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Long-range order in the high-temperature phase of K2ZnCl4
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X-ray-diffraction investigations of K2ZnCl4 reveal an ordered ZnCl4 configuration that has a long-range-
order character of the stable phase, through the observation of Bragg peaks located on the superstructure
positions of the low-temperature phase, over the whole temperature range@110 K, 600 K#, i.e., in the disor-
dered phases (T.144 K). The strong broadening of these superlattice reflections alonga above 144 K reveals
a loss of the translational periodicity alonga and thus points out a strong one-dimensional distortion of the
ordered state in the disordered phases. The phase transition into the ordered phase at 144 K is observed via an
increasing of the low-temperature superstructure peaks at the high-Q values. At theseQ points an additional
broad diffuse scattering was detected 50 K above the phase transition. The existence of the broad intensity can
be interpreted from consideration of two different phenomena that could have the same origin: the disordered
ZnCl4 configuration generated by the relative sizes of the K cation and the rigid ZnCl4 anion group. The
behavior of the diffuse scattering was first interpreted in terms of local ZnCl4 ordering, which could be a
precursor of the phase transition at 144 K. A correlation between the ZnCl4 ordering and the successive
modulated-phase transitions is given from structural considerations. On the other hand, the diffuse scattering
also could be the result of the defect structure that is responsible for the lattice distortion along thea direction.
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I. INTRODUCTION

K2ZnCl4 is well known as an incommensurate insula
that undergoes the phase transition sequence~Table I! nor-
mal to incommensurate@qd5 1

3 (12d)c* # to commensurate
(q5c* /3), commonly observed in the variousA2BX4-type
ferroelectrics. In contrast with the behavior of the prototy
K2SeO4, Zn compounds~Rb2ZnCl4, K2ZnCl4, Rb2ZnBr4,
etc.! do not exhibit a proper soft phonon and undergo supp
mentary modulated phases in the low-temperature range
the A2BX4 family, the whole phase sequence is describ
from a prototypic hexagonal phase. Then the hig
temperature orthorhombic phase ofPmcnsymmetry can be
interpreted as resulting from the hexagonal phase via s
distortions. In the orthorhombic phase of the Zn compoun
BX4 is disordered into two equivalent positions that are sy
metry related with thema mirror in thePmcnnormal phase.1

Consequently, the successive modulated phases can be
preted as different steps in theBX4 ordering process to reac
the ordered monoclinic phase. This is in agreement with
structural description of the modulation in the incommen
rate and commensurate phases, as rotations ofBX4 rigid
560163-1829/97/56~9!/5180~6!/$10.00
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bodies around theb andc directions.2–4

Ab initio calculations show that the phase transitions
K2SeO4,

5 K2ZnCl4,
6 and Rb2ZnCl4 ~Ref. 7! can be explained

via a double-well structure in the potential-energy surfac
On the top of the double well is the unstablePmcn high-
temperature phase, while at the bottom are two stable
ordered monoclinic phases. Both monoclinic phases co
spond to two singlet ordered orientations ofBX4 , ma sym-
metry related to each other and so have the same pote
energy. The double well in K2ZnCl4 is deeper than that in
Rb2ZnCl4 and much deeper than that in K2SeO4. By decreas-
ing the temperature, the compounds first transform to
higher entropy state, i.e., the incommensurate and comm
surate phases, which are energetically quasiequivalent to
more stable phase. Second, by lowering the temperature
ther, the transformation into the monoclinic phase becom
more and more frustrated by the potential barrier. Howev
the calculated dispersion curves along@110# reveal that the
boundary pointq5(a* 1b* )/2 is unstable in Rb2ZnCl4 ~Ref.
6! and K2ZnCl4 ~Ref. 7! and so explains the observation
the monoclinic phase in both compounds. In addition, c
siderations on the behavior of calculated dispersion curve
.
TABLE I. Description of the whole phase sequence in K2ZnCl4, with the degree of the ZnCl4 disorder that characterizes each phase

Monoclinic 145 K
C1c1

Orthorhombic 403 K
P21cn:1̄s1̄

Orthhorhombic 550 K
Pmcn:ss1̄

T
Pmcn

a* 1b*

2
commensurate phase

C*

3
commensurate phase ~12d!

