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Long-range order in the high-temperature phase of KZnCl,
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X-ray-diffraction investigations of KZnCl, reveal an ordered Znglkonfiguration 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 fht@e, 600 K], i.e., in the disor-
dered phasesl(t>144 K). The strong broadening of these superlattice reflections alabgve 144 K reveals
a loss of the translational periodicity alogand 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 theChiggdues. At thes& 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
ZnCl, configuration generated by the relative sizes of the K cation and the rigid,Zm@n group. The
behavior of the diffuse scattering was first interpreted in terms of local Zaofering, which could be a
precursor of the phase transition at 144 K. A correlation between the,Zw@éring 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 alardjréation.
[S0163-182697)04533-3

I. INTRODUCTION bodies around the andc directions>™*
Ab initio calculations show that the phase transitions in

K,ZnCl, is well known as an incommensurate insulatorK,SeQ,® K,ZnCl,,® and RBZnCl, (Ref. 7 can be explained
that undergoes the phase transition sequéieble ) nor-  via a double-well structure in the potential-energy surfaces.
mal to incommensuratggs;=3(1— 8)c*] to commensurate On the top of the double well is the unstatiencn high-
(g=c*/3), commonly observed in the variods,BX,-type  temperature phase, while at the bottom are two stable and
ferroelectrics. In contrast with the behavior of the prototypeordered monoclinic phases. Both monoclinic phases corre-
K,SeQ, Zn compounds(Rb,ZnCl,, K,ZnCl,, Rb,ZnBr,, spond to two singlet ordered orientations®X,, m, sym-
etc) do not exhibit a proper soft phonon and undergo supplemetry related to each other and so have the same potential
mentary modulated phases in the low-temperature range. knergy. The double well in §&nCl, is deeper than that in
the A,BX, family, the whole phase sequence is describedrb,ZnCl, and much deeper than that in®eQ. By decreas-
from a prototypic hexagonal phase. Then the high-ing the temperature, the compounds first transform to the
temperature orthorhombic phaseimcnsymmetry can be higher entropy state, i.e., the incommensurate and commen-
interpreted as resulting from the hexagonal phase via smadlurate phases, which are energetically quasiequivalent to the
distortions. In the orthorhombic phase of the Zn compoundsmore stable phase. Second, by lowering the temperature fur-
B X, is disordered into two equivalent positions that are sym-her, the transformation into the monoclinic phase becomes
metry related with then, mirror in thePmcnnormal phasé.  more and more frustrated by the potential barrier. However,
Consequently, the successive modulated phases can be intére calculated dispersion curves aldid 0] reveal that the
preted as different steps in tlBX, ordering process to reach boundary poing=(a* +b*)/2 is unstable in RZnCl, (Ref.
the ordered monoclinic phase. This is in agreement with th®) and K,ZnCl, (Ref. 7) and so explains the observation of
structural description of the modulation in the incommensuthe monoclinic phase in both compounds. In addition, con-
rate and commensurate phases, as rotationBXf rigid  siderations on the behavior of calculated dispersion curves in

TABLE I. Description of the whole phase sequence BZHCl,, with the degree of the ZngHisorder that characterizes each phase.

Monoclinic 145 K Orthorhombic 403 K Orthhorhombic 550 K T
Clcl P2,cn:1s1 Pmcnssl Pmcn
a* +b* c* c* Normal phase
5 commensurate phase 3 commensurate phase (1-9) 3 incommensurate phase
one ZnC} orientation three ZnGlorientations infinite ZnGlorientations one average
orientation
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K,ZnCl, (Ref. 7 suggest a possible observation of a soft 4.0 .
optic mode that could be associated with a supplementary sl |
incommensurate phases=(3+ d)a* + sb*]. e

