full width at half
maximum. Self-heating of the sample was checked at the
lowest temperature (-70 mK) by varying the input
power by over two orders of magnitude and testing for
any variation in the value of Q '. The input power was
kept at a factor of 2 below the value ( -3% variation in

Q ') where self-heating effects first became noticeable.
The internal friction of the composite structure (quartz

transducer + sample) is the quantity directly measured.
The internal friction of the sample is easily determined
from the data for the composite oscillator and the mo-
ments of inertia of the sample and transducer, as outlined
in Ref. 28 (see also Ref. 30). The transverse speed of
sound is obtained simultaneously from the resonant fre-
quency of the sample.

D. Sample preparation

NaC1 crystals were seed pulled from the melt using
chlorine-treated NaC1 powder to minimize the OH con-
tent. The crystals were further purified by repeated seed
pullings in which the bottom third of the crystal was dis-
carded before the subsequent pull. After three seed pul-
lings the typical OH content was 0.1 to 0.2 ppm, as re-
vealed by uv analysis of the OH peak at 185 nm
(N=oa, where N is the concentration of OH in ppm, a
is the absorption coefficient in cm, and cr is the absorp-
tion cross section; for OH in NaC1, o. = 1.3
ppm/cm '=2.9X 10' cm, Ref. 31). From a compar-
ison of the thermal conductivity of our NaC1 crystal with
data for NaC1 intentionally doped with a range of OH
concentrations determined by chemical analysis, a con-
centration of 0.5-ppm OH was estimated for our sam-

ple, close to the value from the uv analysis.
A NaCN crystal was seed pulled from the melt at Cor-

nell, using NaCN powder from E. Merck Industries, Ger-
many, as the starting material. Although precautions
were taken to remove H20 by carefully vacuum baking
the NaCN powder from which the crystal was grown,
without zone refinement the resulting NaCN crystal had
a significant NCO concentration (2000 ppm as revealed
by IR analysis of the NCO peaks ). The NaCN crystal
was used for growing the mixed crystal with &he smallest
concentration of CN, NaC10 975NaCNo 025 (composition
in solid), resulting in OH and NCO impurity concen-
trations of 3 and 130 ppm, respectively.

For the higher CN concentration samples (x =0.05,
composition in solid; x =0.20, composition in melt), we
used zone-refined NaCN crystals purchased from M. De-
long (crystal growing facility, University of Utah, Salt
Lake City). The NaC10 z~NaCNO ~6 (composition in solid)
mixed crystal was provided by K. Knorr from Mainz,
Germany and J. Albers from Saarbruecken University,
Germany.

Cyanide concentrations in the x =0.025 and 0.05 sam-
ples were determined from IR analysis of the CN
stretch mode at 2104 cm ' using a cross section of
o.=1.8X10' cm ." The IR absorption was so large
for the x =0.20 sample that we were unable to cleave a
thin enough piece to determine the CN concentration.
Based upon the fact that the concentrations in the solid

for the x =0.025 and 0.05 samples were one-half the
values in the melt, we estimate that the concentration in
the solid is x -0.10 for the sample with x =0.20 in the
melt. Throughout this work we refer to the sample as
containing —10%%uo CN

We end this section with a word of advice and a word
of caution regarding the growth of NaC1:CN mixed crys-
tals. One feature of (KBr)

&
(KCN) which makes it at-

tractive to study is the complete miscibility of the constit-
uents over the full CN concentration range'due to the
similarity in lattice size of KBr and KCN (see Table I).
For (NaC1)& „(NaCN)„, on the other hand, the size
disparity of NaC1 and NaCN (Table I) make's these ma-
terials difficult to grow at intermediate concentrations.
Kriiger et al. " have found that for CN concentrations
above 63%, it is useful to start with pure NaCN and in-
troduce —10% NaCl with each seed pulling. In other
words, it is best to start with the material with the larger
lattice constant, NaCN, and successively add more NaC1.
Alternatively, one can attempt to grow the desired mixed
crystal in one seed pulling using the proper concentra-
tions of NaC1 and NaCN. We have found that this ap-
proach becomes increasingly difficult above concentra-
tions of -20%%uo due to the nucleation of small crystallites.

Kruger et al. have shown through Brillouin scat-
tering and heat-capacity experiments on
(NaCl), „(NaCN)» (0.63 ~x ~ 1) that there are
significant concentration gradients along the draw axes of
the (NaCl)& (NaCN)„crystals (-0.3%%uo per mm) and
even along an axis perpendicular to the draw axis
(-0.7%%uo per mm). Our data for the thermal conduc-
tivity, heat capacity and internal friction, therefore,
represent those quantities for a spread of concentrations
about an average value. For the present work, typical
sample sizes are 1.5 X0.3 X0.3 cm for thermal conduc-
tivity runs, 1.5X0.7X0.7 cm for heat-capacity runs in
the dilution refrigerator, 0.3X0.8X0.8 cm for heat
capacity runs in the dipper cryostat, and 1X0.4X0.4
cm for internal friction runs.

