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p-Relaxation and low-temperature specific heat

in (KBr), _,(KCN),

B. Mertz, R. Bohmer?, B. Eisele, and A. Loidl

Institut fiir Physik, Johannes-Gutenberg Universitit, Mainz, Federal Republic of Germany

The specific heat in (KBr); _ . (KCN]), has been measured
for concentrations 0.00<x=<0.93 and for temperatures
2 K= T<50 K. In addition, the dipolar relaxation phe-
nomena were studied using dielectric spectroscopy. The
relaxation behaviour was parametrized assuming a
Gaussian distribution of energy barriers and the mean
activation energies, the distribution widths, and the at-
tempt frequencies have been determined as a function
of the CN~ concentration. With these parameters the
linear and the excess specific heat contributions were
calculated and compared to the calorimetric results.

I. Introduction

Orientational glasses are crystalline materials which
transform from a high-T crystalline phase into a low-T
glass state [1]. Analogous to spin glasses, randomly sub-
stituted impurity atoms arc located on a topologically
ordered lattice. At high temperatures the orientational
degrees of freedom are dynamically disordered. Below
the glass transition the orientational disorder is frozen-in
due to frustrated interaction forces. As a prominent ex-
ample, (KBr), _ (KCN), exhibits an orientational glass
state in a wide concentration range (0.10<x<0.6) [1,
2]. Here the relaxation phenomena and the structural
properties resemble those of an amorphous state at low
temperatures [1]. For example the relaxational phenom-
ena associated with the dipolar and quadrupolar degrees
of freedom mimic properties as observed in canonical
glasses. Specifically, the freezing of the elastic quadrupole
moments corresponds to a structural (¢«—) relaxation,
whereas the dipolar slowing down can be viewed as a
secondary (8 —) process [3, 4]. In addition, the low-tem-
perature (T<1 K) thermodynamic [5], elastic [6] and
dielectric properties [7, 8] are characteristic of amor-
phous systems. Taking into account the model character

! Present address: Department of Chemistry, Arizona State Univer-
sity, Tempe, AZ 85287, USA

of the cyanide glasses, Sethna et al. [9-11] proposed a
microscopic theory which relates the low-temperature
thermodynamic behaviour to the high-temperature die-
lectric relaxation.

An outstanding feature of the solid solutions of alkali
halide and alkali cyanide compounds is the glassy low-
temperature specific heat C, [5]. In amorphous systems
C, can be described by [12]

Cp:CI(t) Ta+Cexc T3+CD T37 (1)

with o2& 1. The first term depends logarithmically on time
and is roughly linear in temperature. C, characterizes
the normal Debye specific heat of an insulating crystal.
Finally, C.,. gives rise to an excess contribution to the
specific heat, which follows a T dependence in a limited
temperature range (T2 K) [13]. These contributions
to the specific heat are universal features of the glassy
state [12]. The linear term has been interpreted in terms
of a tunneling model by Anderson, Halperin and Varma
[14] and by Phillips [15]. Assuming a constant density
of tunneling states, these authors were able to calculate
the experimentally observed temperature and time de-
pendences. For most of the glassy solids the nature of
the tunneling motion is still unknown. Attempts have
been made to identify the tunneling entity for certain
materials. As an example, Buchenau et al. [16] proposed
the coupled motion of neighbouring molecules to be re-
sponsible for the thermal anomalies in vitreous silica.
Less is known about the anomalous T3-term in the
specific heat. This term is not time dependent and there-
fore seems not to be related to the tunneling states [17,
18]. A variety of possible explanations for the occurrence
of C.,. has been suggested:
— extra localized modes which were assumed to be
characteristic of the glassy phase [19].
— low lying librational modes of coupled SiO, tetrahe-
dra [16] whose tunneling motion was suspected to lead
to the linear term at T<1 K.
— the crossover from sound wave propagation at low
frequencies to the vibration of fractals [20].
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— the mixing of large wave vector components into the
low frequency transverse modes yielding an additional
contribution to the vibrational density of states [21].

— soft surface phonons of partially polymerized clusters
which were assumed to be intrinsic to the glass state [22].
— a density of tunneling states that decreases exponen-
tially for large energy splittings [23]. However, this pre-
diction seems to be in conflict with the time indepen-
dence of the C., -contribution observed experimentally
{17, 18].

Very recently a new approach has been developed
by Schirmacher and Wagener [24]: they showed that
the anomalous behaviour of the specific heat in glasses
is a direct consequence of disorder. Following their ideas,
the excess contribution to the specific heat results from
a crossover of free sound wave propagation to a regime
where the sound waves are heavily damped.

