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Brillouin scattering was used to study the dynamic properties of the mixed crystals
(KBr), „(KCN)„. By analyzing the frequencies and linewidths of the T2g-symmetry phonon, we

were able to determine the cyanide quadrupolar relaxation rate as a function of temperature in the
paraelastic regime. We found that this relaxation frequency is proportional to exp( —1/T), rather
than proportional to the square root of temperature (&T), as assumed in Michel's random-field

theory. Modifying this theory by incorporating the observed temperature dependence of the relaxa-
tion rate improves the agreement with experimental data but is still not adequate. The hierarchical-
ly constrained relaxation model of Palmer et al. , on the other hand, does provide a phenomenologi-
cal explanation for our data. In addition, we have determined the value of the random-field

strength in these mixed systems.

I. INTRODUCTION

In the mixed crystals (KBr), „(KCN)„, with cyanide
concentration smaller than a critical value of x -0.6, no
structural phase transition occurs. Upon cooling from
room temperature, the mixed crystals form an orienta-
tional glass state at a freezing temperature T& which de-
pends on cyanide concentration and probe frequency. '

Volkmann et al. have classified two distinguishable re-
laxation mechanisms in (KBr), „(KCN)„ in terms of
quadrupolar and dipolar processes. The freezing-in of di-
poles and quadrupoles occurs at different temperatures.

The onset of the quadrupolar glass state is signaled by
anomalies in the temperature dependence of the elastic
susceptibilities. The most direct evidence is that the
acoustic-phono n frequency, and corresponding elastic
constant C44, exhibit a minimum at Tf. A plot of the
probe frequency against the inverse of the quadrupolar
freezing temperature for (KBr), „(KCN)„showed an
Arrhenius behavior. However, for x =0.5, there are
only three data points taken from Brillouin scattering,
neutron scattering, and pendulum rgeasurements; thus,
the value of the activation energy ( —8000 K) for CN
quadrupolar reorientation is uncertain.

A microscopic theory developed by Michel et al. can
explain anomalies in the elastic constant, but fails to yield
maximum phonon attenuation at Tf, as revealed by Bril-
louin light scattering. Recently Michel' has revised his
theory by including the interaction between a random
strain field and the orientational degrees of freedom of
the cyanide ions in the microscopic Hamiltonian. He fur-
ther demonstrated that the formation of the quadrupolar
glass is due to the competing effect between the
translation-rotation coupling and the random strain-
rotation coupling. Very recent ultrasonic measure-
ments" on elastic constants of three glassy mixed sys-
tems, K(CN)„Br, , K(CN) Cl, „,and Rb(CN}„Br,
have quantitatively verified this random-field model and

show that Michel's theory successfully accounts for, at
least, the high-temperature static behavior of the elastic
constants. Ultrasonic measurements as functions of tem-
perature and frequency can also provide, in principle,
valuable information on sound attenuation and relaxation
processes. However, in (KBr}, „(KCN)„with
0.2&x &0.6, there is such heavy damping of the sound
wave around Tf that the resulting signal loss prevents
any attenuation measurements.

We have studied the dynamic properties of (KBr),
(KCN)„using Brillouin scattering. The strong damping
of the sound wave around Tf is revealed in the
temperature-dependent broadening of the phonon
linewidth. Combining both phonon-frequency and at-
tenuation data, we are able to determine the CN qua-
drupolar relaxation rate as a function of temperature.
The phonon attenuation has been analyzed using
Michel's random-field theory, and Palmer et al. 's theory
of hierarchically constrained relaxation. We will show
that the CN quadrupolar relaxation rate in mixed crys-
tals is proportional to exp( —1/T), rather than &T, as
assumed by Michel. ' With this modification to Michel's
model, the calculated phonon linewidths are in improved
agreement with the experimental data. However, it is im-

possible to account for the results with a single relaxation
time, and we will show that a hierarchical relaxation pro-
cess where the relaxation of a CN ion is constrained by
that of other ions provides a promising model at low tem-
peratures.

II. EXPERIMENTAL

The single crystals were grown at the Crystal Growth
Laboratory of the University of Utah. Samples were
cleaved along the j 100) planes and typically had dimen-
sions of 4)& 4 g 4 mm . The samples were put under vac-
uum as quickly as possible so that the surface of the crys-
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tal would not deteriorate by exposure to moisture in the
air.

