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We construct and study a class of models for crystalline systems which undergo structural changes
due to the cooperative freezing of orientable defects. The defects are assumed to possess uniaxial
symmetry and are located on randomly chosen sites of a deformable cubic lattice. The orientations
of the defects are restricted by lattice anisotropies. We consider three possibilities with discrete sets
of allowed orientations. The defect axis may be parallel to (a) the cubic axes, (b) the space diagonals
of the cube, or (c) the face diagonals of the cube. For quadrupolar defects the phase diagram and the
elastic properties of the emerging three-state (case a), four-state (case b), and six-state (case c) model
are studied, with the coupling between defects in mean-field approximation. In addition, we obtain
results for a model of dipolar defects with three orientations, which is related to the six-state model.
Depending on the degree of disorder, we find either states with long-range orientational order and
uniform lattice distortions or glassy states. The freezing of defect orientations into a homogeneously
ordered state is accompanied by enhanced fluctuations and a pronounced softening of the lattice in
symmetry directions, which are determined by the lattice-anisotropy fields. We conclude that the

1 DECEMBER 1991-1I

models correctly describe essential experimental findings for orientational glasses.

I. INTRODUCTION

The present study is motivated by the large variety
of experimental realizations of crystalline systems with
orientable defects and substitutional disorder.! In most
of these systems one observes a cooperative freezing into
an orientational glass state, which is reminiscent of the
spin-glass transition in disordered magnetic materials.?
Since the orientational degrees of freedom are coupled
to lattice distortions,3 the random freezing gives rise to
local static strains. Hence the low-temperature phase has
features of a structural glass. From a theoretical point of
view, such systems are of interest, because they combine
elements of spin glasses, for which the model building
is well understood, with properties of structural glasses,
which have not yet been modeled adequately.

In this paper we suggest a class of mesoscopic mod-
els for orientational glasses. The orientational degrees
of freedom are modeled as discrete state variables. The
number of states and the symmetry of their interaction
is determined by the local anisotropy and the crystal
structure.? For example, cubic symmetry is compatible
with an anisotropic six-state model, if the anisotropy
favors the six face diagonals for the orientation of the
defect. The interaction has a uniform and a random
component giving rise to long-range ordered phases and
glasslike phases, much like in spin-glass models of disor-
dered magnets.? We focus here on the phase diagram,
the symmetry of the low-temperature phase, and the
critical behavior of orientational and elastic degrees of
freedom. Phenomena, which are specific for very low
temperatures,>7 shall not be considered.

As compared to magnetic systems, the orientational
glasses show a much larger variety of phases. Further-
more the coupling of orientations to lattice distortions is
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essential to understanding the elastic properties of these
systems. Long-range orientational order always gives rise
to a uniform lattice distortion. In the above example this
can be rhombohedral, orthorhombic, or tetragonal. The
glassy phase is characterized by freezing of the orienta-
tions into random directions, giving rise to local static
lattice deformations. Just like the cubic symmetry is bro-
ken globally into rhombohedral, orthorhombic, or tetrag-
onal symmetry in the long-ranged ordered phase, it can
be broken locally in various ways in the glassy phase. In
the above example we predict two glassy phases, one with
local tetragonal order and one with local orthorhombic
order.

The paper is organized as follows. In Sec. II we discuss
the model building. We consider defects with uniaxial
symmetry (quadrupoles), which are modeled as three-,
four-, or six-state variables—depending on the local
anisotropy. In Sec. III we derive exact relations between
strain and orientation correlations. These exact relations
are a direct consequence of the bilinear coupling between
strain fields and orientations in our model. The phase di-
agrams for the three- and four-state models are derived
in Sec. IV. Subsequently we discuss the changes in the
crystal structure and the elastic properties of the low-
temperature phases (Sec. V). The quadrupolar six-state
model is analyzed in Sec. VI, while in Sec. VII we show
that the same model also applies to a dipolar system with
three easy axes. The main results are summarized and
related to experiment in Sec. VIII.

1I. MODEL BUILDING

In this section we introduce a class of models for sys-
tems of immobile, orientable defects randomly located in
a deformable crystal lattice. Prominent examples of such
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systems are disordered mixed alkali halide—alkali cyanide
crystals, potassium tantalate crystals doped with Li, Na,
or Nb, and argon-nitrogen mixed crystals.! For the mixed
alkali halides—alkali cyanides much work has been spent
on the model building starting from microscopic lattice
dynamics.38° Although the models discussed below are
based on some principles which arose from this work, we
do not aim at a description of specific substances at mi-
croscopic length scales. Our major interest is focused
on phase transitions with diverging (or at least large)
correlation lengths induced by ordering and freezing of
the defect orientations. Other possible mechanisms for
structural or martensitic transitions will not be consid-
ered here.

Our aim is to construct a semimicroscopic model for
mixed crystals. For that purpose it is instructive to first
consider the microscopic Hamiltonian of systems of the
type (AD)1-(AB)y, where D is a rigid orientable defect
or molecule. We assume that the pure AB crystal has
cubic symmetry and that D has uniaxial symmetry, so
that its orientational configurations can be characterized
by a unit vector d. All the above-mentioned systems
belong to this class. In the mixed alkali halides/cyanides,
e.g., A is an alkali metal atom (Na,K,Rb,Cs) and B ( =
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Br, Cl, I) a halogen atom, whereas D are the dumbbell-
shaped CN~ molecular ions, which randomly replace the
halogen atoms.

Microscopic model building starts from a system of
atoms and defects (molecules) occupying the lattice sites
of the stable high-temperature phase and interacting via
two-body potentials vap (o, 8 = A, B, or D). Quenched
disorder is represented by variables n;, which take on
the value 1 if a site r; is occupied by a D and n; = 0
otherwise. The actual positions r; are characterized by
displacements u; from ideal reference lattice points RY,
i.e.,, r; = R?+u;. There is some arbitrariness in choosing
the reference lattice. Let us start from the lattice of the
pure AB crystal. Then the total potential energy of the
mixed crystal can be written in the form

H =Uasp+ AUpa +AUpp + AUpp, (1)

where Uap corresponds to the potential energy of
the pure AB crystal and the other terms are sums
over two-body excess potentials Avp,(r;,rj,d;) =
vpalri,rj,di) —vBa(ri,rj) for « = A or Band Avp p =
vp,p—vg,B- A straightforward expansion of H in powers
of displacements u; reveals the following structure:

H=HZ+4Y noal Mij(di,nydj)wy + 3 na(l = nj) Ay (di)(us — )

ij tj

+% Z nin; (Bij(ds, dj) + Dyj(di, dj)(wi —uj)) + ZniFi(di) + anharmonic terms. (2)

i

The summation extends over the lattice sites RY. All
the terms appearing in (2) are easily interpreted. Hg‘zg, is
the harmonic approximation of Usap and the next term
on the right-hand side of (2) originates from the mod-
ifications of harmonic couplings in the mixed crystal.
The third term arises from the forces, by which a de-
fect causes displacements of surrounding A and B atoms
from their idealized reference lattice sites. F;(d;) is the
anisotropy potential that a defect experiences in a rigid
lattice. Finally, B;;j(d;,d;) denotes the direct interac-
tion between defects in a rigid lattice and D;; takes into
account the corrections of this interaction due to lattice
displacements.

In the following we do not aim at a microscopic cal-
culation. Hence the details of the derivation of Eq. (2)
are not presented. The microscopic Hamiltonian will be
used in the following only as a guideline for the coarse-
graining procedure. At present there is no attempt to
treat a model including all these terms simultaneously.
All the models considered up to now invoke some kind
of phenomenological coarse-graining procedure to extract
long-wavelength properties from (1) or (2). There are two
reasons why such a procedure is unavoidable.

(1) The quenched randomness leads to large fluctua-
tions of all the terms in (2) on microscopic length scales.
Therefore the standard textbook procedures!® to extract
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long-wavelength, elastic properties (e.g., by gradient ex-
pansions) cannot be used here. A complete theoretical
treatment of a harmonic Hamiltonian with random dy-
namical matrix and random couplings to orientational
degrees of freedom is not available.

(i1) The reorientation of a defect is a strongly anhar-
monic process on microscopic length scales.!! Thus the
anharmonic terms have to be taken into account. Their
effects are hard to estimate from first principles in a dis-
ordered medium.

In this work we consider regions of thermodynamic pa-
rameters where the correlation length € of thermal ori-
entational fluctuations is already much larger than the
lattice constant, i.e., £ > a. The coarse-graining pro-
cedure should lead to an effective Hamiltonian for the
long-wavelength fluctuations which drive the phase tran-
sition under consideration. In accordance with the the-
ory of critical phenomena, we study the simplest effective
Hamiltonian which can give rise to the observed symme-
try changes'? and is compatible with (2). The form of
H.g is restricted by the following three simplifying as-
sumptions.

(1) The ranges of all interatomic forces are short
as compared to the mesoscopic coarse-graining length
o (a K & K &), with the possible exception of direct
interactions between defects due to electrical multipoles.
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Thus Heg should consist of terms which are local in the
coarse-grained displacement field u(z) and their deriva-
tives.

(i) On mesoscopic length scales the system behaves
as an elastic medium so that H.g is at most quadratic
in u(z). Note that this does not imply the harmonic
approximation at shorter length scales.

(ii1) The local anisotropy of the high-temperature lat-
tice effectively restricts orientational fluctuations to a dis-
crete set of states in the vicinity of a phase transition.
The discrete states correspond to the absolute minima
of the anisotropy potential on the length scale £&. Note
that this potential is not the microscopic anisotropy as
represented by F;(d;) in (2). The positions of the abso-
lute minima may change when approaching the transition
and & becomes larger. Therefore the relevant discrete set
of orientations cannot always be extracted from high-
temperature data. As a calculation of the anisotropy re-
quires a theoretical analysis on microscopic length scales,
we can only assume a certain set of orientations and com-
pare our results with experiments to find out whether or
not the assumed anisotropy is realized in a specific sub-
stance. We should also note that the region of validity
of a model with a fixed set of orientations may become
limited if the anisotropy potential changes its form dra-
matically in the vicinity of the phase transition.

Given these three simplifying assumptions, the sim-
plest effective Hamiltonian takes on the form

Heg = Z{ %e,-j(x)ijk,ekl(z) + 0ij (d(:l)))é,](x)

T

+v(d(-'v))}

+4 37 Jepr(d(x), d(2)). (3)

Tz’

The £ summations extend over the points of a coarse-
grained lattice with cubic point-group symmetry. We
could have written (3) alternatively as integrals over the
slowly varying fields €;;(z),d(z) which have to be reg-
ularized by a cutoff. In (3) we have chosen a regular-
ization in real space which automatically respects the
cubic point-group symmetry. Furthermore a summation
convention with respect to Cartesian indices 7,j,... =
{1,2,3} is implied; €;; = (G;u; + 0;u;)/2 is the (coarse-
grained) local strain tensor and o;;(d(z)) denotes the lo-
cal stress arising from a defect in the orientational state
d(z). oij(d) is a coarse-grained version of the Kanzaki
force dipole tensor.!® The coupling term ~ o;j¢;; corre-
sponds to the terms A;;(d;) in the harmonic approxima-
tion (2). The C?jk, are the bare elastic constants on the
mesoscopic coarse-graining scale. v(d(z)) denotes the lo-
cal anisotropy. The coupling J;z/(d(z), d(z’)) between
defects will in general contain contributions from direct
electrical multipole interactions as well as indirect inter-
actions via lattice distortions on the short length scales
!l < &y which have been eliminated during the coarse
graining. The coupling term is nonlocal because these
interactions decrease with a power-law decay for large
separations and therefore cannot be considered short
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ranged.!* The quenched random positions of the defects
will lead to random couplings J;; on the coarse-grained
lattice.®4 The quadrupolar interactions between two de-
fects in a homogeneous elastic medium will tend to order
the defect orientations antiferromagnetically in a “tee”
configuration with one axis parallel and one axis per-
pendicular to the vector between the defect locations.
This will lead to frustration if the defects occupy sites
of a three-dimensional Bravais lattice. In a medium
with a finite concentration of randomly located defects
on a lattice a certain fraction of defect pairs will inter-
act ferromagnetically, favoring the parallel alignment of
orientations.® Thus the defect coupling has the essential
properties of spin-glass models, i.e., frustration and a ran-
dom mixture of ferro- and antiferromagnetic bonds.?

