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Low-temperature properties of a dipolar glass: A study of KBr, „(CN)„using dielectric echoes
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Dielectric echoes have been used to study the low-temperature dynamics of the model orienta-
tional glass KBr& „(CN) The echoes were observed at 0.79 GHz at temperatures between 10 and
60 rnK for five single crystals with 0.00034 ~ x ~ 0.70. The following properties of the CN tunnel-
ing centers were measured: relaxation times (T~ ), dephasing times (T2), electric-dipole moments,
and densities of states. Relative dielectric constants were also measured from 10 mK to room tem-
perature. The results suggest that the nature of the tunneling centers, as characterized by their elec-
tric and elastic dipole moments, does not change significantly over the concentration range studied,
but that the distribution in relaxation rates changes dramatically. We interpret this result in terms
of variations in the symmetry of the double-well potentials characterizing these excitations.

I. INTRODUCTION

Low-energy tunneling excitations in solids display a
variety of behavior at low temperature (T(1 K). Identi-
cal dilute dopants in a crystalline solid typically possess a
sharply peaked density of states and a single relaxation
rate. In contrast, tunneling centers in glasses have broad
distributions in energy and a range of relaxation rates due
to their disordered environment. As a result, these two
classes of materials exhibit strikingly different behavior at
low temperature. In one widely studied material,
KBr& „(CN), the cyanide tunneling centers behave as
noninteracting impurities in a crystal for low x, but as
"glassy" excitations for x near 0.50 due to strong CN-CN
interactions. In order to shed light on the development
of these glassy properties as the cyanide concentration in-
creases, we have studied KBr, „(CN) for cyanide con-
centrations spanning this range of behavior. Dielectric
echoes as well as dielectric susceptibility measurements
were used to probe the low-energy excitations present in
these materials in order to measure their electric-dipole
moments, coupling strengths to strain, densities of states,
and dephasing rates T2 '. We find that the coupling
strength of the CN excitations to both electric and elastic
fields varies little over the CN concentration range stud-
ied. An anomaly appears, however, in the scaling of T2 '

with density of states, suggesting that the distribution of
relaxation rates changes greatly with concentration. This
result is interpreted in terms of variations in the
tunneling-state symmetry distribution. In particular, we
argue that for low x, the potential wells characterizing
these excitations tend to be more symmetric than for high
CN concentration. In addition, surprisingly long three-
pulse echo decay times seen in the x =0.00034 sample
suggest the presence of a phonon bottleneck in this sam-
ple.

KBr& (CN)„has a structure similar to sodium

chloride, with bromine atoms and cyanide molecules ran-
domly distributed among the sites of one of two sublat-
tices. At room temperature this lattice is cubic, but vari-
ous distorted phases are present at lower temperature. '

Since KBr and KCN have nearly the same lattice con-
stants, mixtures can form having any x value from 0 to 1.
The cyanide molecules, although fixed in position, have
some rotational freedom. Because of the random CN site
distribution and strong elastic CN-CN interactions, the
cyanide molecules, at x ~0.01, are affected by a range of
potentials hindering their orientational motion. This dis-
tribution in reorientation potentials produces "glassy"
low-temperature behavior for x -0.50.

A qualitative phase diagram' for KBr& „(CN)„ is
shown in Fig. 1. The CN ions can rotate unhindered at
high temperature, but the axis directions tend to freeze at
lower temperatures due to strong elastic CN-CN interac-
tions. This effect forms a ferroelastic phase with the CN
axes aligned along (111) directions for x) 0.57, and an
orientational glass for lower cyanide concentrations. Al-
though with decreasing temperature the axes freeze, 180'
reorientations can still occur until they are frozen at a
somewhat lower temperature by electric-dipole interac-
tions. For x ~0.95, an antiferroelectric phase is formed
at low enough temperature, but over most of the concen-
tration range the dipoles freeze randomly along their pre-
viously frozen axes, forming a dipolar glass. This picture
of the CN freezing is somewhat controversial, and an al-
ternate theory has been proposed to explain some possi-
bly contradictory data.

An isolated cyanide molecule in KBr tends to orient
along one of the eight (111) directions, s resulting in
eigenstates with four equally split energy levels having
degeneracies 1-3-3-1. Infrared spectroscopy shows the
energy splitting to be about 1.25 K. The narrow distribu-
tion in energy splittings of dilute CN doped into KBr re-
sults in a peak in the specific heat '' and a dip in the
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FIG. 1. Phase diagram for KBr, (CN) (Refs. 1—3). As the
temperature is lowered, two "freezing" transitions occur, the
first due to elastic and the second due to electric interactions.
Dashed lines represent frequency-dependent transitions.

thermal conductivity" ' near 1 K. With increasing
cyanide concentration these sharp features gradually
broaden as interactions between CN molecules produce a
distribution in energy splittings. For cyanide concentra-
tions of 0.01 or greater, the specific heat exhibits a nearly
linear temperature dependence' ' below 1 K, indicating
a fairly constant density of states in the energy range 0.1

to 1 K. Although at x=0.01 this linear term is more
than two orders of magnitude larger than the linear
specific heat seen in glasses, the magnitude decreases to
that of a glass as x approaches 0.50. The decreased den-
sity of states occurs because many of the CN excitations
are frozen by their strong interactions with neighboring
cyanide molecules.

Although long-time specific-heat measurements show a
constant density of states like that of a glass for x ~ 0.01,
time-dependent specific-heat measurements indicate that
the distribution of relaxation times differs from a glass
below x=0.25. From the distribution in relaxation times
postulated for glasses, ' a time-dependent specific heat
varying as lnt is predicted, and, in fact has been ob-
served' in amorphous SiOz. KBr

&
(CN )„samples with

x=0.01 to 0.05, however, measured on a time scale of 50
ms to 5 s, showed a nonlogarithmic time dependence. ' '
For cyanide concentrations in the range 0.25 ~x ~0.70, a
specific heat varying logarithmically in time has been ob-
served, ' indicating that the distribution of relaxation
times as well as the density of states is like that of a glass
in this concentration range.

