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The temperature variations of both internal and external vibrations;NetSeQ), crystal have been ob-
served using Raman scattering and interpreted on the basis of site-symmetry analysis. The symmetry of the
intermediate phas@34—-346 K between the paraelastioi3and the ferroelastic &1 phases was determined to
be 3 Two distinct soft modes oA, 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 36at®3 K to zero at
T.=334 K, and with a critical exponent éfthis suggests a discontinuous character of the phase transition at
T.. From the assignment of the soft modes as librational motion of tetrahedral anions it was concluded that the
ferroelastic phase transition in crystallingNa(SeQ), 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 K;Na(SQy), to occur below 100 K[S0163-1828)05618-5

I. INTRODUCTION same temperatur@46 K) anomalies in the linear expansion
coefficient and dielectric properties were reporté@ielec-
Tripotassium sodium diselenate;¥a(SeQ), (abbrevi-  tric loss(tangentd) increased monotonously with increasing
ated as KNSgbelongs to the glaserite family crystals. The temperature with no anomalies négy or T.. The tempera-
best investigated member of this family is tripotassium soiure dependence of elastic properties of the crystal reveals
dium disulphate KNa(SQy), (abbreviated as KNS 3 This ~ anomalous changes negy=334 K indicating a noncontinu-
family also includes KNa(CrO,), (KNCr) (Refs. 4-8 and ~ OUs character of the phase transition at this temperature. The
the recently grown KNa(MoO,), (KNMo).® X-ray studies temperature behavior of the components of the elasticity ten-

have confirmed that the above compounds are isostructuraf®’ Was also studied for this crystal using the torsional pen-

At ambient temperature the space group for the sulptzate ulum and compqsﬂe osc_|llat(_)r methéﬂ%? as well as from
h @ tablished #3m1 while for th lenatd temperature studies of Brillouin scatterihtjThe occurrence
chromate was establishe M while Tor the selena of a first-order phase transition in the crystal at about 334 K

and molybdateas C2/c. Moreover, theP3m1 space sym- as confirmed by a change of the elementary cell parameters

metry for the selenate in the paraelastic phase, i.e., above 34§ this temperature established by neutron technique
K was confirmed? The crystal structure of KNSe in this (Fig. 2).4

phase is shown in Fig. 1. In the low-temperat@&/c phase,

the unit cell doubles in the direction and all atoms except
Na change their sites. All oxygen atoms become inequivalent
and must be numbered accordinglyl®to O(4).

Results bearing on the KNSe crystal morphology, its ther-
mal, dielectric, elastic, and optical properiie¥ as well as
Brillouin scattering® have proved that the crystal undergoes
several phase transitionB,,= 1170 K is the melting point of
the crystal. With temperature decreased belbyw 758 K
the crystal undergoes a transition from the phase wfém
symmetry to a phase of unknown symmetry. With a further
lowering of temperature, the crystal undergoes a subsequent
transition afT ,= 730 K to the phase ofrfB symmetry. This is
a trigonal prototypic phase denoted as HTR high-
temperature phagérom which a transition to the monoclinic
2/m ferroelastic phase LTRlow-temperature phasdakes
place. This ferroelastic phase transition is realized in two
steps through an intermediate temperature plibEe). At
To=346 K, the crystal symmetry decreases tor332, and
then atT,= 334 K the crystallographic system changes from
trigonal to monoclinic 2h. The temperature dependence of
specific heat measured by differential thermal analysis and ac_FIG. 1. Unit cell of KNa(SeQ), crystal in the paraelastic
calorimetry reveals, al,, changes characteristic of phase P3m1 phase. Nonequivalent atoms of the same element are denoted
transitions, without temperature hysteresis effects. At thevy (1) and(2).
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MO 9008 the Brillouin zone center, i.e., fade=0. Using the methods of
{ . Lo0os site group analysis outlined for instance in Ref. 17 and the
= s ] } A . tables given therein could this be done easily and quickly.
<7 } L Jo00s & For crystals with distinguishable ionic groups, molecular site
; - @ group analysis could be used giving correlation diagrams
£ a0l Lt 9003 2 like those presented below for KNSe. The diagrams provide
8 a A‘AA‘ § information necessary for the interpretation of Raman or IR
8 SN e 1% g spectra, in particular when structural phase transitions take
8 5751 e « Jooor & place in the crystals. On the basis of a comparison of the
L ] E correlation diagrams and the spectra, the postulated crystal
] 0000000se 000000 o ¢ 0 o — 15000 symmetry can be verified. Moreover, some assignments of
5870 —————— ———— - the observed modes can be made.
300 320 340 360 380 400

