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The thermal properties of (KBr)l „(KCN)„single crystals have been studied between 0.05 and

100 K over the entire compositional range. For 0.25 & x & 0.70, these crystals have the thermal con-

ductivity that is typical for all structurally disordered, amorphous solids. The same holds for the

low-temperature specific heat, which varies linearly with temperature, and logarithmically with the

measuring time. Through a quantitative analysis it is shown that these mixed crystals represent an

excellent example of two-level-system excitations of variable number densities, depending on the

choice of x. Therefore, these crystals can serve as a model for the exploration of the low-energy ex-

citations which are characteristic for all amorphous solids.

I. INTRODUCTION

The vibrational properties of structurally amorphous
solids differ from those of crystalline solids in many ways,
and are still only poorly understood. One approach to
their study is to search for similar properties in crystalline
solids in which the disorder is carefully controlled and,
hopefully, easier to understand. ' The present investiga-
tion deals with single crystals of (KBr)~,(KCN)„. For
low cyanide concentrations, x &0.001, the cyanide ions
can perform a quasirotational tunneling motion even at
the lowest temperatures. ' Their equilibrium orientations
lie along the eight (111)directions in the bromine vacan-
cies the CN ions occupy. s As the molar fraction x of
the dissolved KCN increases beyond 0.001, interactions
between the cyanide ions become important, and the low-
temperature thermal, dielectric, and ultrasonic prop-
erties become increasingly more like those of structurally
amorphous solids.

In this paper, we present a detailed study of the thermal
conductivity and the specific heat including its time
dependence, of this mixed crystal system between 0.05 and
100 K, over the entire compositional range. Glasslike
properties are observed for mixed crystals with x=0.25,
0.50, and 0.70. Some of the results have been reported
previously. '

The paper is organized as follows: In Sec. II we
describe the experimental techniques for sample prepara-
tion and for the measurements of the thermal conductivi-
ty, thermal diffusivity, and specific heat including its time
dependence. In Sec. III, the elastic constants required for

the analysis have been summarized, largely from the
literature. The experimental results are presented in Sec.
IV. In Sec. V we show that the data can be well described
using, in the framework of the standard tunneling model,
tunneling states interacting with Debye phonons. We dis-
cuss the limitations of the picture ' that the tunneling
centers are caused by a very small fraction of CN ions
which happen to retain their quasirotational mobility. Fi-
nally, we present evidence that the onset of interactions
between CN ions for x ~ 10 is via electric dipoles, and
briefly discuss the thermal conductivity above 1 K.

II. EXPERIMENTAL MATTERS

A. Safety

Because of their toxicity, work with cyanides requires
certain precautions. " Cyanides can enter the body by in-
halation of powder or by absorption through the skin.
However, if handled with plastic gloves and if no powder
is inhaled, they present no danger. As a safety precaution,
grinding of crystals should be done in a glove box or a
disposable glove bag. The presence of an acidic solution,
however, will lead to the production of hydrogen cyanide
via the reaction MCN+ HC1~MC1+ HCN, and this
latter gas is extremely toxic. Thus, the most important
precaution required in handling cyanides is to avoid ex-
posing them to acidic solutions such as soldering flux.

Alkali cyanides are somewhat hygroscopic. Thus, ex-
posure to air for extended periods of time leads to
deterioration of the sample. The use of a heat lamp will
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help in that case.
The safety precautions mentioned here have been found

useful in handling KCN-rich crystals. They should also
be adequate for NaCN, while RbCN and in particular
CsCN require greater care. '

B. Sample (Ref. 13)

The crystals were seedpulled from the melt under a pro-
tective atmosphere, using bromine treated KBr and zone
refined KCN, in the Crystal Growing Facility of the Ma-
terials Science Center at Cornell University. Several of
the samples were supplied by S. Susman from the Ar-
gonne National Laboratories and from F. Luty and M.
Delong of the University of Utah s crystal growing facili-
ty. The CN concentration was determined through opti-
cal absorption of the stretching vibration (fundamental or
overtone), using the conversion factors determined previ-
ously by chemical analysis. In the high-concentration re-
gion, the optically determined concentrations agreed with
those in the melt within the experimental accuracy
(+3%). This agreement demonstrates the excellent misci-
bility of KBr and KCN. (Pieces from the boule with
x=0.70 in the melt were also studied by Rowe. From the
lattice parameter and from the transition teinperature, he
determined x=0.74. ' ) The (NaCN)a 75(KCN)a 25 sample
was obtained from F. Liity.

C. Thermal conductivity (Ref. 13)

E. Long-tine specific heat

Long-time specific heat measurements were performed
with the transient heat pulse technique used previously at
Cornell. ' Thermal sample-to-bath time constants were
typically of the order of 10—100 s. Samples with a mass
of the order of 1 g were mounted between sapphire pins
which were thermally well anchored to the heat sink. Ei-
ther an evaporated constantan film or a Pt-W, 1 mil di-
ameter wire glued to the sample were used as heaters, a
small chip of a Speer 220-Q resistor, encapsulated in glue,
was attached as thermometer. The thermal time constant
was determined by a properly chosen thin copper wire,
one end of which was soldered to a small piece of copper
foil, which in turn was glued to the sample. The heat
capacity of the addenda was estimated and was corrected
for if found to be non-negligible. The exponential decay
of the temperature rise was recorded and used to evaluate
the heat capacity with the aid of a computer.

F. Time-dependent specific heat (Ref. 16}

The experimental arrangement (Fig. 1) was similar to
that for transient heat pulse measurements. Sample-to-
bath time constants ~qc varied between 0.5 and 10 s. As
thermal links three thin ( —1 mm diameter) copper rods
were used, to which the sample was attached with minute
amounts of GE-7031 varnish. By utilizing both a short-
time thermometry technique (v;t,-l to 10 ps) and fast
phonon thermalization (t.n-10 to 100 ps), i.e., a very thin

Thermal conductivity was measured with the steady-
state temperature gradient method, using standard He
and dilution cryostats to cover the temperature range
-150 to 0.05 K. As usual, cleaved samples 5&5)&50
mm were preferred. If only much smaller samples were
available, heaters and thermometers were attached to thin
copper wires glued to the samples with GE 7031 varnish,
which was found not to react with the samples. The sur-
faces were sandblasted to ensure diffuse phonon scatter-
ing.

D. Thermal diffusivity (Ref. 13)

Thermal diffusivity measurements above 2 K were per-
formed on KBra9aKCNa, a and KBra7&KCNp25. Tlm
method, which has been described in detail elsewhere, '

enabled us to determine both the specific heat and the
thermal conductivity. The thermometer consisted of a
ground-down Allen Bradley carbon resistor to which
copper leads were attached with silver paint (Dupont
4922). The resistor was then dipped in epoxy (Stycast
1266). The thermometer was glued to the sample with
varnish (GE 7031). The heater consisted of a constantan
film evaporated on one face of the sample. To ensure uni-
form heating, the film was laid down in a meander across
the face. Thin copper leads were epoxied to either end of
the meander. The temperature-time profile was recorded
with a transient recorder and analyzed with the aid of a
computer. Thermal conductivity and diffusivity measure-
ments agreed to within the errors in estimating the
geometry.
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FIG. 1. Top: Schematic setup for measurements of time-
dependent specific heat. Bottom: Two traces of AT(t) are
shown: For the pure crystal, the trace is only schematic, and
omits, for example, the ballistic signals (Ref. 17); for
(KBr)oq(KCN)05, the data points represent actual measure-
ments. After the therrnalization time ~D, AT for the pure crys-
tal remains constant until the sample-to-bath relaxation time
v.~~ has been reached. In (KBr)O5(KCN)O5, AT{t) is a direct
measure of the thermalization of the weakly coupled defect
states. The hump seen in the experimental trace at —10 s
marks the beginning of the heat draining from. the sample. This
effect, however, can be corrected for, and thus the quasiadiabat-
ic time window extends to =3~~~, as indicated.
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sample, we were able to observe the time dependence in a
quasiadiabatic time window of 10 s& t,„~&10 s in
which internal relaxation processes can be interpreted as a
time-dependent specific heat.