IV. EXPERIMENTAL RESULTS

A. Thermal conductivity

The thermal conductivity of (NaC1)& „(NaCN)„(Fig.
4) shows a clear progression from crystalline to glasslike
behavior as the CN concentration is increased. The
data for pure NaC1 (solid line, Ref. 11, and plusses, this
work) and for x =0.003 (dashed line, Ref. 11 and open di-
amonds, this work) are crystalline in form. In particular,
they exhibit a peak near 10 K and approach a T temper-
ature dependence (Casimir boundary scattering regime)
below 1 K. Our two data points for pure NaC1 (plusses)
are slightly lower than the data from Ref. 11, indicating
the somewhat larger OH content in our crystal (0.1 —0.5
ppm for ours compared to -0.1 ppm for theirs. ")

The thermal conductivity data for x =0.025 (open cir-
cles) also approach T behavior below 300 mK, indicat-
ing that the material is still in the crystalline concentra-
tion range of the phase diagram. The dash-dotted line
marked "T " indicates the Casimir limit calculated from
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TABLE II. Material parameters used for analyzing the (NaC1)
&

„(NaCN) data. The room-temperature mass density p of NaC1
was measured by the flotation method, while those of x-0.1, x=0.76 and pure NaCN were determined both from room-
temperature x-ray analyses of our samples and from the flotation method, with agreement between techniques to within 2%. The De-
bye temperature (8& ) and velocity (uD ) for NaC1 are from Ref. 38 using the lattice constant from Table I to convert between 8D and
uD. The Debye temperature and velocity for NaCN are determined from a T fit to our heat-capacity data using a room-temperature

0
lattice constant of 5.85 A from our x-ray measurements to convert between OD and vD. The Debye velocities for x =0.025 and 0.05
were estimated from the values for NaC1 and NaCN and the relation OD =x8& +(1—x)OD (Ref. 39); the expression is appropri-

1 2

ate for alloys and does not take into account the softening for the alkali halide-cyanide mixed crystals. Transverse speeds of sound
for NaC1 and NaCN were estimated from the expressions vD

' =3 ' X(v& +2v, )' ' and vi = 1.65v, (see text) where l and t refer to
longitudinal and transverse modes. Transverse speeds of sound for the remaining samples were measured in this study (for x =0.025,
0.05, -0.1, T=70 mK; for x =0.76, T=300 K). A refers to the cross sectional areas of the thermal conductivity samples. The
Casimir limit, A/T, was calculated from 2 and the Debye velocities. The Debye lattice contribution to the heat capacity, CD/T,
was calculated from OD for NaC1 and was obtained from a fit to the heat-capacity data for NaCN.

Material p (g/cm') 8D (K) uD (10 cm/s) u, (10' cm/s) A (cm) A/T' (W/cm K") CD/T' (J/g K")

NaC1
x =0.025
x =0.05
x -0.1

x =0.76
NaCN

2.19

2.16
1.72
1.63

321

220

3.04
3.03
3.02

2.74

2.75
2.19
2.09
1.86
1.50
2.48

0.3 X0.3
0.19X0.24
0.19X0.34
0.31 X0.31
0.25 X0.38

1.3 X 10
9.5 X 10
1 ~ 1X10

2.02 X 10

3.7X 10

the cross sectional area of the sample and the Debye ve-
locity estimated from the values for NaC1 and NaCN (see
Table II). For x =0.05 (solid triangles) the thermal con-
ductivity below 1 K is less than the T Casimir prediction
(which is -20% greater than for the x =0.025 sample
and is omitted for clarity; see A!T in Table II), indicat-
ing the presence of an additional scattering mechanism.
For x -0.1 (open triangles) the thermal conductivity data
differ signi6cantly from the lower concentration samples.
(Note that x =0.2 is the concentration in the melt and
that the CN concentration in the solid is estimated to
be x -0.1; see Sec. III.) Below 1 K the data follow a T
power law and approach a magnitude above 40 K which
is more similar to a glass than a pure crystal. Although
much smaller than in pure NaCl, there is still a peak near
the 10 K in the thermal conductivity at this concentra-
tion.

