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A microscopic model, which takes into account quadratic and cubic interactions between transla-
tional and orientational degrees of freedom, for mixed alkali-cyanide-alkali-halide crystals is pro-
posed. The resulting free energy allows us to clarify the mechanisms which lead to the orthorhom-
bic, monoclinic, and rhombohedral phases. The influence of external parameters such as tempera-

ture, CN concentration, and pressure is discussed.

I. INTRODUCTION

The alkali cyanides MCN,! % where M stands for an
alkali-metal atom (Na,K,Rb), and the mixed alkali-
cyanide—alkali-halides M(CN), X, _.,””° where X is a
halogen atom (Cl,Br,I), exhibit a large variety of crystal-
line phases. Transitions among these phases are charac-
terized by interesting anomalies in elastic,'®!! optical,'?
and dielectric properties.!>!* The phase transitions are
influenced by experimental parameters such as pres-
sure,ls'16 temperature, and composition.”’ 17,7

In the present paper we study the polymorphism of
these crystals as a function of external parameters. The
problem is of considerable interest. Recently it has been
suggested'® that KCN at the ferroelastic transition is
close to a triple point where cubic, orthorhombic, and
monoclinic phases coexist. In mixed crystals, the substi-
tutional impurities cause random strain fields.'>?® The
random strain fields are essential for the formation of the
orientational glass state.?! It has also been proposed,?? as
an extension of these concepts, that dynamic random
strain fields in molecular crystals can be generated by
molecules in an excited rotational state.

Previously, the occurrence of the ferroelastic phase
transition in the alkali cyanides has been described by a
theory based on bilinear translation-rotation coupling.?
Comparison with group-theoretical arguments®* shows
that this microscopic model is incomplete. It does not
lead to a negative fourth-order term in the free energy. If
one considers an order parameter of T, symmetry only,
the existence of such a term is required in order to obtain
a first-order phase transition to the orthorhombic struc-
ture. On the basis of experimental results,®° we will re-
strict ourselves here to T, symmetry.

On the other hand, if one allows for a coupling of one
component of E, symmetry with a square of T,, symme-
try, it is possible to obtain a first-order transition, too.
This coupling was introduced by Sahu and Mahanti,?
who have derived a Landau free energy with third- and
fourth-order terms, including coupling terms of E, and
T,, symmetry.

In the next section we will extend the model by making
the electric quadrupole interaction displacement depen-
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dent. Such a generalization of the compressible Ising
model?¢ leads to a negative fourth-order term in the free
energy. In Sec. III, we calculate the free energy by start-
ing from the microscopic model. The calculation is based
on molecular-field theory, but takes into account random
strain fields in mixed crystals. Next (Sec. IV) we discuss
the physical consequences, in particular the polymor-
phism as a function of experimental parameters. We
shall show that the present model leads in a consistent
way to transitions from the cubic to the .orthorhombic,
monoclinic and rhombohedral phases. In particular, we
find that the monoclinic structure is due to cubic cou-
pling between a Brillouin-zone—center mode and two
zone-boundary modes. Concluding remarks are given in
Sec. V

II. THE MODEL

We consider a mixed crystal M(CN), X,_. in the
high-temperature cubic phase. The lattice structure has
Fm3m space-group symmetry. The CN ions have dy-
namic orientational disorder (plastic phase). Starting
from MCN, the mixed crystal is obtained by random sub-
stitution of CN ions by halogens (X). The total interac-
tion potential is given by

V=yTT4yTR yRy yRR SRy pRRT (2.1)
The first four terms on the right-hand side have been con-
sidered previously.!” The harmonic acoustic-phonon po-
tential is given by

vIT=13 M, (q)s(q)s;(q) , 2.2)
q

M (k) stands for the corresponding bare dynamical ma-
trix in absence of T-R coupling. s;(q) denotes the
Fourier transform of the ith Cartesian component of the
acoustic lattice displacements of wave vector q. The con-
tribution VTR in Eq. (2.1) represents the bilinear transla-
tion (T) -rotation (R) coupling®

VTR=39,(a) Y} (q)s;(q) . (2.3a)
q

Here Y,(q) is the Fourier transform of the three
symmetry-adapted functions Y, of T, symmetry and an-
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gular momentum quantum number / =2. Y, are propor-
tional to X §, § 2, and £ X for a=1, 2, and 3, respectively.
The matrix D(q) is given by*>?

' sin(g,a) sin(g,a) 0
v(q)=— 2B 0 sin(g,a) sin(g,a) |, (2.3b)
Vm
sin(g,a) 0 sin(g, a)

B is a constant, and m is the average total mass per unit
cell.