In order to reduce addenda heat capacities we used an
evaporated gold film heater (=20 nm thick) and rubbed-
on carbon film thermometer (=500 nm thick) leading to a
total addendum capacity =10 T (J/K ). A short heat
pulse (ro-I ps) was uniformly applied on one side of the
sample which was shaped like a thin plate. The tempera-
ture profile ET(t) at the other side of the sample was
monitored by the small (area =1 mme) carbon film ther-
mometer. For an ideal crystalline Debye solid, thermali-
zation takes place by inelastic diffusive phonon scattering
at the surface, leading to an equilibrium temperature
T=TO+hT within &50 ps (for T&0.1 K).' The tem-
perature rise AT(t) remains constant over decades of time
(sm solid curve in Fig. 1) until the heat drains out of the
sample through the thermal link. This heat flux out of
the sample at times t,„~=~rec can be correx:ted for up un-

til the signal-to-noise ratio becomes unacceptably large.
Thus, the time-dependent specific heat is calculated by

Q;„—R ' J„b,T(t')dr'
n (1)

where R is the thermal resistance of the thermal link and
rn is the sample mass.

For solids in which, in addition to the phonon system,
other excitations are present, which can couple to the pho-
non bath within the adiabatic time window, the decrease
of b, T(t) due to the relaxation process can be detected for
times up to 3~~c. As an example, we see in Fig. 1 a trace
of b, T versus log t which was measured for
(KBr)ps(KCN)os at To ——0.1 K. As the heat diffuses
through the sample of thickness d =0.5 mm, the tempera-
ture rise b, T(t) reaches a maximum at ~D-d /D (D is
the thermal diffusivity; at 0.1 K, D=50 cm /s). It is fol-
lowed by a slow decay.

The temperature profiles for at least four different
ranges of time were collected with the help of a signal
averager, using 100 to 1000 pulses. The time-dependent
specific-heat profiles were analyzed with the help of a mi-
crocomputer. This technique was been developed in Ber-
lin, and has also been used by one of us (M.M.) at Cornell.

III. ELASTIC DATA AND DEBYE
APPROXIMA. TION

In order to evaluate thermal conductivity and specific
heat, the Debye sound velocity and specific heat were
needed. The three elastic constants e», e&2, and e44 at 4
K are listed in Table I,' together with the molecular
weights and the mass densities p(x). The Debye velocities
Ua, temperatures SD, and specific heats CD cDT were——
calculated from these quantities, ' and are also listed in
Table I. For details, see the caption. Figure 2 shows the
dependence of eD and O~ on x. Note the problems in-
volved in determining e;k and OD for @~0.56, since the
(KBr), „(KCN)„ lattice undergoes various phase transi-
tions from cubic to orthorhombic to monoclinic symme-
try at low temperatures (see Table I).~0 Nevertheless,
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FIG. 2. CD, the Debye specific heat, divided by T', and the
Debye temperature, 8D, the latter derived from ultrasonic mea-
surements [except for pure KCN, for which crystal CD and 8D
(note the data point) were determined from specific-heat mea-
surements], see Table I. Note that 8~ rises rapidly as x ap-
proaches zero, reaching 171 K for x=0. For x&0.56, no 8D
was calculated because of the low-temperature crystallographic
phase transitions (Ref. 20). Dashed line: interpolation.

there is clear evidence for a maximum in cD in the middle
of the composition range.

IV. EXPERIMENTAL RESULTS

Figure 3 shows an extension of the thermal-
conductivity measurements by Seward and Narayanamur-
ti to lower temperatures and also to higher concentra-
tions. The resonance interaction of the thermal phonons
with the tunneling states of the isolated CN iona which
leads to the dip in the thermal conductivity around 0.5 K
is still clearly discernible at the KCN molar fraction
x=0.003. However, as x is increased beyond this value,
the conductivity ceases to decrease further. For x=0.01
(not shown here), a concentration studied by Moy et al. ,
the conductivity curve is, in fact, approximately 50%
higher at the lowest temperatures than our curve for
x=0.003, crosses it at —1 K, and is lower only at higher
temperatures. This behavior shows the onset of an in-
teraction between the cyanide ions. A further increase of
x to 0.05 causes the dip at 0.5 K to vanish (see Fig. 3)
while above a few degrees K the conductivity still de-
creases. The same trend persists as x increases further
(Fig. 4). For x )0.25, however, the thermal conductivity
resembles that of amorphous solids qualitatively as well as
quantitatively. This is illustrated in Fig. 5 by the two
dashed curves, for a-AsiSq and for a-SiOz, ' which essen-
tially span the entire range of thermal conductivity of all
amorphous solids measured in the temperature range
below =10 K. Glasslike thermal conductivity also per-
sists for x=0.70, also shown in Fig. 4. For x=1.0, i.e.,
pure KCN, however, the thermal conductivity shows the
behavior of a crystalline, albeit disordered solid (Fig. 6):
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FIG. 3. Thermal conductivity of (KBr)~ „(KCN)„: x=0,
3&10 ' (above 0.3 K) and x =8.5&10 after Ref. 3;
x =3X10 ' (same sample as that of Ref. 3, for Tg2 K),
x =3&10 ', and 5&10 ', this study. Note that the value of
x =8.5&(10 differs from that given in Ref. 3 (5)&10 ). The
value given here is based on a critical reevaluation of the in-
frared absorption in this sample.

The thermal conductivity increases with decreasing tem-
perature, goes through a maximum, and then decreases.
Below 1 K, the conductivity is very much smaller than
that of amorphous solids. The defects giving rise to this
low-temperature phonon scattering are believed to be
domain walls as will be discussed later. The important
observation at this point is that the glasslike thermal con-
ductivity is observed in the range x=0.25 to x=0.70 but
not for x = 1.

Tunneling states of isolated impurities can be observed
in specific-heat measurements. The presence of 30 part
per million (ppm) of CN substituting for an equal num-
ber of Br ions leads to an increase of the specific heat at
0.1 K by over one order of magnitude over the T specific
heat of pure KBr [see Fig. 7(a)]. This Schottky-type
anomaly, believed to be shghtly broadened in this case be-
cause of a distortion of the cubic environment around the
CN ions, ' scales with x for x &8.5&&10 . A fur-
ther increase in x [by a factor of 60, Fig. 7(b)] yields for
x =0.05 almost the same magnitude of the specific heat as
for x =8.5X10 ~ (at 0.1 K). As x increases up to
x=0.70, the specific heat decreases drastically. Schottky
anomalies are not observed for x &0.05. Instead, a linear
temperature dependence is approached at the lowest tem-

FIG. 4. Thermal conductivity for x ranging from 0.05 to
0.70. Measurements by Moy et al. , Ref, 7, taken below 10 K,
agree well with our data. For x&0.25, the conductivity is al-
most independent of x. Note that the data for x=0.70 drop off
some~hat more rapidly at the lowest temperatures. An ex-
planation is offered in the text.

peratures for x &0.25; it will be shown below that its
magnitude is close to that of structural glasses.