Due to the difficulty in growing (NaC1)& „(NaCN)
mixed crystals at intermediate CN concentrations (see
Sec. III), the mixed crystal with the next highest CN
concentration is x =0.76. [Note that this is in the con-
centration region (0.65 ~x ~0.8) where structural stud-
ies show coexistence between the glasslike and ordered
phases. ] For this concentration (solid circles), the
thermal conductivity has both a magnitude and tempera-
ture dependence which are very similar to amorphous
solids, as shown with the data for a-Si02 (dotted curve ).
Below 1 K the temperature dependence, T', falls within
the range typically found for amorphous solids, T
with 0 ~ 5 ~ 0.2; the magnitude is a factor of 2 below the
range known for amorphous solids. ' At intermediate
temperatures (5 K~ T 15 K) many amorphous solids
exhibit a nearly temperature-independent thermal con-
ductivity referred to as a plateau. For x =0.76 there is
a shoulder near 10 K rather than an identifiable plateau.
Since the thermal conductivity below 1 K is quite low,
the temperature region over which a plateau would ap-
pear seems to have been compressed and only a shoulder

I ill( I I I )
I Ills I l I (

I III' I I I ( IIII' I

N CI CN

10'

10

U

o 10-'

10 ' —+ +,—NaCI
In]I I I I I I11II I I I IIIIII I I I ) iuII

'l 0 10 10' 10
temperature (K)

FIG. 4. Thermal conductivity A of several concentrations of
CN in NaC1. Sample dimensions for this work are listed in
Table II. All sample surfaces have been roughened with fine
grit sandpaper in order to ensure diffuse phonon scattering.
NaCl and NaCl+0. 3% CN data below 100 K, Ref. 11; mea-
surements between 40 and 300 K on a sample from the same
boule have been found to be in excellent agreement in the tem-
perature region of overlap; NaC1, plusses, this work; data for
x =0.025, 0.05, -0.10, 0.76 this work (note that x =0.2 is the
value in the melt and that x -0.1 is an estimate of the value in
the crystal; see Sec. III); data for a-Si02, dotted line, Ref. 35.
As the CN concentration is increased from 0 to 76%, the
behavior of A below 1 K changes from crystalline (Casimir pre-
diction for x =0.025, dash-dotted line) to glasslike (x =0.76).
Dash-dotted curve labeled A;„ is a prediction of the thermal
conductivity of 0.76 above 50 K based on the model of Ref. 36
using no adjustable parameters Ref. 37.
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remains.
Near room temperature the thermal conductivity of

x=0.76 is temperature independent, which is another
characteristic feature of amorphous solids. At these rela-
tively high temperatures, where the mean-free-path in
amorphous solids is on the order of an interatomic spac-
ing and the concept of a propagating mode is dificult to
justify, it is more appropriate to think of heat transport
via a random walk of energy as originally proposed by
Einstein and recently developed by Cahill and Pohl.
The same concepts appear to apply to mixed crystals
with glasslike excitations. The dashed-dotted curve la-
beled A;„ in Fig. 4 indicates the thermal conductivity
based on this model, using no adjustable parameters.

The data for x =0.76 can be used to extract inforrna-
tion on the TLS. The tunneling model expression for the
thermal conductivity below 1 K due to resonant scatter-
ing of phonons from TLS is'

would account for the remaining 60% upturn in our data,
in agreement with the uv analysis of our sample.

Increasing the CN concentration from x =3 X 10
to x =0.05 (solid triangles) and x-0. 1 (open triangles)
reduces the magnitude of the specific heat. This indicates
that with increasing cyanide concentration, the CN
have a broader range of tunnel splitting and asymmetry
energies and, therefore, do not show up as a single
Schottky peak in the specific heat. Their effect is distri-
buted over a large temperature range.

For x =0.76, the heat capacity is distinctly different
from the low concentration samples. The magnitude and
temperature behavior of the specific heat are glasslike,
with a temperature dependence C ( T) =c, T
+ (cD +c3 )T, where cD T is the Debye contribution to
the specific heat and c, and c3 are constants (see solid
line through data for x =0.76 and Fig. 7). In addition,
the temperature decays after application of the heat
pulses are exponential to within experimental error [Fig.
3(b)], similar to what is seen for amorphous solids on time
scales greater than one second. For x =0.05 and x -0.1,

where p is the mass density, v is the sound velocity, P is
the spectral density of TLS, y is the coupling energy of
TLS to phonons, and a is the transverse or longitudinal
mode. In order to extract Py, we assume the empirical
relations v&=1.65v, and yI =2.5y„which appear to be
good approximations for all amorphous solids.

Although we have not measured the thermal conduc-
tivity for pure NaCN, we expect it to be similar to the
thermal conductivity of pure KCN (see Fig. 6 of Ref. 4)
which is not glasslike. The data of pure KCN show a
peak near 10 K, a T temperature dependence below 1 K,
and a low magnitude that was ascribed to phonon scatter-
ing from domain walls.