Taking advantage of the topological order and of
the fact that at low temperatures the molecular reorien-
tations in the cyanide glasses are dominated by the dipo-
lar degrees of freedom, Sethna et al. [9] proposed a mi-
croscopic model. Here the linear term in the specific heat
can be calculated from the 180° tunneling flips of the
cyanide molecules. The tunneling takes place in the
Born-Mayer potentials of the surrounding K ¥ ions being
essentially defined by the quadrupolar interaction forces.
Or to be more specific, the tunneling motion probes the
local crystal field due to frozen-in shear strains. Thus,
the dipolar relaxation at high temperatures and the tun-
neling excitations for T<2 K are governed by the same
distribution of hindering barriers and dielectric measure-
ments can be utilized to determine the crystal field pa-
rameters.

Later on, it was supposed [ 10] that the excess specific
heat in (KBr), _ .(KCN), can be explained by librational
modes of the CN~ dumbbells within the hindering bar-
riers mentioned above. The plateau in the thermal con-
ductivity in the cyanide glasses, another common signa-
ture of glassy materials, was treated within the frame-
work of the same model. Consequently,
(KBr); - (KCN), was assumed to be a unique model
system [9-11] where it is possible to calculate the linear
and the excess term of the specific heat from parameters
as determined by dielectric spectroscopy of the p-relaxa-
tion.

The aim of this work was to verify experimentally
the predictions of Sethna et al. [9-11] concerning the
linear term and the excess contribution of the specific
heat. Subsequent to the pioneering work of Lity [2],
dielectric investigations in (KBr), _,(KCN), have been
performed by a number of experimentalists [25-27]. Us-
ing dielectric data for x=0.25, 0.5 and 0.7 Wu et al. [28]
and Ernst et al. [28] have calculated the linear term C, (£)
according to Sethna’s model and found good overall
agreement with the experimental specific heat results [5].
The linear term of the specific heat has been investigated
in detail for different concentrations x in
(KBr); - .(KCN), by De Yoreo et al. [5]. Very recently
Watson etal. have reported specific heat data for
(KBr); —.(KCN), mixed crystals with x=0.19, 0.41 and
0.60 [29].

Here we present the results of a series of dielectric
investigations performed in the complete concentration
range. In addition, calorimetric data have been collected
for concentrations x=10.00, 0.008, 0.05, 0.15, 0.23, 0.46,
0.53, 065, 073 and 093 and for temperatures
2K <T=50 K. From these data the Debye and the ex-
cess term of C, have been determined unambiguously.
Within the framework of the microscopic model we cal-
culate the linear and the excess contribution to the specif-
ic heat from the parameters as evaluated from the dielec-
tric dispersion. For this purpose the mean hindering bar-
riers, the distribution widths of the barriers and the at-
tempt frequencies are deduced from our dielectric mea-
surements. The results are compared to the experimen-
tally observed low-temperature specific heat.

II. Models for the low-temperature specific heat
A. The linear term

Within Sethna’s model the prefactor of the linear term
C, (t) from (1) is given by [9]

2

Ci(O="¢ k3 P(. @

In the standard tunneling model the assumption is made
that the distribution of tunneling states P(4, E) is inde-
pendent of the asymmetry energy 4, i.e.

P(4, E)=n, P(E) ©)

with ny=1/4 [9]. The number of tunncling states per
mole and unit energy that can tunnel within an experi-
mental time ¢ can be calculated from the dielectric data

[9] by:

P(t):i‘—iﬁ- }OD(E) [1-exp(—I'(E)f)]dE. 4)

Here D(E) represents a Gaussian distribution of energy
barriers and I'(E) denotes the tunneling rate through
a barrier of height E [9]. In (KBr); _ ,(KCN), the tunnel-
ing rate I'(E) of the CN ™ dipoles is given by [9]

[(E)=T; exp[ —4)/21E/h]. (5)

Here a sinusoidal potential has been assumed where the
minima correspond to orientations of the CN~ dumb-
bells which are separated by 180°. The moment of inertia
of the of CN molecule is given by I=2.651073° g cm?
[30] and I} is the attempt frequency.

Using Egs. (2)-(5) the linear term in (KBr); _(KCN),
can be calculated with only one free parameter, namely
A. For pure KCN the asymmetry was evaluated from
dielectric data to be A/ky=340 K [28]. As a first approx-
imation 4 was assumed to be independent of concentra-
tion [9, 28]. With these assumptions the low-tempera-
ture specific heat in the cyanide glasses can be computed
for all concentrations without adjustable parameters.



B. The excess term at intermediate temperatures

All glassy materials exhibit an excess contribution to
the specific heat in an intermediate temperature regime
which appears as a bump in a C/T? versus T plot [12].
This anomalous heat capacity of amorphous materials
coincides with the T independence of the thermal con-
ductivity and a number of theoretical work treat both
phenomena within the same models.