Before we proceed with the discussion of Eq. (3) let us
remark that many additional terms will arise as a result of
coarse graining. The second term on the right-hand side
of Eq. (2), e.g., will lead to couplings ¢ijrim€ijert frm(d)
and others. Furthermore, the functions ;;(d) and v(d)
will in general also acquire quenched random fluctuations
60;(d(z),z) and év;;(d(x),z), whereas in Eq. (3) the
only random term is the direct coupling between defects.
Some of the additional couplings have been used in other
theoretical approaches to the orientational glass state!$
and the phase diagrams of mixed crystals.!”!® In this
work we consider the effective Hamiltonian equation (3)
as a generic model for ordering and freezing phenom-
ena of orientable defects in crystals, in the sense that it
implies phase transitions to noncubic and glassy phases.
Additional terms, which do not modify these transitions
qualitatively will be considered as irrelevant, even if they
lead to large quantitative modifications of the transition
temperatures, critical defect concentrations, etc.

Let us continue the discussion of the model building
with the specification of the anisotropy potential v(d) in
Eq. (3). In the following we want to consider potentials
which possess absolute minima in the directions of an
equivalent set of cubic symmetry axes, i.e., in the direc-
tions of

(A) the three fourfold axes which are parallel to the
cubic axes or

(B) the four threefold axes parallel to the body diago-
nals of the cube or

(C) the six twofold axes parallel to the face diagonals
of the cube.

These cases are realized as microscopic anisotropy po-
tentials, if the interactions do not extend beyond nearest
or next-nearest neighbors, respectively. In Refs. 3 and
8 it was shown that, e.g., cyanide-halide attractive (re-
pulsive) nearest-neighbor interactions lead to type A (B)
microscopic anisotropies. Type C can be realized, if next-
nearest neighbors are also taken into account. There-
fore, we consider A, B, and C as the simplest prototype
anisotropies and assume that they are still present on the
mesoscopic scale, i.e., in v(d). More general cases can be
studied, if this should be required by experimental data.

If the defects do not have a dipole moment (like the
N2 molecule in argon and—as a first approximation—
the CN™ in the alkali halides—-alkali cyanides) d and —d
are equivalent and v(d) restricts the orientational fluc-
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tuations to three (A), four (B), or six (C) states corre-
sponding to the symmetry axes. Let us number these
orientations by p,v =1,...,p (p = 3, 4, or 6) and intro-
duce variables n#(z) which are equal to 1 if the defect at
z is in the orientational state g and which are equal to
zero otherwise. The effective Hamiltonian for the discrete
state fluctuations takes on the form

P
Hg =) {%e(:c)COe(:c) + Zn”(z)o"‘e(z)}

T

P
=32 D Tt (z)nt (). (4)

z,x! pv

Cubic symmetry restricts the form of all couplings in
H.g. There are only three independent elastic constants:
C?111,C% 50, and C?;,. The extra stresses (force-dipole
tensors) of uniaxial defects are denoted by o#. As the
defect axes coincide with cubic symmetry axes for models
A, B, and C, o# has to be invariant against residual
symmetry operations (e.g., rotations around the defect
axis which leave the cube invariant). Thus, symmetry
reduces the o# to the following form:

Model A, defect axis || d = (1,0,0)

oo + -?,;cr 0 0
ol = 0 oo — %a 0 . (5)
0 0 oy — %a

Model B, defect axis || d = (1,-1,-1)

oy —0 —0O
ol=|—-0 00 +0]. (6)
—0 +0 o0p

Model C, defect axis || d = (0,1,1)

oo + 20, 0 0
ol = 0 00— 0L or . (7
0 or og — 0L

All the other o# can be obtained from Egs. (5)-(7) by
applying those symmetry operations which do not leave
o! invariant. Note that we have parametrized the ex-
tra stresses in a form which explicitly splits them into
isotropic pressure and shear stresses, i.e., Uf‘j = oob;; +
7!.. Each defect will in general act as a center of dilata-
tion and therefore a finite defect concentration leads to
a change of the lattice constant. In our coarse-grained
model this effect is contained in the isotropic pressure
terms as can be seen by inserting o¢é;; for o# in Eq. (4)
and using }°, n#(z) = 1. The coupling term takes on the
form ¢ 3, ; €ii(2). It can be compensated for by an ap-
propriate shift €;; — €;; — (C{111 + 2C%155) " 00/2 which
corresponds to a readjustment of the lattice constant. To
avoid extra notations we will always denote strains with
respect to any reference lattice by the same symbol e.
Note that 3°,6/; =0 and }_, 6" = 0.

The ensemble of random couplings J5/, = J X also
has to respect the cubic symmetry. If we consider the

average JX, = [J!2,]; all couplings between pairs of ori-

vy
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entations (u’,v’) which can be generated from (u,v) by
cubic symmetry transformations have to be equal, i.e.,

Tuv - /’/I
JEy = JE . As a consequence

JE = g0 4+ g1 — m) (8)

zz’

for models A and B, where all (p,v) with u # v are con-
nected by symmetry operations. For model C this is not
the case. All pairs of face diagonals, which enclose an an-
gle of /2 [as, e.g., (1,1,0) and (1,—1,0)] are transformed
among themselves. The same holds for face diagonals
which enclose 7/3 [like (1,1,0) and (0,1,1)]. Therefore
JE, can take on three different values, one of which can
be absorbed in the definition of zero energy. We will
number the face diagonals such that |g — v| = 3 implies
an enclosed angle of 7/2 [i.e., for (1,4), (2,5), and (3,6)
pairs, see Fig. 1(c)]. Then

(a)

3
2
I 1
2
3

1 4
(b)
3 l 2
2 3
4 1
1
(c) s / )
4
6 T 3
3 —/‘ 6
2 4
S
1
FIG. 1. In models A and B the orientable molecules align

parallel to one of the three coordinate axes (A) or body diag-
onals (B) of the cube. In model C the local anisotropy causes
the orientators to align parallel to the face diagonals.
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J2D 0 o0 JD 0 o0
(0) 1
0 Jo 00 g ?1)
- o o J9 o o JU
J.’cl" - (1) rr (0) rr
J o o J% o o0

zz’ T

o J o o J% o

zx'!

o o JY o o JO
9)

For the above argument we implicitly assumed that the
interaction J%;, does only depend on the distance be-
tween z and z’ but not on the orientation of the vector
z -z

If the crystal medium including the defects remains
cubic on the length scales of the coarse-grained effective
Hamiltonian, the relations (8) and (9) will also hold for
the realizations J%/, of the random couplings. On the
shortest length scales the structure of the medium devi-
ates from that of a cubic crystal. There may be systems
for which the contributions from these length scales lead
to couplings with noncubic realizations. In this case cu-
bic symmetry is restored only after averaging over the
quenched fluctuations. For simplicity we will consider the
first case in the main text. In Appendix A we construct
and discuss some cubic ensembles which have noncubic
realization.

The last step of our model building concerns a tech-
nical point. In the high-temperature phase the thermal
averages (n*(z)) of the n#(z) are equal to 1/p (p = 3,
4, or 6 for models A, B, or C). For many purposes it is
convenient to work with Potts variables!®?

$(2) = nh(z) — (10)
p
so that (s#(z)) = 0 characterizes the orientationally dis-
ordered phase. In terms of these variables, the defect-
defect interaction in Eq. (4) becomes

P
: Z Z Jh st (z)sh (') + Z Z h(z)s*(z) + const,
E

z,x! pv
(11)

with h(z) = (1/p) > ., JE”, independent of p due to
the cubic symmetry of the couplings. As Z“ sH(z) =0
the random field term in Eq. (11) vanishes. A nonvan-
ishing random field term will, however, be generated in
the case of noncubic realizations. In this case the random
field is strongly correlated with the random exchange (see
Appendix A). The effect of random fields on the phase
transitions will be discussed elsewhere.?°

In terms of Potts spins our basic effective Hamiltonian
is given by

Hpg =) {%e(z)coe(z) + Zs”(z)&”e(:c)}

T

P
-1 ZJ;‘:,S“(:L')S”(:L").

z,x! pv

(12)
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Equation (12) together with Eqs. (5)-(9) constitute the
class of models which will be studied in the next sections.

In most theoretical approaches the defects are de-
scribed by continuous variables, arising from a multipole
expansion of the mass and charge distribution of the de-
fect. In lowest order the defect—for example, the CN™
dumbbell—can be approximated by a sphere differing in
radius from the replaced spherical atom.® If no dipole
moment is present, the next term in the multipole ex-
pansion is the quadrupole moment.3® Usually only one
of the two terms is taken into account. In our model the
defect i1s characterized by a discrete set of p states. In
the high-temperature phase all states are equally occu-
pied such that (n#(2)) = 1/p. This nonzero expectation
value gives rise to a macroscopic dilatation as explained
after Eq. (7) and to a random field as discussed after
Eq. (11). Hence the replacement n*(z) — 1/p corre-
sponds to the approximation of the defect as a spherical
dilatation centre. The deviations s#(z) = n*(z) — 1/p
specify preferred directions of the quadrupole in the limit
of strong anisotropy, as explained in Ref. 4.

III. EXACT RELATIONS BETWEEN STRAIN
AND DEFECT CORRELATION FUNCTION

Thermodynamic properties of the models introduced
in the previous section can be obtained from the partition
sum

7 = /d6€/Hd3u(x) {;g)} exp{—fBHex}, (13)

where B denotes the inverse temperature and we have
decomposed the strain fluctuations

€ij(2) = &; +&;(2) (14)
into a homogeneous part &; and an inhomogeneous part
&j(z) = (Oiuj+0;u;)/2 which is related to displacements
i(z) obeying natural boundary conditions at infinity [i.e.,
i(z) — 0 for |z| — oo]. The trace symbol stands for the
sum over all orientational configurations of the defects.
Quenched averages of thermal observables are obtained
from the averaged free energy

F=-3"1n2Z2]. (15)

Here and in the following [- - -] denotes the average over
quenched disorder and (---) denotes the average over
thermal degrees of freedom, i.e., elastic deformations and
orientational degrees of freedom. Note that the partition
sum over strain fluctuations can be performed exactly as
a sequence of Gaussian integrations. Due to this special
feature of the models, all the strain correlation functions
can be expressed by corresponding Potts spin (i.e., defect
orientation) correlation functions.®2?! In the subsequent
sections we will make use of three exact relations which
we now derive.
(1) From the identity



S

15}
/’DCB_ET]' {irg)] exp{—BHen} =0 (16)
(where [De = [d% []], d3u(z)) one gets
(17)

D Chul@)) + > m*el =0.
kil I3

Here m#* = N~135" [(s#(z))] is the average magnetiza-
tion in the Potts spin system. N = ) 1 is the system
size. Thus we see that the “ferromagnetic,” i.e., orien-
tationally ordered phase is always accompanied by a ho-
mogeneous lattice deformation.

(i1) For the inhomogeneous part of the strain we get
a similar relation if we replace 9/8€; by 6/6u;(z) in
Eq. (16):

Z Ok Clki(Emn(2)) = DD Oi(s#(2))oh; =0.  (18)

kmn k

The inhomogeneous displacements #(z) caused by the
extra stresses of the defects can be obtained in explicit
form if we introduce the lattice Green’s function G;;(z) as
the inverse of the differential operator 3, 08nCipnp =
G;,}(0).** Then we get from Eq. (18)

(@) = Y Gy -2) Y %ww»&tj-
J kEu

(19)

A freezing of Potts spins into random directions such that
[(s#(2))] = 0 leads to randomly frozen inhomogeneous
strains (€;;) in the medium which vanish after quenched
averaging [(€;;)] = 0. ,

(ii1) Finally consider the elastic properties of the sys-
tem. Due to the strain-defect coupling the bare elastic
constants in C? are renormalized to their observed values
C. The elastic compliance S = (C)~! is defined as the
matrix of second derivatives of the free energy with re-
spect to an externally applied homogeneous stress. This
leads to

Sijkt = BN [(€j€r1) — (€;5)(€x1)] = BN (&j€k1)cum-
(20)
A simple shift of variables € = € + C°5__  s#(z)o* in

T
the Gaussian integrations during the calculation of the
strain cumulant results in the following identity:

S=58° + ‘f‘,‘((soain&)T : (Soaim.))cum- (21)
In this relation o, denotes the total extra stress due to
the defects, i.e., oine = 3., s#(2)o* and S° = (C%)~ ' is
the bare compliance matrix. Inserting the explicit form
of oin; leads to an exact relation between the Potts spin
susceptibility

x* (z,2') = B(s*(2)s" (")) cum

and the elastic compliance

(22)
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S=8"+) (8%*) Ty (s%"),

pv

where y#¥ = N~1 Do XM (2, 2).