At x =0.50, KBr, „(CN), is almost indistinguishable
from a glass in its low-temperature properties. Its
specific heat depends linearly on temperature' ' and as
the logarithm of time; ' its thermal conductivity varies as
T below 1 K and exhibits a plateau near 10 K. ' ' In
both cases the magnitudes are similar to those seen in
glasses. Additionally, KBro ~0(CN)o, o has a frequency-
dependent minimum in its dielectric constant' below 1 K
and a corresponding maximum in its sound velocity, '

both features typical of glassy solids.

2

~ Xa

Ua

E3
coth

2~pg4 2k T

where o. labels the phonon modes. In an anisotropic solid
such as KBr& (CN), the sum also includes an average
over crystalline directions. The quantity p denotes the
density.

The tunneling model postulates a constant distribution
in 6 and a distribution in Ap that varies as 1/Ap. The
joint distribution in E and T

&

' is given by

P(E, T, ')=
2T, ' 1—

1 /2
1

T, '(max)

where T
&

'(max) represents the maximum relaxation rate
at a given energy —that of the symmetric states. Figure 2
illustrates this distribution of relaxation rates.

Tunneling centers contribute to the low-temperature
dielectric constant in two ways. The symmetric states
contribute a "resonant" term, which is seen as a decrease
in e with increasing temperature below 1 K near 1 GHz.
The asymmetric states produce an increase in e with in-
creasing temperature at T& 1 K in the 1-GHz range due
to relaxation. A minimum in e near 1 K marks the cross-

It will be convenient to discuss many of the results of
this study in terms of the tunneling model for glasses,
proposed by Anderson, Halperin, and Varma, ' and by
Phillips. ' This model explains the sub-Kelvin excita-
tions in glasses by a set of unspecified tunneling entities
residing in double-well potentials. Each tunneling system
is described by two parameters: (l) the asymmetry ener-
gy, or difference between the two potential energy mini-
ma, 6, and (2) the tunnel splitting ho, which is the Hamil-
tonian matrix overlap element between isolated
harmonic-oscillator wave functions located in the two
wells, and depends on the barrier height approximately as
exp( —a V' ). Glasses have broad distributions in b, and
Ap. The two lowest-energy eigenstates of this system
have an energy splitting E =(6 +b,o)' . Higher-energy
states are neglected.

Among those states with a given energy splitting E,
there will be distributions in the parameters ~h~ and ho
varying from 0 to E. Symmetric tunneling centers (b, =0,
Ao —-E) have strong resonant coupling to perturbing
fields, so a perturbation can easily cause transitions be-
tween the eigenstates. This coupling allows symmetric
states to easily absorb or emit resonant phonons. These
quickly relaxing states are the excitations seen in
thermal-conductivity and short-time specific-heat mea-
surements. Their density of states is denoted by P in the
tunneling model. For asymmetric states (b, =E, b,o=0),
the perturbing field has relaxational coupling, causing a
change in the energy splitting, but few transitions.

The population or spin-lattice relaxation rate due to
one-phonon processes for a tunneling center is given by'
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FIG. 2. The distribution of relaxation rates at a given energy
in the tunneling model [Eq. (2)]. T, '(fast) is the fastest relaxa-
tion rate at this energy.

over between these two competing effects. Below 1 K,
the "resonant" term gives

2PPp T
ln

3EpE Tp

the dipole moment can be determined from the relation
p =(w/2)(A'/ t, 6'„„z). When there is a distribution in p,
the quantity 3 must be integrated appropriately.

The first pulse of a three-pulse inversion-recovery ex-
periment (Fig. 3) produces a m rotation, inverting the
population of states. The population decay back to the
ground state by interactions with phonons is monitored
by applying a two-pulse echo sequence at a later time ~».
If this two-pulse sequence immediately follows the invert-
ing pulse [Fig. 3(a)], an inverted echo will be observed
with a phase-sensitive detector. As ~,2 is increased, the
echo will recover to its original value [Fig. 3(b)] with the
characteristic time T&.

The stimulated-echo sequence consists of two m/2
pulses separated by a time ~,z, a third ~/2 pulse at ~,3,
and an echo after an additional time ~». The echo-
amplitude decay as a function of ~&2 and ~» depends on
both T, and T2, and provides information on the role of
spectral diffusion in the dephasing process.

where Tp denotes an arbitrary reference temperature.
Below T =hf lk, e is temperature independent.

B. Dielectric echoes

Golding and Graebner ' first demonstrated the ex-
istence of echo phenomena in glasses, analogous to
echoes in magnetic resonance, by using elastic excitation
of the tunneling centers. In dielectric-echo experiments,
developed by Golding et al. and Bernard et al. ,
quence of oscillating electric field pulses excites resonant
tunneling states, producing coherent dephasing and re-
phasing of their wave functions. The echoes produced by
this rephasing allow one to measure relaxation times of
tunneling states, electric-dipole moments, densities of
states, and matrix elements coupling states to elastic
strain.

Three different pulse sequences were used in the
present experiments: the two-pulse sequence, the
three-pulse inversion-recovery sequence, and the
stimulated-echo sequence. In a two-pulse echo experi-
ment, two pulses, separated by a time ~, produce an echo
after an additional time ~. The decay of this echo ampli-
tude as a function of 2~ measures the dephasing time T2,
governed by interactions between tunneling centers. The
two-pulse echo amplitude before decay is given by

C. Spectral dift'usion

Spectral diffusion is a process by which excitation is
transferred across an absorption band. The mechanism
of this diffusive transfer that is believed to dominate in
glasses can be seen by dividing the tunneling centers
into 3 states, those resonantly excited in an echo experi-
ment, and the thermally active B states whose motion
perturbs the 2 states. The 3 states are predominantly
symmetric tunneling centers —those that can resonantly
couple to the applied electric pulses. The B states also
need some symmetric character so that thermal phonons
may activate them, but they must also be somewhat
asymmetric to couple to the 3 states, since this coupling
is given by

C;
~J 3

lJ
E. E (6)

(a)

where r," is the distance between tunneling centers i and
j, and C, depends on the elastic- or electric-dipole mo-
ment of the two states. Thus, in a glass, the states be-
lieved to cause dephasing are typically more asymmetric

2 =BPp sin
Apt,

~
Dpt2

sin
2A

(4)
I

12
J

23
where 6 is the electric field strength in the sample, p the
component of electric-dipole moment along the field
direction, and t, is the pulse width of the ith pulse. The
quantity B depends on the experimental conditions. For
the case of t2 =2t &, Eq. (4) reduces to 12

I

23

(b)

I

23

Dpt,2 =BPp sin

This expression gives the shape of the "excitation curve. "
A peak occurs as a function of 8 at Apt, /A=~/2, and

FIG. 3. Three-pulse inversion-recovery pulse sequence in two
limits. (a) The two-pulse probing sequence is applied immedi-
ately after the inverting pulse, the echo is inverted. (b) The
two-pulse probing sequence occurs at long time after the invert-
ing pulse, the echo is upright and unaft'ected by inverting pulse.
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than the states that are observed directly in the echo ex-
periment.