Substitutional disorder is taken into account by the oc-
cupation variable o(n) with value +1 in presence of a
CN ion and value O in presence of an X ion at lattice site
n. We therefore write

Ya(q)=——1:——a(n)Ya(n)e’iq'X(“) , (2.4)

VN
where N is the number of unit cells, and where X(n)
denotes the rigid-lattice position. The term VX in Eq.
(2.1) refers to a sum of single-particle crystal-field poten-
tials?’ of symmetry A, The electrical quadrupole-
quadrupole interaction among neighboring CN ions®®?’
is given by

VRR=137J 4(qQ) Y} (q)Y5(q) . 2.5)
q

The matrix J(q) is quoted in Appendix A. In the case of

a compressible lattice, the quadrupole interaction has to

be expanded in terms of lattice displacements. Addition-

al details of the calculation are given in Appendix A.

Here we quote the result

JRRT — 2\/1N 3 I (P @) YL (p+a)Ya(plsi(q) .
p.q

(2.6)

The term V5% in Eq. (2.1) accounts for the interaction of
the residual CN ions with the static random strain fields
which are generated by the substitutional halogen ions,!?

VER=3Y,(@Qh,(—q,{c}) . 2.7)
q
Here
hy(q,{o]} )=71A7—2h,,(u, (o} )e iaXm (2.8)

is a static random ﬁeld_for which we assume a Gaussian
distribution. We have & ,=0 and

F=F,+Fg+3 [1M;(q)s{(@)sf(q)+D,(q) Y (q)sf(q)+1

1 ' et e e
+WJaﬁ,-(p,q)Ya (p+q)Y5(plsi(q)

Here 1 stands for the unit matrix and summation 3, is
understood to be over the wave vector q,p and over re-
peated indices i,a,. ... The first five terms on the right-
hand side have been derived previously.!® The contribu-
tions F{", n =3,4,6, are due to entropy. Explicitly we
have
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hohg=x(1—x)h?8,3=Hb,5 , 2.9

where the overbar denotes a configurational average.
The quantity 42 has been calculated in Ref. 19.

III. FREE ENERGY

In the preceding section we derived the model poten-
tial ¥, Eq. (2.1), for a system of interacting molecules on
a compressible lattice and in the presence of static
random-strain fields. The positional disorder is
quenched. Here we will calculate the free energy for that
model. We will use the same procedure as in Ref. 19.
This means that we take the virtual-crystal approxima-
tion in treating the effective orientational interaction. In
contradistinction with spin-glass theory,*® we neglect the
random-bond aspects of the molecular interaction. This
seems to be reasonable because in the present system the
elastic interactions are strong and vary on a length scale
much larger than the average distance between CN
molecular ions. On the other hand, we treat the effect of
the halogen impurities as a static random field which cou-
ples to the orientational order parameter. As has been
shown®! for an Ising spin system, the random-field prob-
lem can be treated within molecular-field theory. We will
adopt here the same point of view. We first calculate the
free energy for a given configuration {0} of substitutional
halogen impurities. At the end of the calculation, we
take the configurational averages.

We start with the free energy

F=Tr(pV +Tplnp) . (3.1)

Here Tr denotes the trace and T=B""! denotes the tem-
perature (with units in which kz =1). The density matrix
p and the instantaneous expectation values s° and Y°
satisfy the relations

Trp=1, (3.2a)
sf(q)=Tr[ps;(q)] , (3.2b)
Y (q)=Tr[pY,(q)] . (3.2¢)

We have used the method of Lagrange multipliers,
which was applied before to a spin-phonon coupled sys-
tem>? and to molecular crystals.>> Details of the calcula-
tion will be published separately. The final result for the
free energy reads

J@+1c+1-Lx2) | ¥e(@rsa
X oB
+FO+FO+FP (3.3)
-

Fo=——2 x5 D— S ¥%(p)¥5(q)

S 3'5-2(1:1’ ’ ‘/N a p B q
XY‘;/T(p—i—q)eaBy , (3.4a)
where €,5,=1 if @, B, and y are different, and g,3,=0

otherwise. Furthermore, we have
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T
(4)
S a4 ai Nz{

+[602X (3,2)+ 30,2, X2(2) — 10, X(4,2)18,5} Yo (p) Yo (@ Y 5(K) Y f(p+q+k) .