10

10
I

U
& 10

B. Speci6c heat

Long-time (t —10 sec) specific-heat data below 1 K for
pure NaC1 and NaCN, and (NaCl)i (NaCN) samples
with x =0.05, -0.1, and 0.76 are shown in Figs. 5 —7.
Data obtained by Seward, Reddy, and Shaner for
x=3X10 are shown by the dash-dotted line in Fig.
5.' The specific heat of NaCl (asterisks) is Debye-like
with a temperature behavior close to T and a magnitude
in agreement with the value determined by Lewis,
Lehoczky, and Briscoe from the low-temperature elastic
constants of NaCl [Figs. 5 and 6, solid line calculated for
OD=321 K (Ref. 38)]. Note also the good agreement
with the experimental data by Morrison, Patterson, and
Dugdale, Fig. 6. Approximately 40% of the upturn
below 300 mK is estimated to be due to addenda. The
most likely residual impurity, OH, is expected from
thermal conductivity measurements to have a tunnel
splitting which would lead to a peak in the specific heat
at -0.9 K (Ref. 32) (see also p. 219 of Ref. 12). Howev-
er, the identity of the scattering center in the NaC1
thermal conductivity data in Ref. 32 was not unambigu-
ously determined. If the tunnel splitting were smaller
than estimated in Ref. 32 (0.24 cm ' instead of 1.5
cm '), 0.3 ppm of OH with a Schottky peak near 0.1 K

10 ' '"I I iiiil t i i I

'IO ' 10 10
temperature (K)

FIG. 5. Long time ( t —10 sec) specific heat of several
(NaC1)& „(NaCN)„mixed crystals. Data for x =0, 0.05, -0.1,
0.76, 1.00, this work. Dash-dotted line: data for x =0.003, Ref.
19. The dashed line through the NaCN data is a T fit from
which the Debye temperature and velocity listed in Table II
have been determined. The solid line through NaC1 is the De-
bye prediction from Ref. 38 as determined from elastic constant
data. For low CN concentrations (x =0.003) the specific heat
is dominated by states of the isolated CN [see also Fig. 2{b)].
As the concentration is increased to 76%, the specific heat is
dominated by TLS and has a linear term (c& =2.5X10 J g
K =6.3 X 10 ' J mol ' K ) similar in magnitude to
(Kar)p 59(KCN)p41 (cl =4.4X10 J mol ' K Ref. 4). The
solid line through the x =0.76 data is a fit of the form
c&T+(cD+c3)T (see Fig. 7). The upturn in the data for un-

doped NaCl below 300 mK is due to residual impurities and ad-
denda which have not been subtracted for this sample.
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FIG. 6. Specific heat of (NaCl)& „(NaCN)„, x =0.05, -0.1,
0.76, NaCl, and NaCN plotted as cfT vs T. Dashed and solid
straight lines: same as in Fig. 5. Dash-double-dotted line: data
for NaC1, Ref. 47.
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however, there was evidence of both very short and very
long relaxation times, with a clear separation between the
two [see Fig. 3(a)]. Upon increasing the CN concentra-
tion to its maximum value, pure NaCN, the specific heat
again varies as T (dashed lines in Figs. 5 and 6), from
which we determined the Debye temperature and veloci-
ty listed in Table II.

All of these features are similar in (NaC1), (NaCN)~
and (KBr)

&
„(KCN) . In both systems the magnitude of

the specific heat below 1 K decreases as the CN concen-

—1
res

2 2
~y neo Ao

tanh 5(fico E), —(2)

where y is the coupling energy of TLS to phonons of
mode o., n is the number density of CN, p is the mass
density, v is the speed of sound for mode e, and 2E is
the total energy splitting made up of the tunnel splitting
b,o and the asymmetry energy 5, 2E =(ho+6 )'~ . The
thermal conductivity is calculated from a total scattering
rate, r '(T)=ri, '+r,„'(T),

(3)

tration is increased from x-0.05 to higher concentra-
tions. Also, for x ~0.05 in (KBr)& (KCN) there are
both very short and long-lived states, but at higher con-
centrations, in the glasslike range, the temperature de-
cays after application of each heat pulse appear exponen-
tial.

The comparison of the specific heat with the thermal
conductivity demonstrates a significant di6'erence be-
tween the two mixed crystal systems for small CN con-
centrations. Up to x=0.025 in (NaC1)& „(NaCN)„ the
thermal conductivity shows no evidence of resonant
scattering of phonons from tunneling states below I K
(Fig. 4), yet even for x =0.003 the heat capacity is much
larger than the Debye lattice contribution (-300 times
larger at 0.5 K, Fig. 5). In other words, for x ~0.025
states that show up in the heat capacity do not
significantly inAuence the thermal conductivity below 1
K.' By contrast, for similar concentrations of CN in
KBr the tunneling states produce both a Schottky-type
peak in the heat capacity [Fig. 2(a)] and a dip in the
thermal conductivity due to resonant scattering (Fig. 1;
T-0.5 K). This requires some discussion.