(23)

IV. PHASE DIAGRAM

In this section we are going to calculate the phase di-
agram of the orientational degrees of freedom coupled to
elastic distortions. Some of the results of this and the fol- -
lowing section have previously been published in Ref. 4.

We concentrate here on models A and B, whereas
model C will be discussed in a separate section (6). For
models A and B it is convenient to use a different rep-
resentation of Potts spins.? For p = 3 only the diagonal
elements of &* are nonvanishing. They can be repre-
sented as three-dimensional vectors &* = (G}, 6%,,5%;).
These three vectors {G#} (p = 1,2,3) constitute a
three-dimensional Potts basis €#* = (\/5/0)5"“, because
Lot = Z” &% = 0. Explicitly the Cartesian compo-
nents of these Potts vectors read

w3 1 2 1 -1 1 (1

e,eet=<—=\|-1}|,—% 21, —&= | -1

{ ' v3\_1) VB \_1) VB \ o
(24)

For p=4 only the off-diagonal elements of &% are
nonvanishing.  They are represented as vectors &¥
= (8%3,0%,,6%,), so that the corresponding three-
dimensional Potts basis &€# = (v/4/0)* reads

1 -1 -1 1
{et,e?,e3, e}y =S| -1, 1), -1],[1
-1 -1 1 1

(25)

The effective Hamiltonian may be rewritten in terms of
Potts spins §(z) € {€#}, which can be one of the above
basis vectors

Heg = ) e()Co(z)+ D D si(z)Kijreji(z)

T 4,5,k

1> Jewd(e) - (')

z,x’!

(26)

with K;jx = 0/v/3 for i = j = k (and zero otherwise) in
model A and Kijr = o/2 for i #£ j # k # ¢ ( and zero
otherwise) in model B.

In order to solve the model as defined in Eq. (26) we
are going to introduce two major approximations.

(a) The interaction between the Potts spins will be
taken as infinite ranged. The couplings J,,+ are uncorre-
lated Gaussian variables with mean

Jo

[Jzar] = N (27)
and variance
J‘Z
[(Jzzr — [Jrz’])zl = N (28)
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Jo and J? are coupling constants of a coarse-grained
model and therefore they cannot be determined directly
from experiments. In the following they are treated as
adjustable parameters.

(b) The homogeneous deformations é are treated ex-
actly, whereas fluctuations in the strain field €;(x) are
treated in a self-consistent cumulant expansion.

Given these approximations, the phase diagram can be
calculated explicitly, in particular the transition temper-
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atures and order parameters for the glassy phase and the
long-ranged ordered phase. These calculations are the
central point of Sec. IV.

In order to take the configurational average over J,./
before the thermal average, we use the replica trick?

In Z] = lim Zr-1

n—0 n

(29)

with

(27 = [De (B lexp(-BHarl (), 5% @)

= /Df (T exp{+§% > Z(Z s;.’(x)sf(m))2 - 5% ‘;Z(Zx: S?(x)y

a<lf 1ij T

Y s @Kk e) -5 D ZZe;*j(x)c?jkzez,(x)}. (30)

a ijk r o ijkl

Here we put 8 = 1/kpT = 1 and Jo = Jo + (p — 2)J2. (The temperature dependence of the system can easily be

recovered at the end of the calculation by multiplying each of the constants Jo, J, Jo, K, and C° with £.) In a Potts
model without coupling to strains even an antiferromagnetic average of bonds (Jp < 0) can give rise to ferromagnetic
and glassy states due to the renormalization of the coupling. For Potts models with p > 4 a transition to a glassy
state can only be reached for Jo < 0.1° Additive constants in the exponent have been dropped. Gauss transformation
yields

2
[Z™ = / D{Q, M} exp —-']—Q-IY— Z Z(thjﬁ)?_

a<lp i

X /De exp{ —% ZZZG%(Q:)C%MCE,(Q:) + Zln z(x) p, (31)

o ijkl

where z(z) is the single-spin partition function with an z-dependent field €;;(z):

z(z) = {};r} exp < J2 Z Zsf’Q;’]psf + Jo Z Zsf‘Mﬁ — ZZS?Kijkf?k(x) (32)

a<f ij o ijk
and
n 3 1/2]1 n 3 -\ 1/2
wi [ NJ? NJ
D{Q,M}=HH{dQ.~f’ (7) ]HH Mg (270) : (33)
a<lp ij a i

; o : 3 o : ple] — L _ Fa 22,23
The strain field €f(z) is decomposed into a homogeneous € and an inhomogeneous part &i(z) = € (2) — €.

The partition function of a single spin at site z can be decomposed accordingly

z(z) = 29 <exp - Z Zsf’[{ijkg;’k(x)>o, (34)

a ijk
where the thermal average (---)o has to be evaluated with zg

Z0 = {g}'} exp J? Z ZS?QZ"BS_? + jO ; ZS?M;’ — Z ZsiaKijkE?k . (35)
. i

a<lp ij a ijk
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(a) In a first approximation we are going to ignore
inhomogeneous strain fluctuations, so that the averaged
partition function reads

[z"] = /D{Q,M,E}e'Nf”{Q'A‘*“} (36)

with

2 h
1@ M e} =2 37 5@+ 22 3D Sy
a<lp ij a i

+5) D EChuE —Inz.  (37)
o ijkl

In the thermodynamic limit all integrations can be done
by saddle-point methods, yielding

Qi = (s¢s7)o, (38)

Conen = —Krij(sf)o = —Kyij M. (39)
We look for a replica symmetric saddle point

QY =Qij, Mf=M;, & =2¢;. (40)

The single-spin partition function can then be evaluated
by introducing a Gaussian noise source y; with variance
[iysly = Qi

Inzo = nfln z]y (41)

with

7 = {’Is_‘r} exp{ Jg-

]2
s — —2— ZQ“S,:SJ'
ij

+ Zsi(j()l + KTSOK),'J'M]'}.
i

(42)
We make the following ansatz for the order parameter:

mt =¢e* . M= MI, (43)

and

qL

q‘“’:é"‘~Q~é“’=—p—E£Iu11u1+4T1;w: (44)

1

where I,, = €#-€¥ = p6,,—1. With the basis of Eq. (24)
this implies for p = 3

M; = Me} = (M/V3) I, (45)

3Qij = g%ﬂ]illjl +qrlij. (46)

Then the model of Eqgs. (36) and (37) is identical to the
isotropic Potts model without coupling to the elastic de-
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grees of freedom,!%24 if we define an effective ferromag-

netic coupling constant

Jer = Jo +Z (51111 SP122)- (47)

For p = 4 the order parameters in real space are given by

qrL — 4T 1 1

M; = Me}, Qij = 3

+ (ITéz] (48)

Hence the effective coupling constant is

~ . o?
Jet = Jo + TS?QIQ. (49)

The random part of the interaction is not affected by the
uniform displacement.

To conclude: The model of orientational degrees of
freedom with cubic anisotropy coupled to uniform lattice
distortions has the same phase diagram as the isotropic
Potts model!®?* (see Fig. 2) without coupling to the
elastic degrees of freedom, provided the renormalization
of the ferromagnetic coupling constant is taken into ac-
count.

(b) What is the effect of fluctuations in the strain field

&5 (z) = eff(z) — €7 We assume that these fluctuations
are small, so that a second-order cumulant expansion is
applicable. The validity of this assumption will be dis-
cussed at the end of this section. The expansion for z(z)
reads explicitly

%Z Z ]\"ijk]\,hs { CJk(:L') ”(.’I:)

af ijkirs

z(x) = zp exp

(50)
with

57 = (s¢s0 Yo = (s¥)o(sP Do

The thermal averages (- - -)o have to be calculated with zg
and z(z) depends on @ and M through Fﬁ‘ﬁ To discuss
the phase diagram of the orientational degrees of freedom
we integrate out the inhomogeneous strain field

(51)

T/J

PM
cubic FM
p =3 tetragonal

sG ;l P =4 rhombohedral

cubic

Jef /g

FIG. 2. Phase diagram of models A (p = 3) and B (p = 4).
In the high-temperature phase (PM) and in the pure glass
phase (SG) m = 0 and the lattice is cubic. In the uniform
ordered phase (FM) m = me' and the lattice is tetragonal
(p = 3) or rhombohedral (p = 4).
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T af ijkl

i M} = /Hd3 .’L)eXp{—_ZZZ u(l')fu(l'
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(&Xﬁ ikl — ZF I&,-‘JIX,H) } (52)

so that we are left with an effective free energy as a functional of @, M, and €

2" = [ D1 M,y exp {-No{Q. M.} + 0 20")1Q, a1} }. (53)

The remaining integrals can be evaluated by saddle-point methods. We assume a replica symmetric solution (40)

and find
ol = (550) = 5z Jim (5 1<)
= KjetKurs{s Do 5830 3 (Eut (@) (&) = (Gur(2)) Ers @), ©9
\ 1. 1 Gnh) Y _ 0 R ! € €
T Qi — (s857)o) = Wﬁm ln: )~1\.,k,11,,saQ (s25D)omy D (Eu(@))(Ers (@), (55)
and
CiirEr = —Krij(sf)o- .

These equations determine the phase diagram and the order parameters M and @, once the correlations of &€(z) and

€ have been calculated in terms of M and Q.

This can be done perturbatively in a Ginzburg-Landau expansion in @Q and M. To study the transition from the
paramagnetic phase to the collinear ferromagnet we assume gr = 0,M # 0, and ¢z # 0. The detailed calculations

are presented in Appendix B. The result is

. 3JoM 3. i\ o
M1~ BJesr) = —ﬂz 2 — %—_—0—1— (1 +(p— 2)§MﬂJo) Krij Ksriere, N [(G.J (z)éki(2))]
+O(M3,Q*, MQ). (57)

The paramagnetic solution M = 0 becomes unstable to ferromagnetic fluctuations at the critical temperature

Tp o? 0 0 o 1 = ~ 1.1

— =14+—=(S - S - ——— &i(z)Ejj(z))]e;e; 58

7 37, (St = Shiz) GJOQN;;[( (2); (2D]eie; (58)
for p = 3 and

Ir 4 g Z[(f (2))(é23(2)) + (31(2))(Es1(2)) + (€12(2))(€12(2))] (59)

7, a, 212 — 3J2 N 23 23 31 31 12 12

|

for p = 4. The transition is in general first order. With- critical temperature T, we just need to know
out fluctuations € = 0 the coefficient of the cubic term
M3 in f{Q, M,&} is the same as in Ref. 19, (sf’s?)o = J2Qi; + O(¢?) (61)

M(1—BJer) = —-—ﬁzJ +O0(M?,Q%, MQ)  (60)

with Jg replaced by Jegr. Fluctuations ¢ # 0 tend to
reduce the cubic term, i.e., weaken the first-order tran-
sition. Since the transition to the ferromagnetic phase
is discontinuous, the expansion of Eq. (57) is not really
justified. Nevertheless we expect it to give a qualita-
tive picture of the correct phase diagram, as contained in
Eqgs. (58) and (59).

To discuss the transition from the paramagnetic to the
spin-glass phase we assume ¢, = qr = ¢and M = 0. As
noted in Refs. 19 and 24 the transition is continuous for
p = 3 and 4. This remains to be true in our model at
least for small coupling constant o, where the cumulant
expansion is justified. To calculate the change in the

to lowest order in q. For the three-state model the tran-
sition temperature is given by

Te\ 2 o 11
— =1 lim - —
(J) +(3J) YN

DIPMEICHONATONE (62)

The time persistent correlation, ¢ # 0, gives rise to a
random static strain (&;(z)) # 0, which averages to zero
(1/N) 3" .[(&i(x))] = 0, but has a nonzero variance pro-
portional to Q;;. Hence the last term in Eq. (62) goes
to a finite limit as ¢ — 0. For the four-state model the
corresponding equation reads



S

[(€23(z)) (€2

The critical temperature is higher than in a model with-
out coupling to the elastic strain, which means that the
random interaction between the quadrupoles is enhanced
by nonuniform lattice deformations. This effect can only
be seen in a self-consistent cumulant expansion, as de-
fined in Egs. (50)-(52). Straightforward second-order
perturbation theory in ¢ would produce no shift in Tg
because to lowest order in o, we have (&;(x)) = 0.