III. EXPERIMENT

KBri (CN) samples with x=0.03, 0.20, 0.50, and
0.70 were obtained from the Crystal-Growth Laboratory
at the University of Utah, and an x =0.000 34 CN sam-
ple was provided by S. Susman of Argonne National Lab-
oratory. Quoted cyanide concentrations are believed ac-
curate to about 15%. The x=0.03, 0.20, and 0.50 sam-
ples are from the same crystals as those used in low-
temperature specific-heat, thermal-conductivity, and
dielectric permittivity measurements. ' ' Pieces of the
x =0.000 34 sample have been used in specific-heat' and
neutron scattering measurements. Time-dependent
specific-heat measurements were performed on the
x =0.01 and 0.03 samples. ' In addition, thermal expan-
sion measurements have been made on the x =0.00034
and 0.50 samples. ' The major impurity in these crystals
is believed to be (CNO), which is present at a level of
0.1 parts per 10 in the x =0.00034 sample, and at
100—500 ppm in the other samples.

Octagonal disks roughly 1 cm in diameter and 1.8 mm
thick, and ( 100 ) oriented, were cut from the
KBr, „(CN), boules. Preparation of samples was car-
ried out partly in a nitrogen-filled dry box and partly in
air with a light coat of mineral oil covering the sample as
a protection against moisture.

The apparatus used in this work was used in earlier
echo studies. ' Samples were placed in a copper mi-
crowave resonant cavity attached to the mixing chamber
of a dilution refrigerator. Two copper loops coupled
magnetically to the TEM mode of the cavity, and were
attached to the room-temperature electronics via coaxial
cables. The electric field was applied along a (100)
direction. Loaded resonant frequencies of the cavities
were about 790 MHz, and Q values were approximately
200.

Variations in the dielectric constant of the
KBr, (CN)„samples were measured by phase locking a
voltage-controlled oscillator to the resonance and record-
ing the oscillator frequency as a function of temperature.

Because the echo signals were very weak in some cases,
they were averaged for as many as 10 sequences. The re-
petition rate was low enough that bulk heating of the
samples was minimized. Estimated temperature uncer-
tainties due to heating are indicated by error bars in the
figures.

Pulse powers used were of an intensity about 1—4 dB
below that required for maximum echo generation,
minimizing distortion of the echo shapes resulting from
inhomogeneous broadening and distributions in the
electric-dipole moment. Pulse widths for two-pulse and
stimulated echoes were generally 0.4 ps, although for
determination of the echo excitation curves of Sec. IV B,
two-pulse sequences of 0.3 and 0.6 ps duration were used.
The three-pulse inversion-recovery experiments used a
0.3-ps inverting pulse and probing pulses of 0.7—1.0 ps.
A narrower inverting pulse excited a broad spectral range

of tunneling centers. The probing two-pulse sequence ob-
served a narrower band of states, so sampled only the
center of the excited band where the states were substan-
tially inverted.

IV. RESULTS AND DISCUSSION

A. Dielectric measurements

Figure 4 shows relative variations with temperature of
the real part of the dielectric constant for the five
KBri „(CN)„samples. The high-temperature features
seen in the x=0.03—0.70 samples have been previously
observed: ' a positive de/dT near room temperature
due to the ionic crystal lattice (labeled a on the x=0.03
data in Fig. 4), a negative d aid T or shoulder near 50 K
from paraelectric behavior of the CN ions (b in Fig. 4),
and finally the electric-dipole freezing (c in Fig. 4). Fig-
ure 5 shows the KBr, (CN)„dielectric data at low tem-
perature on an expanded vertical scale. In the region
0.1 & T & 1 K, all of the samples exhibit an approximately
lnT resonant behavior typical of glassy solids (indicated
by the dashed lines).

The shape of the x =0.000 34 he/e versus T curve can
be approximately explained by contributions from the
KBr ionic lattice at high temperature and from ideal CN
dopants in KBr at low temperature. The CN concentra-
tion is too low to exhibit substantial paraelectric behav-
ior, and presumably the CN tunneling rate is high
enough to prevent freezing from being observed, so
features b and c described above are absent in these data.
Figure 6 shows the x =0.00034 data (solid line), as well
as a curve representing the sum of the measured dielec-
tric constant of pure KBr (dashed line above 10 K) and
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FIG 4 Relative changes in the real part of the 079 6HZ
dielectric constant with temperature for the five KBr, „(CN}
samples. Data are offset vertically from each other for clarity.
A smooth curve has been drawn through each set of ) 100 data
points. Scatter is Ae/e ~ 10 . Regions a, 6, and c are dis-

cussed in the text. The actual data appear in Ref. 30.
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FIG. 6. Changes in the real part of the 0.79-GHz dielectric
constant for x =0.000 34 KBr& (CN)„. Solid line: measured
values; dashed line: "calculated" values (Ref. 30), as described
in the text. The two curves are offset vertically from each other
for clarity.