The data shown in Fig. 7(b), and extended to higher
temperatures, are replotted as Cz/CD versus T in Fig. 8,
where C~ is the measured specific heat and CD is the cal-
culated Debye specific heat (8D from Table I). KBr
(Refs. 24 and 25) and KCN show a behavior typical for
reasonably pure crystals: below 5 K (i.e., =3% of 8D,
generally speaking) Cz agrees well with the Debye predic-
tion. Around 15 K (=0.18D), C~lCD goes through a
maximum for both KBr and KCN. This, too, is common,
and is explained with a peak in the transverse acoustic
phonon density of states for frequencies having wave vec-
tors near the zone boundary. For the range of composi-
tion for which the thermal conductivity shows glasslike
behavior this peak is also visible, but it is shifted to lower
temperatures (2 to 5 K; the data for x=0.53 are due to
Mertz and Loidl, Ref. 27). This shift is also characteristic
for structural glasses.

A logarithmic time dependence is another characteristic
feature of the specific heat of structural glasses. ' A
time dependence has also been found in
(KBr)„ i(KCN)„, see Fig. 9. It will be shown below that
in the compositional range in which thermal conductivity
and (long-time) specific heat show a glasslike behavior
(x=0.25, 0.50, and 0.70), the specific heat varies as the
logarithm of the measuring time. The upper limit of the
temperature at which a time dependence of the specific
heat is no longer observable (within the quasiadiabatic
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range of conductivity observed in amorphous solids (actually,
the glass with the lowest known conductivity is a K, Ca-NO3
glass; it is 309o smaller than that of a-Si02, Ref. 21).

FIG. 6. Thermal conductivity for x=0.70 and for a pure
KCN crystal, compared to that of pure KBr and of KBr with a
small CN doping (x=0.003). Below the conductivity max-
imum in KCN, the phonon mean-free path is probably deter-
mined by domain wall scattering.

window we used), decreases with increasing CN concen-
tration. It shifts from 0.7 to 0.2 K as x increases from
0.25 to 0.70. For x=0.05, the time dependence is dis-
tinctly different from that observed in the glasslike range:
The coupling of excess excitations to lattice vibrations is
strongly nonlogarithmic and exhibits large effects on the
time scale of minutes, in agreement with earlier findings
(in the inset of Fig. 9, we only show results for t,„~=2 ms
and 10 s; they show time dependence up to 2 K). For
x &8.5X10 ", no time dependence was observed in the
time windows 0.01 to 3.0 s at 0.1 K, and 0.001 to 0.2 s, at
1.0 K.

A quantitative analysis of these data will be presented
in Sec. V.

temperature regime from specific-heat measurements.
The same problem is encountered in the glasslike crystals
(KBr)i „(KCN)„. An inspection of Fig. 7(b) indicates
the reasons: Even at the lowest temperatures no indica-
tion is found for any simple power-law dependence of the
specific heat, which would be evidenced by a straight line
in the doubly logarithmic plot of this figure. Further-
more, above =1 K, the C~/CD plot (Fig. 8) shows the on-
set of the "hump, " which probably indicates the presence
of some other excitations, different in nature from those
seen at the lowest temperatures, but similarly mysterious
at this time. Given this difficulty, it was decided to ap-
proximate the data below 1 K with a polynomial of the
fol II1

V. DISCUSSION
C~ =ci T+(cD+c3)T (2)

A. Analysis of experimental data

In an effort to characterize the centers involved in the
glassy excitations found in KBr:KCN crystals, we will
next try to extract from the specific-heat anomaly their
number density, and subsequently from the thermal con-
ductivity their coupling strength to the phonons.

Et is difficult to derive unambiguous information about
the vibrational density of states of glasses in the low-

where c& T and c3T are the well-known glassy linear and
"excess T " specific-heat anomalies, respectively, and
cDT is the Debye phonon specific heat based on elastic
data (see Table I). Just as in structural glasses, we do not
attach any physical significance to the temperature depen-
dence of the excess T anomaly; this anomaly could, con-
ceivably, be the low-temperature tail of the hump ob-
served at higher temperatures. In Fig. 10 the long-time
(r —10 s) specific-heat data are tested against Eq. (2) by
plotting C~/T versus T . For x=0.25, 0.50, and 0.70,
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der of seconds. For details, see Fig. 9. For x=0.10, the time
was -100 s. Residual impurities are seen in the undoped KBr
and KCN below 0.1 and 0.2 K, respectively.

the fits are very good over the entire temperature range
0.05 to —1.2 K, but not for x=0.05 and 0.10. From the
straight-line fits, values for ci and cD+c& have been
determined, see Table I. The values of c, lie in the range
known for structural glasses. ' For x=0.25 and 0.70 the
values for c& indicate an excess Ti contribution, roughly
50% of the Debye lattice value cDT . However, for
(KBr)os(KCN)o 5 the excess T specific heat is only 6%
of the Debye value (below 1 K), a negligible difference,
considering all errors involved in the comparison. %e
further note that in Fig. 10 the lowest temperature data
for x=0.25 show some curvature, indicating the limit of
applicability of Eq. (2).

Other methods of fitting the low-temperature data were
also attempted. ' A slight improvement was obtained by
writing the specific heat as

C~ =c~ T +(cD+c1 )T

For x=0.25, 0.50, and 0.70 the values of a giving the best
fits for the long-time data are 1.03, 1.00, and 1.08, respec-
tively. A fit of the form

Cp
——cpT +cDT

IO
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FIG. 8. Same data as shown in Fig. 7(b) but extended to 50
K, and plotted as C~/CD, where CD is the specific heat calculat-
ed from the Debye integral (see caption of Table I, comments to
eighth column). KBr above 3 K, after Berg and Morrison, Ref.
24. Data for x=0.53 above 3 K by Mertz and Loidl, Ref. 27.
Two sets of data for x=0.25 are shown, obtained on two dif-
ferent samples, the lower one measured at Berlin, the upper one
at Cornell.

Cp(To, t) =Ct (To, t)+ C, ( To), (6)

where C„(To} is the remairung time-independent part of
the specific heat at a given temperature To, then we can
write

was also attempted. Only for x=0.50 was a satisfactory
fit obtalilcd. It ylcldcd p= 1.00. Siiicc, liowcvci', ci ilscd
in Eqs. (2) and (3) are small (compared to cD) for this
sample, the fits obtained with Eqs. (3) and (4) are
equivalent. It is thus concludmi that with the quality of
the data and in particular in the temperature range
T=0.05 to =1 K, a fit of the form of Eq. (2} is the most
sensible choice.