The cumulant expansion is useful only if two require-
ments are fulfilled.

(a) The coupling between the elastic strain and the ori-
entational degrees of freedom is small compared to the
other coupling constants, i.e., 0/T < 1. For the ferro-
magnetic transition this implies o/Jo < 1 [see Eqs. (58)
and (59)] and for the glass transition o/J < 1 [see
Eqgs. (62) and (63)].

(b) The inhomogeneous strain fluctuations are small
or at least finite. Since the “stiffness” for the inho-
mogeneous strain is renormalized by local spin correla-
tions only [see Egs. (50)-(52)], we expect these fluctua-
tions to remain finite — even close to the ferromagnetic
transition, where nonlocal spin correlations become long
ranged. In this sense our theory is at least consistent.

So far we have only discussed the replica symmet-
ric solution of the saddle-point equations. It is well
known that this solution is unstable in the spin-glass
phase.?* The correct mean-field solution requires replica
symmetry breaking and shows a rich structure in the low-
temperature phase. Here we have focused on the over-
all phase diagram. The transition lines from the high-
temperature phase and the crystal symmetry in the low-
temperature phase are not expected to depend on the
assumption of replica symmetry. However it would be in-
teresting to study the correct mean-field solution in the
glassy phase, in order to discuss the dynamics and the
quasielastic peak in the low-temperature phase as well
as possible transitions between various low-temperature
phases. This has not been attempted so far.

V. ELASTIC PROPERTIES

In this section we are going to discuss the modification
of the elastic properties due to long-range orientational
order or random freezing of the quadrupoles. The first
part of our discussion will be put in the context of mean-
field theory, as discussed in the previous section. We
then go on to discuss which of these results are expected
to survive in a short-range model.

A. Homogeneous deformations

Long-range orientational order causes a macroscopic
distortion of the lattice (see Fig. 2). The exact relation
[Eq. (17)] coincides with the saddle-point equation with
M calculated in mean-field theory. The long-range or-
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(2)) + (€a1(z))(€a1(2)) + (€12(2
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N (€r2(2))]- (63)

dered phase is characterized by a nonzero magnetization
M; = Me}, which gives rise to a tetragonal displacement
forp=3

M(S?111 — Sthas) (64)

€j =

2.71\/—

and a rhombohedral displacement for p = 4

&; = —(1 61J) MSm-, (65)
As discussed in the previous section, the distortive phase
transition is discontinuous in both cases.

B. Elastic constants

In Sec. III we derived an exact relation between the
elastic compliance and the uniform susceptibility

S = 8%+ S°KxKT(S)T. (66)

Obviously this relation also holds for the long-range
model, where the ferromagnetic susceptibility has to be
calculated in mean-field approximation. This is most eas-
ily done by applying a uniform field h and calculating the
response xij = dM;/dh;|n = 0. Two simple cases will be
discussed in detail.

(a) The ferromagnetic model without random inter-
actions and without nonuniform strain fluctuations. In
this case the uniform susceptibility is simply related to
the local susceptibility via

Xij — Xs3Xkj Jeft = X3° (67)
and the local susceptibility is given by

;F;Ii 8;i8; exp{ﬁ.jeff]\;i - §}
X5 = - M;M;. (68)
EE;I}‘ exp{BJeﬁ/\;[ . S—‘}

The local susceptibility can be expressed in terms of
M; = Me} as follows'®:

WY loc 1/
Xloc = Ze Xz]

iy

ﬁ(l - M)(Mlul[ul + Iul/)-

(69)

Potts symmetry requires the same structure for y**

v L — T
X = elxijel = ( ;) Ladvy + xrduy - (70)
ij
with
XL — XT

Xij = 5 Ll + X?TIU for

and
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Xij = M‘——;—&T-e}e} + xré;; for p=4. (72)
The matrix equation for x;; is then easily solved:
B(L— M)
XT = = >
1—pBJea(l— M)
(73)
__BA-MA+(p-1)M)
XL =

1—BJea(l = M)(1+(p—1)M)

For high temperatures x, = x7 = x = ('~ Tr)™!
the susceptibility shows Curie-Weiss behavior. The di-
vergence at Tp is cut off by the discontinuous transition
at T, > Tr. The mean-field equation of the homoge-
neous Potts system (0/0M)f(M,3) = 0 can be solved
analytically for B(M). At

7, deap=2_ P
2 p—1ln(p-1)

the free energy of the paramagnetic and the ferromag-
netic phases are equal. In Fig. 3 we show the uniform
susceptibility as a function of temperature for a particu-
lar set of parameters. For p = 3 the elastic compliance
above T is given by

o AN o
Sijkl = Sz'ojkl + ('3') XS?]‘rr LsSoyir (74)

Hence there is no modification of the shear compliance
59,15, an increase in

o

2
3) X(S?lll —59122)2 (75)

and a corresponding decrease of

S = SH +2 (

g
Siiz2 = STyap — 2 (_

2
3) X(S?lll —3?122)2, (76)

Te T T

FIG. 3. Susceptibility of the homogeneous p = 3 Potts
model. The high-temperature branch diverges at Tr, the two
low-temperature branches diverge at the temperature marked
above T.. The divergences are cut off at T by the first-order
transition.
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such that S1111 + S1122 = const.

Below T the elastic compliance is that of a tetrago-
nal lattice. In the weak-coupling expansion the elastic
constants are given by

o2
Ciin = 09111 - (’3') 2xL,
o2
Cri22 = C'?lzz - (—3') XL,
(77)
o2 xr +3xr
Cazz = CYy; — (g) 2 ,
a\? xL —3xr
Ca233 = CYy20 — (g) =
For p = 4 the elastic compliance above T, is given by
Si212 = Sa1a(1 + 07X STs19) (78)

and no modification of the other elastic constants, i.e.,
Si111 = 5?1“ and Sii22 = 5?122. Below T, the elastic
constants are those of a rhombohedral lattice. In the
weak-coupling expansion they are given by

o\% xL +2x
5) —3&2 = C3131 = Ca3ss,

(79)

0
Cr212 = Cia1p — (

2 v, —
Ciaoz = — (%) AL XT Caz13 = —Cla13,
3

and Cii11 = C? 11, C1122 = CP4s. In Fig. 4 the elastic
constants Ci212 and Cia13 are shown as functions of the
temperature.

(b) The glassy regime without ferromagnetic coupling,
Jer = 0. In this case we expect the uniform susceptibility

to be identical to the local one x;; = \i‘]’“ with

0
C12‘I2

C1212

0 1 :

T T

FIG. 4. Ci212 and Ci2;2 for model B at the ferroelastic
transition. The system is cubic above T, and rhombohedral
below T..
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o 11—
Xijc = TTI,] for p= 3 (80)
and
11—g
xi‘;c =72 —=6;; for p=4. (81)

Hence the uniform susceptibility is predicted to show
Curie behavior x ~ 1/T above T¢ and a cusplike singu-
larity at Tg. The elastic constants are modified accord-
ingly as shown in Fig. 5. Again, symmetry determines
which of the elastic constants are affected by the random
freezing of the quadrupoles: Sys;, for p = 4, Sy;1; and
Si122 for p = 3. The tensor of elastic constants always
has cubic symmetry—even below Tg.

C. Nonuniform strain fluctuations

The random part of the interaction J # 0 between the
quadrupoles gives rise to a freezing of the orientations
in random directions. Randomly frozen in quadrupoles
cause a local, static distortion of the lattice. This effect
is most important for the glassy phase. Hence we discuss
it in detail for M = € = 0.

= focen]

s XY@ (Chu-

r o i3kl

with the total partition function given by
J2
(2" = /D{q}exp{ nN?q2 + nN[ln z]y

+In zi““(q)}. (83)

Here z; is given by Eq. (42) for M =¢=0
Tr O o
z1 = e exp Jy-§— -6— E SiI,‘J'Sj . (b4)
r

q° has to be evaluated with z;

240 = [<§)21(§)11]37 (85)

and § denotes a Gaussian random field with [yy;] =
(¢/3)I;;. The interaction between different replicas in
Eq. (82) can be decoupled by introducing a local random
stress o;?"(z) with zero mean and variance

o2 , _
o @) @) = ¢° (5) Lubla 2. (86)
We can then perform the limit n — 0 and find
lim (l In zi“h> (In "], (87)
n—0 n
with
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C1122

Ts T

FIG. 5. Cii22 for model A at the glass transition. Below
TG the elastic constant increases due to the stochastic freezing
of orientations.

The glassy phase is characterized by a nonzero order
parameter ;;, which for p = 3 has the simple structure
Qi; = (¢/3)1;;. Within our second-order cumulant ex-
pansion the fluctuations in the strain field contribute to
the partition functions as follows:

6:]6klllk> Zzzfzz(z)f (2)q° ( ) u}

z af ij

(82)

-1 Z z & (2)en(2)Cijr

z ijkl
+ Zzt’u(x)ora"(m)} (88)

and partlally renormalized elastic constants C,Ju =
C’,]k, (¢°/3)6ij8kiLik. The local static stress gives rise
to a local static displacement

(us(F)) = /d%'c:,-j(x — :1:')8

zinh = /Dcexp{

o), (89)

where Gj;(z) is the Green’s function of the lattice. It can
be calculated in Fourier space

CijeikikiGrr = iy (90)

For an isotropic elastic medium the Green’s function in
real space is also known,!* whereas for cubic symmetry
the Fourier back transformation is not known in general.
Here we just note that C is given by the bare elastic
constant and the local susceptzbzlzty Hence the corre-
sponding compliance S = = S0 4+ SOK x'o°KT(S%)T
always remains finite.
The local static strain vanishes on the average

(ui(@))]e = 0 = [(&:;(2))]o (91)

but has a nonzero variance, independent of &
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(EHENGHENEEDY /day/ds’G-k(w - )Gz — 2) 2 Ura"(y)——a 0"a"(Z)>
2 17 2 — 4 & 2 J 8‘1]}3 kk 621 Hi Y
=S [y [ @ Giute - »)Giute - 29¢° () T L6y —
=3 /d y./d 2 Galz — y)Gji(z — 2)g (3) Ly =56y = 2)
0 /0\?2 3 3 g 0
= - Gy ; _— 0 - . 2
> () 1 [ v [ d Gir(0)Git(2) 5,5 -6y = 2) (92)
To lowest order in ¢ or close to T,: ¢° = ¢, so that the spin-glass transition temperature is according to Eq. (62)
T\’ o\2 (0?2 s / 5 o 8
G P Z) (L 32 Gir () s o ——6(y — 2).
( 7 ) 1+ (57) (5) Z_Zj“/d v [ @z Guw)Gitle) i I =5 =8y = 2) (93)

The most prominent effect of a local strain will be an elas-
tic peak in the van Hove correlation function, as seen ex-
perimentally in neutron scattering. The differential cross
section for neutrons with energy transfer hw and momen-
tum transfer AKX is proportional to the Fourier transform
of the density correlation

S(R,w) = /dt Ciwt_}/_ ZeiE~(f,—7y)(eiﬁ-ﬁ(f,o)e—iﬁ-ﬁ(f,t)).
Ty

(94)

Here [, denotes a lattice vector. Local time persistent dis-
placements give rise to an elastic peak S(&,w) = f(R)Sw
with strength

= 1 ik (=T, iRG(E —iR-4(&
F(R) = = Y0 eF T, (T T ]
zy

(95)

The thermal average (---)inn has to be calculated with
znh [Eq. (88)] for fized o™". Above the glass transition
temperature Tg the elastic component vanishes. Below
Tg, its strength f(K) can be calculated within the ap-
proximations of the last section, i.e., a second-order cu-
mulant expansion for éF) and long-range interactions for
the orientational degrees of freedom. Work along these
lines is in progress.