Randeria and Sethna [10] identified the excess con-
tribution to the specific heat in (KBr); _.(KCN), as orig-
inating from single particle librational excitations of the
CN~ ions. Following handwaving arguments, the libra-
tional frequency w,;, in a parabolic potential is given
by

Oy (X) = |/ 2Eq(X)/Iegs. (6)

Here Ey(x) is the mean barrier height for a given CN ™
concentration, and I is an effective moment of inertial
of the CN ™ molecule. Equation (6) defines a mean libra-
tional frequency wy;(x). A distribution of hindering bar-
riers can be transformed into a distribution of librational
states. Its full width at half maximum (FWHM) oy, is
given by

Wy
0lip =0 Z—lEZ' (N

The mean barrier height and the FWHM of the Gaus-
sian distribution of barriers were determined from the
dielectric measurements of this work.

Later on, Grannan et al. [11] improved this model
and introduced a modified density of states via a cou-
pling of librational and translational modes.

III. Experimental results

Most of the (KBr), _.(KCN), single crystals used for
this work have been grown by S. Haussiihl of the Univer-
sitit zu Koln. Mixed crystals with concentrations
x=041 and 023 were purchased from the Crystal
Growth Laboratory of the University of Utah. Detailed
specific heat and dielectric studies have been performed
on crystals with actual CN~ concentrations x=0.00,
0.008, 0.05, 0.15, 0.23, 0.41, 0.46, 0.53, 0.65, 0.73 and 0.93.
The concentrations were determined gravimetrically

[31].

A. Dielectric investigations

For the dielectric measurements thin crystal plates, typi-
cally 1x1%0.1 cm? in size, were cleaved along the {100}
planes from optically clear parts of the mothercrystals.
The slabs were inserted in stress free configuration be-
tween the electrodes of a guard ring capacitor, covering
an active area of approximately 4.1 cm® To prevent
chemical reactions of the cyanide samples with the cop-
per electrodes, the crystals were sandwiched with 50 pm
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thick Mylar foil. The capacitance and conductance of
the assembly was monitored with a HP4274 A mulitifre-
quency LCR-meter in a four wire configuration. An exci-
tation voltage of 5V, was employed througout the fre-
quency range from 100 Hz to 100 kHz. Using these fields
the response is still linear [25, 26]. The complex dielectric
constant ¢=¢ —-ig” was computed from the measured
impedance with an error amounting up to 10% of the
absolute e-value. This large uncertainty arises from a
rather unprecise determination of the sample geometry,
but it does not affect the shape of the dielectric spectra
which contains all the information to be presented below.
Depending on the measuring frequency the relative error
was at least one order of magnitude smaller as compared
to the absolute one. Temperatures between 3 K and
300 K were measured with a calibrated diode sensor with
an accuracy better then +£0.5 K for T<100 K and +1 K
above. Due to the relatively large mass of the capacitor
a temperature stability of always better than 0.1 K was
easily maintained during a complete frequency sweep.

As commonly found in mixed cyanides, the dielectric
spectra were symmetrically shaped, when plotted on a
logarithmic frequency scale. The rather broad dielectric
losses &¢"(lg w) [32] and the smeared out steps of the
dielectric constant &'(lg w) [32] were fitted with a distri-
bution of relaxation times in combination with an Arr-
henius law

T=10 exp(E/kg T). ®)

Here 7 is the relaxation time, E the energy barrier that
has to be crossed by the thermally activated dipoles,
and Iy =1/(2n1,) is being called the attempt frequency.
To describe broad dielectric loss curves, 7, or E (or both)
can be distributed. The Cole-Cole approach [33] which
merely distributes the prefactor t,, fits the ¢ data as
well as does a model that assumes a Gaussian probabili-
ty density for the hindering barriers E. For a comparison
of the dielectric data with the results of the specific heat
experiments the parametrization in terms of a distribu-
tion of energy barriers seems to be more appropriate.
It leads to an expression that must be evaluated numeri-
cally [27].

(&s—¢x) [ exp{—(E—E,)*/(20"%)}
1+iwt(E)

£=¢,+

dE. )

/27 o

The dielectric constant in the high-frequency limit ¢
and the dispersion step (g,—eé,,) are of less interest here.
Thus, our main interest is focused on the dipole concen-
tration dependence of the attempt frequency Ij, the
center of the Gaussian E,, and its full width at half

maximum (FWHM) ¢=¢"2]/2In 2. Good fits were ob-
tained allowing of a weak temperature dependence of
g as discussed below. The attempt frequencies which re-
sult from these fits are shown in Fig. 1. Starting from
diluted samples, Iy increases strongly with increasing di-
pole concentration x and remains almost constant for
x>0.4, in accordance with published values [28]. For
higher concentrations the estimated values of I;, are two
decades higher than the librational frequencies, which
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Fig. 1. Attempt frequencies in (KBr); _ . (KCN), as determined from
dielectric measurements: this work (@), Ref. 35 (@) and Ref. 28 (0).
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Fig. 2. Mean hindering barriers E,(x) for dipolar reorientations:
this work (@); Ref. 35: (0). The vertical lines are schematic represen-
tations of the phase boundaries between glassy cubic (g), glassy
rhombohedral (r), monoclinic (m) and orthorhombic (o) phases

can be viewed as the ‘true’ attempt frequencies in these
crystals [34]. Under the assumption that the energy bar-
riers decrease linearily with temperature, I, was shown
to approach reasonable values [28].