The KNSe crystal in HTRprototypic paraelastic phase

belongs to the space grOlfp’Bml:ng. In an elementary

FIG. 2. Lattice constary and monoclinic angles vs tempera-  cell of a crystal belonging to this space group the atoms or
ture. Data were taken from neutron powder diffraction measurejons can take the following sites:

ments(Ref. 14.

The crystal domain structure and conoscopic figures were *[iC1(12)]+=[iC4(6)]+[(h+g)C,(6)]+(f+e)
observed for samples cut perpendicularly to the crystallo-
graphic axes. Only for samples oriented perpendicularly to X Can(3)+oe[(d+¢)Cqy(2) ]+ (bF+a)Dag(1). (D

the ¢ axis were three orientational_ states _obser_ved in LTPThe site symmetry is described using the Schoenfliess nota-
namely belowT, and two perpendicular orientational statessjq for point groups. The symbol of a point group is fol-

in ITP betweenT. andTo. The isogyre pattern testifies 10 a |ged by the number of equivalent sitésultiplicity) and
crystal transition from uniaxial in the prototype and mterme-preceded by a letter describing the position in the elementary
diate phase into optically biaxial in the ferroelastic phise. cell after Wyckoff'® For example, the notation

In the same reference the intermediate phase symmelry Wag e)C,,(3) means that there can be three equivalent at-
determined as ®r 32. However, Diaz-Hermalez et al. oms (ions, nucle whose surroundings hav@,;, symmetry
reported that the KNSe crystal was optically biaxial in the ;4 their positions in the elementary cell are denoted & *

intermediate phase and, on the basis of an analysis of thg,y/or there can be another three atoms in positidiis At
order parameter symmetry in terms of the Landau theorythe positions whose surroundings havgor C,,, symmetry

they determined the symmetry of ITP B&2/m. there are infinitely many groups of atoms lying along a given
The reasons for qualitative differences in the sequences Oo{xis, and that is why the symbols<* occur in Eq. (1). The
phase transitions in the individual members of the glaserit?)ositions whose surroundings ha@ symmetry, i.e., are
crystal family with identical structure have not been eX- characterized by no symmetry are referred to ,as a{ general
plained satisfactorily. In the KNCr crystal a direct transition position. It should be emphasized that even in the general
from the prototype phasenBto the ferroelastic phaser®/  position the number of atomsis exactly determined by the
was observed while in KNS no transition from3o a phase  ratio of the order of the elementary cell point group and that
of lower symmetry was detected. The symmetry of the KNSevf the site symmetry point group. Therefore, if atoms of a
crystal in its intermediate phase, that is, in the range 334-given kind are to occupy a general position in an elementary
346 K has not been fully recognized yet. Also the mechacell their number must be equal to the order of the point
nism of the ferroelastic phase transition on the moleculagroup of the elementary cell, or its multiple. It is obvious that
level has not been fully explained. This situation challengedy, the KsNa(SeQ), crystal of P3 m1 space symmetry for
us to make an attempt at determining the symmetry of th&— 1 gych a situation cannot take place as there are no 12
intermediate phase of fa(SeQ), crystal and explaining jdentical atoms in the elementary cell. It should be men-
the mechanism of the ferroelastic phase transition in thigigned that given the coordinates of atoms in an elementary
crystal using the method of Raman spectroscopy. Tempergg|| their site symmetry can be found with the help of an
ture investigation of Raman light scattering in crystals Pro-appropriate computer prograthEach atom or a group of
vides information about changes in the lattice dynamics repquivalent atoms of a specific site symmetry generates 3
lated to phase transitions. Interpretation of these changes {hrmal modes. These vibrations are classified according to
terms of group theory gives insight into changes of the crysjrequcible representations of the point group of the elemen-
tal symmetry and the molecular mechanism of phase transiyry cell2” Table | gives a list of the vibrational modes gen-
tions. So far the crystal of our interest has not been studied ateq py particular atoms in an elementary cell of the KNSe

e|thetr by Rang ll'ght scatt(ﬁrmgtr&gr infrarde) (;itt)ﬁorptmn crystal ofP3m1 space symmetry, &= 1. The grand total of
spectroscopy. Only our earlier stuthhas proved the occur- all kinds of vibrations given in Table | must be equal to the

