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Dielectric properties of a hexagonal ABX3-type antlferromagnet KNiC13 are studied 
by measuring dielectric constants and obserwng D - E hysteresis loops Dielectric 
anomalms indicating structural phase transitmns are found exclusively along the c- 
axis at 274 K, 285 K, 561 K and 762 K Ferroelectnc D - E hysteresis loops are 
observed in the phase above 274 K, though the D - E loop cannot be observed at 
temperatures higher than 600 K owing to enhancement of electric conductwlty of th~s 
compound Within the observed temperature range, the spontaneous polarization 
P, as a funchon of temperature behaves m a manner wherein as temperature is 
raised, P, appears suddenly at 274 K, decreases gradually towards 285 K after 
substantial growth and then monotomcally increases up to the phase above 561 K 
The magnitudes of P, at 274.5 K and 533 0 K are estimated as 0 048 #C/cm 2 
and 0.871 #C/cm 2, respectwely Such behawor of P, Is attributed to a possible 
femelectrlc alignment of sublattlce polarlzatmns inherent to the crystal structure 
with the space group P63cm 

§1 I N T R O D U C T I O N  

Potassium mckel trlchlomde KN~CI3 is one of a se- 
rms of hexagonal ABX3-type magnetic systems, such 
like CsNIC13, CsMnBr3 and CsMnI3, which have at- 
tracted considerable attention for their low-dimensmnal 
magnetic properties and magnetic ordering processes on 
triangular lattmes. 1)-3) The dominant characteristics of 
these crystals are the presence of linear chains of face- 
sharing octahedra BX6 along the c-axis, where mag- 
netic B ions compose triangular lattice nets Among 
them, KN1C13 has been known to undergo structural 
phase transltmns from the prototype CsNlC13-structure 
with the space group D~h-P63/mmc to lower symme- 
try phases successively at 250 K, 561 K and 762 K 4) 
The space group of the room-temperature structure was 
ldentffied with C3.-P63crn being polar, where the umt 
cell is descmbed by enlarging that of CsN1C13 to v/3a, 
v~a and c s),6) The lathce constants v/3a and c were 
determined as 11 795/~ and 5 926/~, respectively (Fig 1) 
On the basis of group theory, Mafies and co-workers 
proved that the room-temperature structure of KNIC13 
is attributed to the condensatmn of the K4-, KI- and 
A2~-lattlce wbratlonal modes of the prototype CsNIClz 
structure 7),s) In particular, the K4-mode representmg 
the lattice dlstortmn m which one of three NiC13-chams 
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shifts upward along the c-axis and two of them down- 
ward makes a major contmbutlon to the displacements 
of ions of the room-temperature structure from the pro- 
totype lattme Moreover, they pointed out that spon- 
taneous polarization is reduced by the condensahon of 
the A2=-mode which descmbes relahve displacements of 
three different lomc groups along the c-axis 

On the other hand, KN1C13 undergoes an antlfer- 
romagnet]c phase transition at TN = 8 2K, where or- 
dered spin moments are confined within the c-plate 2) 
Antlferromagnehc ordering on the triangular lattme has 
an intrinsic instability due to spin frustration If three 
eqmvalent nearest-neighbor antlferromagnetlc couplmgs 
between magnetm Ions on a triangular net spht into dif- 
ferent couplings owing to lattice distortions, spin order- 
lng possibly becomes successive Smce KNIC13 has a 
slightly distorted triangular lathce, the magnetic phase 
transltmn has to be reexarmned together with eluclda- 
tmn of the crystal structure of the respective phases 

From these vmwpomts, we have investigated the di- 
electric propertms of KNIC13 over a wide temperature 
range from 230 K to 780 K As a result, the transition 
at 250 K reported previously by the present authors' 
group must be revised as successive transltmns at 274 K 
and 285 K, we will designate the four transltion points at 
762 K, 561 K, 285 K and 274 K T1, T2, Ta and T4 m order 
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of decreasing temperature,  respectively, and call the five 
crystalhne states phases-I (T~ _< r ) , - I I  (T2 _< T _< T1), 
-III (Tz <_ T < T~),-IV (T4 _< T < Ta) and -V (T _< T4) 
Furthermore, KN1CI3 was found to exhibit ferroelectnc- 
lty along the c-axis at phases-II, -III and -IV There- 
fore, the actual scenarm of succesmve phase transRlons 
of KN1C13 may be more complicated than the theoretical 
predmtlon 

RbMnBra 9) and RbFeBr31°) are examples of com- 
pounds belonging to the KNIC13 family having the crys- 
tal structure of P63cm In some temperature range In 
particular, RbMnBr3 has the same sequence of succes- 
sive structural transitions as KN1C13 We have also suc- 
ceeded in observing ferroelectnc D - E hysteresis loops 
for RbMnBr3 and RbFeBr3 Thus, it may be appropriate 
to state that the KN1C13 family exhibits ferroelectnclty 
together with magnetism In this paper the ferroelectnc 
and structural phase transitions in KN1C13 are reported 
Details for the other two compounds will be presented 
in separate papers 11),12) 