c*

3
incommensurate phase

Normal phase

one ZnCl4 orientation three ZnCl4 orientations infinite ZnCl4 orientations one average
orientation
5180 © 1997 The American Physical Society
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56 5181LONG-RANGE ORDER IN THE HIGH-TEMPERATURE . . .
K2ZnCl4 ~Ref. 7! suggest a possible observation of a s
optic mode that could be associated with a supplemen

incommensurate phase@qd5( 1
2 1d)a* 1 1

2 b* #.
Controversial experiments were reported about t

supplementary incommensurate phase in K2ZnCl4. X-ray-
diffraction experiments using synchrotron radiation8 have re-
vealed no supplementary incommensurate phase, where

incommensurate modulationqd5( 1
2 1d)a* 1 1

2 b* was evi-
denced between 144 and 148 K from neutron-diffract
investigations.9,10 Nevertheless, inelastic neutron scatteri
experiments11 performed on Rb2ZnCl4 and K2ZnCl4 show a
special behavior of the soft optic branch@q5(a* 1b* /2)# in
K2ZnCl4 and so point out an additional phenomenon to
first-order phase transition at 144 K. Different kinds of e
periments~Raman spectroscopy,12 x-ray diffraction,13 differ-
ential scanning calorimetry,12,13 and heat capacity
measurements14! have pointed out a slow transformation
the c* /3 modulation, i.e., a slow ordering of ZnCl4 tetrahe-
dra. From x-ray investigations at the point~2.5, 1.5, 0! on a
single crystal obtained from an evaporation of a ZnCl21KCl
solution that was not drastically controlled, this transform
tion was associated with the development of the diffuse s
tering observed at the superstructure position@q5(a*
1b* )/2# of the monoclinic phase. Two phenomena a
clearly evident: the development of the broad diffuse scat
ing observed about 50 K above the phase transition at 14
and the merging of theq5(a* 1b* )/2 superlattice reflection
at 144 K.

From all investigations on K2ZnCl4 it can be assumed tha
the development of the diffuse scattering should be a pre
sor to the ordered ZnCl4 arrangement at 144 K. To give
better insight of the ordering process of the tetrahedra, x
investigations at the superlattice pointsq5(a* 1b* )/2 were
extended to a wideQ range.

II. EXPERIMENT

X-ray-diffraction experiments were carried out on a fou
circle diffractometer, using a Huber goniometer and drivi
software developed in house. This device is well adapte
the study of modulated structures and allows us to rec
data collection through different methods:u scans,u-2u
scans, andQ scans. The last method was used to study
(a* 1b* )/2 superstructure lines in theQ range (0.140
<2 sinu/l<0.640). The diffractometer equipment used M
Ka radiation (l50.7107 Å) and so the measured half-wid
at half maximum~HWHM! of the superstructure reflection
were obtained from correction with Rachinger method. T
intrinsic broadening of superlattice reflections were obtain
from the measured HWHMDmQ corrected by the experi
mental resolutionDRQ as15

DQ5@~DmQ!22~DRQ!2#1/2.

The experimental resolution was determined for a given
perstructure line from the HWHM of a neighboring refle
tion in the reference crystal (CaF2). The typical size of the
quasispherical single crystals wasB50.5 mm. Investiga-
tions were conducted in the temperature range 110–650

The single crystals are obtained by slow cooling of
aqueous solution. A germ of K2ZnCl4 was inserted in a satu
t
ry
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rated aqueous solution ZnCl2-KCl in stoichiometric propor-
tions, at 303 K. The temperature was slowly decreased~0.1
K/day! and four months later a 2.8-g single crystal was o
tained. All the samples used in the reported experime
were prepared from this single crystal.

III. RESULTS

The (a* 1b* )/2 points of the reciprocal lattice wer
scanned along thea* andb* directions at room temperatur
for severalQ values in the accessibleQ range on an as-
grown sample. A striking feature is the observation of pea
located in the low-temperature superstructure positio
These peaks are well fitted by a Gaussian line shape.
fittings show a strongQ dependence along thea* direction
of the HWHM ~DQ}Qn with n.2! for the high-Q values
~Fig. 1!, whereas the peak intensity decreases withQ as the
result of the lost periodicity alonga. The fundamental Bragg
reflections were also analyzed and exhibit a weak broade
alonga versusQ.

