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We show that the results of Liity and Ortiz-Lopez relating the cyanide reorientation rates
to the high-temperature phase diagrams of alkali-halide—alkali-cyanide mixed crystals can be
understood within simple mean-field theory.
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Lity and Ortiz-Lopez! studied the dielectric
response in several cyanide-doped alkali-halide
samples in which the cyanide replaces the halide at
random. De Yoreo et al? have shown that such
disordered crystals possess most of the characteris-
tic low-temperature features of glasses; the CN™
ions appear to form tunneling centers which dom-
inate the specific heat and thermal transpart below
10 K. However, the high-temperature behavior, in
particular the existence of a spin-glass transition, is
still controversial.>~’ Liity and Ortiz-Lopez! pre-
sented two intriguing experimental observations re-
lating the high-temperature phase diagrams to the
CN ™ reorientation rates.

In the pure alkali cyanides, there is a first-order
ferroelastic phase transition, at temperature Ty,
which ranges from 132 K for RbCN to 288 K for
NaCN. This transition is associated with a freezing
of the quadrupolar order in the cyanides where the
orientation axis remains fixed but the molecule can
still flip by 180°. Liity and Ortiz-Lopez showed that
the temperature dependence of this rate follows an
Arrhenius form in every system. They extrapolate
the Arrhenius expression to find the rate at 7.
Their first observation is that, within a factor of 2,
this rate is 2 x10' rad sec ™! independent of material.
Moreover, weakly disordered samples also appear to
have first-order transitions at lower temperatures.
These samples have the same relaxation rate at the
transition.

Three questions immediately arise. The ex-
istence of a critical relaxation rate suggests the pos-
sibility that the dynamics of quadrupole relaxation
influences the static properties of the transition. Is

this the case? (We suggest below that it is not.)
Why is the rate independent of material? Why is
the rate so slow and in particular why is it 2x 100
sec ~!1? (Debye frequencies are two orders of mag-
nitude higher; the measured Arrhenius prefactors
are four orders of magnitude higher.) Liity and
Ortiz-Lopez propose to answer the last two ques-
tions by associating this frequency with the weakly
hindered quantum rotor frequency (%/4ml) for the
CN~ molecule, which is very close to 2x10°
sec”!. We believe that this is a coincidence. The
phase transition temperatures are high compared to
0.15 K=#(2%10')/kg; even if the rotor were
weakly hindered, it would act classically at these
temperatures.

We believe that the rate is independent of materi-
al because the barrier height, Ej, is primarily due to
the same forces which drive the transition and
determine Ty. In order for a CN™ ion to reorient
180°, it must pass through an energy barrier which
in pure KCN is 160 meV.} E, is created partly from
quadroplar interaction forces and partly from the
crystalline anisotropy. The latter is small; for dilute
CN~ in KBr the barrier height (entirely due to
crystal-field splitting) is 0.5 meV. To flip over, the
CN ™~ ion must pass through orientations which are
not aligned with the neighboring ions. The energy
barrier to dipolar reorientations depends upon the
quadrupolar interaction energies. Thus (f we
neglect the small contribution of the crystalline an-
isotropy to the barrier height) both E, and the
phase transition temperature T are linearly propor-
tional to the magnitude of the interaction force and
thus proportional to each other. The rate at Ty
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would thus be insensitive to composition since only
the prefactor to the exponential will vary between
materials. These solids are very similar and most
characteristic phonon frequencies will vary only by
about a factor of 2.

We can make this more precise, and explain why
the rate is so slow, by studying the mean-field
theory of the transition.® The interaction energies
involving the site a are approximated by an effec-
tive field:

- [EbR,-jk,( 29— 0 nfn)|ngnf

= —RUkIQijn[?nla, (1)
where T % and 7 ¢ are the position and orientation
direction, respectively, of the molecule at site a.
Riji=3Ryiu(T), and in a crystal with cubic sym-
metry it has three independent components R,
Ry, and R,,,,. Qy is the average quadrupole mo-
ment (n;n;),—+8,; (the trace of Q couples only to
n* and adds a constant to the energy). The devia-
tion from complete iS0tropy Riypux — Rigy — Ry
determines the axis of ferroelastic order. It will not
be important to include this for our purposes and
would complicate our algebra; for simplicity we
choose Ry, =R =R and R,,,, =0, so that the
effective coupling to nfnfis RQ;;.