§ 2 E X P E R I M E N T S  

Single crystals of KNiC13 were grown by the Brldg- 
man method from the melt of equlmolar amounts of KC1 
and N1C12 Details of the growth conditions on grow- 
ing crystals were as reported m ref 5 Samples used for 
all measurements were as-grown crystals, where speci- 
mens for the dielectric constant parallel to the c-axis, 
e~, and that  perpendicular to the c-axis, e~, are cut into 
slabs with (001) faces and cleavage (1120) faces, respec- 
tively The razes of the c- and the ac-slabs were about 
4mm 2 and 10mm ~ m area, and 2 5ram and 0 5mm in 
thickness, respectively In the high-temperature region 
above room temperature,  gold electrodes were evapo- 
rated on the sample faces, and silver wires were at- 
tached with silver paste for avoMmg stoking of silver 

Q o O • • 
Cs* N1" K + C1- C1- ;1 ~÷ 

(a) (b) 

Fig 1 Crystal structures of (a) CsN1CI3 with the space 
group P63/mmc, (b) KNIC13 w~th the space group P6acm 
at room temperature In thin figure the structure in- 
duced by condensation of only the K4-mode as shown 
The characteristic of these structure is to involve linear 
chains of face-sharing octahedra BXs along the c-axis 
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electrodes into samples, whereas silver paste was painted 
on the specimens as electrodes in the low-temperature 
region Dmlectnc constants were measured at 1MHz 
with a YHP-4192A automatic impedance analyzer of 
which a c fields apphed to the samples were about 
4 V / c m  The heating and coohng rates were 2 K /mln  
and 1 K /mm,  respechvely Temperatures are deter- 
mined within ± 0 5 K above room temperature and 
± 0 1 K below in the present study D - E hystere- 
sis loop observatmns were performed at 50Hz by means 
of a Sawyer-Tower circuit and the maximum value of the 
applied field was about 1 1 kV/cm 

§ 3 R E S U L T S  

Figure 2 (a) shows the real parts of the complex di- 
electric constants, ec and e~, as functions of temperature  
in the range from 250 K to 300 K in heating and cool- 
Ing runs, respectively Anomalies associated with the 
structural phase transitions were observed only for ec 
and were located at 274 K (= T4) and 285 K (= T3) 
In phase-IV, the Increase of ec accompanied a shght m- 
crease of the imaginary part of the dielectric constant c~ ~ 
due to electric conductlvRy Around T4 there was a clear 
thermal hysteresis of about 4 K, but at T3 no hysteresis 
was observed Therefore, the translhons at T4 and 7"3 
are first- and second-order ones, respectively Moreover, 
it was confirmed that dielectric constant increases with 
decreasing frequency D-E hysteresis loops in the dlrec- 
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Fig 2 (a) Temperature dependence of dielectric con- 
stants ec and e~ measured m coohng and heating runs 
at 1MHz below room temperature (b) Spontaneous po- 
lanzahon and coercive field as functions of temperature 
in a heating run 
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Fag 3 Ferroelectnc 50Hz D - E hysteresm loops along 
the c-axls at (a) 272 6 K, (b) 273 2 K, (c) 274 5 K, (d) 
533 0 K The spontaneous polarlzatmns and the coer- 
cave fields are (a) 0 010 pC/cm 2, 0 190 kV/cm, (b) 0 024 
#C/cm 2, 0 144 kV/cm, (c) 0 048 pC/cm 2, 0 150 kV/cm, 
(d) 0 871 pC/era 2, 0 196 kV/cm, respectavely 

tmn along the c-axm were observed clearly m phases-Ill 
and -IV, but no hysteresm loops were observed for the 
ac-plate speomens Photographs around 7"4 on heating 
are shown an Fag 3 (a), (b) and (c), where the saturataon 
of these loops seems to be sufficient The spontaneous 
polarazahon P, at 274 5 K estamated by extrapolating 
the saturated portion of this loop with a straight hne 
as about 0 048 pC/era 2, and the coerove field Ec about 
015 kV/cm Fagure 2 (b) shows P, vs T and Ec vs 
T on heating The spontaneous polarization P, as zero 
m phase-V, and increases sharply above 274 5 K wath 
increasing temperature It then turns to decrease con- 
tmuously up to T3, but does not vanish above T3 The 
coercave field E~ m almost independent of temperature 

Fagure 4 (a) shows the temperature dependence of 
e~ and e~ on heating between 300 K and 785 K Dielec- 
tric anomalms appear at 561 K and 762 K, of which 
positrons are m agreement wath those assagned in neu- 
tron daffractlon studaes and DTA measurements 5),s) The 
phase tranmtmn at T2 was also observed by barefrmgence 
measurement for the ac-plate sample also performed by 
us At this point thermal hysteresis of ec was not ob- 
served m heating and cooling runs, and no latent heat 
was detected in our DSC measurement However, the 
transatmn at T1 was accompanaed by thermal hysteresm 
of about 7 K Thus, the transatlons at T2 and 7'1 can be 
recogmzed as second- and first-order ones, respectively 
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Fig 4 (a) Temperature dependence of dmlectrlc con- 
stants e~ and e. measured m a heating run at 1MHz 
above room temperature (b) Spontaneous polarazahon 
and coerove field as a functmn of temperature m a heat- 
ang run 