Investigations in the high-temperature range@300 K, 600
K# reveal that the superstructure lines of the low-tempera
phase are observed even in the high-temperature phas
the low-Q values~Fig. 2!. These results suggest the existen
of a long-range-ordered state in the nonordered comme
rate, incommensurate, and normal phases. However, the
dered state does not exhibit a periodic arrangement alona,
in contrast to the disordered state corresponding to the
damental Bragg reflections of the average structure.

Investigations in the low-temperature range@110 K, 300
K# show a weak temperature dependence of thea*
1b* )/2 superstructure lines down to 144 K~Fig. 3!. The
phase transition into the ordered monoclinic phase is cha
terized by a strong increase in the integrated intensity of
superstructure lines, connected with a considerable shar
ing ~Table II!, only for the high-Q values (Q>0.37 Å21),
whereas no change is observed for the peak at the loweQ
value ~Figs. 3 and 4!. Consequently, it can be assumed th
the phase transition at 144 K generates a more homo

FIG. 1. Q dependence of the HWHM at 300 K of the low
temperature superlattice reflections fromQ scans alonga* ~open
circles! and alongb* ~full circles!, and of the fundamental brag
peaks fromQ scans alonga* ~open squares!.
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5182 56LEDUC, HEDOUX, DESCAMPS, DANEDE, AND ODOU
neous arrangement of the ordered ZnCl4 configuration along
a.

At the (a* 1b* )/2 points, an additional broad diffus
scattering is observed alonga* , only for the high-Q values
(Q>0.37 Å21), from about 200 K down to 144 K~Fig. 4!.
The diffuse scattering is well fitted using a Lorentzian p
file. The full width at half maximum~FWHM! is plotted as a
function of the temperature~Fig. 5! for two different points:
~2.5, 1.5, 0! and~3.5, 1.5, 0!. As observed on Figs. 4 and 5
the integrated intensity of the diffuse scattering increases
lowering the temperature and decreases suddenly to zer
low the phase transition, i.e., when the intensity of the sup
structure peak increases greatly~below T5145 K!.

To describe the ordering process of ZnCl4 tetrahedra, i.e.,
the growing process of the ordered monoclinic phase,
x-ray scattering intensity located at theq5(a* 1b* )/2
points of the reciprocal lattice was analyzed as explai
below. The intensity is given by16

S~Q,T!}triF% ~Q!•x% ~Q,T!i ,

where Fab(Q)5 f a(Q) f b* (Q), f i(Q) being the molecular
x-ray form factors of the molecule in the different possib
orientations, andx% (Q,T) is the susceptibility matrix; its el-
ements are the Fourier transform of the correlation functi

Gab~r ,T!5^ma~0,T!mb~r ,T!&2^ma~0,T!&^mb~r ,T!&,

where ma(r ,T) specifies the orientation at siter and tem-
peratureT.

FIG. 2. Temperature dependence of the integrated intensit
the low-temperature superstructure reflections in the hi
temperature range.

TABLE II. Experimental determination of the broadening of t
low-temperature superlattice reflections versusQ above ~300 K!
and below~128 K! the phase transition at 144 K.

Sa* 1b*

2 D reflections
DQ (Å 213103)

300 K
DQ (Å 213103)

128 K

~0.5, 1.5, 0! 0.255~7! 0.245~3!

~1.5, 1.5, 0! 0.59~1! 0.52~1!

~2.5, 1.5, 0! 1.72~2! 0.53~1!

~3.5, 1.5, 0! 3.74~9! 3.32~2!
-
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To interpret the Lorentzian line shape of the diffuse sc
tering, a local ordering model described by an Ornste
Zernike correlation functionG(r ,T) is used. Assuming the
description of the orientations with an Ising model 1/
^m0mr& is given by17

expS 22r

L~T! D
r

,

whereL(T)/2 is the correlation length at the temperatureT.
Consequently,

G~r ,T!5

expF 22r

L~T!G
r

and

S~q,T!5
1

S 1

L~T! D
2

1~pq!2

gives the line shape of the scattering intensity. In this c
the HWHM G ~reciprocal lattice unit! is a fitted parameter o
the Lorentzian line shape that is directly correlated to
characteristic sizeL ~lattice unit! by

L~T!5
1

p
G21~T!.