For a comparison of our data with the standard tunnel-

ing model for the linear specific-heat anomaly in structur-
al glasses, the usual assumption is made of a spectral
distribution P (A, , b, ) independent of the tunneling parame-
ter A, and of the asymmetry energy b, of the two-level sys-
tems (TI.S), i.e., P(A, ,A)=P. In that case, the specific
heat of the TI.S is given by

1 m kit
C, =— TP 1n(4tle;„), (5)

p 12

where ~~;„ is the shortest TLS-phonon relaxation time.
In order to test the logarithmic time dependence predicted
in Eq. (5), we show in Fig. 11 some of the original data,
normahzed to those obtained at 10 s. If
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C, (To r)

Cq(To, 10 s)

C((To, t)—Ci(To, 10 s)+C„(To)+C((To,10 s)

Cp(To, 10 s)
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The last two terms in the numerator equal C~(To, 10 s),
and hence

&,(To, &) k,'ToP In[rl(10 s)]
Cp(To, 10 s)

= 1+( /12p)
Cq(To, 10 s)

with the second term &0 for r & 10 s. Thus, a logarith-
mic time dependence of C&(To, t) should result in a
straight line, if the entire measured specific heat, normal-
ized to some (long-time) value, is plotted versus logt, as is
indeed observed in Fig. 11. Note that Eq. (8) does not
contain C,(To) and r;„. For x=0.50, two samples of
different thicknesses were measured, and almost five or-
ders of magnitude in measuring time were covered. Good
agreement with the tunneling model was also found for
x=0.25 and 0.70, although only a somewhat smaller time
window was used. From the straight-line best fits, as
shown for a few examples in Fig. 11, the density of states
P can be determined using Eq. (8). It was found that for
any given x, P was temperature independent to within the
experimental uncertainty of +10%. The averages of P

-8—IO
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FIG. 9. Specific heat at selected measuring times as indicat-
ed. The curves are calculated with Eqs. (2) and (5), using cD, c3,
c„and P as 1isted in Table I. Thus, these curves represent the
best fits to all data within the framework of the standard tun-

nehng model. The inset shows the time-dependent specific heat
for {KBr)O95{KCN)oo5 The time dependence is more pro-
nouced and extends to higher temperatures than for larger x.
These data do not fit the tunneling model; the lines are best fits
of a power-law form, a: T {seebelo~, Fig. 16).

0
I l

0.8
T (K)

l.2

FIG. 10. Test of the applicability of Eq. {2}. For x=0.25,
0.50, and 0.70, ci and c3 were determined from intercepts and
slopes, respectively, of the straight-line sections of these curves
and are listed in Table I. For x=0.05 and 0.10, a hnear, glass-
like anomaly is not observed. Long time data.
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FIG. 11. In the glasslike range of thermal conductivity and
specific heat, 0.25&x ~0.70, the normalized specific heat,
C~(To, t)/C~(TO, 10 s) varies logarithmicallp with measuring
time. For x=0.25, at the lowest temperatures and shortest
measuring times, note a deviation. See text. For x=0.50, two
samples of different thickness were measured. T is determined
from the slopes of the straight lines fitted to the data points, see
Eq. (8).

the distribution of barrier heights assumed in the standard
tunneling model. The modified version of this model,
which incorporates the distribution of barrier heights de-
ri Ued from dielectric loss measurements, has been
developed' for x=0.50. No unphysical values of param-
eters are necessary in this model; in addition, since the
distribution of barrier heights was found to increase with
increasing barrier height, it is conceivable that the ul-

trasonic data can also be explained with this model.
The deviation from a logarithmic time dependence of

the specific heat at the lowest temperatures for x=0.25,
shown in Fig. 11 for Tc =62 mK, also disagrees with the
standard tunneling model. A similar, though far more
pronounced, deviation is observed for x=0.05 (see Fig.
12) for which composition neither the specific heat nor
the thermal conductivity show glasslike behavior.
Remember also the nonlinear temperature dependence of
the long-time specific heat at low temperatures noted
above in Fig. 10 for x=0.25. Thus we conclude that
x=0.25 is a borderline case. Its thermal conductivity is
certainly glasslike. Its specific heat, however, is beginning
to show signs of a "nonglassy" behavior, within the
framework of the standard tunneling model.

Turning now to the discussion of the thermal conduc-
tivity, we start by considering its magnitude around 1 K,
(see Figs. 3 and 4). The thermal conductivity of
(KBr)i „(KCN)„near 1 K is smallest for the relatively
modest doping x=0.003. As x increases beyond this
value, the thermal conductivity increases, so that in the
glasslike state, it is more than a factor of ten larger (Fig.
6). The fact that fully disordered, structural glasses have
larger thermal conductivities than doped crystals has been
noted before, albeit in a comparison of chemically dif-
ferent substances. In the present case, the same increase

are listed in Table I. They agree well with the values ob-
tained from a reanalysis, restricted to the temperature
range T pl K, of the ultrasonic measurements by Berret
e& al. '

We thus conclude that the standard tunneling model
describes the low-temperature glasslike specific heat of
(KBr), „(KCN)„rather well. We now show the limita-
tions of this agreement, which are observed for x &0.25,
and, to some limited degree even for x=0.25. From c,
and P, r;„can be determined with the use of Eq. (5). We
obtain r;„-10ns, 4 )us, and 0.3 ms for x=0.70, 0.50,
and 0.25, respectively. These are obviously approximate
values only, since they are independent of temperature,
which is unphysical. Nonetheless relaxation times in the
range of milliseconds are entirely unreasonable for defects
which are strongly coupled to the lattice. Similarly, Ber-
ret et al. found that they could not fit their ultrasonic
data for x=0.25 over the entire temperature range of
their measurements by assuming a constant I'; instead,
they had to enhance the distribution function P(E,r) at
longer relaxation times r [by a weighting factor p, which
modified the standard distribution function into
P(E,l,p)=Pp '(1 —r')p ', whele 1 =7-~j„/7.

&
iil tile

standard model, p =0).
These discrepancies can to some degree be ascribed to
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FIG. 12. In the intermediate concentration range, x=0.05
(lower than the glasslike, but higher than the range of single de-
fects), the specific heat does not vary as the logarithm of the
measuring time.
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(10)

For @=0.SO the value for 5 is very close to 2, whereas for
x =0.25 and 0.70 values —10% smaller and larger,
respectively, are found. A range 1.8 &5 &2.0 is common
for structural glasses below 0.5 K (a recent test of this
finding is contained in Ref. 39}. An exponent in excess of
2.0, however, has not been observed in structural glasses
and requires a comment. It is known that in partly crys-
tallized glasses the conductivity can vary more rapidly
with temperature than T, presumably because of addi-
tional phonon scattering at the interfaces. The fact that
our pure (i.e., undoped} KCN sample does have such a
low thermal conductivity (see Fig. 6) may already cast its
shadow in the x=0.70 sample. The most likely source of

40
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~ 0
I = 0.25
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l2-
8 = 2.I 7
~ 0
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(KBr), „(KCX)„

0.2 0.5 0.4
Temperature {K)

0.5

FIG. 13. Best fits of low-temperature thermal conductivity of
(K.Br)~ „(KCN)„ in the glasslike compositional range to a
power law of the form of Eq. (10), A cc T~.

of the conductivity, towards that of glasses, has been ac-
complished by merely increasing the doping level in the
crystal. This remarkable observation leads us to restate
what we believe to be the crucial question about the
universal thermal conductivity of glasses (and now also of
glasslike crystals): Why is this conductivity as large as
it is? If it is determined by defects which scatter the pho-
nons, what limits number density and scattering strength
of these defects?