How are these results modified, if the interaction
between the orientational degrees of freedom is short
ranged? The transition to the ferromagnetically ordered
state survives for all p in three dimensions. For p = 3 and
p = 41t is extremely weakly first order with a correspond-
ing enormous increase in the susceptibility, as shown by
elaborate Monte Carlo simulations.?® Hence we expect
to find a tetragonal phase for p = 3 and a rhombohedral
phase for p = 4 in a three-dimensional model with short-
range interactions. Of course the transition temperatures
will be different from the predictions based on mean-field
theory. The strong enhancement of ferromagnetic fluc-
tuations as the transition is approached will lead to a
corresponding strong decrease of the elastic constants, as
is entailed in the exact relation of Eq. (23).

Whether or not there is a glass transition in the
three-dimensional short-range model is still a matter

of debate. Monte Carlo simulations of the isotropic
quadrupolar glass!® show a static freezing transition at
T = 0. Carmesin?® has obtained some evidence that the
anisotropy in the quadrupolar glass is essential for a fi-
nite T # 0. However the limit of strong anisotropy,
i.e., the Potts model in three dimensions, is still contro-
versial. Banavar and Cieplak?” argued that it depends
on the distribution of the randomness whether or not
a three-dimensional Potts glass exists at finite tempera-
ture. Scheucher et al?® present evidence that the p = 3
Potts model with Gaussian disorder is at its lower critical
dimension at d = 3.

From a theoretical point of view it is not even clear
whether the quadrupolar interaction in three dimensions
is in the universality class of the short-range model.

VI. THE SIX-STATE CASE

In this section we discuss the case in which orientations
align parallel to one of the face diagonals [Fig. 1(c)]. First
the corresponding six-state model with appropriate sym-
metry will be discussed without consideration of elastic
degrees of freedom. Several ordered and glassy states
are shown to exist for this model. Then it is argued
that (like in the case of the three- and four-state models)
weak coupling between elastic and orientational degrees
of freedom is not expected to change the phase diagram
qualitatively. Equations (17) and (23) can then be used
to derive macroscopic distortions and elastic constants in
the different phases.

A. Symmetry of the model

All face diagonals are equivalent. Every face diagonal
can be mapped on every other by cubic transformations
(changing of coordinate axes, reflection of a coordinate
axis). Since none of the face diagonals is singled out, the
high-temperature phase has vanishing mean orientation.

In order to discuss the interaction of two orientable
molecules, the symmetry of pairs of orientations has to be
considered. It can easily be seen that two pairs of face di-
agonals can be mapped onto one another by cubic trans-
formations, if and only if they enclose the same angle.
Angles can take the values 0, 7/3, or /2. In Fig. 1(c) we
numbered the face diagonals such that they are perpen-
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dicular if |u — v| = 3 and inclose 7 /3 if |p —v| = 1,2,4,
or 5.

A Hamiltonian of a homogeneous system can be writ-
ten as

H== 3" "s.(2)J"s,(2). (96)

(z,z") pv

Here, (z,2’) are pairs of interacting orientations and the
§(x) are six-dimensional Potts vectors:

§(z) = "), where ¢}, = I, = 66™ — 1. (97)

The matrix elements J§“ must have the corresponding
symmetry, and thus take on three different values: one
for p = v, one for |u—v| = 3, and one for all other

entries. Matrices of this form will occur frequently, so we
define

a 00b6 00

0 a 00 b 0

00 a 00 b
Wa+ba=-b)=|, 00 .0 ol (98)

0600 a60

00b00 a

where a + b and a — b are the (threefold) eigenvalues
of W. If an appropriate zero energy is defined, J§* =
wre (g, Jg).

Now we introduce quenched disorder without breaking
the global symmetry. This leads to several new param-
eters even if fluctuations of the interaction are Gaussian
(see Appendix A). In the model glass discussed below,
each realization of the disorder respects the symmetry,
ie, JEY, = wr(Jt.,, J.,). The Hamiltonian is

zz! T zx’
H=—= 3 3 sul@)U" + 87 1m)s, ('), (99)
(x,z') mv
where J# = WH#*(J* J~) and A®® are uncorre-

lated, Gaussian random variables with [A%*'] = 0 and
[((A*#)?] = 1. The distribution p(J7,,J ) of our
model is shown in Fig. 6. Here the fluctuations J}, and
J are not independent. We also considered statisti-
cally independent distributions p(J:x,, Jow) = w(J;z,

w(J ) with Gaussian w. The pure glass phase turns out
to be exactly the same as for the distribution of Fig. 6,

whereas we expect changes in the mixed phases.

p(J;x‘: J;x)

FIG. 6.
and J

zz!

Probability distribution of the s-s couplings J;LI,
for model C.
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We do not discuss the whole four-dimensional phase
diagram but emphasize three important limits: (1) the
homogeneous, uniform model; (2) the pure glass with no
effective homogeneous interaction; (3) the stability of the
thermally disordered, “paramagnetic” phase.

B. The homogeneous six-state model

In mean-field approximation the uniform Hamiltonian
reads

H= _% S su(@) I s ().

<! pv

(100)

It is required that parallel alignments have lowest energy,
ie., J; >0and J§ > —J; . Otherwise the model is fully
frustrated in mean-field approximation and one expects
a high degeneracy of the ground state.

We are interested in the expectation value of the mean
orientation:

+ -
" (JTO %0) = % > (3(2)). (101)
Then
ny = t(myu + 1) (102)

is the average fraction of defects, which are oriented par-
allel to axis p.

It can be found by large deviation theory that 7% min-
imizes the function

fOm) = —%ﬁiTJoﬁi + % > “(my + 1) In(my, + 1)
"

(103)

under the constraint Zu m, = 0. Figure 7 shows the
phase diagram. At high temperatures the orientations

o
kgT
h -
rhombo orthorhombic
M = (m,, mm,m,m,m)
1 QR
T N N
tetragonal
m(2,4,4, 2,4,-1)
0 :
-1 1 J
6 0 6 kﬂ‘lr
FIG. 7. Phase diagram of the homogeneous six-state
model. If the states are associated with face diagonals in

a cubic crystal, nonvanishing m lowers the symmetry and
leads to the homogeneous lattice distortions given in the fig-
ure. Solid lines denote first-order transitions and dashed lines
denote second-order transitions.
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are thermally disordered: m = 0. The ground state is
characterized by parallel orientations of all defects, i.e.,
n=(1,0,0,0,0,0) and m = (5,—1,—-1,—1,—1,—1). The
ground state is sixfold degenerate (orientations 2-6 are of
course equally likely). When the temperature is slightly
above zero, almost all defects will be parallel to the (say)
1-direction. The local field, “felt” by the defect at z is
h = W(JF, J5)m + O(l/N) Now assume that m, =
m4. Multiplication by W(Jg,J5) will in general lead
to ha # hyg, which is inconsistent with the assumption.
So one should expect that at low temperatures the mean
orientation has the symmetry

—

m = (my, m, m, mg, m, m),

(104)

where m = —(m; + m4)/4 is imposed by Z” m, = 0.
This is exactly what is found by explicit calculation.

If J& > J5, the system enters an intermediate phase
on cooling from high temperatures. Here the mean ori-
entation is

m=m(2,—-1,-1,2,—1,-1). (105)
The state is threefold degenerate. Obviously it has lower
symmetry than the disordered phase, as one pair of or-
thogonal orientations is selected by spontaneous symme-
try breaking. However, it has higher symmetry than the
low-temperature phase, because there is no distinction
within the pair (m; = my).

For —Jg =~ Ji < 0 another intermediate phase is ob-
served. Here we find no distinction between pairs (1,4),
(2,5), and (3,6) but one orientation in every pair is pre-
ferred. There are 23 ways to choose the preferred orien-
tations, hence the degeneracy is eightfold. mi is, e.g.,

m=m(1,1,1,—-1,-1,-1). (106)
Note that the three preferred orientations (m, = +m)
lie in a plane if my - my - m3 = —m3 [Fig. 8(a)] and align

around a body diagonal if my-ma-m3 = +m? [Fig. 8(b)).
However the system does not discriminate between the
two possibilities (which are important in view of corre-
sponding lattice distortions). This is due to the fact that
the Hamiltonian involves only pair interactions and every
two out of the three preferred orientations have an angle
7/3 in both cases, but one must look at three orientations
at a time to distinguish between the two cases.

In the cubic high-temperature phase (see Fig. 7) the
system has highest symmetry. The symmetry is lowest
in the orthorhombic phase because m [Eq. (104)] con-
tains two independent order parameters m;,m4. Note
however that there is still some symmetry left: my, =

H. VOLLMAYR, R. KREE, AND A. ZIPPELIUS

}S

(a) /

(b) /

— |

FIG. 8. In the rhombohedral phase three face diagonals
enclosing angles 7/3 are favored. They align around one of

the body diagonals (a) or lie in a plane perpendicular to a
body diagonal (b).

m3 = ms = mg. The same relations hold in the tetrag-
onal phase, where we have in addition m; = m4. The
orthorhombic phase represents thus a subsymmetry of
the tetragonal phase. The phase transition is second or-
der and m(T) is continuous for 7' < 6J*. On the other
hand the orthorhombic phase is not a subsymmetry of
the rhombohedral phase (106), because in the latter case
mg # ms. Hence the order parameter m jumps and the
phase transition is first order. The cubic-tetragonal tran-
sition corresponds to the paramagnetic — ferromagnetic
transition of the p = 3 Potts magnet (see Sec. VII). For
J* = J~ the system is an isotropic Potts magnet (cubic-
orthorhombic transition) with p = 6. Both transitions
are first order in mean-field approximation, although this
is not required by a simple symmetry argument.

C. The six-state glass

Starting from (99) we replicate the partition function
and take the average over A*®’
dropped to obtain

. Additive constants are

iz = I, exp{ v S ()i (gss(z))
L

v <
a<ﬁuupa T

Here Jo = W(J§F,J; ) and

(Zs@ste) (Z s5(@)5E(a) ) } (107)
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Jf =JF+66J%)% Jr =J5 +B(6J" (108)
are the effective homogeneous coupling constants. Gauss transformation yields the free energy per site:
pr= i (ST miasens + 5 T X apo @
o a<lf uvpo
S exPO’ZZmﬁSﬁﬂLﬂzZZqﬁf sps f,’)] (109)
@ u alpB up

Note that the special structure of the system, represented by Jo and J, appears only in terms quadratic in 77 and q.
We need not specify the interactions yet. If, e.g., Jo and J were proportional to the identity matrix, Eq. (109) would
describe the isotropic (p=6) Potts glass.!924

The extremal values of 7 and q (m° and q°) correspond to the magnetization and Edwards-Anderson order
parameter:

S YL@ =35t w0, © Y IE@E @) =30 (110)

In order to obtain the stability boundary of the high-temperature phase (m§ = 0, qo‘ﬁ = 0) the trace in Eq. (109)

has to be expanded up to second order in m and ¢

) e B30 Yomasn 480 Y0 Yaslsgsd | =
a p

alfB pup

The high-temperature phase is (at least) metastable, if
the m-m and g¢-q coupling matrices are positive definite,
which means that

%>f0+,j0",,]+,J‘. (112)
Figure (9) shows two two-dimensional cuts of the four-
dimensional phase diagram. Note the similarity to the
Potts glass (Fig. 2).

The result can be generalized for all p-state mod-
els with coupling matrices which do not single out one
or more states.

T/Je
g m=0 gq=0

(meta) stable

me0 or q=0

213

FIG. 9. The “paramagnetic” solution m = 0 of the six-
state glass is at least metastable if T/6 > j0+, jo_’ Jt,J7. We
show here two two-dimensional cuts of the phase diagram to
stress the similarity to the Potts glass (Fig. 2).

+0(m®,m?q, mg?, qs)) .

To be more precise, we require that

1+—ZZm°‘I‘“’m +——Z Z qaﬂpm[va ap

a<p uvpo

(111)

(1,1,...,1) be an eigenvector of Jo and J.Then the high-
temperature phase is (meta-)stable for 7/p greater than
all Eigenvalues of Jy and J.

D. Pure glass phase

In the following we put J& = 0 and consider only
replica symmetric solutions. In the absence of an ef-
fective homogeneous coupling no global preference of an
orientation is expected, i.e.,

1 ~ R
NZ[@@:))] =0—m=0. (113)

T
(We write 113, q instead of Mm%, q° in the following.) How-

ever, for a specific realization of A" the defect at site z
may be frozen:

(5(2)) # 0.