The Brillouin-scattering technique employed has been
described in detail elsewhere. A stabilized single-
frequency argon-ion laser provided the exciting radiation
at 5145 A. The scattered light was analyzed with a
piezoelectrically scanned four-pass tandem Fabry-Perot
interferometer. The dynamic scanning and mirror align-
ment of this interferometer were controlled by a micro-
computer. The signal was detected by a cooled pho-
tomultiplier tube and the data stored in the computer via
an analog-to-digital converter. In order to measure the
spectra of the T2g phonons, which propagate along the
[110]direction and are polarized in the [001] direction, a
90' scattering geometry was employed. The (100) and
(010) surfaces of the sample were perpendicular to the in-

cident and the scattered light, respectively.
The sample was cooled using a continuous-flow He

cryostat which was mounted directly above a standard
liquid-helium storage vessel. The temperature of the
sample could be varied from 4.2 to 300 K by adjusting
the rate of helium-gas flow. Additional fine temperature
control was achieved using a resistance heater and a tem-
perature controller. Temperatures were measured using
both a thermocouple and silicon diode. The error in tem-
perature measurements is about 1 K.

The linewidths were determined by fitting the Brillouin
peak using the convolution of a Lorentzian-shaped pho-
non profile with an instrumental function. Considering
the variation of the instrumental finesse and fitting errors,
the phonon-linewidth measurements were accurate to
within 15 MHz.

The acoustic-phonon frequency (v} can be converted to
the velocity of sound (v }by the Brillouin-scattering equa-
tion, '
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FIG. 1. Brillouin shift (+ ) and full width at half maximum
(FWHM) (o) of the acoustic phonon with T2g symmetry for
x =0.35 are plotted against temperature. The dashed lines are
guides to the eye. The solid line is the phonon linewidth due to
pure lattice-anharmonic eHect.

Following Michel's theory, '" the CN orientational
modes are strongly coupled to the T2g phonon modes.
The bilinear translational-rotational coupling results in
the softening of the elastic constant. In the paraelastic
region, this effect on the elastic constant may be generally
expressed as' '

b C44
C44 ——C44- 1+iet

where C~ is the bare elastic constant, EC44 represents

where A.o is the incident laser wavelength, n is the index
of refraction, and 8 is the scattering angle. The elastic
constant (C44) is related to the velocity of sound (U) by'
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where p is the density of the sample. Thus v, v, and C44
are interchangeable via Eqs. (1}and (2).

III. RESULTS AND DISCUSSION
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A. Quadrupolar relaxation rate

The frequency (stars) and the full width at half max-
imum (F~HM) (open circles) of the transverse-acoustic
phonon with Tzg symmetry, for the x =0.35 sample, are
shown in Fig. 1 as functions of temperature. The data for
x =0.5, from Ref. 9, are also presented in Fig. 2 for com-
parison. The general features in these figures are the oc-
currence of a minimum in phonon frequency and a max-
imum in phonon width at around T&. Here we focus our
attention on the temperature range above TI and wi11

refer to this range as the paraelastic regime.
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FIG. 2. The temperature dependence of the Brillouin shift
(+) and width (0) of the T2g phonon for x=0.5, from Ref. 9.
The dashed lines are guides to the eye, and the solid line is iden-
tical to the one in Fig. 1.
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~C44
ReC44 =C44-

1+co &

and an imaginary part,

(4)

the temperature dependence of the coupling, m is the an-

gular phonon frequency (2mv), and r is the relaxation
time of the excitations which are coupled to the phonons.
In this case, the excitations are CN orientational
modes.

Equation (3) can be further separated into a real part,

13. 4

N

12. 9
C3
LLI

12.

g1
0

11.

0 x=0. 35
x=0. 5

r( T ) I o
——— Im C« = ~AC44

2m'p 1+~ r 2m'p
(5)

where q is the phonon wave vector, I is the phonon
width, and I 0 represents additional sound attenuation
not due to the quadrupolar-phonon interaction. Combin-
ing Eqs. (4) and (5), the relaxation rate can be expressed

S13,14

q'
I —I 0 2mp

(6)

When one considers anharmonic effects, the C44 in Eq.
(6) is replaced with a temperature-dependent bare elastic
constant of the CN -free reference system KBr, given
by6

0 0 SD
C«( T) =C« 1 +a44

r (T)
y'~'TK 1

mpv 1+co ~T
(8)

where E is the thermal conductivity, ~T is the thermal
phonon lifetime, v is the velocity of the sound, and y is
the Griineisen constant. Using the experimental values
of the specific heat and thermal conductivity of KBr, '

one finds mrr - 1 around 80 K. The calculation of Eq. (8)
yields the solid lines shown in Figs. 1 and 2; these have
typical shapes for anharmonic linewidths observed in
light-scattering measurements. ' '

Using Eqs. (2) and (6), and 2m v =Uq, we further obtain

2m[vo( T) —v ( T)]
I (T)—I (T)

where v( T) and I ( T) are the measured phonon frequency
and linewidth, respectively. vp is the bare phonon fre-
quency converted from the elastic constant in Eq. (7) via
Eqs. (1) and (2). I 0 is given by Eq. (8).