At low temperatures, where resonant interactions be-
tween TLS and phonons are dominant, the thermal con-
ductivity is given by

k T2
(9)

I ? I

where U; is the sound velocity of the ith phonon polariza-
tion mode coupled to the TLS via the acoustic coupling-
constant (energy) y;. In Fig. 13 we show a comparison of
the low-temperature thermal-conductivity data of the
glasshke crystals with the prediction of Eq. (9), using a
power-law fit

the scattering in KCN is domain wall scattering. In
KCN, Gash and Luty ' found ferroelastic domains and
secondary structures, suggestive of compound twins.
Their length scales were of the order of 1 pm. The
thermal conductivity below 10 K of the pure KCN varies
approximately as T, its magnitude corresponds to a
wavelength independent mean-free path of —1 pm. We
therefore suggest that the additional scattering observed in
the x=0.70 sample is also the result of domain wall

scattering.
(It must be mentioned, however, that domain wall

scattering would not produce the slight knee that can be
seen around 1 K in the conductivity curve. Such a struc-
ture is more characteristic for resonantly scattering im-

purities, as it also shown in Fig. 6 for x=0.003 as an ex-

ample. Such impurities would be noticeable in specific
heat. Since no specific-heat measurements were per-
formed on the KCN thermal conductivity sample,
resonant scatterers, which would have to have a concen-
tration in excess of O. l%%uo, though unlikely, cannot be
ruled out. )

In order to simplify the discussion, we fitted the low-

temperature thermal-conductivity data to

where the prefactor A is listed in Table I, again for
x =0.25, 0.50, and 0.70. If we write the sum in Eq. (9) as

3UD/y, where y is an averaged coupling constant, the
experimental results can be compared to

ks VD
(12)

2iriri P y
i

We can calculate the average coupling energy y of the
TLS to phonons using the values of UD, A, and I' in Table
I. For x =0.25, 0.50, and 0.70 we find y =0.12, 0.18, and
0.48 eV, respectively, which can be compared again to the
ultrasonic results: For x =0.25, y =0.16 eV, and
for x=0.50, y =0.1S eV, a rather good agreement.
Note, however, the large value y =0.48 eV for
(KBr}o3(KCN)o 7. As stated above, an additional scatter-
ing mechanism may somewhat affect the thermal conduc-
tivity in this sample. However, it cannot account for such
a large enhancement of the scattering.

B. Nature of two-level systems

Although (KBr), „(KCN)„ is crystalline, it is disor-
dered in two ways (see Fig. 14): Firstly, the CN ions
and the Br ions are randomly distributed over the anion
sublattice. This disorder by itself, however, is unlikely to
lead to the glasslike behavior. Mixed crystals of alkali
halides, for example, KBr:KI, behave like regular, disor-
dered crystals. Furthermore, glasslike behavior has also
been found in mixed crystals of alkali cyanides, i.e., crys-
tals containing no topological disorder in the anion sublat-
tice, as we have shown by measuring the thermal conduc-
tivity of a single crystal (KCN)025(NaCN)075 (see Fig.
15). Its temperature dependence and magnitude are also
indistinguishable from that of a structural glass, e.g. , sili-
ca.

Secondly, in mixed alkali halide-alkali cyanide and in



J. J. DE YOREO, W. KNAAK, M. MEISSNER, AND R. O. POHL 34

(KBr)i „(KCN)„

CH1Itt&: C f4

FIG. 14. Lattice model of cubic (KBr)
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FIG. 15. Thermal conductivity of single crystal
(KCN)o ~5(NaCN)o ~~, compared to thai of a-Si02.

mixed alkali cyanide crystals, one other common source
of disorder can be found: The CN molecule ions are
disordered with respect to their orientations in the cubic
lattice. At high temperatures, this orientational disorder
results from a dynamical process, which can be described
by thermally activated CN rotations interacting with the
phonon system, whereas at low temperatures, i.e., T~5
K, the CN ions form a static orientational glass. ' For
example, in the compositional range x g0.56, and below a

y(100) = —,(A. i
—Az) Voc44 ——0. 15 eV, (13)

0

where Vo is the volume of the primitive unit cell (70 A in
KBr}, and c44 is the shear modulus (see Table I};the elas-
tic dipole shape factor (A, i

—Xz) =0.2 is taken from
Beyeler. This coupling energy is very close to the

T =0.12 and 0.18 eV for (KBr)0 75(KCN)p g5 and
(KBr)0 5(KCN)0 5, respectively, calculated by fitting our
thermal-conductivity results. The much larger value of T
for x=0.70, however, 0.48 eV, demonstrates the limits of
the single-ion picture.

Another test of the picture can be made with measure-
ments of the low-temperature dielectric constant. Ac-
cording to the tunneling model, the real part of the dielec-
tric constant is given by

b,a=+(T) a(TO)=[2/(3')](p—o) Pln(T/To), (14)

where po is the static electric dipole moment of the tun-
neling defects, and To is some reference temperature.
Low-temperature measurements have been reported only
for x &0.2. ' However, x=0.20 is at least close to the
range in which the low-temperature glasslike properties

certain, frequency-dependent, freezing temperature T~
(x,ro), (KBr)i „(KCN)„ freezes into an orientational
glass state, in which the CN axes are randomly orient-
ed, as also shown schematically in Fig. 14. An orienta-
tional glass state has also been reported in
(KCN)i „(NaCN)„ for 0.10&x&0.85. ' One might
thus assume that this orientational glass state gives rise to
the glasslike low-energy properties. However, this picture
cannot be correct either since glasslike thermal properties
are also observed for x=0.70 in (KBr)i „(KCN)„, for
which composition orientational long-range order has
been established, ' In addition, dielectric loss mea-
surements have shown that the low-frequency dielectric
loss peak continuously broadens into a glassy behavior
as x decreases from pure KCN ( x= 1) to
(KBr)0 5(KCN)o 5. ' ' Thus, both the glassy low-
temperature thermal properties and the glassy low-

frequency dielectric behavior appear to be insensitive to
the presence of long-range crystalline orientational order.
We must therefore conclude that neither type of disorder
discussed above is responsible for the glasslike thermal
properties in (KBr) i „(KCN)„.

Recently, it has been argued that both the time-
dependent specific heat and the dielectric loss peak can be
explained in terms of 180' electric dipole reorientations of
the CN ions, i.e., that the glassy properties result from a
tunneling and/or thermally activated motion of individual
cyanide ions through (or above) angular orientation bar-
riers provided by a quadrupolar mean field of elastic
CN -CN interactions. ' It has been shown that, while
at high temperatures all CN ions can reorient in an elec-
tric field, at temperatures below 1 K only a very small
fraction, of the order of 10 5 for x=0.50, can reorient by
tunnelng. It is this small fraction of individual ions that
causes the glasslike excitations in (KBr) i „(KCN)„.

Pursuing this picture, we first consider the thermal con-
ductivity. The strain coupling of isolated CN iona in a
KBr crystal to a shear wave in the (100) direction is
given by '
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have been observed. We have extrapolated I'(x) from
Table I to x=0.20, and obtained 8=50&10 J 'm
An analysis of the dielectric data using Eq. (14) leads to a
permanent dipole moment po ——(0.15+0.02) Debye. ' For
isolated CN Ious in KBr, po ——0.5 Debye has been re-
ported, three times as large as obtained here. This re-
sult, although certainly preliminary, also fails to support
the single-ion picture. Clearly, more extensive dielectric
measurements are needed, including a study of the aniso-

tropy, which exists in the dilute limit, but should be ab-
sent in the limit of orientational disorder.