This leads to a nonvanishing Edwards-Anderson order
parameter

(114)

1
N Z[(s,,(z))(s,,(m))] #0—qu #0. (115)
x
In addition to (113) we require that for JE = 0, g,
should have the symmetry of the Hamiltonian, i.e., of

WH#Y . Then
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qt
qur = WH(q%,q7) = 7= (116)
Here we already took care of the condition
(117)

Z‘qu =0,
n

which originates from our Potts spin representation of
the states:

—1 1 1

1 —1 1
TG I ) L S N IS R I

-1 1 -1

-1 -1 1
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(118)

> su(e) =Y ep® =Y (66" — 1) = 0.
Iz Iz I

The eigenvalues of the matrix ¢, are (1x) 0, (2x) ¢7,
and (3x) ¢~. So the system is described by two order
parameters ¢* and ¢~. Before we turn over to the results
of the calculation, let us discuss the physical meaning of
¢t and ¢~. We define the vectors 7* by

1
1
1
-1
-1
-1

(119)

Remember that in the homogeneous system there is a phase (rhombohedral), where i and (1/N) > [(5(x))] are
parallel to one of these directions. Now assume that in the glass phase the local mean orientation at site z, (5(z)) is
parallel to #*()_ If each k is equally probable, then (1/N)Y"_[(5(z))] = 0, i.e., the global mean orientation vanishes

as we claimed for the pure glass phase. The order parameter of this phase has the following structure:

8
= Slsu@N s @] ~ 5 S vkok ~ W (0,1),

k=1

(120)

which implies that ¢t = 0. Now assume that local orientations freeze into states which prefer one pair of orthogonal

face diagonals. Here (§(x)) is parallel to

2 ~1\ /-1
-1 2 -1
N I S -1 2
{v 1v !v }— 2 R __1 b _1
-1 2 -1
-1 -1 2

and ¢— = 0.

(121)

So we should associate ¢t # 0 with local freezing of orthogonal pairs and locally tetragonal structure and ¢~ # 0
with local splitting of occupation numbers within pairs and locally rhombohedral structure. A freezing of (5(z))
parallel to (my, m, m, ma, m, m) directions causes both ¢t # 0 and ¢~ # 0 as the six states break both symmetries.

The phase diagram (Fig. 10) is constructed from an expansion of the free energy:

9

2
Loy [(6—%) - 1] 3%(g*) +3

The thermally disordered phase, ¢* = ¢~ = 0 lo-
cally minimizes the free energy for J*,J~ < T/6. For
J*t > J~ we find a second-order transition to ¢t # 0
but ¢— = 0. (Note that f does not contain a term lin-
ear in ¢~.) ¢t grows linearly in T'— T, [Fig. 11(a)]. In
this region we expect a glassy phase with a local tetrag-
onal structure. For J~ > J7¥ the system undergoes an-
other second-order transition to a phase with ¢t # 0
and ¢~ # 0. [Note the terms ¢*(¢~)? and ¢*(¢7)3 in f]
Here ¢~ grows linearly in 7' — T, whereas ¢t ~ (T —T¢)?

[Fig. 11(b)]. So just above the transition line (T' = 6J7):

gt < ¢~ and we expect a glassy phase with almost pure

((SJL‘> - 1} 32(¢7)° +2°3%(¢")® - 223 T (¢7)% + 2%3%(¢7)°

—2-35(gM)* + 223%(¢ )2 (¢7)2 + 2°3°%¢ T (¢7)® — 223%(¢7)* + O(¢°).

(122)

f

local rhombohedral structure.

The expansion (124) of the free energy is not stable as
(¢*)* and (¢7)* have negative coefficients. To recover
stability one has to take into account higher powers of ¢,
at least up to ¢%. In particular in the shaded area we do
not even get a metastable solution. However, it is quite
obvious that it should have gt # 0 and ¢~ # 0. For J* =
J = the system is the six-state Potts glass.'®** The phase
boundary between ¢~ = 0 and ¢~ # 0 has slope —3 in
the neighborhood of the tricritical point J* = J~ = T/6.
The borderline of the shaded area has slope ——% in this
region. Both lines have been derived for ¢*,¢~ < 1.
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FIG. 10. Phase diagram of the pure six-state glass. The
free energy has been expanded up to fourth order in ¢. In
the shaded area we find no stable solution. All transitions are
second order.

E. Elastic properties

As we have shown, the model defined by (99) ex-
hibits several phases: (1) a thermally disordered high-
temperature phase; (2) ordered phases with nonzero
global orientation with different symmetries for J < Jo;
(3) pure glass phases with frozen local orientations for
J > Jo.

In addition there may be mixed phases for an interme-
diate range of parameters and low temperatures.

Orientations are coupled to elastic degrees of freedom
by adding

q
q. (a)
01 q
T T
q
e (b)
q.
0
T T
FIG. 11. For the pure glass with J* > J~ (a) one enters

an intermediate phase on cooling with ¢~ = 0,¢% # 0. At
the transition ¢* grows linearly in 7. — 7. For J* < J~ (b)
¢~ grows linearly whereas ¢* is quadratic in 7, — 7.
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(123)

Z Z su(z)e? - e(z)

xr

to the Hamiltonian.

" is given by (7) and its cubic transformations. We
put o9 = 0 by a readjustment of the lattice constant.

The full Hamiltonian is given by Eq. (11). Expecta-
tion values of orientations and elastic distortions are re-
lated by Eq. (17). We showed for the three- and four-
state models that weak e-s coupling, for r < 1, does
not alter the phase diagram qualitatively. In particular
the symmetry of orientational expectation values remains
unchanged. Here it is assumed that this result can be
generalized to the six-state case. Then the orientational
expectation values on the right-hand side of Egs. (17)
and (23) can be taken from the discussion of the Hamil-
tonian (99). They lead to elastic distortions with dif-
ferent symmetries (Fig. 7): (1) high-temperature phase
— cubic; (2) m = m(2,-1,-1,2,-1,—1) — tetrago-
nal; (3) m = m(1,1,1,-1,—1,—-1) — rhombohedral,
(4) M = (my, m, m, mq, m, m) — orthorhombic; (5) pure
glass — cubic with frozen local strain.

It is also straightforward to show that a mean orien-
tation m = (my, m1, m, myg, ms, m) would cause a mon-
oclinic distortion. This phase is unstable in the homoge-
neous limit (J* = 0).

It has already been mentioned above that two rhom-
bohedral phases are accessible for the system, depend-
ing on the sign of m;ymaomz = +m3. For o < 0 and
mymyoms = +m3 the crystal is stretched along a body
diagonal, whereas in the m;mam3z = —m3 case it will be
shortened along the body diagonal and stretched in the
perpendicular plane. If op > 0, the two cases will be
interchanged. In our simple model both configurations
are degenerate. However, higher-order terms or short-
range contributions presumably distinguish between the
two possibilities.

In the pure glass phase, 7t = 0 and there is no macro-
scopic distortion. Nevertheless the elastic constants are
affected by the disordered freezing of orientations. The
elastic compliance can be calculated as in Sec. V:

+
q o
St — 5?111 =2 (1 - ——6(J+)2> (5?111 - 59122)20Z,

+
q 2
Siize = Stiap = — (1 - 6(]+)2> (STt — Stize)?ot,

(124)

0
Si212 = St =

1 q- 2
3 (1 - W) (ST212)07.

VII. DIPOLAR EFFECTS

The symmetry arguments, which have been used to
derive the Hamiltonians of our three-, four-, and six-state
models, can easily be generalized to treat arbitrary p-
state models. In particular we are now ready to discuss
systems with dipolar defects for which the Hamiltonian
is not invariant under 180 degree flips of a defect.

As an example we return to the three-state model,
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where the orientable molecules align along coordinate
axes. Now the two ends of the defect axis are no longer
equivalent. Each molecule is in one of six states (Fig. 12),
modeled by Potts vectors: §(z) (97). Cubic symmetry is
assumed and the §-§ interaction matrices J take the form
(98).

Hence we exactly recover the six-state model, which
applies to nondipolar face-diagonal symmetry, with how-
ever a different physical interpretation of the states and
phases. If dipolar effects vanish, the system cannot dis-
tinguish between state 1 and state 4,1.e., J~ = 0. So .J~
is a measure of the dipolar interaction strength. Analo-
gously J* measures the quadrupolar (nondipolar) inter-
action.

The phases can be described by M and q. If the
nonordered pairs {m;,my}, {ma,ms}, {ms, mg} are all
equal (e.g., {m, —m}, {m,—m}, {—~m,m}) the phase will
be called quadrupolarly disordered (qu.d). Otherwise the
phase is quadrupolarly ordered (qu.o), which means that
(at least) one of the coordinate axes is discriminated. If
m, = my4, my = ms, and m3z = mg, the phase will be
called dipolarly disordered (di.d), otherwise di.o.

The form of the orientation-strain coupling o# must
be newly determined. Let us assume that the defect
points in the 4+ direction correspond to g = 1. Then the
force dipole tensor o;; must be invariant under rotations
around the & axis by 7/2 and w. Hence o* is given by
Eq. (7) with op = 0. This means that only qu.o. phases
show a macroscopic distortion, which is always tetrago-
nal. Defects with dipolar symmetry and no quadrupolar
moment only couple to nonuniform strains, as already
noted in Ref. 29.

For homogeneous couplings (no quenched disorder) we
get the phase diagram of Fig. 13. Now assume that Jg
and JJ are given and T is varied. At high tempera-
tures the crystal is always completely disordered and at
low temperatures it has qu.o and di.o. At intermediate
temperatures we have three different cases (Fig. 13).

(i) JF/J5 > 1: The system goes into an intermediate
phase, which has qu.o but no di.o and hence is tetragonal.

(i) JF/J5 =~ 1: The intermediate phase has no qu.o
but di.o.

2
4 1
5

6

FIG. 12. 1If the defects have an electric moment, up and
down directions have to be distinguished. For the anisotropy
of model A we get six states, which can be numbered such
that states 4 and v are antiparallel for |4 — v| = 3 and per-
pendicular for |p — v| =1,2,4, or 5.
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gue.cuoic qu.o, tetragonal
dip.o. .
dip.o.
I s . G
6
qu.d,cubic i) .
dipd -~ | e
qu.o, tetragonal
dip.d.
0
Sl 0 1 I
6 6 kg T
FIG. 13. Phase diagram of the homogeneous, dipolar

model A. The system is mathematically identical to the
quadrupolar model C as long as the coupling between orien-
tations and lattice distortions is disregarded. Three possible
paths which the system can take are indicated as dotted lines
(1), (i1), and (iit). The transitions occurring along these paths
between quadrupolarly (qu.) and dipolarly (di.) ordered (o.)
and disordered (d.) phases are discussed in the main text.

(ii1) Quadrupoles and dipoles order simultaneously.

In the pure glass phase, jo = 0, the elastic constants
are not modified by ¢~, because o = 0. Remember that
near the glass transition ¢t ~ (T. — T)P+ where B4 is 1
or 2, depending on the ratio Ji/J; (Fig. 11).

If cubic potassium tantalate, KTaOg3, is doped with Li
or Na, the smaller dopand (say Li) replaces the larger K
atom. The former is thus situated in a cage of 12 oxygen
atoms, which is too large, so that it takes an off-center
position on one of the cubic axes! (Fig. 14). We take this
position as the orientational degree of freedom. Choos-
ing the center of the cage as the origin, the six possible
positions are indicated by the end points of the vectors in
Fig. 12. So our model has the appropriate symmetry for
the above example. We expect the dipolar interaction to
be of electric origin and the dominant quadrupolar inter-

FIG. 14. The dopand Li* (black) in lithium-potassium
tantalate in its cage of the 12 surrounding oxygen atoms
(white) takes an off-center position. It can be represented
by a vector pointing from the center of the cage (black point)
to the center of the Lit-ion. The six possible positions corre-
spond to the vectors in Fig. 12.
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action to be mediated by lattice strains, so that dipolar
and quadrupolar effects should be separable in dielectric
and structural/elastic measurements.