Writing the susceptibility as a function ofqL(T),

S~q,T!5L2~T!Ŝ„pqL~T!…,

it can be predicted by a scaling law~I versusG21!, with
exponentx52, to characterize the development of the d
fuse scattering.

The log-log plot of the peak intensity versusG21 points
out, by fitting with a first-order regression, a scaling exp
nent x'2 ~Fig. 6!. This result shows a continuous and h
mogeneous ZnCl4 local ordering within microclusters char
acterized by a correlation lengthL(T.150 K)'30 Å. The

of
-

FIG. 3. Temperature dependence of the integrated intensit
the low-temperature superstructure reflections in the lo
temperature range.
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FIG. 4. Temperature dependence of theQ scans alonga* of the low-temperature superstructure reflections for differentQ values, in~a!
~0.5, 1.5, 0!, ~b! ~1.5, 1.5, 0!, and~c! ~2.5, 1.5, 0!, scaled inQ to give a better observation of the broadening alonga* .
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inverse susceptibilityT/I exhibits a linearT dependence
~Fig. 7!, as expected from the Landau theory. Consequen
the structure of the commensurate, incommensurate, and
mal phases should be described by disordered domains
bedded within a long-range-ordered matrix. From x-ray
periments, the ZnCl4 ordering in the disordered domain
should start from about 200 K, where the broad intensity w
detected.

On the other hand, the diffuse intensity could result fro
the defect structure that is responsible for the lattice dis
tion along a. The inhomogeneous arrangement of orde
ferroelectric domains could generate strains between ord
domains. The broadened intensity should be assigned
Huang-type scattering.18–20 The detection of the broadene
intensity, only at the high-Q values, should corroborate th
hypothesis because of theQ2 dependence of the Huang sca
tering intensity.

IV. DISCUSSION

The first feature of this study is the experimental eviden
of a long-range-ordered state in the disordered, incomm
surate, commensurate, and normal phases. This observ
should indicate a long-range correlation between the r
tions of ZnCl4 tetrahedra around their ordered orientatio
The lack of the translational periodicity that is principal
observed alonga can be assigned to an inhomogeneous
rangement of ordered ferroelectric domains. Two kinds
ferroelectric domains can be observed in K2ZnCl4 because of
the existence of two ferroelectric phases.

The c* /3 ferroelectric domains are generally observed
the soliton regime, i.e., in the incommensurate phase, on
few degrees above the lock-in phase transition with decr
ing temperature. The modulation has a commensurate p
odicity c* /3, whereas the domain walls are characterized
an incommensurate modulation (12d)c* /3 and thus they
are called discommensurations. Electron microsco
experiments21,22 show that the incommensurate
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commensurate phase transition corresponds to nuclea
and annihilation processes of discommensurations that m

FIG. 5. Temperature dependence of the FWHM correspond
to ~a! the (a* 1b* )/2 superlattice reflections and~b! the diffuse
scattering observed on the same (a* 1b* )/2 points in the high-Q
range.
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along thea direction. Consequently, the phase-transition p
cess is connected to the concentration and the mobility of
discommensurations. Different studies22,23 have revealed a
high concentration and an inhomogeneous arrangemen
discommensurations at room temperature in K2ZnCl4. These
observations should have a contribution to the broadenin
the (a* 1b* )/2 superlattice reflections alonga.

The second feature is the observation of a broad diff
intensity distribution alonga* , only on the points corre-
sponding to the superstructure peaks that exhibit a str
temperature dependence of intensity and a FWHM at 144
Figure 7 shows the critical behavior of the ZnCl4 ordering at
the pointq5(a* 1b* )/2. The temperature dependence of t
diffuse scattering can be interpreted from the considera
of two phenomena.