The quadrupolar relaxation rate was thus calculated,
using Eq. (9), as a function of temperature. The results
are shown in Fig. 3: stars and open circles are for the
x =0.5 and 0.35 samples, respectively. Solid and dashed
lines are best fits to the data with an Arrhenius relaxa-
tion: 1/r=(1/ro) exp( Eo/k&T). Two reg—imes may be
distinguished above Tf, and at the highest temperatures

where a«= —1.8X10-' K-', C« —5. 11&&10' N/m',
and 8D ——125 K, after Ref. 6.

The anharmonic effect on the phonon linewidth I 0

may be estimated by use of the relaxation expression'

11. 4
0 0

1. 841. 520. 56 0. 88 1. 20
100!T (1/K)

FIG. 3. The logarithm of the quadrupolar-relaxation fre-

quency, against I /T. Stars are for the x =0.5 sample and open
circles for the x =0.35 sample. Solid and dashed lines are best
fits to the data with an Arrhenius relation in two temperature
regimes.

B. Acoustic-phonon line~idth

On the basis of a microscopic model, the dynamic
properties of (KBr)

&
„(KCN)„were investigated by

Michel. ' The phonon width (I ) which is associated
with the attenuation of the sound wave is given by'

r =~a„f(~)
with

(10)

f(co)=
~2+ g2

both concentrations have the same temperature depen-
dence. A straight line through the points yields an ac-
tivation energy of 318 K and a preexponential of
2.2)& 10' Hz. Below about 100 K for x =0.5 and 90 K
for x =0.35, another straight-line region appears which
leads to two different activated processes with activation
energies of 981 K for x =0.5 and 608 K for x=0.35.
The preexponentials, however, are 5)&10' and 2)&10'
Hz, respectively, indicating that we are no longer dealing
with a single-particle process. Below Tf the single Debye
relaxation approximation has clearly broken down.
When the temperature is lower than Tf for (KBr)&
(KCN)„, the random strain field will become dominant
and suppress translation-rotation bilinear coupling. '

Thus Eq. (3) is no longer valid at T & Tf.
Our values are considerably smaller than the previous-

ly reported ones, namely, Eo-8000 K and 1/ro-10
Hz for the x =0.5 sample. Those values were obtained
by comparing three data points from neutron scattering,
Brillouin scattering, and torsion pendulum measure-
ments. We argue that this comparison may not be valid.
The reason is due to a dramatic change in probe- frequen-
cy: the propogation of sound is an adiabatic process for
the frequencies greater than the Megahertz range, while
the pendulum resonance probes an isothermal relaxation
process, due to its very low frequency (100 Hz). It is not
valid to directly compare the adiabatic and isothermal re-
laxation times. '
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and
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where M» is the bare phonon frequency, A, is the cyanide
quadrupolar relaxation rate, co is the probe frequency,
and 6» describes an effective interaction among CN
quadrupoles. D&& is the renormalized phonon frequency
and can be further expressed as
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The strength of the random field (h) was within a range
300 K &h &400 K, as calculated from the microscopic
potential by Michel. We found that h =400 K, the upper
limit of the theoretical value, better describes the data.
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FIG. 4. The phonon linewidths are plotted against tempera-
ture for x =0.35. Stars are experimental data which were
corrected for an anharmonic damping contribution. The
dashed line is the calculated curve from Michel's theory. The
solid line is the present calculation.

where I denotes the single-particle orientational suscep-
tibility. Y and g are single correlation functions, x is
the cyanide concentration, and 5 is the effective
translation-rotation coupling. J and C describe the
orientational self-energy correction, and h is the strength
of the random strain field induced by the difference in
ionic radii between CN and Br ions.

The experimental phonon widths, from which were
subtracted the anharmonic part I 0, are shown in Figs. 4
and 5 for x =0.35 and 0.5, respectively. The theoretical
curves calculated using Eqs. (10)—(14) are shown for com-
parison in Figs. 4 and 5 as dashed lines. The parameters
used are directly taken from Refs. 10 and 19: 5=2357 K,
(~-0.06, Y~-0.08, C =928 K, and J=828 K. The
quadrupolar relaxation rate is given by Michel

FIG. 5. The phonon linewidths are plotted against tempera-
ture for the x =0.5 sample. The symbols are the same ones
used in Fig. 4.

