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Raman study of the ferroelastic phase transition in K3Na„SeO4…2

Marceli Kaczmarski and Bogusław Mro´z
Institute of Physics, Adam Mickiewicz University, Umultowska 85, 61-614 Poznan´, Poland

~Received 22 December 1997!

The temperature variations of both internal and external vibrations in K3Na~SeO4!2 crystal have been ob-
served using Raman scattering and interpreted on the basis of site-symmetry analysis. The symmetry of the
intermediate phase~334–346 K! between the paraelastic 3m̄ and the ferroelastic 2/m phases was determined to
be 3̄. Two distinct soft modes ofAg symmetry were observed in the ferroelastic phase. One of them was found
to be the most intense Raman band of lattice vibrations. Its wave number fell from 36 cm21 at 83 K to zero at
Tc5334 K, and with a critical exponent of13 this suggests a discontinuous character of the phase transition at
Tc . From the assignment of the soft modes as librational motion of tetrahedral anions it was concluded that the
ferroelastic phase transition in crystalline K3Na~SeO4!2 is related to an ordering of orientations of these anions.
Strong correlation between the deformation of tetrahedral anions and the temperature of the ferroelastic phase
transition was found for different glaserite family crystals. This allowed for a prediction of a ferroelastic phase
transition in K3Na~SO4!2 to occur below 100 K.@S0163-1829~98!05618-5#
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I. INTRODUCTION

Tripotassium sodium diselenate K3Na~SeO4!2 ~abbrevi-
ated as KNSe! belongs to the glaserite family crystals. Th
best investigated member of this family is tripotassium
dium disulphate K3Na~SO4!2 ~abbreviated as KNS!.1–3 This
family also includes K3Na~CrO4!2 ~KNCr! ~Refs. 4–8! and
the recently grown K3Na~MoO4!2 ~KNMo!.9 X-ray studies
have confirmed that the above compounds are isostruct
At ambient temperature the space group for the sulphate3 and
chromate8 was established asP3̄m1 while for the selenate10

and molybdate9 as C2/c. Moreover, theP3̄m1 space sym-
metry for the selenate in the paraelastic phase, i.e., above
K was confirmed.10 The crystal structure of KNSe in thi
phase is shown in Fig. 1. In the low-temperatureC2/c phase,
the unit cell doubles in thec direction and all atoms excep
Na change their sites. All oxygen atoms become inequiva
and must be numbered accordingly O~1! to O~4!.

Results bearing on the KNSe crystal morphology, its th
mal, dielectric, elastic, and optical properties11,12 as well as
Brillouin scattering13 have proved that the crystal undergo
several phase transitions.Tm51170 K is the melting point of
the crystal. With temperature decreased belowT15758 K
the crystal undergoes a transition from the phase of 6/mmm
symmetry to a phase of unknown symmetry. With a furth
lowering of temperature, the crystal undergoes a subseq
transition atT25730 K to the phase of 3m̄ symmetry. This is
a trigonal prototypic phase denoted as HTP~a high-
temperature phase! from which a transition to the monoclini
2/m ferroelastic phase LTP~low-temperature phase! takes
place. This ferroelastic phase transition is realized in t
steps through an intermediate temperature phase~ITP!. At
T05346 K, the crystal symmetry decreases to 3¯or 32, and
then atTc5334 K the crystallographic system changes fro
trigonal to monoclinic 2/m. The temperature dependence
specific heat measured by differential thermal analysis an
calorimetry reveals, atT0 , changes characteristic of pha
transitions, without temperature hysteresis effects. At
570163-1829/98/57~21!/13589~10!/$15.00
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same temperature~346 K! anomalies in the linear expansio
coefficient and dielectric properties were reported.12 Dielec-
tric loss~tangentd! increased monotonously with increasin
temperature with no anomalies nearT0 or Tc . The tempera-
ture dependence of elastic properties of the crystal rev
anomalous changes nearTc5334 K indicating a noncontinu-
ous character of the phase transition at this temperature.
temperature behavior of the components of the elasticity
sor was also studied for this crystal using the torsional p
dulum and composite oscillator methods11,12 as well as from
temperature studies of Brillouin scattering.13 The occurrence
of a first-order phase transition in the crystal at about 334
was confirmed by a change of the elementary cell parame
at this temperature established by neutron techni
~Fig. 2!.14