We now turn to the question of whether the interaction
leading to the glasslike excitations is electric or elastic in
nature. Recently, Volkrn. ann et al. have presented evi-
dence for either type of interaction. Below, we consider
the changeover of the low-temperature specific heat of the
individual tunneling ions to that of the glasslike excita-
tions. Figure 16 summarizes the (long-time) specific heat
of (KBr)i „(KCN)„ in the intermediate concentration
range, 0.01 ~ x ~0.10. The low-temperature data can be

described fairly well by power laws, Cz ~ T, with the ex-
ponent m given by 0.68 for x= 1%, 0.96 for 3%, 1.2 for
5%, and 1.6 for 10%. Thus, as x increases, Cz changes
from a rather weak-temperature dependence [as also seen
in the dilute limit in this temperature range, see Fig. 7(a)],
to an increasingly more rapid temperature dependence,
with m approaching the value of —,

'
[as also noted previ-

ously in KC1:OH (Ref. 53)]. A further increase of x leads
to a change towards the glasslike, linear specific-heat
anomaly. The transition from the specific heat of the di-
lute limit to that of the glasslike limit is further illustrated
in Fig. 17, where the excess specific heat, C~ —CD, of
(KBr), „(KCN)„at 0.1 K is plotted for the entire range
of x investigated (including recent data by Dobbs et al. ,
Ref. 54). For x ~ 0.1%, a rise in linear proportion with x
indicates the absence of interactions between the CN
iona. For x)0.03, the long-time excess specific heat
varies rather closely as x . This particular dependence
on x is somewhat fortuitous in the concentration region
0.03 ~ x & 0.25, and would not be found at different tem-
peratures, because of the variation of the power-law ex-
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FIG. 16. Specific heat of (KBr)& „(KCN)„ in the intermedi-
ate composition range of x (1 to 10%), measured on long-time
scales. Triangles: Moy et ah. , Refs. 7 and 50, time scale —100
s. Open circles: this work, measurements at Berlin, time scale
10 s. Solid circles: This work, rneasurernents at Cornell; time
scale 100 s. Note that in view of the different time scales used
for the two measurements of x=0.05, the excellent agreement is
slightly fortuitous. Based on the time-dependent measurements,
see Fig. 12, one would expect the Cornell data to lie -20%
above the Berlin data. We attribute this kind of variation to
fluctuation in the sample composition, etc., and to measuring er-
rors caused mainly by the pronounced time dependence at long

measuring times. See also the variations for x=0.10, Cornell
versus Illinois. Debye specific heats CD (Table I) as measured
for KBr, and as calculated for x=0.10.

FIG. 17. Measured specific heat minus Debye specific heat
(Table I) at 0.1 K. KC1:OH {open circles) from Refs. 53, 56,
and 57, and KC1:Li (open circles) from Refs. 55 and 56; all mea-
surements had been taken on 10—100 s time scales.
(KBr)i „(KCN)„: closed circles: this work, long-time measure-
ments (10—100 s); open triangles: Ref. 7, solid triangle: Ref.
54, with the measuring times not given, but estimated to be
10—100 s. For x)0.05, the vertical bars indicate our time-
dependent specific heat measured between 1 ms (low end of bar)
and 10 s (upper end). The straight hnes through the data in the
low x range x ~10 ) indicate a scaling of the specific-heat
anomaly with x, i.e., the absence of defect-defect interactions.
These begin to show up at x -3&10 for DH and Li+, but
for CN only above 10 '. The dashed curve connecting the
high-x and the low-x data for (KBr)& „(KCN)„ is drawn to
visualize where CN -CN interactions may be expected to set
in at 0.1 K. The solid line through the OH data above
x =10 varies as x ', as first suggested by Fiory (Ref. 53).
The solid line, labeled x, is an empirical relation observed in
this investigation.
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ponent m for x ~ 0.25. Nevertheless, the rapid decrease of
the excess long-time specific heat, as x increases, and the
approach to a x dependence for x~0.25, are generally
correct. For short measuring times (1 ms in Fig. 17), the
specific heat shows a different behavior.

Only in the dilute limit is the shape of the Schottky
specific-heat anomaly of the tunneling states of impurities
in alkali halides independent of concentration, i.e., for
mole fractions x typically less than 10 or 10, as has
been shown for KC1 I.i ' KC1 OH ' and RbC1:OH.
For KC1:Li and KCl:OH, interactions set in at a limiting
mole fraction approximately 2X10, as seen in Fig. 17.
Fiory has shown that interaction effects seen in dielectric
measurements in these crystals are the result of electric di-
pole interactions, and since these effects occurred at the
same temperatures at which interaction was seen in
specific heat (for a given concentration), he concluded
that the latter effects, too, were the result of electric, and
not of stress interactions.

For (KBr)i „(KCN)„, the excess specific heat at 0.1 K
rises linearly with x up to at least x =10, and probably
to even higher values of x, if we interpolate to the larger x
values as has been done in Fig. 17. According to Fiory's
estimates, one would not expect to notice electric dipole
interactions at 0.1 K for CN number densities rn less
than 1.5 X 10 em, i.e., x —1%. Fiory did not find any
evidence for interactions in KC1:CN for n =4.2X10'
cm (x =2.6X10 ), the highest concentration he in-
vestigated. Depending on how one wishes to interpolate
the data for (KBr)i „(KCN)„ in Fig. 17, one may deter-
mine the critical concentration to be -0.5%, not far from
the value based on Fiory's estimate. Quadrupole stress in-
teractions, on the other hand, would be expected to occur
at a roughly 30 times smaller x, i.e., at x =2X10, ac-
cording to estimates by Peressini et a/. Thus it appears
that the maximum in the specific heat seen in
(KBr), „(KCN)„ in Fig. 17 is the result of electric, and
not of elastic interactions.

We now turn to the rapid drop of the specific heat for
x ~ 0.05, which varies approximately proportional to x
Klein et al. have argued that interacting dipoles would
lead to a concentration-independent linear specific heat at
high concentrations, while Fiory suggested a variation
with n ' (i.e., x ' }, in analogy with ferromagnetic
spin waves. See also the recent work by Moy et al.

One further complexity should be mentioned. In KC1,
the Schottky anomaly of the CN tunneling states is
quite narrow for the smallest n (4.4X10' cm ), but
broadens significantly as n increases. Consequently, the
specific heat of KC1:CN at a fixed temperature does not
increase linearly with x even at the smallest x. This
broadening could conceivably be the result of elastic in-
teractions. In KBr, the Schottky anomaly is broad even
at low x (Fig. 7}, and changes its shape only very httle
as long as x ~10 . As a result, the specific heat rises
linearly with x (see Fig. 17},but an important mechanism
of interaction between the ions may be hidden in this case.