Sumber of degrees of freedom in a primitive cell. Obviously,
vibrations of Na and K2) atoms will not be recorded in the
Raman spectra since their site symmdiry; does not gen-
erate a representation according to which at least one com-
There are several methods by which the number, charagonent of thew;; polarizability tensor would transform. The
ter, and selection rules for phonons can be determined neaumber of internal vibrations can be obtained by subtracting

temperature (K)

ferroelastic phase transition in KNSe.

Il. GROUP THEORY PREDICTIONS
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TABLE |. Site symmetries of atoms and the vibrational modes Tonic  Free ion Site Unit cell vibrational
in the KsNa(SeQ), crystal in the prototypi¢paraelastig phase. species symmetry symmetry symmetry modes

) Number of vibrations . s
Site Na’, K(2) - Dsq Dsqg

Atom symmetry A;q Ay, Ay Ay By E

u 2A2u
Na D3y 1 1 2E, A 2T, vi,v3, V4
g +(<2()1) ESd 1 i 1 11 o Cor A L
3v
20(1) Ca 1 1 1 1 Ay E, 2T, L, v, v3, v4
2Se Ca, 1 1 1 1 E An L
60(2) G 2 1 1 2 3 3 280" Ty Csy Aw 3T, A Vi, V3 Ve
Total: 5Alg +A1u +A29 + 7A2U + 6Eg + 8Eu ) A A E, 3T, L, A, v, v3, V.
1 s Ly £3y V2, V3, V4
. ' ' . . (»n)E A
the lattice vibrations from the total number of vibrations. The (ot Fy E

lattice vibrations can be either of translational or librational
character. The translational lattice modes can be determined (trans., v3,v4) 3F;
by a method analogous to thgt used for thg determination of FIG. 3. Correlation diagram for fNa(SeQ), crystal in the pro-
the total number of modes with the only difference that the =y . .

o . totypic P3m1=Dj3, phaseT, L, andA denote translational, libra-
SeQ“" group should be treated as a single atom. On th ) .

; . - ional, and acoustic modes, respectively.
basis of Table | they can be fouridisregarding representa-

tions generated by all the oxygen atonas account all representations from E§) since the translations

2A14+4Ay+ 2B+ 4E,,. (2)  and rotations of a free multiatom ion become translational
T ) o ) and librational lattice modes.
The situation is different with the libration lattice modes A similar analysis can be made for ITP although x-ray
which come only from multiatomic molecules since rota- structural data for this crystal phase are unavailable. This
tional degrees of freedom cannot be ascribed to a singlphase(334 to 346 K has been postulated to have point sym-
atom. The librations of the Se® anion whose site symme- metrygor 32 (Refs. 11 and 1por B2/m.5 Assuming that

try is Cs, in a ce'II of the point symmetr{D34 can be read  kNse in the intermediate phase has space symnfed31
directly from available table$’ =D2, the atomgions) can occupy the following sites:

Aot Aoyt Bg* By ® <[GC1(6)]+2[(f +€)Co(3)] +5=[(d+)Co(2)]
Thus, the internal vibrations of a tetrahedral $&€Canion in
the crystal studied are described by the following represen- +(b+a)Ds(1). ®)
tations[obtained by subtraction of Eq&2) and(3) from the  The only possible arrangement of site symmetry of atoms in
total in Table I: the elementary cellassumingZ=1) is as follows: Na and
3A,+ 3Ag,+ 3E,+ 3E,,. 4) K(2) atD;(1) site, 2K1), 2Se and 2Q) at C5(2) sites and

the other 6 @2) oxygen atoms a€C,(6) sites. These sites
A correlation between the vibrations of free molecuiess)  generate the following representations:

and the same molecules in a crystal field of a given symme-

try can be found from a correlation diagram like the one in 6A;+8A,+14E. (7)