FIG. 1. Unit cell of K3Na~SeO4!2 crystal in the paraelastic
P3̄m1 phase. Nonequivalent atoms of the same element are den
by ~1! and ~2!.
13 589 © 1998 The American Physical Society
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13 590 57MARCELI KACZMARSKI AND BOGUSŁAW MRÓZ
The crystal domain structure and conoscopic figures w
observed for samples cut perpendicularly to the crysta
graphic axes. Only for samples oriented perpendicularly
the c axis were three orientational states observed in L
namely belowTc , and two perpendicular orientational stat
in ITP betweenTc andT0 . The isogyre pattern testifies to
crystal transition from uniaxial in the prototype and interm
diate phase into optically biaxial in the ferroelastic phase12

In the same reference the intermediate phase symmetry
determined as 3¯or 32. However, Diaz-Herna´ndez et al.15

reported that the KNSe crystal was optically biaxial in t
intermediate phase and, on the basis of an analysis of
order parameter symmetry in terms of the Landau theo
they determined the symmetry of ITP asB2/m.

The reasons for qualitative differences in the sequence
phase transitions in the individual members of the glase
crystal family with identical structure have not been e
plained satisfactorily. In the KNCr crystal a direct transitio
from the prototype phase 3m̄ to the ferroelastic phase 2/m
was observed while in KNS no transition from 3m̄ to a phase
of lower symmetry was detected. The symmetry of the KN
crystal in its intermediate phase, that is, in the range 33
346 K has not been fully recognized yet. Also the mec
nism of the ferroelastic phase transition on the molecu
level has not been fully explained. This situation challeng
us to make an attempt at determining the symmetry of
intermediate phase of K3Na~SeO4!2 crystal and explaining
the mechanism of the ferroelastic phase transition in
crystal using the method of Raman spectroscopy. Temp
ture investigation of Raman light scattering in crystals p
vides information about changes in the lattice dynamics
lated to phase transitions. Interpretation of these change
terms of group theory gives insight into changes of the cr
tal symmetry and the molecular mechanism of phase tra
tions. So far the crystal of our interest has not been stud
either by Raman light scattering nor infrared~IR! absorption
spectroscopy. Only our earlier study16 has proved the occur
rence of a strong soft mode of lattice vibration related to
ferroelastic phase transition in KNSe.

II. GROUP THEORY PREDICTIONS

There are several methods by which the number, cha
ter, and selection rules for phonons can be determined

FIG. 2. Lattice constantb and monoclinic angleb vs tempera-
ture. Data were taken from neutron powder diffraction measu
ments~Ref. 14!.
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the Brillouin zone center, i.e., fork>0. Using the methods o
site group analysis outlined for instance in Ref. 17 and
tables given therein could this be done easily and quick
For crystals with distinguishable ionic groups, molecular s
group analysis could be used giving correlation diagra
like those presented below for KNSe. The diagrams prov
information necessary for the interpretation of Raman or
spectra, in particular when structural phase transitions t
place in the crystals. On the basis of a comparison of
correlation diagrams and the spectra, the postulated cry
symmetry can be verified. Moreover, some assignments
the observed modes can be made.

The KNSe crystal in HTP~prototypic paraelastic phase!
belongs to the space groupP3̄m15D3d

3 . In an elementary
cell of a crystal belonging to this space group the atoms
ions can take the following sites:

`@ jC1~12!#1`@ iCs~6!#1`@~h1g!C2~6!#1~ f 1e!

3C2h~3!1`@~d1c!C3v~2!#1~b1a!D3d~1!. ~1!