As it has been stated in the beginning of this sec-
tion, every model with p easy axes can be extended by
introducing dipolar interactions. One must exploit the
symmetries of the corresponding 2p states to reduce the
number of free parameters of the 2p x 2p matrix Jo and
the couplings ¥. Even if the e¢-s coupling &% is dis-
regarded, this will become more and more complex for
p > 3. Consider, for example, the face-diagonal model
with dipolar interactions (Fig. 15). It includes four free
parameters. The energy can take five different values,
depending on whether the angle between orientations is
0,m/3,7/2,27/3, or m; the zero energy is arbitrary. With
the numbering of the states of Fig. 15

_(Jr Jn o
JO = (J[] J]) (12»))
with
a ddc d 0
d ad 0 c d
3 d dad 0 c
I=1c¢c 0daoof
d ¢ 00 a O
0 dc 00 a
(126)
b 0 0 ¢ 0 d
0 b0 d c O
I = 0 0 b 0 d ¢
U=1¢ d o0 b d d
0 cdd b d
d 0 c d d b

If no dipolar interaction is present, states » and r + 6
become identical and a = b, d = 0. It might be conve-
nient to simplify the general interaction [Egs. (125) and
(126)] assuming that the dipolar part has a specific form,
controlled by one parameter (instead of two: a — b,d).
Take, e.g., the scalar product of the vectors in Fig. 15 as
the dipolar interaction energy. Then Jg is a sum of the
quadrupolar part (with twice as many states) and the

1

: /
ho 2

12 3
ob—| 6
8 7 i
(1
7

FIG. 15. If dipolar interactions are taken into account for
model C, 12 orientations are allowed. Note the numbering of
the states: Orientations g and v are antiparallel for |p — v| =
7 and perpendicular for |p —v| =3 or |p —v| = 9.
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dipolar part:
J, J Ja1 Jan
Jo = 7 ? d
0 (Jq Jq) + (Jdn Jar )’

where J, = W(J*,J7) is the quadrupolar interaction
matrix (98) and

(127)

21 1 0 1 -1
1 2 1-10 1

.| 112 1-10

a=10-11 2 -1-1]1"
1 0 -1-12 -1
-11 0 -1-12

Jau = —Ja. (128)

We shall not discuss the details of the three-dimensional
phase diagram of this homogeneous model. Let us just
mention as a final point that the phases and phase bound-
aries of the quadrupolar model (d = 0) remain unchanged
for d/T small enough. The effect can be seen in Fig. 13.
Here the quadrupolar model is a three-state Potts sys-
tem and d corresponds to J ™. For J~ /1T & 1 the system
has indeed the same order parameters as for J~ /T = 0.
The phase boundary does not depend on J~ and the
low-temperature phase has qu.o but no di.o.

VIII. CONCLUSIONS

We have proposed several mesoscopic models for the
orientational glasses. Basic ingredients for our models
are the following.

(1) The orientational degrees of freedom are character-
ized by a discrete state variable. The number of states is
determined by the local anisotropy of the particular sub-
stance under consideration and the symmetry of the in-
teraction is specified by the crystal structure. For exam-
ple, (KBr),(KCN),_, is described by a four-state Potts

model, which seems adequate in the vicinity of the crit-
ical concentration, z, ~ 0.4, for the glass transition.??
As another example we refer to K;TaOs(Li),_,, which
may be considered a possible realization of our dipolar
six-state model3%3! which is discussed in Sec. VII.

(2) On mesoscopic length scales the medium is con-
sidered as elastic, except for the coupling to the orienta-
tional degrees of freedom. This is justified if fluctuations
on smaller length scales give rise to a finite renormaliza-
tion of the elastic constants and do not lead to structural
instabilities.

(3) The important interactions are those between the
orientational degrees of freedom, which are either medi-
ated by lattice distortions on a small wavelength or of
electrostatic origin. These couplings can give rise to co-
operative freezing into either random directions or homo-
geneously ordered states. Hence the cooperative behavior
of the orientational degrees of freedom is considered to be
the basic mechanism for the observed phase transitions.
Modifications of the elastic properties and the crystal
structure are due to the bilinear coupling between elastic
distortions and orientations. There are of course other
mechanisms, which lead to structural phase transitions
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accompanied by freezing of orientable molecules. A pos-
sible example is pure KCN, where experiments yield ev-
idence for a martensitic transition into an orthorhombic
phase.32:23 Experiments in the high-temperature phase
reveal a local anisotropy which is compatible with a four-
state model.333% On the basis of our four-state model
one would then expect a rhombohedral low-temperature
phase, as found in pure CsCN 3536

The models have been solved, using a mean-field ap-
proximation for the interaction between the orientational
degrees of freedom and a second-order cumulant expan-
sion for the inhomogeneous elastic strain. The main re-
sults are the following.

(1) A phase transition to a low-temperature phase with
long-range orientational order is observed, provided the
homogeneous interaction is strong enough. This transi-
tion is always accompanied by homogeneous lattice de-
formations, which give rise to new crystal structures in
the low-temperature phase. For the three-state model,
the symmetry of the low-temperature phase is tetrago-
nal, for the four-state model it is rhombohedral, and for
the six-state model it can be tetragonal, orthorhombic, or
rhombohedral, depending on the anisotropy of the cou-
pling (see Fig. 7). (KBr)_ (KCN),_, for z ~ z. may be
considered an experimental realization for the four-state
model.?? Li atoms in K;TaOgz(Li),_, are defects with
dipolar and quadrupolar moments. They can be modeled
by six state variables (see Fig. 12). As shown in Sec. VII
our model allows for independent ordering of the dipolar
and quadrupolar moments. Hence there are three pos-
sible phases with long-range order: Simultaneous dipo-
lar and quadrupolar ordering, dipolar without quadrupo-
lar ordering, and quadrupolar without dipolar ordering.
The experimental situation is not completely clear, but
there is evidence for independent freezing of dipolar and
quadrupolar moments.3! As far as the uniform distortion
is concerned, the dipolar six-state model is equivalent to
the three-state model with a tetragonal low-temperature
phase in agreement with experiment.37:38

(2) If the interaction between the orientations is suf-
ficiently random, our model predicts freezing of the ori-
entations in random directions, much like the spin-glass
phase in magnetic materials. This scenario is supported
by a number of experimental results, in particular for
the dipolar glasses, where the orientational degrees of
freedom can be probed experimentally by dielectric mea-
surements. One finds a cusp in the ac dielectric function
and a plateau in the dc dielectric function in analogy to
the corresponding susceptibilities in spin glasses.! Fur-
thermore one observes irreversible behavior upon cool-
ing. The remanent polarization was found to depend on
the history of the sample. Of particular interest are field
cooled and zero field cooled measurements.3%4% Attempts
have been made to measure the order parameter suscep-
tibility as the nonlinear dielectric response.?!

The six-state model allows for a variety of glassy
phases. Each glassy phase is characterized by the symme-
try of one of the homogeneous low-temperature phases.
For example, one finds a glassy phase with local tetrago-
nal distortions, which average to zero, so that the global
symmetry of the medium remains cubic. The random
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freezing of the orientations gives rise to random static
strains. These static strain fluctuations show up as a
quasielastic peak in the glassy phase. Its intensity is pro-
portional to the glass order parameter.? Its wave-vector
dependence offers the possibility to detect local order in
the glassy phase and possibly discriminate between vari-
ous glassy phases.

The variety of glassy phases is even larger, if one takes
into account the possibility of mixed phases, where ho-
mogeneous deformations coexist with glasslike order.

(3) The elastic properties of the medium are affected
by cooperative freezing of the orientations, no matter
whether this leads to a homogeneously ordered state or a
glassy phase. Due to the bilinear coupling of translational
and orientational degrees of freedom in our model, there
is an exact relation between the elastic constants and
the orientational susceptibility. If the system approaches
the transition to a homogeneously ordered state, the sus-
ceptibility follows a Curie-Weiss law, x ~ 1/(T — TF).
This growth of x is seen as a softening of specific elastic
constants, which are determined by the symmetry of the
model. For example, in the four-state model the shear
elastic constant Cia;9 is softened as the transition to the
rhombohedral state is approached. In the three-state
model as well as in the dipolar six-state model Cyyq; is
softened, whereas Cj212 remains unaffected. Ordering of
the orientations in the low-temperature phase has two
effects: (a) a restiffening of the elastic constants which
were softened upon approaching the transition and (b)
the appearance of new elastic constants, reflecting the
lower crystal symmetry of the low-temperature phase. In
our models the transition to the homogeneously ordered
state is always discontinuous. Hence the softening of the
medium is disrupted at the transition temperature. In
fact experiments on I{;TaO3(Li),_, show a softening of
Ch111 according to a Curie-Weiss law and no modification
of C1212.3® Experiments on (KBr),(KCN),_, for z ~ 0.3
reveal a pronounced minimum of Ci512 at T, whereas
C1111 1s less temperature dependent 442,21

For the pure glass, the susceptibility shows Curie be-
havior x ~ 1/T, on approaching the glass transition.
This gives rise to a softening of the same elastic con-
stants as for the transition to the homogeneously ordered
phase. Freezing in random directions disrupts the soft-
ening, but does not generate new elastic constants. The
increase of the elastic constants sets in at Tz and reflects
the decrease of the susceptibility due to a finite fraction
of frozen spins ¢. At the same temperature, T, one ob-
serves a strong increase of the elastic peak (5.6), which
is determined by the glass order parameter q.

If uniform interactions are present—as, for example,
in (KBr), (KCN),__ close to z ~ z,—we expect Curie-
Weiss behavior on approaching the glass-transition tem-
perature from above. Hence the enhancement of the sus-
ceptibility and the corresponding softening of the elastic
medium at the glass transition is strongest close to the
multicritical point z. and less and less pronounced as x
decreases.

Other mechanisms have been proposed to explain the
random freezing of orientations. Michel!® and Bostoen
and Michel*® consider a higher-order coupling between
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translational and rotational degrees of freedom of the
form eef(d) together with random static strains. Ran-
dom strains alone give rise to a gradual freezing process
and cannot account for a sharp glass transition. Higher-
order couplings between ¢ and d can be generated in our
model by the process of coarse graining. Here we have re-
stricted ourselves to the lowest order couplings, because
we identify the interaction between the orientations as
the basic mechanism for the phase transitions. If higher-
order couplings of the form ¢f(d)f(d) are present, then
a homogeneous freezing of the orientations can give rise
to an even wider variety of crystalline phases than the
model discussed here.

To summarize: The four-state model as well as the
dipolar six-state model seem to be adequate descriptions
of prototype orientational glasses. At present we do not
know of any experimental realization of our quadrupolar
six-state model. On the other hand it is plausible that
lattice anisotropies may prefer face-diagonal orientations
of defects. Our theoretical results indicate that such a
system can show types of behavior which differ qualita-
tively from the hitherto studied systems, for example,
the existence of several glass phases with different local
symmetries.

Several extensions of our work are possible. Besides
random fields, which have been proposed as a disor-
dering mechanism, there are in general also random
anisotropies, which can give rise to new ferroelastically
ordered phases.?’ The wave-number dependence of the
quasieleastic peak can be calculated. Thereby it is possi-
ble to check the experimental accessibility of local static
order in the glassy phases. Finally it seems interesting to
extend our approach to dynamics, in particular for dipo-
lar systems, where many experimental data are available.

ACKNOWLEDGMENTS

We have benefited from interesting discussions with
K.Knorr. This work has been supported by the Sonder-
forschungsbereich 345.

APPENDIX A: SYMMETRY OF GENERAL
p-STATE GLASSES
WITH GAUSSIAN DISORDER

Consider the uniform Potts system with Hamiltonian

P
H=-— Z Jz':c’ En“(a:)n“(.‘l:),

(z,z') u=1

(A1)

where r(z) is the state of the Potts variable at site z.
This system is usually randomized!®?4 by allowing fluc-
tuations of the coupling strength J,,.. Each pair of in-
teracting variables remains Potts symmetric. Here we
discuss the situation, which arises if Potts symmetry is
not microscopic but only macroscopic. The Hamiltonian
is then

H=- E Zn“(z).],‘;:,n"(x).

(z'zl) “"

nl‘(x) — 6117‘(1‘)1

(A2)
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Macroscopic Potts symmetry means that ensemble-
averaged correlations of J are symmetric, i.e.,

JE = [J8) L Jg(u)w(V) (A3)
and
GHP? =[5 7] = T4l 23]
= G"(“)"r(")"r(p)”(’f), (A4)

where w(u) denotes a permutation of the states. Jgg
is assumed to be statistically independent of J,,/ unless
(zz’) = (yy’). The disorder is Gaussian, i.e., higher-order
cumulants of J are zero.