FIG. 5. Relative variations in the real part of the 0.79-GHz
dielectric constant vs temperature for the five CN concentra-
tions. The data are offset from each other vertically for clarity.
Note that the x=0.03 data are reduced by a factor of 10 and the
x =0.00034 data by a factor of 100. A smooth curve has been
drawn through each set of ) 100 data points. Scatter is
Ae/e-4X 10 . Dashed lines represent slopes of the resonant
lnT region at 0.1 & T & 1 K. The actual data appear in Ref. 30.

the calculated dielectric constant for a 0.00034 concen-
tration of ideal CN tunneling centers in KBr (Ref. 30)
[dashed line below 10 K, this calculation assumes
E=1.25 K (Ref. 8), p=0.5 D (Ref. 34), and @=4.7 (Ref.
31)I. The calculated total change in e between 0.1 and 10
K agrees well with measurement, indicating that the ma-
jority of cyanide impurities participate in this tunneling
process. It is significant that the measured dielectric con-
stant for the x =0.00034 sample Aattens off at a lower
temperature than the calculated value (about 50 mK as
compared to 500 mK). The distribution in energy split-
tings of CN excitations must therefore be broad enough
to include values of energy much lower than the 1.25 K
of an unperturbed CN site in KBr. This conclusion is
consistent with results from specific-heat measurements'
on a piece of the same crystal. The spread in energy
splittings has been tentatively ascribed' to weak interac-
tions between CN molecules. Since dielectric echoes

were observed in this sample at 0.79 GHz (corresponding
to an energy splitting of about 40 mK), the existence of a
spread in energy splittings which allows 40-mK states is
also necessary to explain the echo results.

From the slope of the low-temperature dielectric con-
stants in the range 0. 1 & T& 1 K (Fig. 5), one can obtain
densities of states for symmetric tunneling centers
in KBri (CN) using Eq. (3), with @=4.7 (Ref. 31) and
p=0.5 D (Ref. 34). Since the roughly linear specific heat
in all but the x =0.00034 sample shows that there are
broad distributions in tunneling parameters, the use of
this formula developed for glasses seems justified. The re-
sulting P values are given in Table I, and can be seen to
be in reasonable agreement with values derived from oth-
er experiments.

B. Echo excitation measurements

Figure 7 shows the two-pulse echo amplitude as a func-
tion of applied electric field strength for the five samples
studied. An intriguing result is that the maxima occur at
approximately the same value of electric field (+20%,
which is within the experimental uncertainty), showing
that the typical value of electric-dipole moment is nearly
independent of cyanide concentration [Eq. (5)]. The di-
pole moment is therefore about 0.5 D for all samples, as

TABLE I. Comparison of P derived from dielectric (this work), time-dependent specific-heat {Ref.
12), and sound-velocity measurements (Ref. 35). Note that P from the x=0.20 dielectric measurements
is compared to P from specific-heat and velocity measurements on x=0.25 samples.

0.000 34
0.03
0.20
0.50
0.70

P from Ae/e
( 1045 J—1 —3)

170
16
0.83
1.2
0.20

P from C(t)
(1045 J & 3)

{x=0.25) 4.0
0.9
0.27

P from Av /v
( 1045 J—1 —3)

{x=0.25) 3.1

1.4
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FIG. 7. Two-pulse echo amplitude as a function of electric
field strength near 10 mK for x =0.00034 ( ~ ), x=0.03 (0),
x=0.20 ( ), x=0.50 (~ ), and x=0.70 (E }. Units are arbitrary,
but are the same for all samples. The arrows indicate approxi-
mate positions of the peaks.

it is for an isolated CN ion in KBr.
A qualitative picture of the distribution in dipole mo-

ments can be obtained from the shapes of the excitation
curves. The curves for the 0.000 34 and x=0.03 samples
are sharply peaked, while the x=0.20, 0.50, and 0.70 ex-
citation curves are much broader. The normalized
x=0.03 and 0.50 echo amplitudes are plotted together in
Fig. 8, with an excitation curve calculated for a single
value of dipole moment [dashed line, Eq. (5)j. The
x=0.03 peak is fitted well with a single value of dipole
moment, but the x=0.50 sample requires a distribution
in p to explain the broadened maximum.

Two possible sources of broadening in excitation

curves are (l) an angular distribution of dipole orienta-
tions and (2) a distribution of dipole moments due to the
distributions postulated in the tunneling model. These
effects have been shown ' ' not to alter the shape of
the low-power excitation curve significantly from that of
a single dipole moment, so it is not clear whether the
x =0.000 34 and 0.03 data represent a single value of di-
pole moment or a distribution in p due to these effects.

The two distributions of electric dipoles discussed
above cannot, however, account for the broad excitation
curves of the x =0.20, 0.50, and 0.70 samples. Because of
the effects of inhomogeneous broadening on the echo
shape, it is difficult to interpret the shape of the excita-
tion curve for powers larger than the peak value. The
broadening at low power in the high-concentration sam-
ples, however, clearly indicates the presence of excita-
tions with larger dipole moments than that value corre-
sponding to the peak. The distribution in p for
KBro 5o(CN)o so must extend to values of p at least one
order of magnitude larger than 0.5 D, since the broaden-
ing is present at an electric field which is a factor of 10
below the peak value. These large dipole moments may
be due to impurities such as (CNO), which should be
present in lower concentrations in the x =0.00034 and
0.03 samples. A more interesting possibility is that some
fraction of the tunneling centers in the high-
concentration samples may be clusters of CN molecules
which, as a group, have a larger dipole moment than a
single CN tunneling center.

A study of rotary echoes in x =0.03 and 0.20
KBr& „(CN)„also shows a narrow p distribution
in KBro 97(CN)p p3 and a broad distribution in
KBro so(CN)o 2o. However, unlike our results, the p dis-
tribution in KBrp sp(CN)p po could be explained approxi-
mately by the tunneling model distributions.

C. Measurement of T2

Decays of two-pulse echoes for the x=0.50 sample
from 10 to 60 mK are shown in Fig. 9. The nonexponen-
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FIG. 8. The x=0.03 (o) and 0.50 (~ ) excitation curves

graphed in normalized units so that the peaks occur at the same

electric field and are the same height. The dashed line is a cal-
culated curve, assuming a single value of dipole moment [Eq.
(5)].