The site symmetry is described using the Schoenfliess n
tion for point groups. The symbol of a point group is fo
lowed by the number of equivalent sites~multiplicity! and
preceded by a letter describing the position in the elemen
cell after Wyckoff.18 For example, the notation
( f 1e)C2h(3) means that there can be three equivalent
oms ~ions, nuclei! whose surroundings haveC2h symmetry
and their positions in the elementary cell are denoted by ‘‘e’’
and/or there can be another three atoms in positions ‘‘f ’’. At
the positions whose surroundings haveCn or Cnv symmetry
there are infinitely many groups of atoms lying along a giv
axis, and that is why the symbols ‘‘`’’ occur in Eq. ~1!. The
positions whose surroundings haveC1 symmetry, i.e., are
characterized by no symmetry are referred to as a gen
position. It should be emphasized that even in the gen
position the number of atomsn is exactly determined by the
ratio of the order of the elementary cell point group and t
of the site symmetry point group. Therefore, if atoms of
given kind are to occupy a general position in an element
cell their number must be equal to the order of the po
group of the elementary cell, or its multiple. It is obvious th
in the K3Na~SeO4!2 crystal of P3̄ m1 space symmetry for
Z51, such a situation cannot take place as there are no
identical atoms in the elementary cell. It should be me
tioned that given the coordinates of atoms in an elemen
cell their site symmetry can be found with the help of
appropriate computer program.19 Each atom or a group ofn
equivalent atoms of a specific site symmetry generatesn
normal modes. These vibrations are classified accordin
irreducible representations of the point group of the elem
tary cell.17 Table I gives a list of the vibrational modes ge
erated by particular atoms in an elementary cell of the KN
crystal ofP3̄m1 space symmetry, atZ51. The grand total of
all kinds of vibrations given in Table I must be equal to t
number of degrees of freedom in a primitive cell. Obvious
vibrations of Na and K~2! atoms will not be recorded in the
Raman spectra since their site symmetryD3d does not gen-
erate a representation according to which at least one c
ponent of thea i j polarizability tensor would transform. Th
number of internal vibrations can be obtained by subtract

-
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57 13 591RAMAN STUDY OF THE FERROELASTIC PHASE . . .
the lattice vibrations from the total number of vibrations. T
lattice vibrations can be either of translational or libration
character. The translational lattice modes can be determ
by a method analogous to that used for the determinatio
the total number of modes with the only difference that
SeO4

22 group should be treated as a single atom. On
basis of Table I they can be found~disregarding representa
tions generated by all the oxygen atoms! as

2A1g14A2u12Eg14Eu . ~2!

The situation is different with the libration lattice mode
which come only from multiatomic molecules since rot
tional degrees of freedom cannot be ascribed to a sin
atom. The librations of the SeO4

22 anion whose site symme
try is C3v in a cell of the point symmetryD3d can be read
directly from available tables:17

A1u1A2g1Eg1Eu . ~3!

Thus, the internal vibrations of a tetrahedral SeO4
22 anion in

the crystal studied are described by the following repres
tations@obtained by subtraction of Eqs.~2! and~3! from the
total in Table I#:

3A1g13A2u13Eg13Eu . ~4!

A correlation between the vibrations of free molecules~ions!
and the same molecules in a crystal field of a given sym
try can be found from a correlation diagram like the one
Fig. 3. When constructing the diagram it should be reme
bered that for a single atom~ion! only translational degree
of freedom should be taken into account, i.e., only tho
irreducible representations are taken into account accor
to which the polar vector coordinatesTx , Ty , Tz are trans-
formed. Vibrations of tetrahedral moleculesXY4 are usually
denoted byn1 to n4 , according to the notation introduced b
Herzberg.20 The normal vibrations of such a molecule in
free state can be found by decomposing the reducible re
sentation formed by a system of 3n Cartesian translationsG t
into irreducible representations in theTd point group:

G t5A11E1F113F2 . ~5!