Below 1 K, two phonon-scattering mechanisms have to
be considered: Scattering from the boundaries of the crys-
tal (Casimir scattering), with a scattering rate
~&

' =val ' where v~ is the Debye speed of sound and l
is the mean-free-path given by the square root of the
cross section of the sample, and resonant scattering of
phonons of mode o,' from the two-level systems, with a
scattering rate'

0.8

I—~- o, 6

0.4

~ 0.2 $

o.o ~

0.0
I i i r I I

0.5 1.0 1.5
teraperature (K )

2.0

F&G. 7. Specific heat of (NaC1)o, 4(NaCN)o 76 plotted as C/T
vs T to reveal the functional form C(T)=c&T+(cD+c3)T'.
From a linear fit to the data (solid line), c& =2.5X10 J g
K and (cD+c3)=5 3X10 I g

' K

where C is the specific heat of the phonons, and v is an
average speed of sound. The resonant scattering rate
from TLS must be much less than the boundary scatter-
ing rate in order for A(T) to follow the T Casimir limit
below 1 K, as is the case for x =0.003. From Eq. (2) and
the expression for wb, the ratio of the scattering rates in,
for example, x =0.003 can be determined, setting condi-
tions on y, Ao, and E. For simplicity, we assume that the
Schottky-like peak near T = 1 K for x =0.003 [Fig. 2(b)]
is due to states with a single energy splitting
E=2.4k+ T~, where kz is Boltzmann's constant. Apply-
ing the dominant phonon approximation, these states
should cause a resonant dip in the thermal conductivity
at a temperature Td =E/4. 25k~=0. 56 K. Using the
Debye velocity and mass density for NaC1 in Eq. (2), the
number density n =6.7X10' cm for x=0.003, and
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Note that the magnitude of 5u/u for =0 76u or x = . is uncertain by the
same factor, +40%, as for the ' de ~ ata for this sample, see
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temperature was so large that we were unable to track
the resonant frequency of our sample. Consequently,
Q

' and 5v/v were only measured below 2 K for this
sample.

At temperatures above a few Kelvin, where the inter-
nal friction in amorphous solids and mixed crystals with
glasslike excitations is dominated by activated processes,
the behavior of Q

' is nonuniversal; there is considerable
variation between materials in both the magnitude and
temperature dependence. Below 5 K, the temperature
dependence of the internal friction has characteristic and
universal features due to the relaxation of the low-energy
tunneling centers. Although data for
(NaC1)& (NaCN)„are presented over the entire temper-
ature range from 70 rnK to 200 K for completeness, we
wish to focus the reader's attention on the behavior at
low temperatures for a discussion of the evolution of
glasslike properties.

Data below 5 K in Fig. 8 illustrate the evolution of
glasslike behavior in Q

' for (NaCl), (NaCN)„. For
x =0.025 (open circles) and x =0.05 (solid triangles) the
elastic loss below 1 K is small but greater than the back-
ground (dash-dotted line). The internal friction data are
consistent with the thermal conductivity data for these
concentrations; both measurements show little evidence
of TLS. A similar concentration of CN in KBr, by
comparison, gives both strong resonant scattering in the
thermal conductivity (Fig. 1) and a large elastic loss (Fig.
12), indicating that the CN in KBr are still mobile on
the time scale of the inverse probe frequency
[(2mv) '=2X10 sec]. This is consistent with relaxa-
tion times determined for individual tunneling defects in
alkali halides, 10 —10 sec (see Table I in Ref. 12).
For x -0.1 (open triangles, Fig. 8), the internal friction is
similar in magnitude to a-SiOz (Refs. 45 and 49), al-
though no temperature-independent damping (plateau) is
observed. Note that the thermal conductivity, which still
shows a small peak around 10 K, also is not exactly glass-
like at this CN concentration (Fig. 4). For the largest
CN concentration in our study, x =0.76 (solid circles),
however, both the elastic loss and the thermal conductivi-
ty display the characteristic features of amorphous solids.

The behavior of the relative change in the transverse
speed of sound below 1 K is shown in Fig. 13. For the
two lowest concentration samples, x =0.025 (open cir-
cles) and 0.05 (solid triangles) in Fig. 13(a), the variation
is similar to what is seen for the mounting arrangement
alone (solid curve, see caption). Only for the higher con-
centration samples, x-0. 1 [open triangles, Fig. 13(a)]
and x =0.76 [solid circles, Fig. 13(b)], does the variation
become appreciable. Note the different vertical scales in
Figs. 13(a) and 13(b).