FIG. 9. Two-pulse echo decays for KBro go(CN)o 50 of tem-

peratures of 10 mK (~ ), 13 mK ( X ), 20 mK (A), 40 mK (o ),
and 60 mK (+). The fact that the initial echo amplitude at 13
mK is larger than at 10 mK is probably an experimental artifact
due to slightly different detector sensitivities.
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tial nature of the decays made it impossible to obtain a
unique decay time from each decay, so T2 was defined as
the initial echo-amplitude decay time. T2 versus temper-
ature for the five samples is plotted in Fig. 10, along with
values from intrinsic tunneling centers and OH-impurity
centers in Si02 glass for comparison. The value of T2 =4
ps at 30 mK for KBrp 97(CN)p p3 from rotary echoes is
in the same range as these data.

The nonexponential nature of the decays diA'ers from
predictions of exponential decay shapes in glassy systems
which have dipolar interactions between tunneling
centers. Exponential decays have been observed for
both the "intrinsic" tunneling centers and for OH-
impurity centers in Si02 glass (Fig. 11), as well as in
Nd +-doped Si02 fibers. ' Subexponential decays have,
however, been seen in As2S3 (Ref. 28) and Na f3-

alumina, both of which are glassy systems, and in
polyethylene, in which some tunneling centers may re-
side in a crystalline environment.

A possible reason for the subexponential two-pulse
echo decays in KBr, „(CN) is that the interaction be-
tween tunneling centers may not be dipolar. For dipolar
systems the interaction strength varies as 1/r, but
perhaps in KBr& (CN) it varies as 1/r or 1/r . For a
system of tunneling centers having tunneling model dis-
tributions and 1/r" interactions, the two-pulse echo de-
cay shape is predicted to be

A = 3pexp( —Cn p Tt ~'),

where C depends on the strength of the 1/r" coupling be-
tween states and no is the density of states of B

50—

a-Si 0&

18 mK

10—

O~
o o

20
I

40
f (p, s)

I

60

FIG. 11. Two-pulse echo decays for "intrinsic" () and OH-
impurity (0 ) tunneling centers in SiO~ glass (Ref. 40). Strict ex-
ponential behavior is observed. The units on the vertical scale
are arbitrary.
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states. We might postulate that the interactions in
KBr, (CN) vary as 1/r, and attempt to fit the ob-
served decays to a function of the form

3 = Apexp( —at ) .

An example of such a fit for the x =0.50 sample at 13 mK
is shown in Fig. 12. The exp( at ) de—cay IFig. 12(b)j
clearly fits the data better than the exponential [Fig.
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FIG. 10. Two-pulse echo decay times as a function of tem-
perature for x =0.000 34 (S), x =0.03 ( o ), x =0.20 ( ),
x=0.50 (~ ), and x=0.70 (A). Values of T2 for intrinsic (+)
and OH-related ( X ) tunneling centers in SiO2 glass at 0.72 GHz
are also shown for comparison (Ref. 22). The dashed line indi-
cates a T ' temperature dependence. The uncertainty in tem-
perature of the lowest-temperature points is indicated by the er-
ror bar at the bottom of the figure. Higher-temperature points
have much smaller uncertainties in temperature.
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FIG. 12. A two-pulse echo decay for KBrp, pC(N)p &p at 13
mK (a) plotted on a log-linear scale; (b) plotted as
loglp(amplitude) vs t' '. The time t denotes the time interval be-
tween the first pulse and the echo (t =2~).
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es, and has been adjusted in amplitude to match the mea-
sured T& of the x=0.50 sample at 10 mK. The value of
T& =20 ps at 30 mK and 800 MHz in KBro 97(CN)0 03 ob-
tained from rotary echoes is in the same range as our
data.

The coupling strength y between tunneling centers and
phonons can be calculated from measured T, values us-
ing Eq. (1). Initial decay rates correspond to states with
EO=E. Equation (1) can be solved approximately for y,
with the result

12(a)]. The other decay curves from the x=0.03, 0.20,
0.50, and 0.70 samples yielded similar results, although
for the fastest decays it was impossible to differentiate be-
tween the two decay forms. Thus the decay shapes ob-
served were consistent with a 1/r interaction.

The temperature dependence of dephasing times in
glasses has not been explained well by theory. For a
glass, one expects the dephasing rate to vary roughly
linearly with temperature [Eq. (7)]. The observed behav-
ior, however, ranges from T in Na P-alumina to T
for the intrinsic states in SiOz glass. ' A dephasing
rate varying linearly with temperature is indicated by the
dashed line in Fig. 10, and can be seen to be consistent
with the x=0.50 data. The two-pulse decay time for the
x=0.03 sample, however, has a much weaker tempera-
ture dependence.

1/2
UDPA

3(2~f) T,

where T& is the measured value at 10 mK [where
coth(E/2kT) = 1], and vD is the Debye velocity tabulated
in Ref. 12. We estimate that the error involved in using
this Debye velocity rather than the correct value ob-
tained by averaging 1/v over all crystalline directions is
less than a factor of 2. Values of y calculated by this
method, along with the numbers used in their calculation,
are tabulated in Table II.

The coupling strengths obtained from echo experi-
ments can be compared to values derived from time-
dependent specific-heat experiments combined with
thermal-conductivity measurements' (Table II). Good
agreement is seen between the two experiments for the
x=0.50 and 0.20—0.25 samples. The lack of agreement
for the x=0.70 sample probably indicates that the low
thermal conductivity in this sample is not solely to pho-
non scattering from tunneling centers. It is likely that
other scattering mechanisms are present such as scatter-
ing from the ferroelastic domain walls. A more complete
discussion of this point is provided in Ref. 12. In any
case, the echo experiment provides a more direct means
of measuring the coupling of tunneling centers to pho-

D. Inverse-recovery ( T& ) measurements

1. T, results for the x=0.03—0.70 samples

The three-pulse inversion-recovery experiment was
used to measure spin-lattice relaxation times (T, ). Fig-
ure 13 illustrates the recovery of echo amplitude after in-
version for the x=0.03 and 0.50 samples at 10 mK. In-
version of the echoes was only achieved for the
x =0.00034 and 0.03 samples; with the 0.20, 0.50, and
0.70 samples the echo amplitude could only be reduced to
zero. This resistance to echo inversion in the high-
concentration samples might be caused by the broad dis-
tribution in dipole moments that we have found to be
present in these samples.