To obtain vibrations of a free molecule one should reject
representationsF1 and F2 according to which translation
and rotations of a molecule as a whole are transformed. T
leaves 3n26 vibrations. The analysis of vibrations of a mo
ecule~ion! in a crystal elementary cell demands taking in

TABLE I. Site symmetries of atoms and the vibrational mod
in the K3Na~SeO4!2 crystal in the prototypic~paraelastic! phase.

Atom
Site

symmetry

Number of vibrations

A1g A1u A2g A2u Eg Eu

Na D3d 1 1
K~2! D3d 1 1
2K~1! C3v 1 1 1 1
2O~1! C3v 1 1 1 1
2Se C3v 1 1 1 1
6O~2! Cs 2 1 1 2 3 3

Total: 5A1g 1A1u 1A2g 17A2u 16Eg 18Eu
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account all representations from Eq.~5! since the translations
and rotations of a free multiatom ion become translatio
and librational lattice modes.

A similar analysis can be made for ITP although x-r
structural data for this crystal phase are unavailable. T
phase~334 to 346 K! has been postulated to have point sy
metry 3̄ or 32 ~Refs. 11 and 12! or B2/m.15 Assuming that
KNSe in the intermediate phase has space symmetryP321
[D3

2 , the atoms~ions! can occupy the following sites:

`@gC1~6!#1`@~ f 1e!C2~3!#1`@~d1c!C3~2!#

1~b1a!D3~1!. ~6!

The only possible arrangement of site symmetry of atoms
the elementary cell~assumingZ51! is as follows: Na and
K~2! at D3(1) site, 2K~1!, 2Se and 2O~1! at C3(2) sites and
the other 6 O~2! oxygen atoms atC1(6) sites. These sites
generate the following representations:

6A118A2114E. ~7!

Among themA1 vibrations are active in the Raman spect
A2 in IR absorption spectra, andE vibrations in both kinds
of spectra.

If the crystal symmetry of ITP is described by the spa
groupP3̄[S6

1 , the possible sites in an elementary cell ar

`@gC1~6!#1~ f 1e!Ci~3!1`@~d1c!C3~2!#

1~b1a!S6~1!. ~8!

This leads to the following normal vibrations:

6Ag18Au16Eg18Eu . ~9!

The modesAg andEg are Raman active whileAu andEu are
IR active. The correlation diagrams for both postulated cr
tal symmetries in ITP are given in Figs. 4 and 5.

At 334 K, on transition from the intermediate to the fe
roelastic phase the elementary cell symmetry is rapidly

FIG. 3. Correlation diagram for K3Na~SeO4!2 crystal in the pro-
totypic P3̄m1[D3d

3 phase.T, L, andA denote translational, libra-
tional, and acoustic modes, respectively.
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13 592 57MARCELI KACZMARSKI AND BOGUSŁAW MRÓZ
duced and its volume becomes four times increased. In
latter phase the space symmetry group of the crysta
C2/c5C2h

6 and an elementary cell comprises four structu
units (Z54). This group admits of the following site sym
metries:

`@ f C1~8!#1`@eC2~4!#1~d1c1b1a!Ci~4!. ~10!

Keeping in mind that, here, the volume of the primitive c
is one half of that of the elementary cell, the total number
modes is

19Ag122Au120Bg123Bu . ~11!

The Ag and Bg are Raman active whileAu and Bu are IR-
active modes. The correlation diagram for the ferroela
phase is given in Fig. 6. All the correlation diagrams p
sented above will be discussed in Sec. IV.

FIG. 4. Correlation diagram for K3Na~SeO4!2 crystal in the in-
termediateP321[D3

2 phase.