At first glance, the mean activation energies E,(x),
depicted in Fig. 2 exhibit a linear increase with x. At
very low concentrations E reflects the crystal field acting
on the CN~ molecule in the octahedral environment
of the cubic KBr host-lattice. In pure KCN the barriers
against reorientation are essentially determined by the
Born-Mayer potential of the clastically ordered phase.
A closer inspection shows that the energy barriers in
crystals with orthorhombic or monoclinic low-T phases
differ significantly from samples which exhibit a rhombo-
hedral or a pseudo-cubic glassy low-temperature state.
For low concentrations E, scales almost linearly with
x. This indicates that the dipoles experience a potential
determined by the quadrupolar interaction forces [34]
where the dipolar relaxation probes the local environ-

(KBr),x, (KCN),

600t

400

2004

distribution width (FWHM} ¢ (K)

concentration x

Fig. 3. Width (FWHM) of the Gaussian distributions of energy
barriers for different CN™~ concentrations. The vertical extension
of the bars indicates the variation of ¢ with temperature: this work
(m); Ref. 28: (0). The value for pure KCN was taken from Ref. 35.
The hatched area emphasizes the concentration and temperature
dependence of o. Vertical lines indicate phase boundaries as in
Fig. 2

ment which locally exhibits strong deviations from cubic
symmetry due to the quadrupolar freezing transition.
Another remarkable feature is that near the critical con-
centration x, in the cubic and in the rhombohedral
phases comparable mean activation energies were found.

Reasonable fits to the dielectric data were obtained
with a temperature independent width. They could be
improved considerably, if a variation for different tem-
peratures was permitted, in magnitude similar to the one
observed by other experimentalists [27, 28]. The concen-
tration dependence of the width parameter is shown in
Fig. 3. In this figure the observed temperature depen-
dence of the width parameter is indicated by the height
of the bars. Surprisingly, the width of the distribution
of barrier heights o (x) is largest for crystals in the mono-
clinic phases, while the widths of the corresponding di-
lectric loss curves do not exceed the ones for crystals
near the critical concentration. Due to the higher barriers
in the monoclinic samples the dielectric loss maxima for
a given frequency shift to higher temperatures. This is
quantitatively accounted for by the empirical relation
o~ WT, with W being the width of ¢’ (1g(f)) or the width
of a distribution of relaxation times [36]. As expected,
the distribution widths approach values near zero for
crystals where random potentials are essentially absent.
These random local fields are responsible for the large
o-values at intermediate concentrations.

B. Specific heat measurements

Cubes of approximately 1 cm?, cleaved from large crys-
tals, were used as samples. The molar specific heat of
the crystals was measured by the quasi-adiabatic Nernst
method using a standard calorimeter. Joule heat was
applied to the sample by means of a heater wire directly
attached to the sample surface with varnish (Ge7031).
The temperature was measured with a Germanium
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Fig. 4. Specific heat plotted as C,/T> versus T for concentrations
x=0.00, 0.05, 0.15, 0.23, 0.46, 0.53, 0.65, 0.73, and 0.93. The Debye
specific heat is represented by the dashed lines. Data taken from
literature are subjoined in some cases: for x =0.23 data meet those
taken from Ref. 7 (0, x=0.20) and from Ref. 5 (o, x=0.25), for
x=0.53 data are added taken from Ref. 5 (®, x=0.50) and Ref. 7
(0, x=0.50). The results for x=0.73 are depicted together with
those for x=0.70 taken from Ref. 5 (®). In the case of x=0.93
the open circles indicate results for x=1.00 after Ref. 39

2K<T=<40K) or a Platinum resistor
(10 K< T=<50K), respectively, using a four wire ar-
rangement with a resistance bridge employing the lock-in
technique. The obtained temperature versus time profiles
were analyzed by a fully computerized control and data
acquisition system. Errors of the C,-values are smaller
than 5%.

Figure 4 shows representative results of the specific
heat measurements for selected concentrations plotted
as C,/T? versus T [37]. This representation emphasizes
the excess specific heat appearing as a bump above the
normal Debye contribution Cj,. Below 1 K C,/T? rises
rapidly due to the linear term in C,. This is documented
here by data taken from literature [5, 7]. The dashed
lines in Fig. 4 show the calculated Debye specific heat,
caused by the pure phonon contributions of the center
of mass lattices. For pure KBr the extra specific heat
near 12 K is thought to be due to a high density of
transverse acoustic phonons near the zone boundary
[38]. For x=0.05 the strong increase towards 0 K indi-
cates a strong non-Debye specific heat at low T. Obvious-
ly, for this concentration excess and linear contributions
to the specific heat merge. This behaviour may result
from a discrete spectrum of tunneling and librational
excitations which is broadened through the strain me-
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diated interactions between neighbouring CN~ dumb-
bells. We try to give a more quantitative description
later. For x=0.93, C,(T) closely follows the Debye spe-
cific heat expected for crystalline solids (values for pure
KCN [39] are indicated).