The system (A2) is apparantly obtained by randomiz-
ing bonds, but it also contains hidden random field terms
as we shall show now. Equation (A2) can also be written
with another representation of Potts variables:

ni(e) = —{s(2) + 1) (A5)
Then
p’H = — Z Z{s“(m) + 1}JE {s"(z) + 1}
(z,z') wv
== > ) st (2)Jl s (2)
(z,z') nv
=2 @ | X X
s u oi(#z) v
+const. (AG6)

Here we defined J_/, = J.;,. The first term on the right-
hand side of (A6) is a “real” random bond term. The
second term contains 3./ 4.y 2., Jop = 225,750 +
> si(#2) 2w 8J4q1, Where z is the coordination num-
ber. As J§ has Potts symmetry, 3 ,, s#(z)Jg” = 0.
The fluctuations §Jy,+ produce a random field h#(z) =
Zx,(;ﬁz) >, 6J5. It is well known that random fields
alone cannot induce a glass transition. Furthermore the
glass transition, which is induced by random exchange,
is not destroyed by random fields, as long as the fluctua-
tions in the exchange and the local field are uncorrelated.
As far as the glass transition is concerned, we regard ran-
dom fields as nongeneric terms. The transition to a phase
with ferromagnetic long-range order may be suppressed
by random fields, if they are sufficiently strong. This fact
is well known from Ising models. However for Potts vari-
ables other types of ordered phases may be induced by
random fields, provided that their distribution is chosen
appropriately.2°
In the following we require

ZGuupa — .. = ZGuupa
u o

so that no random field terms are present in the averaged
Hamiltonian. From the definition of G we have

GHVPO = GPoWY and (A8)
The total number of p* entries of G#¥#? is reduced by

conditions (A8). For the Potts glass the following con-
stants are free:

(AT)

GHYPo — GVHIP,



12 260
P—_—23 Gllll)G1122’G1112’G1212‘G1221' (Ag)
p=23: (likep=2)+G"1B G133 G381 (A10)
p>4: (likep=3)+ G123 G173 1B (A1)

Condition (A7) further reduces the number of indepen-
dent parameters. These can be chosen as

p=2: G2 (A12)
p= 3 G1212,G“22,G]221, (Al3)
p24 G1212,G1122,G1221,G1111. (A14)

One can show that the order parameters of the system

remain unchanged, if G#?? is replaced by G**#?. Hence

we choose the following independent parameters:
p=2: G2 (A15)
p___3: GIZIZ‘Gllll’ (A16)
p>4: G2 gun gl (A17)

In the Ising case the SK model®® is recovered, containing
one disorder parameter G''?'? which corresponds to the
variance of the coupling strength \/[(Jzz/)?] in Ref. 45.

|

A M e} = /Hdsu(x)exp

x  af gkl
with
P = (ss7)0 — (s¥)0(55)o.

Here the expectation values (:-

a ﬁrst step we calculate Fgﬁ.

ZZZ ,](:c €u(¢”) (6% *c ]kl Z

Three different quantities have to be calculated: Cj; =
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For p = 3 and p > 4 a general random bond model is
described by two and three parameters, respectively.
The glassy phase of the six-state model in Sec. VI has
been characterized by two disorder parameters J* and
J~ (+ two homogeneous couplings). If microscopic sym-
metry is replaced by macroscopic symmetry, 10(!) pa-
rameters are needed to specify the quenched disorder,

eg.,
Gllll, G1144, G1114, G1414’ G1122,

G1422, 01425’ 01212’ G1242, G1245. (AlS)

However we do not expect that all parameters reveal
qualitatively new physical phenomena.

APPENDIX B: GINZBURG-LANDAU
EXPANSION FOR THE FERROMAGNETIC
TRANSITION

In the second-order cumulant expansion

= (sf's ) for @ # 8. As usual we introduce a Gaussian noise to decouple different lephcas in zg:

dyi -
lnzo=”/ (1) v o {4 oo

with
71 = E_r} expl J§-§— ——Z 5i5;Qij + Jos- M
ij
(B4)
The expectation values are then given by
Cij = ((sisi)1)y
M = ((si)1)ys (B5)
Qij = ((si)1(sj)1)y-
For the two-spin correlation we make the ansatz
Cij = aljIj; + bl for p=3, (B6)
Ci; = aljyIj; + béy; for p =4, (B7)

Multiplying Eq. (B6) by I;11;1 and summing over ij we
find

P K ij Kski) (B1)

(B2)

Yo have to be calculated with zo without coupling to the homogeneous strain. As
(57550, = (s{)o, and

In z; + O(n?) = n(ln z1)y + O(n?) (B3)

aZI1;21 ZIJQI +bZIi11]'11ij
i i

= <<Z$ IUZS] L)y,

(B8)

2=3(V3(s1)0 + 2)
= 6(/\/[0 + 1).

ax32x224+bx3%x

Multiplying Eq. (B6) by [;; and summing over ij we find

32x2a+32x20=3x2 or 3(a+b)=1.

(B9)
Hence C;; is determined by (s;)o = Moe}

1

Cii = =
]
If this result is substituted in Eq. (B1), the first term

M,
I,gj + —?;—O-(I“Ij] - I,'j). (BIO)
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gives rise to a renormalization of the bare elastic con-
stants at high temperatures and the second term vanishes
due to cubic symmetry

ZZ(Eii(éﬂ)Eji(iII»(hﬂjl - 1;;) = 0. (B11)

The argument for the four-state model is completely
analogous.

To study the transition from the paramagnet to the
collinear ferromagnet we calculate (s;)o perturbatively
for small M and Qp:

- 1
(sk)o= D JoMi= > elel
i p H
1 - 1 .
+§ Z JgM,,M]; Ze: e;‘ef
ij u

+O(M?, M*Q,Q%), (B12)
with

1
E el = E elell = e
7 p 7

(B13)

3}
'lLO n DM In zjph = hm —= Z Kyij Kokt Z(n z](l

(@) — n(n — 1)(E5 ()& (2)))ele
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and
1
e}e}—Zefe}‘ez:(p—Q)e}C‘ (B14)
ij p
Hence we find
s - M
(sk)g =epJoM 1+(P—2)J0~2— (815)

and therefore

(sido37 (5330

I

. .M\ . .
Tel oM (1 +(p— 2)J0—2—) Jo(1+ (p = 2)JoM)

T} JEM (14 2(p - 2)JoM).

X

(B16)

The contribution from (B/BM)Q?J« is of higher order and
can be neglected as long as we are only interested in linear
and quadratic terms in M. Hence we find

VJEM (14 3(p—2)JoM)

71]5“
(B17)

or explicitly for p = 3

1 1 0 10?2 - - 1.1 72 37 3 2

5 Jim == Iz, = — 5 Z %:[(eii(z)ekk(z))]e,; erJeM(1+ 2JoM) + O(M3, MQ, Q%) (B18)
and for p = 4
1. 0 - - -
3 rll—oO n 8M ll’l Zinh = —O'ZJO M(l -+ 3JOM) Z[(Ezg(.’l?)fz(;(x)) (631(£)631($)) -+ (612(@')612(1'))] -+ O(Ma,MQ,QQ),

(B19)

The disconnected correlations [(&;;(z))(€ri(z))] have been neglected because they are of higher order.

1U.T. Héchli, K. Knorr, and A. Loidl, Adv. Phys. 39, 405
(1990).

2K. Binder and A.P. Young, Rev. Mod. Phys. 58, 801 (1986).

3K.H. Michel and J. Naudts, Phys. Rev. Lett. 39, 212 (1977);
J. Chem. Phys. 67, 547 (1977); 68, 216 (1978).

*H. Vollmayr, R. Kree, and A. Zippelius, Europhys. Lett.
12, 235 (1990).

°E.R. Grannan, M. Randeria, and J.P. Sethna, Phys. Rev.
Lett. 60, 1402 (1988); Phys. Rev. B 41, 7784 (1990).

5I. Kanter and H. Sompolinski, Phys. Rev. B 33, 2073
(1986).

7J.P. Sethna, S.R. Nagel, and Th. Ramakrishnan, Phys. Rev.
Lett. 53, 2489 (1984).

8K.H. Michel and J.M. Rowe, Phys. Rev. B 22, 1417 (1980).

9K.H. Michel, Phys. Rev. Lett. 57, 2188 (1986); Phys. Rev.
B 35, 1405 (1987); 35, 1414 (1987).

1°M. Born and K. Huang, Dynamical Theory of Crystal Lat-
tices (Clarendon, Oxford, England, 1954).

K.H. Michel, Z. Phys. B 54, 129 (1984).

121..D. Landau and E.M. Lifshitz, Statistical Physics (Perga-
mon, London, 1984).

13H. Kanzaki, Phys. Chem. Solids 2, 24 (1957).

1 R. deWit, Solid State Phys. 10, 247 (1960).

15D. Hammes, H.O. Carmesin, and K. Binder, Z. Phys. B 76,
115 (1989).

1SK.H. Michel, Z. Phys. B 68, 259 (1987).

17D, Sahu and S.D. Mahanti, Phys. Rev. Lett. 48, 936 (1982);
Phys. Rev. B 26, 2981 (1982).

18K.H. Michel and T. Theuns, Phys. Rev. B 40, 5761 (1989).

19D, Elderfield and D.J. Sherrington, J. Phys. C 16, L497
(1983); 16, L971 (1983); 16, L1169 (1983).

2°H. Vollmayr, R. Kree, and A. Zippelius, unpublished.



12 262

21 A. Loidl, R. Feile, and K. Knorr, Z. Phys. B 42, 143 (1981).

22F. Liity, Defects in Insulating Crystals, edited by V.M.
Tuckkevich and K.K. Shvarts (Springer, Berlin, 1981), p.
69.

28G.S. Parry, Acta Crystallogr. 15, 596 (1962); 15, 601
(1962).

2D.J. Gross, J. Kanter, and H. Sompolinsky, Phys. Rev. Lett.
55, 304 (1985).

2°H.J. Herrmann, Z. Phys. B 35, 171 (1979).

26H.0. Carmesin, J. Phys. A 22, 297 (1989).

27). Banavar and M. Cieplak, Phys. Rev. B 39, 9633 (1988).

28H.0. Carmesin and K. Binder, J. Phys. A 21, 4053 (1988);
M. Scheucher, J.D. Reger, K. Binder, and A.P. Young,
Phys. Rev. B 42, 6881 (1990).

#°K.H. Michel and J.M. Rowe, Phys. Rev. B 32, 5818 (1985).

30Y. Yacobi and S. Just, Solid State Commun. 15, 715 (1974).

31U.T. Héchli and D.Baeriswyl, J. Phys. C 17, 311 (1984).

%2 A. Cimino and G.S. Parry, Nuovo Cimento 19, 971 (1960).

33M. Atoje, J. Chem. Phys. 54, 3514 (1971).

31D.L. Price, J.M. Rowe, 1.J. Rush, E. Prince, D.G. Hinks,

H. VOLLMAYR, R. KREE, AND A. ZIPPELIUS 44

and S. Susman, J. Chem. Phys. 56, 3697 (1972).

35M. Sugisaki,T. Matsuo, H. Suga, and S. Seki, Bull. Chem.
Soc. Jpn. 41, 1747 (1968).

% G. Knopp, K. Knorr, A. Loidl, and S. Haussiihl, Z. Phys.
B 51, 259 (1983).

37S.R. Andrews, J. Phys. C 18, 1357 (1985).

38U.T. Hochli, H.E. Weibel, and W. Rehwald, J. Phys. C 15,
6129 (1982).

% U.T. Hochli, P. Kofel, and M. Maglione, Phys. Rev. B 32,
4546 (1985).

*OM. Maglione, Ph.D. Thesis, EPF Lausanne 1987.

*1M. Maglione, U.T. Héchli, and J. Joffrin, Phys. Rev. Lett.
57, 436 (1986).

2] M. Rowe, J.J. Rush, D.G. Hinks, and G. Susman, Phys.
Rev. Lett. 43, 1158 (1979).

*3C. Bostoen and K.H. Michel, Z. Phys. B 71, 369 (1988).

XK. Knorr and A. Loidl, Phys. Rev. Lett. 57, 460 (1986).

**D. Sherrington and S. Kirkpatrick, Phys. Rev. Lett. 35,
1792 (1975).