Controversial experiments were reported about this = 30 - i
supplementary incommensurate phase pZnCl,. X-ray- a7 25t ,
diffraction experiments using synchrotron radiafibave re- ::
vealed no supplementary incommensurate phase, whereas an 2207 i
incommensurate modulations= (3 + 8)a* + 3b* was evi- 2 st .
denced between 144 and 148 K from neutron-diffraction “@ |
investigations''° Nevertheless, inelastic neutron scattering g Lor o
experiments! performed on REZnCl, and KZnCl, show a = 05t 1
special behavior of the soft optic branalp= (a* +b*/2)] in 0.0 ‘ : ‘ ‘ {

K,ZnCl, and so point out an additional phenomenon to the

first-order phase transition at 144 K. Different kinds of ex-

periments(Raman spectroscopy x-ray diffraction?® differ- )

ential scanning calorimetdf’® and heat capacity

measurement$ have pointed out a slow transformation of PG 1. Q dependence of the HWHM at 300 K of the low-

the ¢*/3 modulation, i.e., a slow ordering of ZnQetrahe- temperature superl*attlce rgflectlons fr@nscans along* (open

dra. From x-ray investigations at the poi@5, 1.5, 0 on a circles and alongb* (full (‘;lrcles), and of the fundamental bragg

single crystal obtained from an evaporation of a ZRHCI peaks fromQ scans alongt™ (open squargs

solution that was not drastically controlled, this transforma-

tion was associated with the development of the diffuse scatated aqueous solution ZngKCl in stoichiometric propor-

tering observed at the superstructure positig= (a* tions, at 303 K. The temperature was slowly decredfet

+b*)/2] of the monoclinic phase. Two phenomena areK/day) and four months later a 2.8-g single crystal was ob-

clearly evident: the development of the broad diffuse scattertained. All the samples used in the reported experiments

ing observed about 50 K above the phase transition at 144 Were prepared from this single crystal.

and the merging of thg= (a* + b*)/2 superlattice reflection

at 144 K.

From all investigations on ¥nCl, it can be assumed that IIl. RESULTS

the development of the diffuse scattering should be a precur- ¢ (@ +b*)/2 points of the reciprocal lattice were

sor to the ordered Znglarrangement at 144 K. To give @ gcanned along tha* andb* directions at room temperature

_better_m&_ght of the ordering process of thf tetiahedra, X-TaYor severalQ values in the accessibl® range on an as-

investigations at the superlattice poifs (a* +b*)/2 were  grown sample. A striking feature is the observation of peaks

extended to a wid€) range. located in the low-temperature superstructure positions.

These peaks are well fitted by a Gaussian line shape. The

Il. EXPERIMENT fittings show a strond@) dependence along tha¥ direction

: . . . of the HWHM (AQ=Q" with n>2) for the highQ values

_ X—ra)_/-dlffracuon expe_rlments were ca_rrled outona f_on_Jr— (Fig. 1 where;s?he%eak intensizy decreasgs %ths the
cwfcle d|ffrdact0{netedr, usr:ng a Hurl]:)erdgonlometerlclsmg d”V'ggBesullt 6f the lost periodicity along. The fundamental Bragg
software developed in house. This device is well adapted t ) ' S .
the study of modulated structures and allows us to recoralgﬁcgonjrgvesre also analyzed and exhibit a weak broadening
data collection through different methods: scans, 6-26 In?/es\;igatl:oan: in the high-temperature rarigé0 K, 600
?;f isk;*e;?g? Sica;zirzzﬁjrlgsﬁi?eith%d mg lﬁ;ﬁd eto (‘Ztulj)é th?ﬂ reveal that the superstructure lines of the low-temperature
<2 sin <0 6910) The diffractometer equi mgent us.ed Mo phase are observed even in the high-temperature phase for
Ea radiati(:n '(}\:0_'7107 A) and so the mgaé)ured halfwidth the low-Q values(Fig. 2. These results suggest the existence
at half maximum(HWHM) of the superstructure reflections of a long-range-ordered state in the nonordered commensu-

were obtained from correction with Rachinger method. Therate’ incommensurate, and normal phases. However, the or-

intrinsic broadening of superlattice reflections were obtaine(sjered state does not exhibit a periodic arrangement aong

from the measured HWHM™Q corrected by the experi- in contrast to the dlsorQered state corresponding to the fun-
. R 5 damental Bragg reflections of the average structure.
mental resolutiom\RQ as'