Fig. 3. When constructing the diagram it should be remem- I oo
bered that for a single atoifion) only translational degrees Among themA, vibrations are active in the Raman spectra,

of freedom should be taken into account, i.e., only thoseAz in IR absorption spectra, ard vibrations in both kinds

irreducible representations are taken into account acc:ordin%f i‘pt(?]??r.ystal symmetry of ITP is described by the space

to which the polar vector coordinatds, Ty, T, are trans- 01 ) o
formed. Vibrations of tetrahedral molecul®¥,, are usually ~9rOUPP3=Ss, the possible sites in an elementary cell are

denoted by, to v,, according to the notation introduced by
Herzberg?® The normal vibrations of such a molecule in a *[gC1(6)]+(T+€)Ci(3) +=[(d+C)C3(2)]

free state can be found by decomposing the reducible repre- +(b+a)Sy(1). (8
sentation formed by a system of Lartesian translatioris . _ o
into irreducible representations in tfig point group: This leads to the following normal vibrations:

To obtain vibrations of a free molecule one should reject theThe modesA; andE, are Raman active whila, andE, are
representationg; and F, according to which translations IR active. The correlation diagrams for both postulated crys-
and rotations of a molecule as a whole are transformed. Thital symmetries in ITP are given in Figs. 4 and 5.

leaves 31— 6 vibrations. The analysis of vibrations of a mol- At 334 K, on transition from the intermediate to the fer-
ecule(ion) in a crystal elementary cell demands taking intoroelastic phase the elementary cell symmetry is rapidly re-
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Ionic  Freeion Site Unit cell vibrational Tonic  Free ion Site Unit cell vibrational
species symmetry symmetry symmetry modes species symmetry symmetry symmetry modes
Na" K@) - D; D; 4Na* - G Can
2A; 3A,
2E A 2T, L, vi, v3, Vs 4K C,
K1) - G A Ag 7T, 3L, vy, 2vy,
A A; 3T,L, A, vi, v3, v 2B 3vi, 3vs
E'? 8K(1)" - G By  8T,3L,v),2vs,
2Se0” Ty G E 5T, 2L, A, 2v,, 3A 3vs, 3vs
V) Al 2vs 24 8(Se0)" Ty o A IT3L A, v, 2v,
(v2)E A ™) A 3vs, 3wy
(rot.) Fy E"? (v)E A B, 9T, 3L, 2A, vi, 2vs,
(trans., v3,v4) 3F, (rot.) Fy 3v3, 3vy

(trans., \Y 3,V4) 3F,

FIG. 4. Correlation diagram for fNa(SeQ), crystal in the in-

; —N2
termediateP321=Dj phase. FIG. 6. Correlation diagram for $la(SeQ), crystal in the fer-

_ _ _ roelasticC2/c=C3, phase.
duced and its volume becomes four times increased. In the

latter phase the space symmetry group of the crystal is
C2/c=CS$, and an elementary cell comprises four structural
units (Z=4). This group admits of the following site sym- A. Samples
metries:

IIl. EXPERIMENTAL

KNSe crystals were grown from a saturated stoichio-
metric solution of sodium and potassium hydroxides and se-
»[fC1(8)]+>[eCy(4)]+(d+c+b+a)Ci(4). (100  |enjum acid by the dynamic method at a constant tempera-
. o ture of 300 K. The product of synthesis was recrystallized
Keeping in mind that, here, the volume of the primitive cell 4oy the appropriate solution, made using distilled water.
is one h_alf of that of the elementary cell, the total number ofyp, 4 single crystals obtained were of good optical quality,
modes is colorless, and transparent in the shape of a prism with hex-
agonal base and an edge length from 5 to 20 mm. Their
19Ag+22A,+20Bg+23B,. (1) density was determined as 3:8.01g/cm, and their
chemical composition was verified spectroscopically. The
. c-axis direction was assumed as the direction perpendicular
%o the hexagonal base, threaxis was assumed to coincide
“with the longer diagonal of the base, and thaxis direction
was assumed as perpendicular to thandc axes. Samples
to be studied were cut out as rectangular parallelepipeds

The Ay and By are Raman active whilé, andB, are IR-

phase is given in Fig. 6. All the correlation diagrams pre
sented above will be discussed in Sec. IV.