The C,,. contribution at intermediate temperatures
looks similar for all concentrations 0.1 £ x <0.8. This re-
gime covers the cubic and rhombohedral glassy state
as well as the monoclinic phase. Obviously the behaviour
which resembles that of a glass shows up even in the
ordered phases. The bump in Fig. 4 exhibits only a weak
temperature dependence. At first glance, these experi-
mental observations are in conflict with the predictions
of Sethna’s theory [10, 11]. From the model calculations
we expect a shift of the bump of the specific heat towards
higher temperatures with increasing concentrations. This
is a consequence of (6) which shows that the librational
energies scale with the square-root of the hindering bar-
riers, which in turn increase almost linearly with increas-
ing concentration (Fig. 2).

IV. Analysis and discussion

To achieve a more quantitative comparison of our exper-
imental results with the theoretical predictions, we tried
to fit the observed excess specific heat at intermediate
temperatures using a distribution of Einstein modes
which is thought to be due to a distribution of librational
energies. However, before performing a detailed analysis,
it seems worthwhile to collect the experimental facts con-
cerning the rotational excitation spectrum of the CN~
dumbbell in the crystal field of the host lattice.

A. The rotational excitation spectrum

The rotational excitation spectrum of the mixed cyanides
includes tunneling and librational excitations. It has been
studied in full detail using inelastic neutron scattering
[40-42] and Raman techniques [43]. Focusing on
(KBr); _,(KCN),, we note that in the dilute limit a tun-
neling transition in T,, symmetry has been detected near
3 K by Rowe et al. [41] and by Loidl et al. [42]. A libra-
tional transition in E, was found near 15K [41, 42].
For concentrations x>0.01 tunneling transitions were
not observable due to the strong rotation-translation
coupling which acts as an indirect effective interaction
between the tunneling centers. It is well known that in
a local strain field the tunneling transition energies in-
crease and are smeared out with increasing strain ampli-
tudes [44]. Librational excitations on the other hand
can be detected for concentrations up to 20% [42]. The
excitation energies shift to higher energies (hwyu/ks
=50 K for x=0.20) and are heavily damped [42]. Very
similar conclusions can be drawn from Raman work
[43]. Here, the low-energy spectra and the side bands
of the stretching modes have been studied at 10 K. In
the glassy low-temperature state polarized spectra were
analyzed. In a (KBr), _ (KCN), mixed crystal with 2.5%
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Fig. 5. Librational energies wy;, (in units of Kelvin) calculated from
the hindering barriers of Fig. 2 (solid lines) and as taken from neu-
tron scattering (O, Ref. 42) and Raman experiments (4, Ref. 43),
The closed squares were deduced from the excess specific heat of
Fig 4: (m)

CNT ions the lowest Raman band in E, symmetry ap-
pears at approximately 20 K, the band in T,, symmetry
at 10 K [43]. With increasing concentration both excita-
tions shift to higher energies and finally at x=0.15, the
two frequencies coincide at an energy of about 35 K.
For 0.4 £x<0.95 Raman bands are independent of con-
centration and are located near 60 XK. The lowest bands
in this concentration range have been interpreted as li-
brational motion of isolated CN ™ defects. The intensities
of these excitations reach a maximum near x=0.90 and
then abruptly drop to zero. In pure KCN two librational
excitations were identified at 190 K and at 270 K [43,
45, 46].

The librational energies calculated from (6) using the
hindering barriers as determined from the dielectric ex-
periments (Fig. 2) and an effective moment of inertia
I =2.651073° g cm? [30] are shown in Fig. 5. The ex-
perimental results from Raman and necutron scattering
techniques are shown for comparison. Surprisingly, for
concentrations x <0.7 the agreement is excellent. Devia-
tions appear in the monoclinic phase and especially in
the orthorhombic phase, where (6) predicts a librational
energy of 105 K compared to 190 K as determined from
the Raman experiments.