Investigations in the low-temperature randed0 K, 300
—_T(AMOV2_ ( ARM\271/2 K] show a weak temperature dependence of thé& (
AQ=[(ATQI"~(ATQ)TT™ +b*)/2 superstructure lines down to 144 (Kig. 3). The
The experimental resolution was determined for a given suphase transition into the ordered monoclinic phase is charac-
perstructure line from the HWHM of a neighboring reflec- terized by a strong increase in the integrated intensity of the
tion in the reference crystal (CgF The typical size of the superstructure lines, connected with a considerable sharpen-
quasispherical single crystals w&$=0.5 mm. Investiga- ing (Table ), only for the highQ values Q=0.37 A1),
tions were conducted in the temperature range 110-650 Kwhereas no change is observed for the peak at the lowest-
The single crystals are obtained by slow cooling of anvalue (Figs. 3 and 4 Consequently, it can be assumed that
aqueous solution. A germ of BnCl, was inserted in a satu- the phase transition at 144 K generates a more homoge-
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FIG. 2. Temperature dependence of the integrated intensity ofh Fl?' 3. Temperature dependence of tk:‘:e m_tegrat(_ad |nrt]enS||ty of
the low-temperature superstructure reflections in the high-t e low-temperature superstructure reflections in the low-

temperature range. temperature range.

To interpret the Lorentzian line shape of the diffuse scat-
tering, a local ordering model described by an Ornstein-
Zernike correlation functiors(r,T) is used. Assuming the
description of the orientations with an Ising model 1/2,

neous arrangement of the ordered Zn€infiguration along
a.

At the (@* +b*)/2 points, an additional broad diffuse
scattering is observed alorgj, only for the highQ values L 7
(0=0.37 A1), from about 200 K down to 144 KFig. 4.  (Mor) iS given by
The diffuse scattering is well fitted using a Lorentzian pro- —2r
file. The full width at half maximun{FWHM) is plotted as a exy{ ﬁ)
function of the temperatur@-ig. 5) for two different points: -

(2.5, 1.5, 0 and(3.5, 1.5, 0. As observed on Figs. 4 and 5, r

the integrated intensity of the diffuse scattering increases b%hereL(T)/Z is the correlation length at the temperatiite
lowering the temperature and decreases suddenly to zero bébnsequently,

low the phase transition, i.e., when the intensity of the super-

structure peak increases greafthelow T= 145 K). —-2r
To describe the ordering process of Zp@trahedra, i.e., ex XG53
the growing process of the ordered monoclinic phase, the G(r,T)=———=

X-ray scattering intensity located at thg=(a*+b*)/2 r

points of the reciprocal lattice was analyzed as explainegnd
below. The intensity is given B

S(QT)tr|F(Q)- x(Q, T, S(q,T)=

where F“B(Q)zfa(Q)f’l;(Q),fi(Q) being the molecular (L(T)
x-ray form factors of the molecule in the different possible
orientations, and¢(Q,T) is the susceptibility matrix; its el-

ements are the Fourier transform of the correlation function

2
+(mq)?

gives the line shape of the scattering intensity. In this case
the HWHMT (reciprocal lattice unjtis a fitted parameter of
The Lorentzian line shape that is directly correlated to the

Gop(1,T)=(1alOT) a1, T = (o OT)) (1, T)), characteristic siz& (lattice uniy by

where r,T) specifies the orientation at siteand tem- 1
ol T) 5P L(T)==T%T).
peratureT. T
TABLE II. Experimental determination of the broadening of the Writing the susceptibility as a function ofL(T),
low-temperature superlattice reflections vergusabove (300 K) by 2
and below(128 K) the phase transition at 144 K. S(q,T)=LAT)S(wqL(T)),

it can be predicted by a scaling la@ versusI' 1), with
exponentx=2, to characterize the development of the dif-
fuse scattering.
. . _1 .
(05,15, 0 0.2557) 0.2453) The Io.g.—log p_Iot of .the peak mtensny verslis pomts
out, by fitting with a first-order regression, a scaling expo-