The imaginary part ec' increased gradually with the m- 
crease of temperature close to T2 on heating and showed 
a bend at thin point Then it kept constant up to about 
700 K and increased very sharply above thin tempera- 
ture It was also ascertained that as the measuring fre- 
quency was reduced, the anomaly of ec at T2 dlmmmhes 
and the divergent behavior of ec' shifts to temperatures 
lower than 700 K A photograph of a D - E hysteresm 
loop taken at 533 0 K m phase-III m shown m Fig 3 (d) 
The hysteresm loops hke thin are observed only for the c- 
plate samples, and no hysteresm loops can be observed 
for the ac-plate samples Figure 4 (b) shows plots of 
Ps and Ec with temperature extracted from the ferro- 
electric D - E hysteresm loops, m a temperature range 
from 300 K to 625 K The magmtudes of P. and E~ at 
533 0 K were about 0 871pC/cm 2 and 0 196kV/cm, re- 
spectwely Because of drops m the resmtance at higher 
temperatures ( a ~10 -2 S • m -a at 630K), electric fields 
high enough to saturate the hysteresm loops could not 
be apphed to the specimen above 600 K However, be- 
low 600 K the hysteresm loops were confirmed to grow m 
the darectmn of saturatmn wath the high electric field 
As seen m Fig 4 (b), Po dmplays no anomaly at T2 m 
spate of some bending In E¢, and increases monotom- 
cally as the temperature as increased through T2 In 
order to examine this unexpected temperature depen- 
dence pyroelectnc-charge measurement was performed 
in a temperature range from 300 K to 440 K The py- 
roelectnc charge has a temperature dependence mmflar 
to P.(T) The spontaneous polarmatmn was reversed 



20 FERROELECTRICITY AND STRUCTURAL PHASE TRANSITIONS Vol 91, No 1 

in sign by changing the polarity of the external electric 
field, and its magnitude was m good agreement with 
that estimated from the hysteresis loops Furthermore, 
It was confirmed from the pyroelectric-charge measure- 
ment that spontaneous polarizatmn appears m the same 
sense m both the high-temperature (phases-II and -III) 
and low-temperature (phase-IV) regions 

§ 4 D I S C U S S I O N  

KNIC13 exhibits spontaneous polarization along the 
c-axis in phases-II, -III and -IV, and is identified with a 
new ferroelectric crystal Unfortunately, hysteresis loop 
observation and pyroelectrm-charge measurement were 
quite &fficult to carry out at temperatures above 630 K 
because of steep enhancement of electric conductivity 
due to ionic impurity conduction It Is most likely that 
the spontaneous polarmatmn disappears at the tran- 
sition from phase-II to -I At any rate, the observed 
temperature dependence of Po is anomalous, hence, the 
dipole arrangements m KNIC13 responsible for P~ can- 
not be ferroelectrlc but ferrielectrlc As already quoted, 
the structure with P6acm is mduced from the modes 
with the symmetry K4, A2~ and K1 of the prototype 
P63/mmc Since phase-II was found to be polar, the 
transihon from phase-I to -II is interpreted adequately 
as a symmetry change from the space group P63/mmc 
to that of P63cm due to the condensation of these modes 
In phase-II, whereas all K + ions remain crystallograph- 

ically eqmvalent, N1 :+ and C1- ions each split into two 
different groups Thus two-thirds of the N1Clz-chalns 
have the same symmetry which is different from that 
of the remaining one-third Individual displacements 
of respective sublattices along the c-axis, which mvolve 
antlparallel shifts of the two kinds of the NlC13-chalns 
allowed by the K4-mode symmetry, enable to establish 
antlparallel ahgnment of electrm dipole moments The 
competition of the moments contributes ferrmlectncally 
to the resultant spontaneous polarization of phases-II 
and -III, which causes the observed temperature depen- 
dence of 1°8 Since the phase transition at T2 is second 
order, the space group of phase-III must be a class lower 
than that of P6acm This conjecture about phase-III 
is not consistent with the structural analysis by X-ray 
diffraction of Vmser and co-workers s),6) They remarked 
that at room temperature KNICI3 was partly disordered 
and the hexagonal structure was found to coexist with 
an orthorhomblc one 

At present the mechanism responsible for the tem- 
perature dependence of P, in phase-IV is &fficult to un- 
derstand because we have no mformahon on the struc- 
ture below T3 To fillly understand the mechanism of 
the structural phase transitions Including the ferroelec- 
trm phases-II, -III and -IV, a precise structural analysis 
over the entire temperature range IS necessary 
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