sonties symmeny Syﬁiztry :Jy?;t;:gy vibrational 4x5x6mnt in size with edges parallel to either of the
crystallographic axea, b, orc.
Na", K@) - 286 Se
A B. Raman spectra
2E“ A ST L v ve v The Raman spectra presented in this work were obtained
8 & At A on a double-grating Raman spectrometer JEOL JRS-S1
2K(1)" - G coupled to a PC via a programmable Computer Interface
A B 2T, L, va v Ve Module Model SR-254 Stanford Research System. The wave
2 number accuracy was=1cm ! and reproducibility
E +0.3cm L. Survey Raman spectra in the range from 0 to
280 Ty GC; A, 3T,L, A, Vi, v3, V4 1000 (or 250—1250 cm™* were recorded with the use of a
™) As 6 cm ! entrance slit when single crystals or liquids were
2 studied and a 3.4 crit entrance slit for the study of powders.
v E A B OLLA v, v v Lattice vibrations in the range below 250 cfand tempera-
(rot) Fy E'? ture variations in individual bands in the spectra were re-
(trans., v3,v4) 3F, corded for a slit width of 1.7 cm!. The sensitivity of the

spectrometer was varied in the range from 10 (€@rvey
_FIG. 5. The same diagram as in Fig. 4 but assuming thespectra of single crystals¢o the maximum value of 250
P3=S; (Ref. 1) symmetry. pulses /sec when taking spectra of solutions. Depending on
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the above parameters the spectra were recorded at a rate Tt
varying from 5 to 100 cmYmin. Time constants were se-
lected automatically.

The Raman spectra were excited by the 488.0 nm line of
argon ion laser radiation. The power of the exciting radiation
measured at the site of the sample was of about 50 mW. The
use of an interference filter in order to avoid plasma line
recording proved necessary only when studying powder
samples. Raman spectra were recorded in the direction per-
pendicular to that of the exciting beam. The spectra of poly-
crystalline samples were obtained by the reflection method.
In this method the exciting beam made a small angle with the
surface of the sample pressed into a hollow in a metal pow-
der holder, and the scattered radiation was recorded perpen-
dicularly to the exciting beam. The spectra of water solutions
of the crystals, at a few percent concentration, were taken
using standard quartz cuvettes. For temperature measure-
ments in the range 80—380 K we used a cryostat made at our 348
laboratory that ensured temperature stabilization and mea-
surement with an accuracy af0.06 K.

intensity

338

162

180 160 140 120 100 80 60

IV. RESULTS AND DISCUSSION wave number (cm'1 )

As shown in Sec. Il, reduction of the crystal symmetry is FIG. 7. Evolution of Raman lattice vibrations spectrum in the
accompanied by an increasing number of normal modex(zzy scattering geometry. The very strong soft mode lying below
Their total number increases from 42 in the prototype and0 cmi ' is presented in a separate figure.
intermediate phases to 84 in the ferroelastic phase. The num-
ber of Raman-active modes increases by then from 17 in 3 rhand at about 60 ciht is caused by the domain structure of
HTP to 18 in 3or to 34 in 32 ITP and to 39 in & LTP. For  the sample. Because of the low intensity it was not possible
the sake of clarity, our discussion of the Raman spectra olto identify all B, modes in LTP. Three librations appeared
tained is divided into two parts concerning external and in-with wave numbers 28, 36 and 71 cfa Only four of the
ternal vibrations respectively. eight translational modes could be seen in Fig. 9. There are

threeK(1) or K(2) vibrations with wave numbers 174, 154,

A External modes and 136 cm! and a SeQtranslational mode at 125 cmh

From a comparison of the correlation diagrams presented L S B s e s
in Sec. Il, it is easy to notice that in the high temperafDrg
phase only five modes are predicted to appear in the Raman
spectra in the low-frequency external vibrations region. They
are two lattice vibrations of translational character related to
the motion ofK(1) and Se@ions of bothA;4 andE, sym-
metry and one of librational character of the tetrahedral
group of symmetn, . In the ITP, if the crystal symmetry is
lowered toSg, only one mode more could be recordedrgf
symmetry. This is the libration of the Se@n with a wave
number of about 60 cit (Fig. 7). The assignment of all
external vibrations could be performed easily for HTP. The
two A;4 modes with wave numbers 162 and 89 ¢nFig. 7)
must belong according to the correlation diagrdfy. 3) to
translations of K1) and SeQ ions respectivelyfor transla- 285
tory modes their frequency depends on the mass of the vi-