As evidenced in Figs. 4 and 5, the theoretical curves
exhibit a similar maximum to those of the experimental
data. However, there are large differences in their overall
features. In particular, the theoretical linewidths are
much higher than the experimental ones at T above Tf.

Motivated by the analysis presented in the last section,
we changed the theoretical relaxation rate A, in Eq. (15)
into the Arrhenius expression

A =Ap exp( Ep Iks T )— (16)

Substituting Eq. (16) into Eq. (11) and keeping other
theoretical values as they are, we recalculated the phonon
linewidth with Ap and Ep as fitting parameters. The re-
sults are shown in Figs. 4 and 5 for x =0.35 and 0.5 as
solid lines. Ep and A,p turn out to be 960 K and 3.4X 10'
Hz, respectively, for x =0.5 and 610 K and 2. 3)&10' Hz
for x=0.35. It is clear from these figures that the
modified theoretical curves fit the experimental data
much better. It is interesting that the activation energies
correspond closely to those obtained from the second re-
gion referred to above.

There are still some discrepancies, however, between
the modified theoretical lines and the data, especially in
the low-temperature region. These may be due to several
reasons. Firstly, Michel's theory is based on classical sta-
tistical mechanics and is not applicable at low tempera-
tures where a quantum-mechanical treatment is re-
quired, ' although this would not be expected to become
a problem until temperatures are reached which are
much lower than those involved here. Secondly, the sin-
gle relaxation approximation employed here may not
work at T close to Tf. There is evidence for a breakdown
of a single-particle relaxation process in the very high
preexponentials obtained from Arrhenius plots in this re-
gion.

A broad distribution of relaxation times and barrier
heights could be used. This kind of broad relaxation
spectrum has, in fact, been observed in the dielectric
properties of (KBr)& „(KCN)„(Ref. 20) and in other
glassy crystals. '
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C. Hierarchically constrained model

Data of this sort can always be modeled by a distribu-
tion of relaxation times, but as Palmer et al. ' pointed
out, these distributions are appropriate for parallel pro-
cesses, whereas in glasses and many other systems it is ex-
pected that relaxation is a serial process with relaxation
of one level being constrained by relaxation of other lev-
els. Palmer et al. discussed various possible models, and
developed expressions for a process of relaxation of a
multilevel system of N Ising spins (or pseudospins) such
that the number of spins in level n is N„, and

N„+, N„——/A. where A, is a constraint greater than 1.
Each spin in level n +1 is only free to change its state

if p„spins in level n attain one particular state of their 2"
possible ones. The relaxation times in the theory of Pal-
mer et al. are related by

&n
~n +1—2

leading to

usefulness increases as n increases. Palmer et al. , arguing
that n is large, obtain an expression for q(t) by replacing
the sum over n in Eq. (22) by an integral. Zwanzig has
questioned the accuracy of this approximation; however,
Palmer et al. , in their reply, argue that the integral has
greater physical significance, and that the sum is only a
device to introduce the model.

Following this philosophy, we assume that the levels
are closely spaced and numerous. Although it is not
difficult to evaluate the sum of Eq. (22), we also prefer it
to be an integral. Palmer et al. propose that p should in-
crease with temperature. In order to evaluate Eq. (24) for
any value of p we must replace that sum by an integral as
well:

n —1

s= g 1/(k+1}e=I dk/k~=(n' "—1)/(1 —p)
k=0 1

(26}

ifp=1+e, where e is &~1, and

o2

The relaxation function

(18}

(19)

s = [ 1 —[1—(1—1/n) ]'f /e,
s = ln(n)+e(1 —1/n) l2 .

Assuming e to be small we neglect the second term,
and Eq. (22) becomes

1s

q(t)= g (N„/N)exp( t/~„) . —
n=p

(20)

Q(to)= f dn/(1 irowon —9," .
0

Therefore, Eq. (3) can be rewritten as

C44
——C44 —6C~Q(to) .

(28)

(29)

ro ——8.5&10 ' e ' (21)

Our results are in the frequency domain so we require the
transform of Eq. (20):

Q(to)= g N„lN(l ivor„) . —
n=p

(22)

In order to obtain a finite limit to ~, p„must decrease as
n increases Palmer e.t al. ' suggest that

and

p. =go/(n +1)'

lk~)
(2@02@1.. . 2P( —1)) (2~k=1 0

n +0

(23)

(24)

where (p —1)«1. In order to proceed further it is
necessary to evaluate

n —1

g (k+1) '.
k=0

(25)

Ifp =1, a more or less useful expression results, whose

We wish to report the results of using the theory of
Palmer et al. to account for our data. Specifically we
wish to account for the phonon widths using hierarchi-
cally constrained relaxation processes for which 7o is
given by a single relaxation time expression provided by
the high-temperature portion of the data in Fig. 3. This
is obtained from the solid hne shown, and is

The next step is to use this equation to deduce the pho-
non width, using the change in phonon frequency to elim-
inate the coupling constant b, C~. The value of ro is pro-
vided by the flt to the high-temperature portion of the
data where a single relaxation time provides a good ap-
proximation. Thus two adjustable constants remain, A,

and po. A microscopic model should provide a value for
We do not wish to discuss this question in detail, but

it is worth remarking that if the levels n are associated
with fluctuations in the concentration, A, should be on the
order of 1/x.