The temperature dependence of the internal friction in

amorphous solids below 5 K can be examined in two lim-
iting cases. In the low-temperature limit, where the
probe frequency is large with respect to the maximum re-
laxation rate of the TLS, ~&&~,'„, and many states ap-
pear to be frozen on the time scale of an oscillation, the
internal friction approaches a T temperature depen-
dence (see a-Si02 data below 0.1 K, solid line in Fig.
8) 51,52

m 'Yi4 p 2

96 pv2 CO

where T„ is a characteristic cutoff temperature, defined
below. At higher temperatures where the maximum re-
laxation rate of the TLS is large compared to the probe
frequency, co ((r,„, the internal friction is constant (see
a-SiOz data 1 K (T( 5 K, solid line in Fig. 8),

p 2

(6)
2 pv

The temperature T„, defined by co coth1
=r,'„(E=2k~ T„), indicates the crossover between
these two types of behavior. The maximum relaxation
rate is given by'

E E
, +2, coth, (7)

v) v, 2mpA 2k~ T
—1

+max

where the subscripts l and t refer to longitudinal and
transverse components. T„ is extracted by fitting our
data below 1 K to a numerically integrated solution of
the TM prediction, ' the high- and low-temperature lim-
iting expressions of which are given above. (Note that
T„ is the only parameter used to adjust the fit along the
temperature axis. ) Given T„, we determine y„ the
transverse coupling of the TLS to phonons, from the
defining relation for T„and the expression for ~,'„:

pvt v
y2t 1.01X 10 67

3 (8)
CO

where p is the mass density (kg/m ), v, is the transverse
speed of sound (m/s) determined from the probe frequen-
cy and the sample dimensions, v is the probe frequency
(Hz), and y, is expressed in Joules. In addition, since the
magnitude of Q

' scales as I'y, /pv, according to the
tunneling model [see Eqs. (5) and (6)], the fit can be used
in conjunction with yt to extract P.

Tunneling model fits are shown by dashed lines
through the data, in Fig. 8. Although the thermal and
elastic properties of the x -0.1 sample are not fully glass-
like, the data are fit to the tunneling model for purposes
of comparison. Values of P and yt for x-0. 1 and
x =0.76 are listed in Table III along with the values for
an amorphous solid, a-Si02, a mixed alkali-halide
cyanide, (KBr), (KCN), and the system
(NaCN), „(KCN), . ' The transverse coupling
of TLS to phonons yt is similar in all systems. P,
the spectral density of states, however, is larger in
(NaC1)o z4(NaCN)0 76 than in a-SiO2 or
(KBr)0 ~9(KCN)0 4, and is more similar to
(KBr)08,(KCN)0» and the system (NaCN), (KCN)„.
The large error bars for x =0.76 refIect the small sample
size used for this measurement (see Sec. III). The uncer-
tainty in yt for x =0.76 is estimated from the combined
uncertainties of +15% for v, and +10% for T„.

For a check of the consistency of our analysis, we also
extract P and yt from a tunneling model fit to the 6v/v
data below 1 K. The yt values agree with those in Table
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TABLE III. Tunneling model parameters y„ the transverse coupling energy of TLS to phonons P,
the spectral density of TLS, and the dimensionless ratio Py, /pv, [determined from Q

' measurements
for the (NaCl), „(NaCN)„samples]. The quantity Py, */pv, was determined by fitting the thermal
conductivity data to T below 1 K and using the values for v, listed in Table II for (NaCl)& (NaCN),
v, calculated from elastic constants in Ref. 4 for (KBr)

&
(KCN), v, =2.3 X 10' cm s ' for

(NaCN)Q 75(KCN)Q 25 (see Ref. 55), and a transverse speed of sound listed in Ref. 46 for a-Si02. For
(KBr)& (KCN), the transverse coupling is determined from the average coupling y listed in Ref. 4 us-

ing y, -0.89y. Note that the (KBr), (KCN) CN concentrations from Ref. 4 have been updated.
Upon additional analysis, x =0.50 in Ref. 4 has been revised to x =0.41, and x =0.25 has been revised
to x =0.19; see Ref. 27.

Material y, (eV) P(10 J ' m ) Py, /pv, X 10 Py, */pv, X 10 Reference

(NaCl)Q 9Q(NaCN)Q &Q

(NaCl)Q 24(NaCN) Q 76

(KBr)Q 59(KCN)Q 4]
(KBr)Q.si(KCN)Q $9

(NaCN)Q»(KCN)Q»
(NaCN)Q 75(KCN)p 2g

(NaCN)Q 4&(KCN)Q 59

(NaCN)Q &5(KCN)p 85

a-Si02

0.18+0.07
0.19+0.10

0.16
0.11

0.65

19+6
89+42
9+1

40+4
60+15

45+10
60+15

8

2.0+0.4'
21+8'

2.5'
4.1'

2.8

2.7+0.6
30+8

1.9
3.2

5.3

3.0

This work
This work

4
4

56
4

56
56

35,46

'From internal friction measurements.
From thermal conductivity measurements.

'From speci6c-heat measurements.