B. The excess specific heat

In order to parametrize the specific heat data of Fig. 4
in terms of (1), the Debye specific heat was calculated
according to

_ T\? *»  x*exp(x)
o1t ) § gt e 10

with xp=#hwp/(ky T). The Debye temperatures @&, as
given in Table 1 were fitted to the high-temperature tail
(Tz15K) of the C,-data of Fig. 4. The excess specific
heat, which appears as a bump in C,/T? versus T, was

Table 1. Parameters as derived from fits to the specific heat: Debye
temperatures &, (3 : for pure KCN data taken from Ref. 39), scal-
ing factors § 71, mean librational frequencies of the CN~ ions cwy,
and the distribution widths of the librational modes ay;, (FWHM).
Parameters calculated from the results of the dielectric measure-
ments: librational frequencies w{°, distribution widths of the libra-
tional frequencies o3¢ (FWHM), and the density of tunneling states
P(x,t=1s) times the asymmetry parameter 4=k 340 K [9, 28]

Xen Op ST oy o 0 of° P(x,i=1s)-4
[K] [K]1 [K] [K] [K] [l/em*]
0 174 - - - - - -
0.008 170 - - - - - 44 10%°
0.05 165 - - - - - 1.3 10%°
0.15 158 3 21 108 426 22 9.9 101°
0.23 1575 6 22 8.7 522 21 4.110'°
046 152 28 34 94 721 20 1.1 108
0.53 150 85 27 75 738 21 1.1108
0.65 1575 17 24 7.1 73.8 22 2.8 1018
0.73 156 28 21 47 1058 23 1.1 10
0.93 185 - - - - - -
.00 195# — - - - - -
(KBI‘)O~27 (KCN)0A73
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Fig. 6. Representative result for the fit to the low-temperature spe-
cific heat of (KBr), ,7(KCN), ;5 as described in the text: (@) this
work; x=0.70 (0) from Ref. 5. While the Debye specific heat is
represented by the dashed-dotted line, the dotted line and the
dashed line depict the linear and the excess contributions, respec-
tively. The sum of the three terms is represented by the full line

described according to Sethna’s model [9, 10] by a distri-
bution of librational modes. Harmonic librations can
be described by an Einstein-type of specific heat, namely
2N kg ¢ (@E>2 exp(Og/T)

Cz=5 Exp(05/T)— 1)

O‘iib 27'5 4] T

— (05— 0Y?
-exp [(TE(%JL]d@E. (11)

The Einstein temperature % corresponds to a libration-
al energy wy,=ky @2/h. The scale factor S accounts for
the fraction of oscillating CN~ ions. S, wy,, and o}y
were treated as fitting parameters. A representative result
of the quality of these fits with parameters given in Ta-
ble 1 is shown in Fig. 6. Here the lincar, the excess, and
the Debye term are plotted separately. The specific heat
data for T<1 K were taken from Ref. 5. Model calcula-
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Fig. 7. Concentration dependence of the Debye temperatures @,
in (KBr), ., (KCN), as obtained by fits to the specific heat data
(®) (see aiso Table 1) and as determined from low-T elastic con-
stants (0) by De Yoreo et al. [5]. The value for x=1.00 was calcu-
lated using data from Ref. 39. The line is drawn to guide the eye

tions and experimental results are in reasonable agree-
ment. The Debye temperature (@,=156 K) is in the ex-
pected order of magnitude. However, the librational en-
ergy (w;,=21K) seems to be too small by a factor of
three. The scale factor (S =0.036) appears to be unrealist-
ically small.

The concentration dependence of the fitting parame-
ters wy;,, @p, and S~1, as derived from the fits to the
specific heat data for concentrations 0.15 <x<0.73, are
shown in the Figs. 5, 7, and 8, respectively and are listed
in Table 1. The concentration dependence of the Debye
temperature (Fig. 7) is in reasonable agreement with re-
sults as calculated from the low-temperature elastic con-
stants [5, 29]. (The values of @}, as calculated from the
elastic constants cited in Ref. 5 are also shown in Fig. 7.
See also Ref. 47.) However, we believe that the values
derived here are more realistic due to the fact that the
elastic behaviour exhibits an anomalous temperature
and a strong frequency dependence [ 3]. Hence, it is diffi-
cult to extrapolate the elastic behaviour to the quasi-stat-
ic time scale of a specific heat experiment. In addition,
the data on the elastic constants are incomplete: even
in the pseudo-cubic glassy low-T state, values of ¢;, and
¢y have hardly been measured. In the non-cubic phases
elastic constants are not available due to the multido-
main state.

The librational energies plotted in Fig. 5 can be com-
pared directly to calorimetric results of the lowest lying
librational modes in (KBr), _,(KCN),: the librational
energies as derived from the excess specific heat are al-
most independent of x. Of course this is only a parametri-
zation of the fact that the maxima of the excess contribu-
tions to the specific heat are nearly concentration inde-
pendent. It documents that, like in canonical glasses, the
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Fig. 8. Inverse scale factor S~ !(x) obtained from fits to the specific
heat. The line is drawn to guide the eye. Vertical lines indicate
phase boundaries as in Fig. 2

excess contribution does not depend on structural de-
tails.