144

intensity

238

brating unit3. The E4 translations of these ions appeared at %%
about 156 and 105 cm, respectively,(Figs. 8 and @ The
band at 60 cm' in Fig. 9 must be the libration&; mode of 373

the tetrahedral group. — T T

Seven translational and three modes of librational nature 200 150 100 50 0
of Ay symmetry could be identified for LTP. At liquitll,
temperature the motion d€ gives rise to the bands at 174,
153, 143, and 136 cit while translations of Sep-to 129, FIG. 8. Raman spectra of lattice vibrations in t{g'x)y geom-
110, and 97 c* Raman bands. Librations could be seen atetry for different temperatures. Modes Af, symmetry become of
28, 36, and 61—65 cnt (Figs. 7, 8, and 10 Splitting of the Eq symmetry abové =334 K.

wave number (cm™)
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T T
180 —
160 4]
140‘2\0@2*%
238 - 1
= £ J
g < 120
£ | 298 2 1
333 o 1004
@ V——V—-V-V\VVW
2 ]
343 | N~
80 1
373 ]
GO-MA
P U S NS S S U N S S S SR N S S S _
200 150 100 50 0 S B S
wave number (cm!) 100 150 200 250 300 350
Temperature (K )
FIG. 9. Raman spectra of lattice modesByf (below T,) and of
E, (aboveT.) symmetry of KNa(SeQ), crystal for different tem- FIG. 11. Temperature dependences of wave numbers of the
peratures, obtained in th€yz)y scattering geometry. modes depicted in Fig. 7.

The temperature variations of the wave numbers of lattic@nly atTo and T, but also near 240 K. At this temperature
vibrations recorded in the(z2)y scattering geometry are SOMe anomalu_as ha\_/e been detected by dielectric measure-
depicted in Figs. 11 and 12, where the frequencies versu®€nts for multidomain samplés. _ _
temperature for some of the modes could be approximated 1€ Soft mode presented in Fig. 10 is the strongest lattice
by polynomials of the first, second, or third degree. Analysié“Ode in the Raman spectra at liquid nitrogen temperature. Its

of the behavior of,(T) functions reveals their changes not maximum inteplsity.is over two times greater than Fhat of the
band at 65 cm-™ (Fig. 7). The wave number of this mode

decreases to zero i, at rising temperature and the half
width increases then as shown in Fig. 12. The critical behav-
ior of this vibration could be described ly~ (T—T,)*3in

a wide temperature rang€ig. 13. The value; of the criti-

cal exponent suggests a first-order character of the phase
transition atT.. Much the same soft mode was observed in
the K;SeQ, crystal?” A second soft mode of the sande,

3544

intensity

25 3

20 a

wave number (cm™)
-

348 T
Jr ;e o 1,
M P IS NI Y 70 P N T 1°® L) ll

. #
- - - - _ 0 T —— ——r Tt ——— ——
50 40 30 2 10 10 -20 -30 -40 -50 100 o oo o 0 =

wave number (cm™) Temperature (K)

FIG. 10. Raman spectra of the soft mode igN&(SeQ,), crystal FIG. 12. Wave numbew and FWHH(full width at half heighy
for different temperatures. The(z2y scattering geometry was I' of the soft mode observed ix(zz)y geometry as a function of
used. temperature.
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FIG. 13. Temperature dependence of the frequency of the soft aunmene
mode from Fig. 10. The relation:w= (T~ T)¥* suggests a first- %3 KNS vH
L. e N H ™ gl S Snticppoin,
order phase transition di;~334 K. 610 455
PR S S T (T S S SR S NS TN SR A T ST S ST S i
symmetry and similar phenomena could be observed in an- 1250 1000 750 500 250

other scattering geometr§ig. 8. However, because of its
lower frequency and intensity it is masked by a Rayleigh line
at temperature higher than 250 K. As we have explained FIG. 15. The Raman spectra of water solutions of the same
earlier, both of the soft modes are connected to librationatrystals as in Fig. 14. The VH spectra were taken at twfoe
motions of tetrahedral SgGnions. KNS) and four timegfor other crystalshigher sensitivity than that

at which their VV spectra were taken.