III to within a few percent. The P values determined
from the fit to 5v /v on the high-temperature side of the
peak in 5v /v are -40% greater than those listed in Table
III for x -0.1 and x =0.76. Internal friction data com-
piled in Ref. 49 on Suprasil W measured over a frequency
range of 480 Hz —160 kHz suggest that this is not unusu-
al. Py2, /pv,

~ determined from 5v /v above its peak is typi-
cally 40—50% higher than the value determined from
Q '. The reason is unknown, but anharmonic (multi-
phonon) effects are often suspected. Finally, we check
for agreement between our thermal conductivity and
internal friction data by extracting pv, /Py, from a T fit
to the thermal conductivity below 1 K [see Eq. (1)] and
using the transverse sound velocities listed in Table II to
obtain the values in column 5 of Table III. Py, /pv,
values from the two experiments agree to within the ex-
perimental uncertainties.

V. DISCUSSION

For small CN concentrations, (NaCl) i „(NaCN)
and (KBr)i „(KCN)„behave very differently. At large
concentrations, however, both systems are glasslike —not
only below x, (i.e., in the orientational glass state) but
also in the concentration region of coexistence of ordered
and glasslike structural properties. ' In the following,
we wish to address this remarkable fact. The more firmly
one accepts the manner in which TLS evolve in
(KBr), „(KCN)„,as proposed by Sethna and Chow, the
more extraordinary (NaC1) i „(NaCN)„appears. Consid-
er their argument for the origin of the broad distribution
of tunneling states in (KBr), „(KCN)„as outlined in
cartoon form in Fig. 14. For very low CN concentra-
tions [Fig. 14, curve (a)], the potential barrier distribution
for 180' reorientations of the CN is very narrow and

centered at the small barriers of the isolated CN in KBr
[essentially the crystal field of KBr, 3 meV (Ref. 11)].
For intermediate CN concentrations, Sethna and Chow
make the plausible assumption that elastic quadrupole in-
teractions between the CN determine the potential bar-
rier distribution and that the crystal field can be ignored.
For x =0.5, dielectric measurements indicate that the
peak of the distribution is at 57 meV, a value somewhat
less than what one obtains by simply scaling the low-
temperature CN reorientational barrier in pure KCN
[160 meV (Ref. 7)] [57 meV = 71% of (0.5 X 160 meV)].
In the glasslike concentration range the low potential tail
of the distribution peaked at 57 meV [Fig. 14, curve (b),
area below dashed line at 8 meV] is associated with the
TLS that show up in the specific heat on time scales on
the order of 1 sec. ' Sethna and Chow assume, as in the
tunneling model, that there is also a broad distribution of
asymmetry energies, and with only one free parameter
calculate a time-dependent specific heat that agrees well
with the data. Mertz et al. and Ernst et al. ' have ex-
tended their arguments to other concentrations of CN
in KBr with very satisfactory results.

In Fig. 14, curves (c) and (d), analogous cartoons are
sketched for (NaCl), „(NaCN) . For low CN concen-
trations, the potential barriers for reorientation are larger
than in (KBr)i „(KCN)„; the peak of the distribution
(i.e., the crystal field), therefore, is moved to a higher en-
ergy with respect to the same sketch for
(KBr), (KCN) . [A peak at 27 meV is shown in the
figure, an average of the values of 17 meV, " 35 meV, '

and 30 meV (this work). ] Following the Sethna-Chow ar-
gument, at high CN concentrations the potential bar-
rier distribution is determined by lattice-mediated elastic
quadrupolar interactions between CN, and the crystal
field can be ignored. If the peak were to scale exactly



51 LO%'-TEMPERATURE GLASSLIKE PROPERTIES IN. . . 8099

with the CN concentration it would appear at 76% of
the value for pure NaCN [270 meV (Ref. 7)], or at 205
meV. [Since the peak for (KBr)o 5(KCN)o 5 is only 71%
of the value expected by scaling the barrier for pure
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FIG. 14. Cartoon of the potential barrier distribution for
180' rotation of CN at T=O K. Curve (a) For small concen-
trations of CN in KBr, the distribution is centered at the rela-
tively small barriers due to the crystal field, 3 meV (Ref. 11).
Curve (b) Potential barrier distribution based upon dielectric
measurements of KBro,KCNo 5 (Refs. 8 and 58). Lattice medi-
ated interactions between CN produce a distribution of bar-
riers with a peak at a much higher energy (-57 meV) with
respect to curve (a). The states which contribute to the heat
capacity on a time scale t ~ 1 sec are those with barriers less
than 8 meV (dashed line in figure) (Ref. 8). Curve (c) Potential
barrier distribution for small concentrations of CN in NaCl.
The center of the distribution is 6—12 times higher in energy
than for KBr+0.3% CN (27 meV is used in the figure). Curve
(d) Potential barrier distribution expected for x =0.76 neglect-
ing the crystal field and all effects other than lattice-mediated
interactions between CN . The relative width was chosen to be
25%%uo greater than curve (b). In this oversimplified view, the
peak of the distribution is shifted to higher energies with respect
to curve (c), leaving an insufhcient number of states below 8
meV (dashed line) to account for the thermal and elastic proper-
ties below 1 K.