FIG. 5. The same diagram as in Fig. 4 but assuming
P3̄[S6

1 ~Ref. 1! symmetry.
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III. EXPERIMENTAL

A. Samples

KNSe crystals were grown from a saturated stoich
metric solution of sodium and potassium hydroxides and
lenium acid by the dynamic method at a constant tempe
ture of 300 K. The product of synthesis was recrystalliz
from the appropriate solution, made using distilled wat
The single crystals obtained were of good optical qual
colorless, and transparent in the shape of a prism with h
agonal base and an edge length from 5 to 20 mm. Th
density was determined as 3.1560.01 g/cm3, and their
chemical composition was verified spectroscopically. T
c-axis direction was assumed as the direction perpendic
to the hexagonal base, theb axis was assumed to coincid
with the longer diagonal of the base, and thea axis direction
was assumed as perpendicular to theb andc axes. Samples
to be studied were cut out as rectangular parallelepip
43536 mm3 in size with edges parallel to either of th
crystallographic axesa, b, or c.

B. Raman spectra

The Raman spectra presented in this work were obtai
on a double-grating Raman spectrometer JEOL JRS
coupled to a PC via a programmable Computer Interf
Module Model SR-254 Stanford Research System. The w
number accuracy was61 cm21 and reproducibility
60.3 cm21. Survey Raman spectra in the range from 0
1000 ~or 250–1250! cm21 were recorded with the use of
6 cm21 entrance slit when single crystals or liquids we
studied and a 3.4 cm21 entrance slit for the study of powders
Lattice vibrations in the range below 250 cm21 and tempera-
ture variations in individual bands in the spectra were
corded for a slit width of 1.7 cm21. The sensitivity of the
spectrometer was varied in the range from 10 000~survey
spectra of single crystals! to the maximum value of 250
pulses /sec when taking spectra of solutions. Depending

e

FIG. 6. Correlation diagram for K3Na~SeO4!2 crystal in the fer-
roelasticC2/c[C2h

6 phase.
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57 13 593RAMAN STUDY OF THE FERROELASTIC PHASE . . .
the above parameters the spectra were recorded at a
varying from 5 to 100 cm21/min. Time constants were se
lected automatically.

The Raman spectra were excited by the 488.0 nm line
argon ion laser radiation. The power of the exciting radiat
measured at the site of the sample was of about 50 mW.
use of an interference filter in order to avoid plasma l
recording proved necessary only when studying pow
samples. Raman spectra were recorded in the direction
pendicular to that of the exciting beam. The spectra of po
crystalline samples were obtained by the reflection meth
In this method the exciting beam made a small angle with
surface of the sample pressed into a hollow in a metal p
der holder, and the scattered radiation was recorded per
dicularly to the exciting beam. The spectra of water solutio
of the crystals, at a few percent concentration, were ta
using standard quartz cuvettes. For temperature meas
ments in the range 80–380 K we used a cryostat made a
laboratory that ensured temperature stabilization and m
surement with an accuracy of60.06 K.

IV. RESULTS AND DISCUSSION

As shown in Sec. II, reduction of the crystal symmetry
accompanied by an increasing number of normal mod
Their total number increases from 42 in the prototype a
intermediate phases to 84 in the ferroelastic phase. The n
ber of Raman-active modes increases by then from 17 in
HTP to 18 in 3̄or to 34 in 32 ITP and to 39 in 2/m LTP. For
the sake of clarity, our discussion of the Raman spectra
tained is divided into two parts concerning external and
ternal vibrations respectively.

A. External modes

From a comparison of the correlation diagrams presen
in Sec. II, it is easy to notice that in the high temperatureD3d
phase only five modes are predicted to appear in the Ra
spectra in the low-frequency external vibrations region. Th
are two lattice vibrations of translational character related
the motion ofK(1) and SeO4 ions of bothA1g andEg sym-
metry and one of librational character of the tetrahed
group of symmetryEg . In the ITP, if the crystal symmetry is
lowered toS6 , only one mode more could be recorded ofAg
symmetry. This is the libration of the SeO4 ion with a wave
number of about 60 cm21 ~Fig. 7!. The assignment of al
external vibrations could be performed easily for HTP. T
two A1g modes with wave numbers 162 and 89 cm21 ~Fig. 7!
must belong according to the correlation diagram~Fig. 3! to
translations of K~1! and SeO4 ions respectively~for transla-
tory modes their frequency depends on the mass of the
brating units!. The Eg translations of these ions appeared
about 156 and 105 cm21, respectively,~Figs. 8 and 9!. The
band at 60 cm21 in Fig. 9 must be the librationalEg mode of
the tetrahedral group.