C. Thermal conductivity above 1 K

The glasslike thermal conductivity of
(KBr) i „(KCN)„, which has been observed for

0.25&x &0.70, is not restricted to the low-temperature
range covered by the tunneling model but extends to the
highest temperature of our measurements (100 K) (see
Fig. 4). (A peculiar abrupt change of the conductivity ob-
served in our earlier work, has not been reproduced' and
should be ignored at this time. } The thermal conductivity
of (KBr)i „(KCN)„ in a structurally amorphous form is
not known since such a substance has never been pro-
duced, but we can estimate its magnitude by using the
gas-kinetic formula of thermal conductivity, A=( —,

'
) Cvl.

For simplicity, we use the data for KBr, C=C =10.3
calmol 'K ' at 100 K, U=UD —1.88X10 ms (Table
I), and for l we use the average interatomic separation
(one-half of the unit-cell dimension) l= 3.3 A. The calcu-
lated A=2X10 Kern 'K ' is close to the measured
value (at 100 K), considering the crudeness of the model.
It therefore seems reasonable to conclude that in the glass-
like state, crystalline (KBr)i „(KCN)„has a conductivity
close to the theroretical expectation of the minimuin
thermal conductivity, according to which the heat dif-
fuses, in a random walk, from atom to atom at tempera-
tures above -50 K.

The actual mechanism by which the heat is tranported
in glasses in the temperature region of the plateau and
above continues to be a matter of controversy.
(KBr) i „(KCN)„,which is so far the only crystalline sys-
tem in which the transition from a crystalline, high, to a
glasslike, low thermal conductivity has been accomplished
by varying the mixing ratio, should be an ideal substance
to study the origin of this minimum thermal conductivity.
We believe, however, that this requires also measurements
above 100 K. These are presently under way.

VI. CONCLUSION

While by now a number of disordered crystalline sys-
tems have been identified which display glasslike low-
temperature properties, ' (KBr), „(KCN)„ is the only sys-
tem in which the transition froin crystallike to glasslike
behavior has been studied in systematically prepared
mixed crystals. These crystals have been used in an at-
tempt to unravel some of the mysteries of the vibrational
excitations in structurally amorphous solids. As the KCN
molar fraction x increases, the individual CN tunneling
ions show increasingly stronger interactions. Thus, the
low-temperature specific-heat anomaly goes through a
maximum with increasing x, and changes its shape to-
wards a glasslike specific heat which varies linearly with
temperature. Simultaneously, the thermal conductivity
below —10 K goes through a minimum, and increases to-
wards that typical of all amorphous solids. In the cornpo-
sitional range in which glasslike thermal properties are
observed, x=0.25 to x=0.70, the specific heat displays a
logarithmic time dependence which has been studied over
five orders of magnitude in time. The standard tunneling
model proposed for structural glasses has been used to
describe the low-temperature properties in the glasslike
state. The spectral density P decreases by over one order
of magnitude as x increases from 0.25 to 0.70. Very re-
markably, the thermal conductivity shows only a very
small variation.
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No obvious correlation between the glasslike properties
and the phase diagram for (KBr)i „(KCN)„can be
detected: The glasslike behavior is not restricted to the
compositional range in which the CN ions form an
orientational glass, which is believed to extend from
x=0.56 to the neighborhood of 0.01; it is also found for
x=0.70, for which composition long-range order of the
CN ions exists. The picture that the low-energy glass-
like excitations are tunneling states of a small fraction of
the CN ions which retain their quasirotational mobility,
which has been successful in correlating the dielectric loss
data and the low-temperature specific heat, ' leads to
somewhat unrealistic electric and elastic coupling energies
for x =0.70, and thus will also need some modifications.

At low concentrations, interactions occurring at
x ~ 0.05 do not result in the same low-temperature
thermal properties as are observed in all structural glasses.

The interaction mechanism which leads to the freezing
of the CN ions is not well understood. The onset of the
freezing, as x increases beyond =10,coincides with the
concentration at which electric dipole interaction is ex-

pected to set in. %hatever the interaction mechanism, it
is most remarkable that it should lead to the same thermal
properties as they exist in all structural glasses. It is the
generality of the phenomenon, which now has also been
extended to these disordered crystals, which continues to
present the greatest puzzle.

ACKNO%'LEDG MENTS

Stimulating discussion with J. P. Sethna, J. F. Berret,
and J. VanCleve are gratefully acknowledged. One of the
authors (M.M.) acknowledges the hospitality extended to
him by the Laboratory of Atomic and Solid State Physics
at Cornell University and also the financial support by the
Deutsche Forschungsgemeinschaft (Bonn, Germany) dur-
ing his stay there. This work was supported at Cornell
University in part by the National Science Foundation,
Grant No. DMR-84-17557, and the Materials Science
Center, and in Berlin by the Deutsche Forschungsgemein-
schaft.

'Present address: Department of Geology, University of Maine,
Orono, ME 04469.

Present address: Hahn-Mritner Institut fur Kernforschung,
D-1000 Berlin 39, Federal Republic of Germany.

See, e.g., A. C. Anderson, Phase Transitions 5, 301 (1985); R.
O. Pohl, J. J, De Yoreo, M. Meissner, and W. Knaak, in Phys-
ics of Disordered Materials, edited by D. Adler, H. Fritzsche,
and S. Ovshinsky (Plenum, New York, 1985), p. 529.

~V, Narayanamurti, Phys. Rev. Lett. 13, 693 {1964).
3W. D. Seward and V. Narayanamurti, Phys. Rev. 148, 463

(1966).
~H. U. Beyeler, Phys. Rev. B 11, 3078 (1975).
F. Luty, in Defects in Insulating Crystals, edited by V. M.

Tuchkevich and K. K. Swartz (Springer-Verlag, Berlin, 1981),
p. 69.

J. J. De Yoreo, M. Meissner, R. O. Pohl, J. M. Rowe, J. J.
Rush, and S. Susman, Phys. Rev. Lett. 51, 1050 {1983).

7D. Moy, J. N. Dobbs, and A. C. Anderson, Phys. Rev. B 29,
2160 (1984).

8M. Meissner, W. Knaak, J. P. Sethna, K. S. Chow, J. J. De
Yoreo, and R. O. Pohl, Phys. Rev. B 32, 6091 (1985).

9J. F. Berret, P. Doussineau, A. Levelut, M. Meissner, and %.
Schon, Phys. Rev. Lett. 55, 2013 (1985).

' J. P. Sethna and K. S. Chow, Phase Transitions 5, 317 (1985).
iiE. Meyer, Chemistry of Hazardous Materials (Prentice-Hall,

Englewood Cliffs, 1977).
'~J. M. Rome (private communication).
3For details, see J. J. De Yoreo, Ph.D. thesis, Cornell Universi-

ty, 1985 (unpublished).
' R. Kruger, M. Meissner, J. Mimkes, and A. Tausend, Phys.

Status Solidi A 17, 471 (1973).
&sA. K. Raychaudhuri and R. O. Pohl, Phys. Rev. B 25, 1310

(1982).
'6For details, see %. Knaak, Ph.D. thesis, Technical University,

Berlin, 1985 (unpublished).
%'. Knaak and M. Meissner, in Phonon Scattering in Con-
densed Matter V, edited by A. C. Anderson and J. P. Wolfe
(Springer, Berlin, 1986), p. 174.
J. F. Berret, These d'Eta. t, Universite de Montpelier, France,
1987 (unpublished).

' See G. A. Alers, in Physical Acoustics edited by P. W. Mason
(Academic, New York, 1965), Vol. III B, p. 1.