The mean libration frequency w,; was calculated
with the dielectric results using the effective moment of
inertia per CN~ molecule [30] which was assumed to
be independent of concentration. This is plausible, since
the effective moment of inertia represents the strength
of the rotation-translation-coupling, which increases lin-
early with concentration. Thus, for a given host lattice,
the effective mass per CN~ molecule should be constant
for all concentrations. Figure 5 raises some doubts con-
cerning the suggestions of Randeria and Sethna [10]
that the excess specific heat is due to an isolated libra-
tional motion of the CN~ dumbbells. However, it re-
mains to be demonstrated to what extent a more realistic
model [11] including rotation-translation coupling
yields a better agreement with the experimental results.

The mean distribution widths of the librational
modes (o};,) which result from the analysis of the heat
capacity results are listed in Table 1 and are compared
to o2l as calculated from the dielectric measurements.
The latter are almost independent of concentrations
(6%3°~20 K), while the former decreases from 11 K (x
=0.15) to 5 K (x=0.73). The FWHM of the lowest libra-
tional mode as observed by inelastic neutron scattering
amounts &30 K (x=0.16) [42].

A clear indication against the assumption that the
excess contribution is due to a single ion librational mo-
tion comes from the concentration dependence of the
scale factor. The concentration dependence of the inverse
scale factor S™*(x) is shown in Fig. 8 (see also Table 1).
In the glassy state the scale is almost independent of
concentration. Only a fraction of approximately 30%
of the CN molecules contributes to the excess specific
heat, if librational motion is assumed. This result is in
agreement with neutron scattering results where it has
been demonstrated that at the glass transition the libra-
tional degrees of freedom are reduced significantly [42].
In the ordered phases S™! strongly increases. However,
small angle single ion oscillations should be possible in
the glassy state as well as in the elastically ordered
phases. We feel, that the results as presented in Figs. 5
and 8 are in direct conflict with the hypothesis that the
Cox. term results from librational modes. Once again,
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Fig.9. Rotational low-temperature specific heat AC,/x for
(KBr), _.(KCN), concentrations x=20.15%o (7, Ref. 48); x =8%o (m,
this work including data from [49]; O, after Ref. 50) and x=5%
(e, this work; o, from Ref. 5). The Debye specific heat due to the
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determined specific heat

it should be pointed out that a model is needed which
tries to give an explanation for the experimental fact
that all non-crystalline solids exhibit a very similar excess
contribution to the specific heat, independent of structur-
al details as well as of the vibrational spectra. In this
respect the new approach from Schirmacher and Wa-
gener [24] deserves attention: in their model, C.,. is
a direct consequence of disorder only and a bump ap-
pears in C,/T near T/@,=0.03 in rough agreement with
our results. We suggest, that the results of Fig. 8 give
a measure of the degree of disorder of the system (or
a measure of the fraction of disordered regions). Ob-
viously in the monoclinic phases the disorder is restricted
to the domain walls and thus only to a minor fraction
of the total sample volume.

C. The low-temperature specific heat in the dilute limit

In this chapter we comment on the low-temperature spe-
cific heat in (KBr), _(KCN), mixed crystals for concen-
trations ranging from the very dilute limit (x < 1%0) up
to the low concentration regime (x=~5%). Some of the
experimental results are depicted in Fig. 9. The specific
heat in the 0.15%. crystal was measured by Peressini
[48]. The data for the 0.8% sample are shown together
with data from Mertz and Loidl [49]. Here we added
new results from literature for low temperatures
(T<2 K) [50]. In Fig. 9 we plotted the rotational specific
heat AC, which was obtained by subtracting the phonon
contributions from the experimental results normalized
to the CN~ concentration x. For the crystals with con-
centrations x<0.05 the specific heat of pure KBr was
subtracted (Fig.9). For (KBr)g.992(KCN)ggos and
{KBr)g.o5(KCN), o5 the phonon background could also
be calculated with Debye temperatures of 170 K and
165 K, respectively (see Fig. 7).

For the sample with x=0.15%0 the specific heat ex-
hibits a well-defined Schottky-type anomaly which is due
to a tunnel-split groundstate. A neutron scattering study