Seven translational and three modes of librational na
of Ag symmetry could be identified for LTP. At liquidN2
temperature the motion ofK gives rise to the bands at 174
153, 143, and 136 cm21 while translations of SeO4—to 129,
110, and 97 cm21 Raman bands. Librations could be seen
28, 36, and 61– 65 cm21 ~Figs. 7, 8, and 10!. Splitting of the
ate
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band at about 60 cm21 is caused by the domain structure
the sample. Because of the low intensity it was not poss
to identify all Bg modes in LTP. Three librations appeare
with wave numbers 28, 36 and 71 cm21. Only four of the
eight translational modes could be seen in Fig. 9. There
threeK(1) or K(2) vibrations with wave numbers 174, 15
and 136 cm21 and a SeO4 translational mode at 125 cm21.

FIG. 7. Evolution of Raman lattice vibrations spectrum in t
x(zz)y scattering geometry. The very strong soft mode lying bel
50 cm21 is presented in a separate figure.

FIG. 8. Raman spectra of lattice vibrations in thex(yx)y geom-
etry for different temperatures. Modes ofAg symmetry become of
Eg symmetry aboveTc5334 K.
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The temperature variations of the wave numbers of lat
vibrations recorded in thex(zz)y scattering geometry ar
depicted in Figs. 11 and 12, where the frequencies ve
temperature for some of the modes could be approxima
by polynomials of the first, second, or third degree. Analy
of the behavior ofñ i(T) functions reveals their changes n

FIG. 9. Raman spectra of lattice modes ofBg ~belowTc! and of
Eg ~aboveTc! symmetry of K3Na~SeO4!2 crystal for different tem-
peratures, obtained in thex(yz)y scattering geometry.

FIG. 10. Raman spectra of the soft mode in K3Na~SeO4!2 crystal
for different temperatures. Thex(zz)y scattering geometry wa
used.
e

us
d

s

only at T0 andTc but also near 240 K. At this temperatur
some anomalies have been detected by dielectric meas
ments for multidomain samples.21

The soft mode presented in Fig. 10 is the strongest lat
mode in the Raman spectra at liquid nitrogen temperature
maximum intensity is over two times greater than that of
band at 65 cm21 ~Fig. 7!. The wave number of this mod
decreases to zero atTc at rising temperature and the ha
width increases then as shown in Fig. 12. The critical beh
ior of this vibration could be described byv;(T2Tc)

1/3 in
a wide temperature range~Fig. 13!. The value1

3 of the criti-
cal exponent suggests a first-order character of the ph
transition atTc . Much the same soft mode was observed
the K2SeO4 crystal.22 A second soft mode of the sameAg

FIG. 11. Temperature dependences of wave numbers of
modes depicted in Fig. 7.

FIG. 12. Wave numberv and FWHH~full width at half height!
G of the soft mode observed inx(zz)y geometry as a function o
temperature.
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57 13 595RAMAN STUDY OF THE FERROELASTIC PHASE . . .
symmetry and similar phenomena could be observed in
other scattering geometry~Fig. 8!. However, because of it
lower frequency and intensity it is masked by a Rayleigh l
at temperature higher than 250 K. As we have explain
earlier, both of the soft modes are connected to libratio
motions of tetrahedral SeO4 anions.

B. Internal modes

The Raman spectra of internal vibrations in the KN
crystal are shown together with the spectra of two other
structural crystals: KNCr and KNS in Fig. 14. All spect
were taken for powdered samples at room temperature.
spectra of the selenate and chromate are similar altho

FIG. 13. Temperature dependence of the frequency of the
mode from Fig. 10. The relation:v5(Tc2T)1/3 suggests a first-
order phase transition atTc'334 K.