Here we have introduced the definitions

X2)=(y*)g!, (3.5a)
X(3,1)=(YYY)X32) (3.5b)
X(4,1)=(Y2Y?)x%2), (3.5¢)
X (4,2)=(Y*)X%2), (3.5d)
X (3,2)=X%3,1){Y?),, (3.5€)
and
a,=1—B,H/T? a,=1+C,H/T?, (3.6a)
a,=1—D,H/T? a,=1—D,H/T?. (3.6b)

sfl@)=—M;\(q)

T (—q)Y® 1 sy -
L Y@ 7S (P )
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[6a3X (3,2)—3a,a, X (4,1)+ 32,0, X%(2)1(1—38,,5)

(3.4b)

r

The coefficients B;,C, and D,,D, are given in Appendix
B; the quantity H has been defined in Eq. (2.9). The
thermal averages ( ), are evaluated with the single-
particle density matrix

pw=exp(—BWR)/Trlexp(—BWH)], (3.7

where WR is the sum of the crystal-field potential and the
self-interaction.?’” We have not calculated explicitly the
sixth-order term. We only assume that F{®>0. For a
given configuration of orientations {Y?}, we determine
the displacements {sf} by minimizing F with respect to
5{(q) and obtain

Y (p—q)Y5(p) (3.8)

We then eliminate s€ and obtain F as a Landau expansion in Y,

F=F,+Fy+F +Fs .

Here F, is the contribution due to interaction,

F,=3

%Laﬁ(q)YgT(q)Yf;(q)-WI

“——‘/I—— K .5, (p,@) Y5 (p+q)Y5(p)YE(q)

2V'N

where

L op(q)=J5(q)— Cop(q)+8,5C* , (3.11a)

Logys(P,K;Q) = 05 (P, QM5 (@) 55(k, —q) ,  (3.11b)

K o5, (P, Q) =J (5 (p, M5 (Q0};(—q) , (3.11c¢)

Cop(Q) =04, (q)M;; 1(q)ﬁ;,,-(—q) (3.11d)
(3.11e)

1
c'=3C.
N q

the index 7 stands for transposed. The entropy contribu-
tion Fy is given by
Fs=3F",
n

n=2,3,4,6 . (3.12)

We have already specified F§>) and F$*, and we quote

F§2’=——zyfj<q>yg(q) , (3.13)
2y
where
y=xa, X " 12). (3.14)

(3.9)

wrs P KT (p+q) Y5(p)YE (k—q) Y (k)

(3.10)

IV. DISCUSSION

Expression (3.9) of the free energy describes the state of
the mixed crystal M(CN),X,_, in the orientationally
disordered phase. The coefficients of the series expansion
in powers of the orientational order parameter Y, depend
on temperature, CN concentration x, and lattice constant
2a. The dependence on these external parameters is
different for the interaction contribution F; and the en-
tropy Fg, respectively. The competition between internal
energy and entropy is essential in determining the crystal-
line structure. 4 priori, there exists a wide range of possi-
bilities for the low-T phases. Our present knowledge of
the atomistic constants, in particular of the electric quad-
rupole moment of the CN™ ion in a crystalline struc-
ture,** is not sufficient to allow for a quantitative calcula-
tion for the free energy. We therefore restrict ourselves
to a more qualitative discussion, using group theory and
experiment as guidelines.

A. Orthorhombic phases

We first consider the ferroelastic transition
Fm3m —Immm in KCN and NaCN. One component of



5764

T,, symmetry condenses with wave vector q at the
Brillouin-zone center.?* We consider q,=(gq, ,0,0), with
g,—0. The order parameter is Yf(q)=V N7, with
Y, =0, «=2,3. The free-energy term F;, Eq. (3.10),
reads

(1/N)F;=Am*+C*, (4.1)
with

Ar=%Ly(qo) , (4.2a)

Cr=—4J11x(0,@0)M ;. '(qo)J 114 (0,qq) - (4.2b)
From Eq. (3.12) we get

(1/N)Fg= Agn*+Cgn*+Dgn® , (4.3)
with

Ag=1iTy7', (4.4a)

CS:Z!XTs—a‘;B“zXZ(Z)‘“IX“’”] . (4.4b)

We have not explicitly calculated Dg. All we need in the
following is the assumption that Dg is positive. For an
Ising model, Dy =T /30.

Applying Landau theory® to F=F;+Fg, we find a
first-order or a second-order phase transition, depending
on whether the fourth-order term in the expansion is neg-
ative or positive. Consequently, the transition to the or-
thorhombic phase is of first order if

IC,|>Cs . @.5)

We observe that in all cases which we have studied nu-
merically, Cy; was found to be positive. For an Ising
model, C¢=T/12. Condition (4.5) apparently holds for
x=1 in M(CN),X,_, for M given by Na or K. The
first-order transition occurs at a temperature

C2
=Tt (4.6)
where C = —|C;|+Cy and
T.=y|Ly(qo)l . (4.72)

Defining A’ by 4 =A(T —T,) with 4 =4,+ A, we
have

A'=AgT™1 (4.70)
The discontinuity of the order parameter is given by
172
—C
An= (4.8)
T | 2D

By applying hydrostatic pressure, one finds that 7’| in-
creases and that the first-order character of the transition
becomes more pronounced.!>!® An increase of pressure
leads to a decrease of the lattice constant a. From Eqgs.
(A8c) and (4.2b) it then follows that |J’| and |C;| in-
crease. On the other hand, quantities such as T¢, M, Cg,
and Dg, which depend on attractive and repulsive forces,
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are practically unaffected by pressure. We conclude that
the orthorhombic phase is stabilized by hydrostatic pres-
sure since the negative fourth-order term « —|C;|y* in
the free energy becomes dominant. Recalling that
17 <X », we see that this term also favors an alignment of
the CN quadrupoles along [110] directions of the original
cubic phase. In Eq. (4.8), A7 increases with |C,].