wave number (cm™)

B. Internal modes
these crystals were in different phases, ferroelastic and

The Raman spectra of internal vibrations in the KNSe araelastic, respectively. The shift of the frequency of vibra-
crystal are shown together with the spectra of two other isoP ' P y- q y

structural crystals: KNCr and KNS in Fig. 14. All spectra tions for the sulphate can be explained by shorter interatomic

were taken for powdered samples at room temperature. Tr@stances.and incrgased force consta_nts in this crystal. In-
spectra of the selenate and chromate are similar althougfeed: an increase in Raman frequencies by about 106 cm
was observed in the spectra of KNCr and KNS crystals sub-

o e —— jected to a pressure of over 20 GPa, inducing a reduction of
553 interatomic distances.
Certain information on the nature of bonds in a given
crystal can be inferred from a comparison of the internal
866 vibrations frequency measured in the crystal and in its water
o | » 419 344 solution. Ethieret al.z"'. noted that the vibration frequencies
' KNSe of the tetrahedral anion Sg® in Cs,SeQ, crystal are by
L—-~_—.-JJUL.~ about 1.5% lower than the corresponding frequencies of this
o o anion in water solution. Such a softening of the modes was
994 %02 accounted for as a result of a weakening of the ionic charac-
348 ter of the bonds in the crystal caused by a shift of part of the
942 390 electric charge from the tetrahedron to'Gsations or to any
L KNC[ 400 other place in the elementary cell. A comparison of the spec-
Vi vy vy v tra from Figs. 14 and 15 suggests that isN&(SeQ), crystal
086 54 the situation is the reverse as the frequency of vibrations in
< 622 the crystal is by about 2% highéfor the v, mode. This
1204 630 would mean that the ionic character of the bonds increases in
1084 KNS the crystal due to charge transfer from the surroundings to
the tetrahedron. The most probable charge donor is a slightly
s bondedK(2)* cation.
1250 1000 750 500 250 In the Figs. 16—18 we present the internal modes of KNSe
detected at different temperatures. As it is evident the tran-
sition from the paraelastic high-temperature phase to the in-
FIG. 14. The Raman spectra of internal vibrations of three glatermediate phase does not affect the spectra significantly.
serite family crystals. The spectra were taken for powderedlThe number of modes increases when the crystal is cooled
samples. and the phase transition to the low-temperature ferroelastic

intensity

V3 ViV Va \¢)

wave number (cm™)
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FIG. 16. The Raman spectra of interngland v, vibrations in
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FIG. 18. The Raman spectra ofMa(SeQ), crystal for differ-

K;Na(SeQ), crystal for different temperatures obtained in the ent temperatures in the wave number range of 830—890 -
X(zX)y scattering geometry.

tained in thex(yx)y scattering geometry.

phase takes place. The results obtained are in good agreRaman-active nonfully symmetric internal vibrations would
ment with the correlation diagrams given in Figs. 3, 5, and e twice higher in ITP than in HTRcompare the diagrams

(Sec. 1.

given in Figs. 3 and ¥ Moreover, one could expect a split-

The existing assignment for the symmetry of the intermeting between longitudinal and transverse polar modes. This is

diate phase points tq 32 (Refs. 11 and 1Rand recently to
a mixture of two monoclinic phasé3.Let us assume that
ITP has point symmetry 32003). In this case the number of

343
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FIG. 17. The Raman spectra of internal and v5 vibrations in
K3Na(SeQ), crystal for different temperatures in th€zx)y scat-

tering geometry.

wave number (cm™)

not our case. Our results are also in contradiction to the
model proposed by Diaz-Hemdez et al'® where mono-
clinic symmetry of ITP is proposed. Such symmetry would
lead to significant differences between the spectra collected
in HTP and ITP. Considering all the above remarks, we may
conclude that the symmetry of the _intermediate phase of
KNSe is trigonal with the point group. 3