FIG. 14. The Raman spectra of internal vibrations of three g
serite family crystals. The spectra were taken for powde
samples.
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these crystals were in different phases, ferroelastic
paraelastic, respectively. The shift of the frequency of vib
tions for the sulphate can be explained by shorter interato
distances and increased force constants in this crystal.
deed, an increase in Raman frequencies by about 100 c21

was observed in the spectra of KNCr and KNS crystals s
jected to a pressure of over 20 GPa, inducing a reductio
interatomic distances.23

Certain information on the nature of bonds in a giv
crystal can be inferred from a comparison of the inter
vibrations frequency measured in the crystal and in its wa
solution. Ethieret al.24 noted that the vibration frequencie
of the tetrahedral anion SeO4

22 in Cs2SeO4 crystal are by
about 1.5% lower than the corresponding frequencies of
anion in water solution. Such a softening of the modes w
accounted for as a result of a weakening of the ionic cha
ter of the bonds in the crystal caused by a shift of part of
electric charge from the tetrahedron to Cs1 cations or to any
other place in the elementary cell. A comparison of the sp
tra from Figs. 14 and 15 suggests that in K3Na~SeO4!2 crystal
the situation is the reverse as the frequency of vibrations
the crystal is by about 2% higher~for the n1 mode!. This
would mean that the ionic character of the bonds increase
the crystal due to charge transfer from the surroundings
the tetrahedron. The most probable charge donor is a slig
bondedK(2)1 cation.

In the Figs. 16–18 we present the internal modes of KN
detected at different temperatures. As it is evident the tr
sition from the paraelastic high-temperature phase to the
termediate phase does not affect the spectra significa
The number of modes increases when the crystal is co
and the phase transition to the low-temperature ferroela

ft

-
d

FIG. 15. The Raman spectra of water solutions of the sa
crystals as in Fig. 14. The VH spectra were taken at twice~for
KNS! and four times~for other crystals! higher sensitivity than that
at which their VV spectra were taken.
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13 596 57MARCELI KACZMARSKI AND BOGUSŁAW MRÓZ
phase takes place. The results obtained are in good ag
ment with the correlation diagrams given in Figs. 3, 5, an
~Sec. II!.

The existing assignment for the symmetry of the interm
diate phase points to 3,̄ 32 ~Refs. 11 and 12! and recently to
a mixture of two monoclinic phases.15 Let us assume tha
ITP has point symmetry 32 (D3). In this case the number o

FIG. 16. The Raman spectra of internaln2 andn4 vibrations in
K3Na~SeO4!2 crystal for different temperatures obtained in t
x(zx)y scattering geometry.

FIG. 17. The Raman spectra of internaln1 andn3 vibrations in
K3Na~SeO4!2 crystal for different temperatures in thex(zx)y scat-
tering geometry.
ee-
6

-

Raman-active nonfully symmetric internal vibrations wou
be twice higher in ITP than in HTP~compare the diagram
given in Figs. 3 and 4!. Moreover, one could expect a spli
ting between longitudinal and transverse polar modes. Th
not our case. Our results are also in contradiction to
model proposed by Diaz-Herna´ndez et al.15 where mono-
clinic symmetry of ITP is proposed. Such symmetry wou
lead to significant differences between the spectra collec
in HTP and ITP. Considering all the above remarks, we m
conclude that the symmetry of the intermediate phase
KNSe is trigonal with the point group 3.̄

C. Mechanism of the ferroelastic phase transition

Results of the Raman-scattering studies show that
mechanism leading to the ferroelastic phase transition in
K3Na~SeO4!2 crystal resides in the ordering of orientations
the tetrahedral anions SeO4