From Egs. (4.2b) and (4.4b) we notice that C; < x° and
Cs <x ~% x being the CN concentration. If Cs and C;
are of the same order of magnitude, it follows that the in-
equality (4.5) can be reversed with decreasing x. In
K(CN),Br;_,, the orthorhombic phase already becomes
unstable for x ~0.95,° while in Na(CN), Cl,_ the ortho-
rhombic phase extends to x ~0.90. 3¢

The first-order nature of the ferroelastic transition to
the orthorhombic structure is more pronounced in NaCN
than in KCN, while RbCN exhibits a transition to an an-
tiferroelastic monoclinic ostructure.37 We recall that
a =2.95, 3.25, and 3.42 A for these three compounds,
respectively. Since C,xa ', we are led to the con-
clusion that, in NaCN, |C;|>Cg, while, in RbCN,
|C;| <Cs. In KCN, |C;|=Cg, and thermal cycling ex-
periments show that KCN acts as a “bistable borderline
case.”!® The ferroelastic phase obtained in the first cycle
consists of orthorhombic domains. By returning to
higher T, scars of these domains remain as imperfections
in the cubic phase. These imperfections are sources of
random strain fields (similar to random strain fields
caused by substitutional halogens). - The strain fields
affect the free energy through the factors a, [see Egs.
(3.6a) and (4.4b)]. In Eq. (3.6a) for a,, the random field H
is now caused by the scars. An increase of Cg«a;*
leads to a destabilization of the orthorhombic structure
to the advantage of the antiferroelastic monoclinic phase.

B. Monoclinic phases

The monoclinic structure has been found in KCN sub-
jected to thermal cycling,®®!® in RbCN,¥ and in com-
pounds M(CN), X,_, (Refs. 8, 9, 39, and 40) for certain
ranges of concentrations. The structure contains two for-
mula units per primitive unit cell,® the CN~ ions are ar-
ranged in skewed directions.?’ In addition to shear defor-
mations with respect to the cubic structure, reflections
have been detected at the L point of the original cubic
Brillouin zone.® On the other hand, the transition to the
“antiferroelastic”’'® monoclinic structure is also preceded
by a softening of the elastic constants ¢, in the cubic
phase.*! We attribute the interplay of these phenomena
to a coupling of type (2.6) between two orientational
modes at the L point of the Brillouin zone and a shear
mode at the zone center. See Egs. (A10a) and (A 10b).

Following Parlinski,?* we consider the reduction of the
physical representation of orientations to the point group
of the wave vector p; =(7/2a)(1,1,1). We consider the
irreducible representation #° with basis spanned by the
symmetry adapted function Y5, <$ 2and Y}Zf < —2%.
They correspond to our functions +Y,, a=2,3, respec-
tively. Following Ref. 24, we take the amplitude p of the
two components equal but with an opposite sign:
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Y, (n)==*(p/V'N )cos[p;-X(n)], (4.9) To=¢&y . 4.11)
where we retain the + sign for a=2 and — sign for

a=3. At the L point, the electrical quadrupole interac-
tion (A2) is nondiagonal in the components a, and we
find from Eq. (2.5)

VRR=—gp? | (4.10)
where £=V27Q?/a’. This interaction corresponds to a
staggered (antiferroelastic'®) arrangement of the CN
quadrupoles in space. If there were no coupling to the
elastic degrees of freedom, the corresponding transition

temperature would be given by

F(py,q,)=1M;(q,)5{(q,)5;(g,)+0,:(q,) Y (g,)s(q, )+ =
N icV'Ng,
+—(T —Ty)p*+———
y o'P vVm

where ¢ =57Q2/[a*(V2)?], and

,_ 2T
_4|35

4 [12a3X(3,2)+6a,a,X X(2)

—3a,a,X(4,1)—a,a,X(4,2)] . (4.13)

Both Cg and Dg are positive. We assume that fourth-
and higher-order terms in Y“(q,) are negligible. Further-
more, we neglect the longitudinal modes s,(g,) and also
the orientational modes Y;(g,). These modes are stiff in
comparison to the soft transverse modes.?> We therefore
consider Eq. (4.12) for the indices a=2 and 3, and i =x,
and y. For a given conﬁguratlon of p and s;(g,), we mini-
mize F with respect to Y5'(q,) and obtain

Y3(g,)=—[J(0)+C°+(T/p)]”'0,,(q,)s,(q.)