AQ (A™x10°) AQ (A™x1(9)
reflections 300 K 128 K

a* +b*

82 i: g 2?;2 82;3 nentx~2 (Fig. 6). This result shows a continuous and ho-
35, 15,0 3.749) 3.322) mogeneous Zngllocal ordering within microclusters char-

acterized by a correlation length(T>150 K)~30 A. The
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FIG. 4. Temperature dependence of @ecans along* of the low-temperature superstructure reflections for diffe@nalues, in(a)
(0.5, 15,0, (b) (1.5, 1.5, 0, and(c) (2.5, 1.5, 0, scaled inQ to give a better observation of the broadening alahg

inverse susceptibilityT/l exhibits a linearT dependence commensurate phase transition corresponds to nucleation
(Fig. 7), as expected from the Landau theory. Consequentlyand annihilation processes of discommensurations that move

the structure of the commensurate, incommensurate, and nor-
mal phases should be described by disordered domains em-
bedded within a long-range-ordered matrix. From x-ray ex-
periments, the ZnGlordering in the disordered domains
should start from about 200 K, where the broad intensity was
detected.

On the other hand, the diffuse intensity could result from
the defect structure that is responsible for the lattice distor-
tion alonga. The inhomogeneous arrangement of ordered
ferroelectric domains could generate strains between ordered
domains. The broadened intensity should be assigned to a
Huang-type scatterint~?° The detection of the broadened
intensity, only at the higl® values, should corroborate this
hypothesis because of i dependence of the Huang scat-
tering intensity.

IV. DISCUSSION

The first feature of this study is the experimental evidence
of a long-range-ordered state in the disordered, incommen-
surate, commensurate, and normal phases. This observation
should indicate a long-range correlation between the rota-
tions of ZnC}, tetrahedra around their ordered orientation.
The lack of the translational periodicity that is principally
observed alon@ can be assigned to an inhomogeneous ar-
rangement of ordered ferroelectric domains. Two kinds of
ferroelectric domains can be observed is¥KCl, because of
the existence of two ferroelectric phases.

The c*/3 ferroelectric domains are generally observed in
the soliton regime, i.e., in the incommensurate phase, only a
few degrees above the lock-in phase transition with decreas-
ing temperature. The modulation has a commensurate peri-
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Odi(?ity c*/3, whereas the domain walls are characterized by F|G. 5. Temperature dependence of the FWHM corresponding
an incommensurate mOdU|atI0_n {1)c*/3 and thu; they to (a) the (@* +b*)/2 superlattice reflections and) the diffuse
are called discommensurations. Electron microscopycattering observed on the sanma ¢ b*)/2 points in the high®

experiment$¥??> show that the incommensurate- range.
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pretation is in agreement with previous spectroscopy and
calorimetry.

(i) The inhomogeneous arrangement of tlaé { b*)/2
10° & ° ferroelectric domain that are responsible for the broadening
[ ] of the (@* +b*)/2 superlattice reflections could generate
strains between domains and thus give rise to a temperature-
dependent diffuse scattering.

Both hypotheses should be a consequence of a disorder
102 - __ generated by a smaller size of the K cations compared to the
: ] size of the ZnGJ anions?*? This size criterion should also

. ] be responsible for the existence of the incommensurate lat-
10 tice instability in theA,BX, compounds. This phenomenon
ah is in agreement with the hypothesis that the ordered phase is
due to the softening of modes that were soft in the prototypic
hexagonal high-temperature phase.