Values of T, obtained from the initial decays for the
x=0.03, 0.20, 0.50, and 0.70 KBr, (CN)„samples are
shown in Fig. 14. The solid line indicates the
tanh(E/2kT) behavior expected for one-phonon process-
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t (p. s) FIG. 14. Spin-lattice relaxation times (T& ) as a function of
temperature for x=0.03 (o ), x=0.20 ( ), x=0.50 (~ ), and
x=0.70 (A ). The solid line represents the tanh(E/2kT) behav-
ior expected for one-phonon processes. Temperature uncertain-
ty for the lowest-temperature points is indicated by the error
bar at the bottom of the figure.

FIG. 13. Recovery of echo amplitude after inversion or satu-
ration for the x=0.03 and 0.50 KBr& (CN)„samples. The
time scale on the horizontal axis represents the time between
the initial inverting pulse and the echo.
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TABLE II. The second through fifth columns are values used in the calculation of y. The density p and the Debye velocity UD

were obtained from Ref. 12, and T, is from results of three-pulse inversion-recovery experiments near 10 mK. Calculated values of y
are given in the sixth column, and compared to values obtained from time-dependent specific-heat combined with thermal-
conductivity (Ref. 12) and sound-velocity measurements (Ref. 35). Note that the calculated y=0.20 sample is compared to thermal
and acoustic measurements on x =0.25 samples.

0.000 34
0.03
0.20
0.50
0.70

p
(10 kg/m )

2.82
2.78
2.56
2.18
1.95

VD

(10 m/s)

1.88
1.72
1.55
1.48
1.63

792
785
794
798
800

Tl
(ps)

180
56

137
31
28

y, this work
(eV)

0.15
0.23
0.11
0.18
0.23

y from C(t) and ~
(eV)

(x =0.25) 0. 12
0.18
0.48

y from AU /U

(eV)

(x =0.25) 0. 16
0.15

nons than the thermal measurements. Values of y for
x=0.25 and 0.50 KBr& (CN) also compare well with
those obtained from measurements of sound velocity and
acoustic attenuation at T& 1 K. The various values of
y are similar to the value of 0.15 eV for an isolated CN
molecule in KBr, which was deduced ' from infrared
spectroscopy.

2. Inversion-recovery results
for the x =0.00034 CN sample

more than two orders of magnitude longer than expected.
Extremely long relaxation times such as these were not
seen in the other KBr, „(CN)„samples. The data of
Fig. 15 at 10 and 20 mK are plotted in Fig. 16 at both (a)
short times and (b) long times as absolute differences be-
tween the echo amplitude at a given time and the com-
pletely recovered amplitude. The time scales on the two
plots differ by a factor of 1000, and it is clear that the de-
cays are not exponential on any time scale within the

The three-pulse echo decays from the x =0.000 34 CN
sample displayed anomalously long relaxation times. At
T~ 10 mK one expects T, =200 ps from the value

y =0.15 eV for the coupling strength between an isolated
CN in KBr and the (100) transverse phonons, '' how-
ever, the recovery times seen in the three-pulse
inversion-recovery experiment are orders of magnitude
longer than this estimated value. Figure 15 shows these
decays at four temperatures, plotted as a function of 1nt
in order to include all data on the same graph. The
dashed curve represents an exponential decay with

T, =200 ps, assuming that the echo is initially inverted
50%. At 10 mK, the system is still relaxing after 0.1 s—
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FIG. 15. Recovery of echo amplitude after inversion from
the three-pulse inversion-recovery experiment for the
x =0.000 34 sample at 10 mK (~ ), 20 mK ( X ), 38 mK (A), and
68 mK (o ). The dashed curve represents the decay expected if
all states have T, =200 ps and the echo is initially 50% invert-
ed. Solid lines through data sets are guides to the eye.

FIG. 16. Data of Fig. 15 for 10 () and 20 mK ( X ) plotted
as the difference between the echo amplitude and the amplitude
of a completely recovered echo. (a) Initial decay at short time.
(b) Long-time decay. Solid lines are guides to the eye.



43 LOW-TEMPERATURE PROPERTIES OF A DIPOLAR GLASS: 9215

range of measurement. Initially, the 10-mK curve decays
with a time constant of about 180 ps, consistent with the
expected behavior. At the longest times, however, the in-
stantaneous decay time is 200 ms.

The long decays of Figs. 15 and 16 might be explained
by the presence of a phonon bottleneck, which occurs
when the excited tunneling states heat the resonant lat-
tice modes far above equilibrium, and these phonons are
slow to equilibrate with their environment. In the pres-
ence of a phonon bottleneck, the decay time close to
thermal equilibrium is given by

500—

200—

l

x = 0.00054
Initial Recovery

+BN
NTc mph

tanh (E/2kT),BN (10)
IOO5

l

IO
I

20
T(l K)

l

50 IOO

where NTc and N~h are the densities of states for tunnel-
ing centers and phonons, respectively. The quantity ~ph,
which is the characteristic equilibration time for the pho-
nons with their environment, is estimated to be about 200
ms from a random-walk calculation involving interac-
tions with resonant tunneling centers and eventual equili-
bration at the surfaces of the crystal. One therefore ob-
tains rBN ——2 tanh (E/2kT), with 3= 20 min. The
recovery times for 80% recovered echoes in x =0.00034
KBr, „(CN)„(close to thermal equilibrium, amplitude
of 0.8 in Fig. 15) are plotted as a function of temperature
in Fig. 17. These times closely follow the curve r=(60
ms) tanh (E /2k T), which has the correct temperature
dependence for a bottleneck but a smaller prefactor,
perhaps because the phonons actually equilibrate within
the crystal before reaching the boundary.

Often when conditions favor a bottleneck, and a system
of spins is inverted, the initial decay is actually much
quicker than T&, a phenomenon termed a "phonon
avalanche. " As the inverted population begins to decay,
the phonon modes heat up, accelerating the spin decay
towards saturation. The initial decay times, shown in
Fig. 18, do not indicate a strong avalanche, but the fact

50—

FIG. 18. Initial decay times for the population recoveries of
Fig. 15.

that the 10-mK initial decay is faster than the initial de-
cay at 20 mK is suggestive of an avalanche.