4.14)
A similar expression is obtained for Y;(g,) with ¥,, re-
placed by 73, and s, by s,. We notice that J,, =J3;=J.

Eliminating Y,(g,) and Y;(q,), we obtain for the free en-
ergy (4.12)

F(py,q,)=1D;(g,)s(g,)s8(q;)
icV'N
+ Vo q,1;:5{(q,)p°
N 2 ' 4 ' 6
+—y—(T—TQ)p +NCsp*+NDgp® , (4.15)
where D, =D, . with?’
2(13 T'—Tc
D  (g)="—q2%% | —————— (4.16)
x4 ch44 T+(CS+J)y

The ferroelastic transition temperature T, is given by Eq.
(4.7a). Due to the coupling ¢ in Eq. (4.15) between shear
modes and staggered quadrupoles, the real transition
occurs at a temperature Ty > T,. We now determine T',.

[s,(q,)+s,(q,)]p>+NCsp*+NDgp® ,

With x =1, a,=1, X 1(2)=0.08, and £=939 K, we
would obtain Ty,=75K for KCN, whlle the ferroelastic
transition, with the same parameters, occurs at 191 K.
For RbCN, we estimate T, =58 K, while the experimen-

‘tal result is 132 K,'* close to a value to be expected from

a ferroelastic transition.

We consider the free energy (3.3) and separate shear
modes, which are related to the Brillouin-zone center
q0=(0,0,¢,) with g,—0, from zone-boundary (L point)
modes:

J(qz)+C5+;T Yo (g,)Y4(q,)

aa

(4.12)

f

Minimizing Eq. (4.15) with respect to s; for p fixed, we
get

s,(qz)=ic‘>/-n—j 0.0, (g,)p% . 4.17)

Elimination of s; yields

(1/N)F(py,q,)=(1/y)(T — Ty )p*+C'p*+Djp®

(4.18a)

C'=Ci{—(c?/2m)qD ' (q,) . (4.18b)

If C’ is negative, we obtain a first-order transition at a
temperature 7T'; which follows from the solution of

y(TOIC(T))P—4(T,—Ty)Dg(T;)=0 (4.19)

We recall that T, is of the order of 0.5T,. Furthermore,
», Cs, and Dg are smooth functions of 7. The dominant
T dependence arises from the last term on the right-hand
side of Eq. (4.18b) if T approaches T,.. Taking for the
smooth functions their value at T,, we obtain the transi-
tion temperature

’

a
Cs2[(T,—Tg)Dsy ~'1'*

The + sign has to be taken if C§ <[(T,—Ty)Dgy ~'1'/%
We have defined

2

T,=T.+ (4.20)

a'= [T +(C*+J)y] . (4.21)
4a3c
The discontinuity of p at T'; is given by
172 1/4
—C' T,—T
pp=|=E 1 = |22 (4.22)
2D yDg
-5 5/4

Since D§xx ~°, we get Ap<x>/* and consequently Ap
decreases with decreasing x. This result is in agreement
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with the decrease of the intensity of L-point reflections®
with decreasing concentration of CN. Defining the shear
mode €,; by

iq,sf(q,)=V mN g, , (4.23)

i =x,y, we obtain from Eq. (4.17) that a discontinuity in
p implies a discontinuity in e. Since D,,(q,)=D,,(q,), we
have ¢,, =¢,,, which is characteristic for the monoclinic
phase. A coupling linear in zone-center- shear modes and
quadratic in zone-boundary optical modes has been previ-
ously considered in order to describe the structural tran-
sitions in perovskites.*> There the optical displacements
at the zone boundary drive the antiferrodistortive transi-
tion. Our model here is more complicated since in the
cyanides we include, in addition, the interaction between
zone-center modes.

C. Rhombohedral phase

A rhombohedral phase which is characterized by three
equal shears has been found for certain ranges of T and x
in K(CN),Br;_, (Refs. 8, 43, and 44) and
Na(CN),Cl,_,.%¢ The transition from the cubic phase is
close to second order in the first compound and first or-
der in the second. The three equal shear strains lead to a
shortening of the cubic lattice cell along the diagonal
[111], in the first case, and to a stretching along [111], in
the second. These situations correspond, respectively, to
an orientation of the CN ions in a (111) plane and to an
alignment along the [111] direction.