C. Mechanism of the ferroelastic phase transition

Results of the Raman-scattering studies show that the
mechanism leading to the ferroelastic phase transition in the
K3;Na(SeQ), crystal resides in the ordering of orientations of
the tetrahedral anions SgO This process is realized in two
stages. The transition from the prototype phase to the inter-
mediate phase aff,=346 K is related to a deviation of the
direction of the Se and @) bond from parallel to the axis
of the elementary cel(Fig. 1). This deviation grows with
decreasing temperature of the crystal and is manifested by a
gradual increase in intensity of the band related to the libra-
tions of the tetrahedra at about 60 ¢ The splitting of the
band into two components described at liquid-nitrogen tem-
perature by wave numbers of 61 and 65 ¢rtFig. 7) as well
as the presence of two directions of domain orientations ob-
served in ITP suggests that the deviation of the Se-O bond
may occur along two mutually perpendicular directions with
a certain statistical distribution. The phase transition
ITP—LTP at about 334 K may be explained by hindering of
the tetrahedron rotations about the threefold symmetry axis.
The oxygen atoms @), O(3), and (4) are bound in poten-
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35 tural data are available only for LTP, so the values of the
appropriate angles are replaced by mean values and the result
is decreased by 20%in analogy to KNSg The missing
phase-transition temperature for the KNS crystal can be read
from the diagram and its surprisingly low value explains why
Se no ferroelastic phase transition has been observed in KNS in
154 the studies performed so far above 100 K.

1.04 s

3.0

254 Mo (?)

2.0 Cr

Aa (deg)

V. CONCLUSIONS

054 ) The results of our temperature Raman light scattering
‘ T°'(75125_) o ' studies performed for the JKa(SeQ), crystal have led to
0 100 200 300 400 500 the following conclusions:

Te (K) (i) Critical changes in the Raman spectrum were detected
both at the prototype to intermediate phase transition tem-

liG. _19. Correlaticzn between the deformation Of_tetrahEdralperatureT():346 K and at the ferroelastic phase transition
XO;~ anions(whereX=S, Cr, Se, or Mp and ferroelastic phase- (T.=334K)
c .

transition temperatures in glaserite family crystals. See the discus-
sion in the text.

0.0

(i) In the intermediate phase the crystal has the point
symmetry 3
(iii) The ferroelastic phase transition Bt=334 K is re-
ed to a softening of two external vibrationsA&f symme-
y and wave numbers of about 36 and 28 ¢nfat 83 K).
(iv) The wave number of the soft mode of 36 chde-

If the ordering in orientation of t_h_e tetrahedral_ anions .o ases with a critical exponelt which suggests that the
leads to the ferroelastic phase transition the question aris§g elastic phase transition is of first order

why in isostructural KNCr the phase-transition temperature ( P : :
. . . v) ldentification of the lattice soft mode of very high
is much lower(239 K), in KNMo much higher(513 K), and intensity as librations of the tetrahedral S8Oanion and its

in KNS no transition was observed in the temperature raN98ritical behavior afl . indicates the ordering of the tetrahedra

studled.from 100 to 1350 K. The answer TOH(.)V.VS from 2 orientations as the mechanism leading to the ferroelastic
comparison of the degree of deformation of individual tetra-Bhase transition in KNSe

hedra. According to the model proposed, it can be expecte (vi) A comparison of the structures of different glaserite

Fhat the greater the deV|at_|on_of the orlen_ted anions from th‘f’amily crystals and their temperatures of the ferroelastic
ideal tetrahedron the easier is the ordering of their orienta- - S ; .
) . . ) . . phase transitions justifies the hypothesis fhats higher the
tions against the disturbing thermal motions. Let the differ- .

) 4 S ) greater the deformation of the tetrahedral molecules. The
ence from ideal symmetry in HTP reside in a difference be- .
tween the angles B0, and QBO,, where:B=S, Cr, Se structure of the S@group close to the ideal tetrahedron ex-

9 2 2 ' * o o plains the fact that no ferroelastic phase transition has hith-

or Mo. Denoting this difference by, an approximately

linear dependence between the degree of tetrahedra deform%r:[0 been observed in KNS above 100 K.

tion and the phase-transition temperatiiteis obtained, for
different glaserite structure crystals. A more precise fitting
could be made using a polynomial of the second degree with The authors wish to thank Professor T. Krajewski for
a small quadratic terrtFig. 19. For the KNMo crystal struc- many helpful discussions.

tial wells that are deeper the lower the crystal temperaturg,,,
and the tetrahedra rotations are restricted to librations ob[—r
served as soft modes at 36 and 28 ¢mt about 80 K.
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