The mean-field solutions will be uniaxial; be-
cause we chose R to be isotropic, we can choose the
axis to be z:

Qij=3a8i38j3—a8ij. (2)

We can solve self-consistently for a.” The results
are shown in Fig. 1. The barrier E for the rotation
of a molecule from Z to —Z is 3aR. At low tem-
peratures E(T) ~ R — 3 kT, which gives an effec-
tive Arrhenius law for the relaxation rate:

T =we  E(D/KT = ((,¢3/2) ¢ = R/KT

—R/kT. 3)
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FIG. 1. Mean-field order parameter, «, as a function
of temperature. The linear dependence of « on T at low

temperatures leads to an effective Arrhenius law.
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Thus the experimentally measured prefactor wg will
be ¢*/? times the microscopic attempt frequency o.

There is a first-order transition at k7,=0.1468R.
The extrapolated relaxation rate at T, is thus
woe %31 =1.1x10"3w, within mean-field theory.
Fluctuation effects for the nearest-neighbor Ising
model in an fcc lattice lower!® T, by a factor of
0.82. If we assume that the same correction can be
used in this Heisenberg quadrupole model, the rate
at Ty is 2.4x10 %wy. The extrapolated rate is low
at Ty because the transition temperature is substan-
tially smaller than the low-T barrier height. More-
over the quadratic term in E(7) is unimportant in
the frequency range probed by experiments as
shown in Fig. 2; a plot of logI' vs R/kT shows ex-
cellent Arrhenius (or linear) behavior until quite
near Ty. If we choose I'( Tf) =2x10""sec~!in or-
der to fit the experiment we find that wy=8.4
x10" sec™! (wp=1.8%10" sec™! in mean-field
theory) for the experimentally observable prefactor
and w=19%10" sec™! for the microscopic at-
tempt frequency. Not only does this value for w
agree well with the experimental values! but the at-
tempt frequency itself is physically reasonable.

We can also gain a rough understanding of the
effects of disorder using this approach.!! In
(KBr);_,:(KCN), the Br atoms have nearly the
same volume as the CN~ molecules and act pri-
marily to dilute the quadrupoles. Thus the strength
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FIG. 2. Reorientation rate from mean-field theory.
The CN ~ dipolar reorientation rate is given [Eq. (3)] by
the barrier height E(T) =3R a(T), and thus is a direct
measure of the magnitude a(T) of the quadrupolar order
parameter (Fig. 1). Since the barrier height is tempera-
ture dependent, the rate is not strictly Arrhenius. How-
ever, since at low temperatures E(7) is linear in 7, there
is an effective Arrhenius law over the entire range of ex-
perimental interest (dashed line). wy in Eq. (3) was
chosen to make the extrapolated value of TI'(Tj)
=2x10'" sec™!. The frequency ranges where experi-
ments have been performed are indicated.
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of the mean-field coupling is reduced by a factor of
x. This will not change the rate at T, since both E,
and Ty are proportional to x in the diluted mean-
field theory. This gives a good description of the
KBr:KCN phase diagram (Fig. 2 of Ref. 1) as noted
by Michel, Naudts, and De Raedt.’ In the systems
with disorder in the alkali-metal sublattice [e.g.,
(KCN),_,(NaCN),], the environment of each
CN ™ is strongly perturbed. Presumably the cyanide
will feel a strong random field, aligning it with its
mixed alkali-metal neighbors. Although the ran-
dom-field problem is not described with our mean-
field theory, we are not surprised that the relation-
ship between the apparent transition temperature
and the barrier height persists.

Liuty and Ortiz-Lopez found that the samples
with disorder in the alkali-metal sublattice have
much larger values of w, than do those where the
disorder came from the dilution of the CN sublat-
tice. This indicates that there may be a particular-
ly strong temperature dependence to the barrier
height below the transition for these samples. If
E,(T) varies linearly with 7, it is impossible to dis-
tinguish that dependence in the activation energy
from an additional factor in the prefactor'? (see
above). Nevertheless the value of T' extrapolated to
the transition will be the same whether or not E,
varies linearly with T since E,(T = T;) will still be
proportional to the interaction strength and thus
proportional to T.

This brings us to the second observation of Ref.
1. They find for weak disorder an apparent line of
first-order phase transitions, which ends at a critical
concentration. The width of the dielectric peak
grows with disorder and reaches six orders of mag-
nitude at each of the three critical concentrations
where a first-order transition ends. There are
several relevant issues we would like to discuss.