In short, results from three-pulse inversion-recovery
experiments on the x =0.000 34 CN sample are not com-
pletely understood, however, the phonon-bottleneck pic-
ture seems to be a plausible explanation for most of the
data.

K. Stimulated-echo measurements

Evidence for the presence of spectral diffusion has been
seen in glasses ' by observing the decay of the stimulat-
ed echo as a function of total time between the first pulse
and echo (r&3+v&z) for several di8'erent values of r&~. If
spectral diffusion is present, the decay rate increases with
increasing ~&2, although a good quantitative comparison
between theory and experiment has not been obtained for
this effect in glasses. Figure 19 shows the decay of the
stimulated echo in KBrp gp(CN)p gp as a function of total
decay time ~,3+~&z for three different values of ~,2. The
variation of decay rate at short 7,2 clearly indicates the
presence of spectral diffusion.

Stimulated-echo experiments are often used to measure
the spin-lattice relaxation time T„since a decay time
measured with this technique will be a lower bound for
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FIG. 17. Echo-amplitude recovery time for the x =0.00034
sample when echo has recovered 80% of its fully recovered
value.

FIG. 19. The decay of the three-pulse stimulated echo in
KBrp &p(CN)p 5p at 10 mK as a function of t =~»+ ~» for ~» =2
ps (~ ), ~»=10 ps (X), and ~»=20 ps (o). Solid lines are
guides to the eye.
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the actual spin-lattice relaxation time. The decay times
for the initial part of the stimulated-echo decays for three
of the KBr& (CN) samples are plotted in Fig. 20. The
x=0.50 decay times are nearly identical to the T, values
measured with the three-pulse inversion-recovery experi-
ment (Fig. 14), and follow roughly the expected
tanh(E/2kT) dependence. Decay times for the x=0.03
and 0.20 samples fall significantly below T, values mea-
sured with the three-pulse inversion-recovery experiment,
but this fact may simply reAect the inaccuracy involved
in using stimulated echoes to measure T, .

Stimulated-echo results from the x =0.00034 sample
showed anomalously long relaxation times such as those
seen in the inversion-recovery experiment. At short
times, the stimulated echo at 10 mK decayed with a time
of 250 ps, and at long times (10 ms) the decay time was
about 36 ms. These values are consistent with the values
of 180 ps and 57 ms from the three-pulse inversion-
recovery experiment at 10 mK. A second important
point is that, as the time 7 &2 between the first two pulses
was increased, the decay rate increased dramatically,
showing the existence of spectral diffusion at this concen-
tration.

V. DISCUSSION

We have described measurements of four fundamental
properties of the tunneling centers in KBr& „(CN): di-
pole moment p, phonon coupling y, density of strongly
coupled states P, and dephasing time T2. We now dis-
cuss trends in these properties as a function of cyanide
concentration.

First, one notes that the coupling strengths of CN tun-
neling centers to electric and strain fields do not vary
significantly with cyanide concentration. The dipole mo-
ment varies by less than a factor of 1.5 throughout the
concentration range studied, and y varies by only a fac-
tor of 2, suggesting that the dominant excitations are

similar and independent of x. This result is consistent
with a model that attributes the glassy excitations in
high-concentration KBr

&
(CN ) to single cyanide mole-

cules. [One cannot rule out contributions from collec-
tive motions of groups of cyanide molecules that, as a
group, have nearly the same values of p and y as single
CN tunneling centers. Pairs of impurity dipoles with the
same electric-dipole moment as a single impurity ions
have been observed in alkali halides doped with OH,
and some anomalous dielectric data in KBr, , (CN)„
have been explained by similar excitations. j

The tunneling density of states, extracted from dielec-
tric constant, echo amplitudes, and short-time specific-
heat data (for states with E-0.1 K) are shown by the
upper curve in Fig. 21. Each set of data has been normal-
ized to its value at x=0.70. The dielectric data (solid cir-
cles in figure, data are from Table I), from measurements
between 0.1 and 1 K, represent those states which have
E=0.2 to 2 K. The echo amplitudes (squares) are from
the maximum value of the excitation curves in Fig. 7, and
represent those states with E =0.04 K (corresponding to
0.79 GHz). The specific-heat points (triangles) are taken
at 0.1 K and 1 ms, representing states with E-0.2 K
(data from Ref. 12). The smooth curve is a guide to the
eye. The agreement between the data sets is quite good.
The large value for the x =0.00034 dielectric point can
be explained by noting that in this sample the density of
states peaks near 1.25 K and decreases for smaller energy
splittings (Sec. IV A). Since the dielectric point is from
data between 0.1 and 1 K, it probably represents the den-
sity of states near this peak. The specific heat at 0.1 K
and the echo amplitude at 0.79 GHz represent lower-
energy states in the tail of this distribution, resulting in a
lower apparent P. For the higher-concentration samples,
the density of states is more nearly constant with energy,
so this discrepancy should not occur. Specific-heat mea-
surements' at lower cyanide concentration than shown
in Fig. 21 display a linear increase in density of states
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FIG. 20. Initial decay rates from stimulated-echo experi-
ments for x=0.03 (0 ), x=0.20 ( ), and x=0.50 (). The solid
line represents the tanh(E/2kT) dependence expected for one-
phonon processes, and is adjusted in amplitude to fit the x=0.50
data.

FICx. 21. Upper curve represents the density of states of tun-
neling centers, P, from time-dependent specific heat (A, Ref.
12), dielectric constant (~ ), and echo amplitudes (0). The
lower curve (o ) is dephasing rates ( T2 '

) at 10 mK, from Fig.
10. All sets of data have been normalized to their value at
x=0.70. The curves are guides to the eye.
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with concentration. In the region of x =0.001—0.01,
however, a maximum occurs in P. The subsequent de-
crease is caused by strong interactions between CN mole-
cules, which tend to spread the distribution of energy
splittings over a much broader range, decreasing the den-
sity of states at E ~ 1 K.