by Rowe et al. [41] located a tunneling transition in
(KBr); _ .(KCN), with x=34%. at 3.2 K. The solid solu-
tion with a concentration of x=0.8% shows a broad
maximum in 4C, at 5 K. Obviously, already in a 0.8%
sample the effective CN™ — CN ™ interactions are strong
enough to suppress any well-defined tunneling or rota-
tional excitation. In a neutron scattering study by Loidl
et al. [42] the tunneling transition in this crystal was
located near 3 K. However, it has been shown that only
a small fraction of CN~ ions contributes to this excita-
tion. It was argued that the active tunneling centers are
situated in the cubic crystal field (zero random strain),
while the majority of molecules was thought to be ex-
posed to a distribution of random strain fields which
results from the site disorder and the anisotropic quadru-
pole-quadrupole interaction. It is unclear whether the
bump near 0.5 K (x=0.8%) is significant, since due to
the subtraction procedure the experimental error is rath-
er large. In this context it is interesting to mention that
one decade ago Fischer and Klein [44] calculated the
specific heat of strain defects in alkali halides. They pro-
posed a glass-like specific heat which arises purely from
strain mediated interactions between tunneling units.
Their calculations predict a small peak in the specific
heat near the energy of the tunnel splitting and a linear
increase for further increasing temperatures which
roughly agrees with the rotational specific heat of the
0.8% sample below 5 K. Finally, the 5% sample exhibits
an extraordinarily strong, almost linear increase of the
rotational specific heat for T< 15 K. From the dielectric
measurements (Figs. 2 and 3) we know that the mean
hindering barrier in this sample is approximately 70 K
with a distribution width of 190 K. Thus, a large fraction
of CN™ ions experiences very low quadrupolar fields
(an almost vanishing hindering barrier) and effectively
contributes to the low-temperature specific heat.

D. The linear term in the specific heat

Finally, we calculated the linear term of the specific heat
in the framework of Sethna’s model [9]. With the results
from the dielectric investigation, we now compute the
density of tunneling states P(t)- 4 using (4). The concen-
tration dependence of this product is shown in Fig. 10
(see also Table 1). Near x=0.1 a peak shows up, with
a continuous decrease for further increasing concentra-
tions x. At the rhombohedral to monoclinic phase
boundary a sharp drop becomes apparent and the den-
sity of tunneling states is reduced by a factor of 100.
The results shown in Fig. 10 reveal that a rhombohedral
glass exists in addition to the cubic glass phase. The
existence of non-cubic glassy phases in (KBr), _ .(KCN),
mixed crystals has been predicted by Lewis and Klein
[51] on the basis of molecular dynamics calculations.
The nomenclature cubic or rhombohedral glass refers
to the mean long range order of the center of mass lattice.
Short range order correlations due to frozen-in local
shear distortions are superimposed on this topological
order. It seems important that the rhombohedral phase
is characterized by partial quadrupolar order only. At
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the cubic to rhombohedral glass transition the quadru-
polar degrees of freedom are reduced from 4 to 3 [31,
37]. Hence, a quadrupolar freezing process still may oc-
cur yielding the low-temperature glass state.

A comparison with experimental results from the
low-temperature specific heat is possible only, if assump-
tions concerning the asymmetry parameter 4 are made.
Here we followed the suggestions of Refs. 9 and 28 and
took A4=kg 340 K to be constant for all concentrations.
This value represents the asymmetry of the reorienta-
tional potential in KCN [28]. Under these assumptions
the agreement between the calculated and the measured
[5] linear term of the specific heat is excellent (Fig. 10
and Table 1). For x=0.25, 0.5 and 0.75 this has been
demonstrated already previously [28].

It has been demonstrated by Nicholls et al. [52] that
in solid solutions of N, : Ar: CO dipolar interaction forces
are not essential for the appearance of a linear term
in the specific heat. We interpret this result as a hint
that the asymmetry caused by dipolar interaction forces
is of minor importance in this system. A generalization
of this conclusion would be in conflict with the impor-
tance which the asymmetry encrgy A4 plays in
(KBr)l —x(KCN)x -

V. Conclusions

The main conclusions that can be drawn from this di-
electric and thermodynamic investigation of the orienta-
tional glass (KBr), _,(KCN), can be summarized as fol-
lows:

— the hindering barriers of the reorientational potential
of the CN™ molecules increase roughly linearly with x.
However, to some degree E,(x) reflects the symmetry
of the low-temperature state (Fig. 2.
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— the distribution of barriers is a smooth function of
x, with maximum widths appearing at intermediate con-
centrations. Surprisingly, ¢, is broader in the ortho-
hombic and monoclinic phases than in the glass state
near the critical concentration

— for 0.1=x£0.73 (KBr), _(KCN), exhibits glassy
low-temperature anomalies, i.c. both, a linear [5] and
an excess contribution to the specific heat.

— for x<0.1 the specific heat is highly anomalous as
compared to the Debye specific heat of a crystalline solid,
but is totally different from that as observed in canonical
glasses.

— within the framework of the microscopic model, as
proposed by Sethna et al. [9, 10], both the linear and
the excess term were calculated from the crystal field
parameters determined by dielectric spectroscopy. The
agreement between the calculated and the experimentally
observed [5] linear term of the specific heat is excellent.
However, the excess contribution is not satisfactorily de-
scribed within this model. We feel that any model for
C.,. must be independent of structural details and inde-
pendent of the vibrational spectrum of the glass.

— the calculated density of tunneling states in
(KBr), _(KCN), demonstrates that the cubic as well as
the thombohedral phases exhibit glassy character.
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