We note that, unlike a liquid-gas transition, the
first-order line in this system cannot end inside the
phase diagram.!® Since the ferroelastic phase has a
broken symmetry, there must be a line separating it
from the melted phase which denotes the restora-
tion of the broken symmetry. There are three alter-
natives. First, there may be a transition line ex-
tending to zero temperature, separating the two
phases. This is not supported experimentally,
although it cannot be excluded. Second, disorder
may destroy the ferroelastic phase immediately.
This is not inconsistent with the experimental ob-
servation of a transition: For weak disorder, large
clusters may align within a narrow band of tempera-
tures and lead to a slightly broadened transition.
Third, the disordered state may be metastable. It is

now thought that the equilibrium state of random-
field Ising models in three dimensions has long-
range order.'* On the other hand, it is known that
in a large random field, the observed state found by
cooling has clusters, and no long-range order; the
domain state is reached first, and is metastable
under further cooling on laboratory time scales
even though long-range order is the equilibrium
ground state. The existence of domains may be im-
portant for the ferroelastic state as well. In our sys-
tem the random field is due to the locally distorted
alkali-metal lattice and exists on cooling even
without an externally applied field. The end of the
critical line may correspond to where the internal
relaxation times are too slow compared to the la-
boratory time scales for the system to find its true
ground state. This would be consistent with mea-
surements!? on the distribution of times in
(KBr) ¢ 5(KCN) (s which show a temperature depen-
dence of the width of the barrier distribution as well
as possible 7T dependence to the average value of
E;.

We wish to thank N. O. Birge, Y. H. Jeong,
D. Oxtoby, and M. Wortis for helpful discussions.
This work was supported in part by the National
Science Foundation under Grant No. DMR 82-
01182. Two of us (S. R. N. and T. V. R.) are grate-
ful for the hospitality provided by the Institute for
Theoretical Physics at Santa Barbara where this
work was initiated.

@Permanent address: Laboratory of Atomic and Solid
State Physics, Cornell University, Ithaca, N.Y. 14853.

IF. Liity and J. Ortiz-Lopez, Phys. Rev. Lett. 50, 1289
(1983).

2J. J. De Yoreo, M. Meissner, R. O. Pohl, J. M. Rowe,
J. J. Rush, and S. Susman, Phys. Rev. Lett. 51, 1050
(1983).

3B. Fischer and M. W. Klein, Phys. Rev. Lett. 37, 756
(1976), and 43, 289 (1979).

4J. M. Rowe, J. J. Rush, D. G. Hicks, and S. Susman,
Phys. Rev. Lett. 43, 1158 (1979).

SK. H. Michel and J. M. Rowe, Phys. Rev. B 22, 1417
(1980).

6S. Bhattacharya, S. R. Nagel, L. Fleishman, and
S. Susman, Phys. Rev. Lett. 48, 1267 (1982).

7A. Loidl, R. Feile, and K. Knorr, Phys. Rev. Lett. 48,
1263 (1982).

8F. Liity, in Proceedings of the International Conference
on Defects in Insulating Crystals, Riga, 1981, edited by
V. M. Turkevich and K. D. Schwartz (Springer, New
York, 1981), p. 69.

2491



VOLUME 53, NUMBER 26

PHYSICAL REVIEW LETTERS

24 DECEMBER 1984

9This mean-field theory is the same as that of the
nematic-to-isotropic liquid-crystal transition [P. G. de
Gennes, The Physics of Liquid Crystals (Oxford Univ.
Press, Oxford, 1974), p. 42; M. J. Stephen and J. P. Stra-
ley, Rev. Mod. Phys. 46, 617 (1974)]. Theories of this
form have been used to describe neutron scattering ex-
periments on (KCN),(KBr),_, [K. H. Michel and
J. Naudts, Phys. Rev. Lett. 39, 212 (1977); K. H. Michel,
J. Naudts, and B. De Raedt, Phys. Rev. B 18, 648
(1978), and references therein], and to describe the
divergence of the relative oscillator strength of the CN~
molecular exciton in (KCN),(KCL),_, [A. J. Holden,
V. Heine, J. C. Inkson, C. M. Varma, and M. A. Bosch,
J. Phys. C 12,1035 (1979)].

2492

10See N. W. Ashcroft and N. D. Mermin, Solid State
Physics (Holt, Rinehart, and Winston, New York, 1976),
p. 717.

1A theory of the glass transition, the low-frequency
response, and the universal low-temperature glassy
behavior of (KBr)os(KCN)gs is now reaching completion
(J. J. De Yoreo, K. Chow, R. O. Pohl, and J. P. Sethna,
to be published).

12N, O. Birge, Y. H. Jeong, S. R. Nagel, S. Bhattachar-
ya, and S. Susman, Phys. Rev. B 30, 2306 (1984).

13M. Wortis, private communication.

l4See G. Grinstein and J. F. Fernandez, Phys. Rev. B
29, 6389 (1984); J. Villian, Phys. Rev. Lett. 52, 1543
(1984).