In order to account for the rhombohedral symmetry,
we must have

Y¢(q=0)=VNn,=V N7y, a=1,2,3. (4.24)

Here 7 is the amplitude. Retaining only terms linear in 7
we obtain from Eq. (3.8) in the long-wavelength limit for
q=(g,,0,0)

iq,S, =iq,s;=Pn . (4.25a)
Similarly we have for q=(0, qy,O)

iq,s5 =iq,s;=Pn , (4.25b)
and for q=(0,0,q,)

iq,55 =iq,8,=PBn , (4.25¢)
where B=B (mN)'"?/a*c),. Defining

e =1i(g;s;+q;s{)/(mN)'*=Br, (4.26)
we obtain

Exy =€y, =€y =B, 4.27)
with

B'=B/a%}, .

In the case of K(CN),Br,_,, the functions Y,Y,,Y;
correspond, respectively, to an alignment along [110],
[01T], and [101]. Since, then, X $, $ 2, and £ X are nega-
tive, we write = —|7|. Since B is positive,* we see that
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an alignment of the CN ions in a (111) plane leads to neg-
ative shear components or equivalently to a contraction
of the cubic lattice (squeeze) along the diagonal [111].

On the other hand, in the case of Na(CN),Cl,_, the
functions Y,,Y,,Y; correspond to components along
[110],[011],[101] and X P, 2, and £ X are positive. We
then write 7=+ |7|. The shears are positive and lead to
a stretching of the cubic lattice cell along [111].

The third-order terms in the free energy are different
from zero. From Eq. (3.4a) we obtain in the long-
wavelength limit

FP=—C@Ny?, (4.28a)
where
a,T
CP=—5X(3,1)>0. (4.28b)
X aq

The last term on the right-hand side of Eq. (3.10) yields

F,‘3)=C}3)Nn3 , (4.29a)
with
C;a):% >0. (4.29b)
C44a

Under the assumption that the coefficient of the fourth-
order term in the free energy is positive, we know that
the nature of the phase transition is determined by the
sign and magnitude of the coefficient

cH=cP—c® (4.30)

of the third-order term.>® If C'3 =0, the transition is
second order; otherwise it is of first order. If C )50, the
stable solution in the ordered phase corresponds to 17 <0,
while if C'® <0 one has n>0. The first case seems to be
realized in K(CN), Br,_, with x close to 0.73, while the
second case seems to hold in Na(CN),Cl,_,.*® We have
made numerical calculations, starting from microscopic
potential parameters. We find that, for K(CN),Br,_,,
C™ is indeed positive for x >x, with x, =0.86. Experi-
mentally one finds** that the transition from the cubic to
the rhombohedral phase is already continuous at
x,=0.73. Given the uncertainties in the microscopic pa-
rameters, we consider our value for x, to be a fair result.
For details of the calculation, we refer to Appendix C.

V. CONCLUDING REMARKS

On the basis of a microscopic model, we have given a
theory of the polymorphism of mixed crystals
M(CN), X,_,, where M is an alkali-metal ion and X a
halogen ion. As an extension of previous work, where
only bilinear interactions between displacive acoustic and
orientational degrees of freedom had been considered, we
have also taken into account cubic interactions. They are
due to the dependence of the electric quadrupole interac-
tion on lattice displacements. In calculating the free en-
ergy, we obtain negative fourth-order terms in the orien-
tational order parameter. The negative terms due to in-
teraction compete with positive fourth-order terms due to
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entropy. This competition is influenced by experimental
parameters such as T, x, and P (pressure).

The ferroelastic orthorhombic phase is obtained from
the condensation of a single orientational mode
Y$(qp)=V'N 7 at the Brillouin-zone center q,=(g,,0,0),
as g, —0. The concomitantly condensing shear mode is
obtained from Eq. (3.8) with the result

€y =ig,s, /(mN)!2=Bn/a%}, . (5.1

The cubic interaction (A9b) corresponding to a coupling
of a stretching mode €, and is in this respect analogous
to the compressible Ising model.

The situation which leads to the monoclinic structure
is more complicated. A cubic coupling between a shear
mode at the zone center and two different orientational
components at the L point is essential in driving the tran-
sition from the cubic to the monoclinic phase. The two
orientational modes have the same amplitude p but oppo-
site sign. Two shear modes ¢,, =¢,, become different.
The present theory accounts for two main characteristics
of the antiferroelastic monoclinic structure: a staggered
arrangement of the CN quadrupoles and the equality of
two shear modes. Due to the coupling between zone-
boundary and zone-center modes, the transition is still
preceded by a softening of ¢4, in the cubic phase.

The transition to the orthorhombic and to the mono-
clinic phases are of first order. The first-order character
decreases with decreasing CN~ concentration, since
there is in the free energy a competition between fourth-
order terms with different signs.