~i! The local ZnCl4 ordering should be responsible for th
observation of the broad diffuse intensity and thus the de
opment of the diffuse scattering would be a precursor to
phase transition at 144 K. This phase transition is associ
with the softening of an optical mode11 that exhibits a mini-
mum in thema* 1 1

2 b* direction. This phenomenon shou
correlate with a quasielastic component, interpreted a
ZnCl4 ordering involved in the phase transition. This inte

FIG. 6. The log-log plot of the~2.5, 1.5, 0! diffuse scattering
intensity versus the inverse widthG21.

FIG. 7. Plot of the linear temperature dependence of the sus
tibility for the diffuse scattering measured at~2.5, 1.5, 0!.
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pretation is in agreement with previous spectroscopy
calorimetry.

~ii ! The inhomogeneous arrangement of the (a* 1b* )/2
ferroelectric domain that are responsible for the broaden
of the (a* 1b* )/2 superlattice reflections could genera
strains between domains and thus give rise to a tempera
dependent diffuse scattering.

Both hypotheses should be a consequence of a diso
generated by a smaller size of the K cations compared to
size of the ZnCl4 anions.24,25 This size criterion should also
be responsible for the existence of the incommensurate
tice instability in theA2BX4 compounds. This phenomeno
is in agreement with the hypothesis that the ordered phas
due to the softening of modes that were soft in the prototy
hexagonal high-temperature phase.11

From the present study, the phase transition at 144 K
interpreted in terms of rearrangement of the (a* 1b* )/2
ferroelectric domains into a more homogeneous distribut
along thea direction. The ordered ferroelectric state appe
as a stable ZnCl4 configuration over the whole temperatu
range. The rearrangement of the low-temperature dom
was performed either via a local ZnCl4 ordering or via strains
between domains that involve the ferroelastic distortion
144 K ~Table I!.

This study reveals also two different defects of period
ity. The incommensurate phase of K2ZnCl4 corresponds to a
lack of periodicity along thec direction. However, the satel
lite reflections exhibit no broadening versusQ. On the other
hand, the loss of periodicity along thea direction is charac-
terized by a broadening of the (a* 1b* )/2 superlattice re-
flections. This phenomenon can be explained from the c
sideration that thea direction is soft.

From the structural study of the modulated phases
Rb2ZnCl4 ~Ref. 2! and K2ZnCl4,

3 the modulation is princi-
pally described as rotations of ZnCl4 rigid groups around the
pseudo-hexagonalc axis, corresponding to the largest mod
lated displacements of Cl atoms along thea direction. These
considerations can explain the inhomogeneous orde
ZnCl4 configuration alonga, at room temperature~in the
commensurate phase!, and the diffuse scattering alonga
should correspond principally to the rearrangement of Cl
oms along thea direction.

In a previous study3 performed on single crystals chara
terized by a poor crystal-growth quality, the diffuse scatt
ing was observed from 250 K and the superstructure p
~2.5, 1.5, 0! was not observed above 144 K. This can
interpreted by a more inhomogeneous arrangement of
(a* 1b* )/2 ferroelectric domains above 144 K, which in
volves either a more important local ordering or strong
strains between the low-temperature domains. The extr
difficulty in obtaining a periodic arrangement of (a*
1b* )/2 ferroelectric domains can be assigned to the inter
tion between thec* /3 modulation and the crystal-growth de
fects. This phenomenon is closely connected to the stab
of the incommensurate and commensurate modula
phases.26,27 The ZnCl4 orientations are pinned to the defec
and thus the stability of the modulated phase~incommensu-
rate or commensurate! is increased. It was observed3 that a
slower crystal growth generates a larger coherence lengt
p-
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the ordered ZnCl4 configuration at the temperature of th
crystal growth. As a consequence, the crystal-growth qua
is closely connected to the ZnCl4 ordering in K2ZnCl4 cer-
tainly in relation to the high degree of disorder of the ZnC4
hy

tal
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ec

sh

tt.

.

.

ty
tetrahedra generated by the relative sizes of K and Zn4.
These considerations can explain why the developmen
the diffuse scattering alonga* above the low-temperatur
phase is observed only in K2ZnCl4.
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