FIG. 6. The log-log plot of the2.5, 1.5, 0 diffuse scattering From the present study, the phase transition at 144 K is
intensity versus the inverse widih *. interpreted in terms of rearrangement of tha* { b*)/2

ferroelectric domains into a more homogeneous distribution
along thea direction. Consequently, the phase-transition pro-along thea direction. The ordered ferroelectric state appears
cess is connected to the concentration and the mobility of thas a stable ZnGlconfiguration over the whole temperature
discommensurations. Different studie&’® have revealed a range. The rearrangement of the low-temperature domains
high concentration and an inhomogeneous arrangement Qfas performed either via a local Zn@irdering or via strains
discommensurations at room temperature J@hCl,. These  petween domains that involve the ferroelastic distortion at
observations should haye a contri'bution to the broadening ofz4 k (Table I).
the (a* +b*)/2 superlattice reflections aloray _ This study reveals also two different defects of periodic-
. Thg secpngl fefature is thf observation of a.broad dlffusgty' The incommensurate phase 0f6Cl, corresponds to a
intensity distribution alonga™, only on the points corre- lack of periodicity along the direction. However, the satel-

sponding to the superstructure peaks that exhibit a stron e reflections exhibit no br :

. ; oadening verss On the other
temperature dependence of intensity and a FWHM at 144 @and the loss of periodicity along '?taaedirﬁtion is charac-
Figure 7 shows the critical behavior of the Zp®©tdering at '

. : . :
the pointg=(a* +b*)/2. The temperature dependence of thete”i.ed byTa' brok?denmg of tha’(;b )/2| .supderflattlmtehre-
diffuse scattering can be interpreted from the considerati0|r1Iec lons. This phenomenon can be explained Irom the con-

of two phenomena. sideration that the direction is soft.

(i) The local ZnC} ordering should be responsible for the _ From the structural study gf the modulated phases of
observation of the broad diffuse intensity and thus the develRP2ZnCl, (Ref. 2 and K.ZnCl,,” the modulation is princi-
opment of the diffuse scattering would be a precursor to thally described as rotations of Zn@lgid groups around the
phase transition at 144 K. This phase transition is associate@seudo-hexagonal axis, corresponding to the largest modu-
with the softening of an optical motfethat exhibits a mini- lated displacements of Cl atoms along thdirection. These
mum in theua* + 3b* direction. This phenomenon should considerations can explain the inhomogeneous ordered
correlate with a quasielastic component, interpreted as &nCl, configuration alonga, at room temperaturéin the
ZnCl, ordering involved in the phase transition. This inter- commensurate phaseand the diffuse scattering alorg

should correspond principally to the rearrangement of ClI at-
15 oms along thea direction.

In a previous studyperformed on single crystals charac-
terized by a poor crystal-growth quality, the diffuse scatter-
ing was observed from 250 K and the superstructure peak
(2.5, 1.5, 0 was not observed above 144 K. This can be
interpreted by a more inhomogeneous arrangement of the
(a* +b*)/2 ferroelectric domains above 144 K, which in-
volves either a more important local ordering or stronger
strains between the low-temperature domains. The extreme
difficulty in obtaining a periodic arrangement ofa*(
+b*)/2 ferroelectric domains can be assigned to the interac-
i tion between the* /3 modulation and the crystal-growth de-
0.0 ———-4A : e fects. This phenomenon is closely connected to the stability
120 140 160 180 200 220 of the incommensurate and commensurate modulated

Temperature (K) phase£®?” The ZnC}, orientations are pinned to the defects
and thus the stability of the modulated phd&seommensu-

FIG. 7. Plot of the linear temperature dependence of the suscefjate or commensuratés increased. It was observethat a
tibility for the diffuse scattering measured @5, 1.5, 0. slower crystal growth generates a larger coherence length of
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the ordered ZnGl configuration at the temperature of the tetrahedra generated by the relative sizes of K and ZnCl
crystal growth. As a consequence, the crystal-growth qualitffhese considerations can explain why the development of
is closely connected to the ZnCbrdering in KZnCl, cer-  the diffuse scattering along* above the low-temperature
tainly in relation to the high degree of disorder of the ZnCl phase is observed only in,KnCl,.
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