We have finally discussed a mechanism which leads to
the rhombohedral phases. The existence of three
coherent and equal shears €,, =¢,, =¢,, follows from the
equality of the three T,, orientational components. The
sign of the orientational amplitude 1 determines the sign
of the shears and possibly accounts for the difference be-
tween K(CN),Br;_, and Na(CN),Cl;_,. The first-
versus second-order character of the phase transition is
now governed by the competition of entropy and interac-
tion contributions to the third-order term in the free en-
ergy.

All the previous results have been obtained from a
Landau expression of the free energy. The free energy
has been calculated on the basis of the microscopic mod-
el. The concentration dependence has been taken into ac-
count by performing configurational averages within
mean-field theory. We have also included in our model
static random strain fields which are due to the substitu-
tional halogens. The inclusion of random strain fields al-
lows us to give a consistent interpretation of thermal cy-
cling experiments.

The present approach of discussing the phase transi-
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tions on the basis of the molecular-field theory may ap-
pear primitive from the point of view of critical phenom-
ena. The critical behavior of an Ising model on a
compressible cubic lattice has been studied by
renormalization-group methods.*® It has been found that
at constant pressure, the anisotropic cubic solid has a
first-order transition.

The purpose of our work has been the proposal of a
new microscopic model which exhibits the polymorphism
of mixed crystals with orientational disorder. In a first
approach, a discussion of the phase transition based on
Landau-type theory is, therefore, legitimate. As an ex-
tension for further studies, we mention the inclusion of
surface effects which have been found to be relevant in
metal-hydrogen systems.*’

Beyond the problem of polymorphism, our results are
relevant for the understanding of the mechanism which
leads to the orientational glass state**** in M (CN), X,_,
and related compounds. It has been suggested*® that, in
addition to a smooth T-dependent freezing, a nonergodic
instability can occur as a characteristic feature of the
orientational glass. The threshold condition for such an
instability is realized close to a virtual second-order phase
transition. Since dilution of CN concentration favors the
second-order character of the structural transition, it is
conceivable that a nonergodic instability occurs only
below a critical concentration x,.
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APPENDIX A

The Fourier transform of the quadrupole-quadrupole
interaction reads

Jap(k)=3J 15(X(h))e kX0 (A1)
h

Here X(h) is the position vector of one of the 12 nearest-
neighbor CN™ ions which surround a given CN ™ at the
origin X(0)=0 in the fcc structure. The calculation of
Jop(k) has been outlined in Ref. 29. Here we quote the
full matrix J(k), since we will need the result in the fol-
lowing. We obtain

2
T00=-2T (cos[(k, +k,)al 07 +cos[ (k, —k, Ja]J ~

a*v?2

+eos[(k, +k,)alJ T #+cos[(k, —k, )al] ~™ +cos[(k, +k, JalJ * P +cos[(k, —k,)all "],

(A2)
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with
-3 0 TFI
JE=10 B 0 (A3)
F1r 0o —3%

The matrices J**? and JT* follow from Eq. (A3) by
cyclic permutation of elements. Q stands for the quadru-
pole moment of the CN ion. In order to calculate the in-
teraction on a compressible lattice, we start from

VRR=1% $ J(R(n+h)—R(n))
n h

R(n)=X(n)+u(n) , (A5)
u(n) being the lattice displacement. We expand the po-
tential (A4) in powers of u, take Fourier transforms ac-
cording to Eq. (2.4), and use

1 .
)= 3 u(qlelaXm
(mCN)l/le/zg q

(A6)
Finally, we transform to acoustic coordinates. The result
corresponds to a zeroth-order term in u which is given by
Eq. (2.5) and a first-order correction, given by Eq. (2.6).
Retaining only the coupling to long-wavelength acoustic
phonons, we find

J (P, )=J 3 (p, @) +J 5 (p,@) +T 57 (p,q) .

Xo(n+h)Y,(n+h)o(n)Yg4(n), (A4) (A7)
where Here
J
I3 (p,@=0, (A8a)
(xy) _ —i57TQ2 + J+(xy) + —+( _ )J~(xy) ( —p.) ] (A8b)
Jaﬁx(p7q)_m{(qy g5 W o™ cos[(p, +p,)al+(q, —q, ) o5 cos[(p, —p,)al} ,
"(xy) — i57TQ2 +(xy) —(xp)
J o (p,q)——m{(qx+qy)Ja5 cos[(p, +p,lal+(g, —q, ) ;57 cos(p, —p,)al} . (A8c)
[
The expressions for J:f,’;’f)(p,q) and J;ng’(p,q) follow by , _ 2ic 1
permutation of indices from Egs. (A8a)-(A8c). In Eq. Jaay(4:,PL)s5,(q;) Vm Jaa""4:5,(q;) (A10a)
(A8b), m =mcy+myg denotes the total mass per unit dic
cell. J e (45D )5 (q,)= ﬁJ;;xz)qzsx(qz) , (A10b)