KCN, we conservatively reduce the peak position for
(NaC1)o 24(NaCN)o 76 by this same factor so that it ap-
pears at 146 meV ( =0.71 X 205 meV) in Fig. 14 curve (d).
Our argument is even stronger if we leave the peak at 205
meV for x =0.76. Note also that Elschner et a/. have
determined a peak value of 112 meV for x =0.65.) The
low potential barriers which appear below 8 meV in
(KBr)

&
„(KCN) and are associated with the TLS in that

system are missing in (NaC1), „(NaCN)„ if the Sethna-
Chow argument applies. There should be no standard
glasslike properties in (NaCl), (XaCN) if curve (d) is
correct. The fact that glasslike properties do appear in
(NaC1), (NaCN) shows, therefore, that the TLS in
(NaC1)& „(NaCN), evolve differently than implied by the
Sethna-Chow model for (KBr), „(KCN) .

The specific heat and thermal conductivity data of
(NaC1)& (NaCN)„are incompatible with Fig. 14, curve
(d). Even for x -0.10 the data reveal that there must be
states with a tunnel splitting energy ho large enough to
show up above 100 mK. The thermal conductivity,
which is most sensitive to symmetric states, could not be
as low as it is below 1 K for x -0.10 without the pres-
ence of ha in the range 4.25k' X(100 mK to 1 K). At
some concentration between x =0.003, where the
thermal conductivity shows no evidence of phonon
scattering from TLS, and x -0.10, states with low poten-
tial barriers (corresponding to larger b,o's) are created,
and, with increasing CN concentration, have the
correct distribution to give glasslike thermal and elastic
properties. In other words, tunneling centers which are
frozen in the lattice for low concentrations of CN ap-
pear to become mobile at large x. The system
Ba, „La Fz „shows similar behavior. ' For small
x (x ~ 0.01) and low temperatures, the tunneling defects
are essentially frozen in the lattice. At higher concentra-
tions (x ~0.05), however, the defects become mobile and
have the correct distributions to give the universal low
temperature glasslike properties.

We mention two possibilities for the origin of the
mobile defects in (NaC1), (NaCN) for large x. Sethna
has suggested that lattice-mediated e/astic quadrupolar
interactions between CN may reduce the crystal field,
creating states with the larger tunnel splittings appropri-
ate for the TLS. In other words, in addition to curve (d)
in Fig. 14, a small fraction of states from curve (c),
significantly broadened by elastic quadrupolar interac-
tions, may exist. If this is the case, the low barrier tail ex-
trapolated from dielectric measurements near the peak of
the barrier distribution should underestimate the TLS
barriers. Dielectric measurements on (NaC1)& (NaCN)
would be interesting to pursue in order to clarify this
point.

A second possibility is that random strain fields in
(NaC1), (NaCN) are responsible for creating the
mobile defects by reducing the crystal field associated
with a fraction of the CN . The system
(NaCN)& „(KCN) is also interesting in regard to the
creation of states with low potential barriers. Single crys-
tal NaCN and KCN do not individually exhibit low-
temperature glasslike properties. Lattice-mediated in-
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teractions between the CN in these pure alkali cyanides
create large reorientational barriers for the CN [0.16 eV
for KCN and 0.27 eV for NaCN (Ref. 7)]. Yet, upon
mixing the two materials, the high-temperature orienta-
tional phase transitions are suppressed and glasslike exci-
tations appear at low temperatures. ' ' ' By introduc-
ing random strains through the substitution of K for Na,
states with significantly lower energies than for pure
NaCN or KCN are created for intermediate concentra-
tions. Recent experimental work on the compounds
(KBr), „(KC1)„+1%CN (Ref. 66) and Kr —'

Nz (Ref.
67) and theoretical work on (KBr), „(KCN)„(Ref. 68)
demonstrate more directly that static random strains are
capable of creating broad energy distributions for tunnel-
ing centers in mixed crystals with glasslike properties.
Similarly, random strains may lead to the glasslike excita-
tions observed in many disordered crystalline systems, as
in Ba, La F2

VI. SUMMARY

Thermal conductivity, specific heat, and internal fric-
tion data indicate that (NaC1)o 24(NaCN)o 76 has glasslike
properties. The manner in which the TLS evolve, howev-

er, is strikingly different from the model of Sethna and
Chow where elastic quadrupolar interactions between the
CN are directly responsible for the potential barrier dis-
tribution of the low-energy excitations in
(KBr), (KCN)„. By contrast, for (NaC1), „(NaCN)„
the most likely causes for the glasslike low-energy states
of the CN tunneling centers are the effects of random
strains and elastic quadrupolar interactions on the crystal
field. These findings suggest that similar causes may lead
to the glasslike excitations in a wide class of disordered
crystals, and conceivably also in amorphous solids.
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