22. This process is realized in two
stages. The transition from the prototype phase to the in
mediate phase atT05346 K is related to a deviation of th
direction of the Se and O~1! bond from parallel to thec axis
of the elementary cell~Fig. 1!. This deviation grows with
decreasing temperature of the crystal and is manifested
gradual increase in intensity of the band related to the lib
tions of the tetrahedra at about 60 cm21. The splitting of the
band into two components described at liquid-nitrogen te
perature by wave numbers of 61 and 65 cm21 ~Fig. 7! as well
as the presence of two directions of domain orientations
served in ITP suggests that the deviation of the Se-O b
may occur along two mutually perpendicular directions w
a certain statistical distribution. The phase transiti
ITP→LTP at about 334 K may be explained by hindering
the tetrahedron rotations about the threefold symmetry a
The oxygen atoms O~2!, O~3!, and O~4! are bound in poten-

FIG. 18. The Raman spectra of K3Na~SeO4!2 crystal for differ-
ent temperatures in the wave number range of 830– 890 cm21 ob-
tained in thex(yx)y scattering geometry.
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tial wells that are deeper the lower the crystal temperat
and the tetrahedra rotations are restricted to librations
served as soft modes at 36 and 28 cm21 at about 80 K.

If the ordering in orientation of the tetrahedral anio
leads to the ferroelastic phase transition the question a
why in isostructural KNCr the phase-transition temperat
is much lower~239 K!, in KNMo much higher~513 K!, and
in KNS no transition was observed in the temperature ra
studied from 100 to 1350 K. The answer follows from
comparison of the degree of deformation of individual tet
hedra. According to the model proposed, it can be expe
that the greater the deviation of the oriented anions from
ideal tetrahedron the easier is the ordering of their orien
tions against the disturbing thermal motions. Let the diff
ence from ideal symmetry in HTP reside in a difference
tween the angles O1BO2 and O2BO2, where:B5S, Cr, Se,
or Mo. Denoting this difference byDa, an approximately
linear dependence between the degree of tetrahedra defo
tion and the phase-transition temperatureTc is obtained, for
different glaserite structure crystals. A more precise fitt
could be made using a polynomial of the second degree
a small quadratic term~Fig. 19!. For the KNMo crystal struc-

FIG. 19. Correlation between the deformation of tetrahed
XO4

22 anions~whereX5S, Cr, Se, or Mo! and ferroelastic phase
transition temperatures in glaserite family crystals. See the dis
sion in the text.
ry

ra

r.,

:

e,
b-

es
e

e

-
d
e

a-
-
-

a-

g
th

tural data are available only for LTP, so the values of t
appropriate angles are replaced by mean values and the r
is decreased by 20%~in analogy to KNSe!. The missing
phase-transition temperature for the KNS crystal can be r
from the diagram and its surprisingly low value explains w
no ferroelastic phase transition has been observed in KN
the studies performed so far above 100 K.

V. CONCLUSIONS

The results of our temperature Raman light scatter
studies performed for the K3Na~SeO4!2 crystal have led to
the following conclusions:

~i! Critical changes in the Raman spectrum were detec
both at the prototype to intermediate phase transition te
peratureT05346 K and at the ferroelastic phase transiti
(Tc5334 K).

~ii ! In the intermediate phase the crystal has the po
symmetry 3̄.

~iii ! The ferroelastic phase transition atTc5334 K is re-
lated to a softening of two external vibrations ofAg symme-
try and wave numbers of about 36 and 28 cm21 ~at 83 K!.

~iv! The wave number of the soft mode of 36 cm21 de-
creases with a critical exponent1

3 , which suggests that the
ferroelastic phase transition is of first order.

~v! Identification of the lattice soft mode of very hig
intensity as librations of the tetrahedral SeO4

22 anion and its
critical behavior atTc indicates the ordering of the tetrahed
orientations as the mechanism leading to the ferroela
phase transition in KNSe.

~vi! A comparison of the structures of different glaser
family crystals and their temperatures of the ferroelas
phase transitions justifies the hypothesis thatTc is higher the
greater the deformation of the tetrahedral molecules. T
structure of the SO4 group close to the ideal tetrahedron e
plains the fact that no ferroelastic phase transition has h
erto been observed in KNS above 100 K.
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5T. Krajewski, B. Mróz, P. Piskunowicz, and T. Bre¸czewski, Fer-

roelectrics106, 225 ~1990!.
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