Having the explicit form of the interaction J', we find
that in the limit p=0 and q—0, the terms a=/3 in Eq.
(2.6) correspond to a coupling or orientational interac-
tions to stretching, while the terms af3 correspond to a
coupling to lattice shears. Defining

c=5mQ%*/[a°(V2)’], (A9a)
we find, for instance,
J! 0 )=— —2ic (J+(xy)+J+(xz))8
aﬂx( ’q)sx(q ‘/"_ [qx af3 af3 aff
m
+q,(J 35 +J )
X(1=38,5)]s,(q) . (A9b)

Taking q=(q,,0,0), we see that Ji,,(0,q,) in Eq. (4.2b)
corresponds to a coupling of two pairs of Y, functions,
which is mediated by compressional lattice waves.

With p=p; (Sec. IV), we obtain a coupling to shear
modes from J,,;(q,p;). In particular, with q=(0,0,q,),
we get

which corresponds to a coupling of zone-boundary orien-
tational modes Y, to shear waves. The interaction (2.6)
then reduces to

C 13

pL’qZ):i‘/Nm T'qz[sy(qz)+sx(qz)]p2 .

yRRT( (A11)

APPENDIX B

We quote explicit expressions for the coefficients B,
C,, D,, and D, which have been introduced in Sec. III:

_5¢ Y2)2—2(Y2Y?),—(Y,),

) Bl
. 2T, (B1)
3 | (Yrry),
¢=3 (YYY), Yol (B2)
D1=—2—)1;—[(Y6>0—4<Y4Y2)0—18((YYY)2)0
1
+12(YYY ) —11{Y D) ], (B3a)

with
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y,=(Y*)—3(Y?Y?),, (B3b)
D,= E(—;'ZT {(3/y1 L= (YY) Yoo+ 20y, +2( YY) YY) +6(y, +3( YY) ){(YYY)?)]

0
(¥?¥*)o 2 4v2 2y2 2 23\3
—6 2 1+3—y——~ (YYY )= (YY) g+ 2( Y2Y) (Y2 o+ 7 Y2)3 | | . (B4)
1
[
APPENDIX C effects. The corresponding single-particle susceptibilities

We have calculated for K(CN), Br,_, the critical con-
centration x, where the transition from the cubic to the
rhombohedral phase becomes second order. We start
from the same microscopic parameters for the Born-
Mayer, Coulomb and van der Waals potentials, which
have been used in the second paper of Ref. 27 for the cal-
culation of T, in KCN. With a quadrupole moment
Q =0.72Q,, where Q,= —4.64X 10~ 10 esu A2, we have
obtained?’ T.(x =1)=191 K and B=1461 K/A. We

<

then find from Eq. (4.29a)
Cc¥=5916 K, (Cy

where we have used c9,=0.48%10" dyn/cm? and
a=3.25 A.

In order to calculate the single-particle susceptibilities
which enter Eq. (4.28b) for Cfg”, we need to know the
single-particle potential WX(Q). Here Q=(6,¢) denotes
the polar angles for the CN orientation. Expansion in cu-
bic harmonics K () yields

WR(Q)=(Z41K41(Q)+a61K61(ﬂ) ) (Cz)

where the coefficients a;,=23.8 K and a5 =—288.5 K
have been calculated in Ref. 27 by including self-energy

are then evaluated:

(Y,,Y,,Y,,),=0.0147 , (C3a)
(Y} ),=0.082, (C3b)

for T=150 K. With a,~1, a;~1, and observing that

T.(x)=xT.(x =1), we get
3y XT (x =1)X26.66
cd= > . (C4
x

Comparing with Eq. (C1), we find that C{*>C§ for
x >0.86. Experimentally** one finds x,~0.73. From
Eq. (4.28b) we see that C$* is very sensitive to the-value
of ( ny Yo Uncertainties in the values of a,, and ag,, due
to uncertainties about the value of the quadrupole mo-
ment Q (see Refs. 29 and 27), and due to uncertainties in
the values of the Born-Mayer potentials, cause uncertain-
ties in the value of ( Y7, ),.

We have performed 51m11ar calculations for the case of
Na(CN),Cl,_,. For x =0.7 and T =200 K, we obtain
C¥ >, with C§=13643 K and C{*’=12654.6 K.
Here we have used the values T .(x =1 )—286 K,
ay=—200, ag=—120, (Y3 ),=0, 068 (Y, 7,7, )0
—0.0105 at T=200 K, B=2478 K/A, c%,=0.75x10"
dyn/cm?, and @ =2.95 A.

*Present address: Rijksuniversitair Centrum, Groenenborger-
laan 171, B-2020 Antwerpen, Belgium.
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