Normalized dephasing rates at 10 mK are also plotted
in Fig. 21 (open circles). One might expect that Tz
should be proportional to P [Eq. (7)], since a larger densi-
ty of states means a larger number of thermally active
states to cause dephasing. Figure 21, however, shows
that such a proportionality is not observed in our experi-
ments. Instead, there is a systematic departure of the P
and T2 ' curves as the cyanide concentration is decreased
from x=0.70. At the lowest concentrations the dephas-
ing rate is nearly two orders of magnitude smaller than
expected from the large density of states of excitations.

An explanation for the relatively slow dephasing rates
seen in the low-concentration KBr& (CN) samples is
that, although there are a large number of quickly relax-
ing states in these samples (large P), there is a propor-
tionately reduced number of the slower states compared
to the higher-concentration samples. Since the slow
states in glasses and in high-concentration KBr& (CN)„
are expected to produce a large fraction of the dephas-
ing, a reduction in the fraction of these states would re-
sult in lower dephasing states. This scenario is illustrated
schematically in Figs. 22(a) and 22(b). Figure 22(a) shows
the distribution of relaxation rates of the tunneling mod-
el, which is approximately valid for KBro 5(CN)0 5o. The
density of states P of quickly relaxing states can be
thought of as roughly the area of the shaded region under
the density-of-states curve in the right half of Fig. 22(a).
We postulate that as x decreases, the density-of-states
curve as a function of relaxation rate becomes more like
the curve in Fig. 22(b). This distribution has a large
number of quickly relaxing states, but proportionally
fewer of the slower states. In this case, a measurement of
P would observe most of the states. Since there are only
a few slow states, however, the dephasing rate would be
proportionally smaller at low x, resulting in the diver-
gence of the T2 ' and P curves shown in Fig. 21.

Recent measurements' of time-dependent specific heat
in KBr& „(CN) seem to support this picture. Samples
with 0.008 x ~0.05 were measured near 0.1 K for times
ranging from 0.3 ms to 10 s. Within this time and tem-
perature window the distribution of relaxation times
shifts towards longer times with increasing cyanide con-
centration.

The slowly relaxing states seen in the specific-heat ex-
periments' have been interpreted as small clusters of CN
molecules coupled elastically. While this explanation is
possible, we believe that the slow states seen in both
specific-heat and echo experiments can be more simply
explained as asymmetric tunneling centers. We suggest
that the distributions of Fig. 22 should be interpreted as
an increase in the fraction of asymmetric tunneling
centers with increasing x. This variation of tunneling-
center symmetry can be explained as a result of changes
in the distribution of barriers to CN reorientation.
Dielectric loss measurements ' ' ' above 10 K reveal a
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FIG. 22. Postulated variation in the distribution of relaxa-
tion rate with cyanide concentration. (a) The relaxation-rate
distribution of the tunneling model, which is approximately
correct for Karo»(CN)0 50. (b) Possible distribution of rates for
the low-concentration sample.

barrier height which is about 650 K in KBro ~o(CN)o &0,

and decreases with decreasing concentration. At the
lowest concentrations, infrared spectroscopy reveals a
50-K barrier. Since the tunnel splitting Ao of a tunneling
center depends on barrier height approximately as
exp( V' ), a decreasing average barrier height corre-
sponds to an increasing average value of Ao. The distri-
bution in 6, on the other hand, should be Aat regardless
of x for those states of interest in experiments below 1 K,
since this distribution is expected to be centered at zero
with a width )&1 K. Combining a constant distribution
in 6 with a distribution in ho that shifts towards higher
values with decreasing x, one finds a trend towards the
more symmetric (larger Ao), quickly relaxing states at
lower x. We believe, therefore, that the dielectric loss ex-
periments at higher temperature are consistent with our
conclusions regarding the symmetry of tunneling centers
below 1 K.

The x=0.03, 0.20, and 0.50 dielectric data of Fig. 5
might appear to be inconsistent with this picture since
these data show an increasingly strong relaxational term
in he/e with decreasing x. We suggest, however, that a
large part of the positive de/dT above 1 K for these sam-
ples is not due to the tunneling relaxation of asymmetric
tunneling centers, but rather is thermally activated reori-
entation. From Fig. 4, it is apparent that the freezing of
thermally activated CN reorientations decreases in tem-
perature with decreasing x and begins to infringe on the
temperature regime shown in Fig. 5, so probably much of
the rapid increase in e above 1 K is due to such thermally
activated processes.

A difterent conclusion regarding the dependence of the
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symmetry distribution on x was reached in a study' of
acoustic properties of KBr& „(CN)„at low temperature.
Variations of sound velocity and acoustic absorption
were measured for x=0.25 and 0.50 KBr& (CN) sam-

ples in the temperature range 0.1—8 K. Fitting the data
to a modified tunneling model with adjustable distribu-
tions, it was concluded that the distribution of tunneling
centers in the x=0.25 sample was weighted towards the
slowly relaxing states in comparison to the distribution
observed in the x=0.50 sample —a direct contrast to our
conclusion. In response, we first note that the acoustic
study covered a fairly small concentration range in com-
parison to the present dielectric study. In addition, we
point out that the conclusion of the acoustic study result-
ed from the observation of a large amount of relaxation
in the x=0.25 sample above 1 K. This relaxation was at-
tributed to the tunneling of very asymmetric tunneling
centers. We believe, however, that a large part of the re-
laxation observed was not due to tunneling effects, but
rather was thermally activated relaxation. In our dielec-
tric constant measurements an excess relaxation term was
also observed above 1 K in the X=0.03 and 0.20 samples
(Fig. 5). However, this relaxation was attributed to the
tail of the thermally activated freezing seen in Fig. 4. In
brief, we believe that the conclusions of the acoustic

study result from a differing interpretation of the charac-
ter of relaxation above 1 K.

In conclusion, dielectric constant as well as dielectric-
echo experiments have probed the tunneling excitations
in KBr, (CN), over a broad cyanide concentration
range. It was found that the coupling strength of the tun-
neling centers to electric and elastic fields does not
change significantly with cyanide concentration, although
a distribution in p was seen for x 0.20. The distribution
in relaxation times, however, appears to vary greatly
among samples, as evidenced by a comparison of T2 '

and P versus x. We interpret this result in terms of the
tunneling model for glasses, where for low x the fraction
of asymmetric states is decreased greatly relative to its
value in KBro so(CN)o so or in other glassy solids.
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