2 K. Knorr and A. Loidl, Phys. Rev. B 31, 5387 (1985).
R. B. Stephens, Phys. Rev. B 13, 852 (1976).
R. L. Pompi and V. Narayanamurti, Solid State Commun. 6,
645 (1968).

2 V. Narayanamurti and R. O. Pohl, Rev. Mod. Phys. 42, 201
(1970).

24W. T. Berg and J. A. Morrison, Proc. R. Soc. London, Ser. A
242, 467 {1967).
W. Knaak and M. Meissner, in Proceedings of the
Seventheenth International Low Temperature Conference,
edited by U. Eckern et al. (North-Holland, Amsterdam,
1984), p. CR6.

B. N. Brockhouse and P. K. Iyengar, Phys. Rev. 111, 747
(1958).
B. Mertz and A. Loidl, J. Phys. C 18, 2843 (1985).
R. O. Pohl and E. T. Swartz, J. Non-Cryst. Solids 76, 117
(1985).
M. T. Loponen, R. C. Dynes, V. Narayanamurti, and J. P.
Garno, Phys. Rev. Lett. 45, 457 (1980); Phys. Rev. B 25, 1161
(1982); 25, 4310 (1982).

3 M. Meissner and K. Spitzmann, Phys. Rev. Lett. 46, 265
(1981); %'. Knaak and M. Meissner, in Phonon Scattering in
Condensed Matter, edited by %'. Eisenmenger et al.
(Springer, Berlin, 1984), p. 416.

3'J. Zimrnermann and G. %'eber, Phys. Rev. Lett. 46, 661
(1981).

We mention in passing that we did observe a rather rapid
dropoff of the specific heat with decreasing measuring time in
the x =3X 10 sample, setting in abruptly below 0.2 K on a
100-ps time scale. %e believe that this effect is due to the
decoupling of accidental lattice defects; the most likely ac-
cidental impurity is NCO, see Ref. 3. For a discussion of an
apparent time-dependent specific heat in nominally pure crys-
tals, see Refs. 17 and 25.

3 P. %'. Anderson, B. I. Halperin, and C. M. Varma, Philos.
Mag. 25, 1 (1972).

34W. A. Phillips, J. Low Temp. Phys. 7, 351 (1972).
J. Jackie, Z. Phys. 257, 212 (1972).



J. J. DE YOREO, W. KNAAK, M. MEISSNER, AND R. O. POHL 34

36J. L. Black, Phys. Rev. 8 17, 2740 (1978).
37J. F. Berret and M. Meissner, in Phonon Scattering in Con-

densed Matter V, edited by A. C. Anderson and J. P. Wolfe
{Springer, Berlin, 1986), p. 83.

3sR. C. Zeller»d R. O. Pohl Phys. Rev. 8 4 2029 (1971)
3~A. K. Raychaudhuri, Ph. D. thesis, Cornell University, 1980;

Cornell Materials Science Center Report No. 4284 (unpublish-
ed).

~R. C. Zeller, M. S. thesis, Cornell University„1971; Cornell
Material Science Center Report No. 1453 (unpublished}.

~'P. Gash and F. Liity, Microscopy 140, 351 (1985).
"28. D. Nathan, L. F. Lou, and R. H. Tait, Solid State Com-

mun. 19, 615 (1976).
43J. M. Rowe, J. J. Rush, D. G. Hinks, and S. Susman, Phys.

Rev. Lett. 43, 1158 {1979);K. H. Michel and J. M. Rowe,
Ph» Rev. 8 22 1417 (1980)

~F. Luty and J. Ortiz-Lopez, Phys. Rev. Lett. 50, 1289 (1983).
45T. Schrader, A. Loidl, K. Knorr, and J. K. Kjems, in Phonon

Physics, edited by J. Kollar et al. (World Scientific, Philadel-
phia„1985), p. 111; A. Loidl, T. Schrider, R. Bohmer, K.
Knorr, J. K. Kjems, and R. Born, Phys. Rev. 8 34, 1238
(1986).
N. O. Birge, Y. H. Jeong, S. R. Nagel, S. Battacharya, and S.
Susman, Phys. Rev. 8 30, 2306 (1984).

~7J. P. Sethna, S. R. Nagel, and T. V. Ramakrishnan, Phys.
Rev. Lett. 53, 2489 (1984).
Since cj~ ««c44, those modes for which c~~ is contained in
their y are too strongly coupled to the CN ions to contribute
to the heat conduction, and only those terms containing c~
alone are of importance.

~9M. von Schickfus and S. Hunklinger, J. Phys. C 9, L439
(1976). Their Eq. (2) contains a misprint: The denominator
contains a 2, instead of the correct 3. In the standard tunnel-
ing model, the product (po)2P equals {p') no, where p' is the
induced dipole moment, and no the density of states of the
tunneling centers. See also W. A. Phillips, Philos. Mag. 8 43,
747 {1981).

50D. Moy, Ph.D. thesis, University of Illinois, Urbana, 1983 (un-

published).
5'The dielectric constants sc were calculated from the measured

capacitances C measured by Moy, Ref. 50, assuming
C=aeoA/d, where 3=2.82 cm and d=0.103 cm are sam-

ple area and thickness, respectively, and eo ——8.9g 10
As/Vm (practical units). Because of expected errors in the
geometry, Moy (p. 91) estimated the error in A/d to be
roughly +50/o. However, from his value of C( To)
=12.76695 pF one calculates ~ (To)=5.3, using the above
formula. For x=0.2, Luty (Ref. 5, Fig. 17} gives x=4.9
below 5 K. Thus, we believe the error in ~ to be no more than
10%%ug for this sample. For the measuring frequency 10 kHz,
To ——0.1 K, and for 81 kHz, To ——0.15 K. The value of po
determined by us earlier (Ref. 8) is incorrect because of prob-
lems we had with the Gaussian system of units.

52U. G. Volkmann, R. Bohmer, A. Loidl, K. Knorr, U. T.
Hochli, and S. Haussuhl, Phys. Rev. Lett. 56, 1716 (1986).

53A. T. Fiory, Phys. Rev. 8 4, 614 {1970).
54J. N. Dobbs, M. C. Foote, and A. C. Anderson, Phys. Rev. 8

33, 4178 (1986).
5J. P. Harrison, P. P. Peressini, and R. 0, Pohl, Phys. Rev. 171,

1037 (1968).
56P. P. Peressini, J. P. Harrison, and R. O. Pohl, Phys. Rev. 182,

939 (1969).
57J. J. De Yoreo, R. O. Pohl, J. C. Lasjaunias, and H. v.

Lohneysen, Solid State Commun. 49, 7 {1984).
58M. W. IQein, C. Held, and E. Zuroff, Phys. Rev. 8 13, 3576

(1976); M. W. Klein, B. Fischer, A. C. Anderson, and P. J,
Anthony, ibid. 18, 5887 (1978).

59D. Moy, R. C. Potter, and A. C. Anderson, J. Low Temp.
Phys. 52, 115 (1983).

G. A. Slack, in Solid State Physics, edited by F. Seitz, D.
Turnbull, and H. Ehrenreich (Academic, New York, 1979),
Vol. 34 p. 1.

'P. P. Peressini, Ph.D. thesis, Cornell University, 1973; Cornell
Materials Science Center Report No. 2065 (unpublished).