We are particularly interested in the temperature
dependence of po since this measures the degree to which
the spins are constrained. we expect po to increase from
zero at high temperatures to high values at temperatures
below the glass transition temperature where the interac-
tion between the spins becomes important. For A, less
than one it was impossible to fit the data. If it were
greater than 2.5, abrupt discontinuities in the value of pp
appeared at low temperatures. If a smooth monotonic in-
crease in pp was desired, the value of A, had to be 1.9 for
x =0.5 and 2.2 for x =0.35.

The results are displayed in Fig. 6. As expected, pp in-
creases from zero as the temperature is lowered. What is
interesting is that this increase begins abruptly at a tem-
perature higher than Tf at the temperature where the on-
set of CN interaction occurs, as discussed above.

Tf is dependent on the probe frequency, ' increasing
with frequency. For the frequencies of the phonons in-
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IV. SUMMARY AND CONCLUSION
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FIG. 6. The value of po necessary to obtain the correct pho-
non attenuation from a single relaxation process whose temper-
ature dependence is given by the solid line in Fig. 3, plotted
against temperature. The temperatures of the glass transition
are indicated by the two arrows.

volved in Brillouin scattering, Tf, deduced from the tem-
perature of the minimum in phonon frequency, is 83 K
for x =0.5 and 70 K for x =0.35.

A value for po close to zero indicates that the con-
straint imposed on a spin by its companions is negligible,
and that a single relaxation time governs the spin dynam-
ics. The departure from zero signals the onset of impor-
tant interactions. The fact that this occurs not at Tf for
our data but at a higher temperature T;„, indicated that
interaction between the CN ions begins above Tf. This
can be understood if T;„, corresponds to the temperature
at which the relaxation of a single spin is first affected by
that of its neighbors. Tf, on the other hand, is deter-
mined by the temperature at which the relaxation rate be-
comes comparable to the phonon frequency. Thus Tf
should be frequency dependent but T;„, should not. It
would be useful to test this result with ultrasonic data.
Unfortunately, while ultrasonic data are available for the
frequency shift, none are available for the attenuation at
these concentrations.

The Brillouin-scattering technique was used to study
the dynamic elastic properties of the mixed crystals
(KBr)i „(KCN)„ for x =0.35 and 0.5. Near the quadru-
polar glass freezing temperature, the phonon frequency
and attenuation of the sound waves corresponding to the
C~ elastic constant exhibit a minimu~ and a maximum,
respectively. Combining the phonon frequency with the
damping data, we extracted the cyanide quadrupolar re-
laxation rate as a function of temperature in the paraelas-
tic regime, and found that this rate follows an Arrhenius
relation.

We have calculated the phonon linewidth based on
Michel's microscopic theory. The results show a max-
imum at —Tf, similar to our experimental results. How-
ever, at Ty Tf, the theoretical widths are much larger
than the experimental values. We changed the relation of
the quadrupolar relaxation rate ( I/r) versus temperature
(T) from I/rcc&T, as assumed by Michel's theory, to
1/r~ exp( —1/T), as obtained by analysis of our Bril-
louin data. With this modification to Michel s theory,
the calculated widths are in better agreement with the
data. However, complete agreement was achieved using
the model of Palmer et al. of hierarchically constrained
relaxation. At the present stage this model is clearly phe-
nomenological. It would appear that a satisfactory mi-
croscopic description may be achieved by incorporating
the model of Palmer et al. into the Michel theory. How-
ever this is beyond the scope of the present work.

We also determined that the strength of the random
field in (KBr), „(KCN)„ is about 400 K, the upper limit
estimated from the microscopic potential in Ref. 10. We
thus provide new experimental evidence to support the
random-field model; the formation of the orientational
glass state depends on a delicate balance between the
translation-rotation coupling and the random-field CN
pseudospin coupling. When T g Tf, the latter becomes
dominant, the ferroelastic order transition is suppressed,
and the CN are frozen in by high hindering barriers.
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