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Structural phase transitions in f, _,LiSO, mixed crystalgwith x varying from 0 to )} have

been studied from the melting point to liquid-nitrogen temperature. Calorim@&iié

and DSM data, birefringence and optical polarization measurements were used to construct the
full phase T—x) diagram. It has been established that crystals of most compositions

(x=<0.95) grow in the hexagonal-trigonal KLiSBtructure. Replacement of K by the larger Rb
atom results in a considerable increase of the region of existence &3thephase and

expulsion of the high-temperature hexagonal phase.1998 American Institute of Physics.
[S1063-783%08)03507-2

Tridymite-like  crystalline  compounds  ALISO P112/n with c=c, persists at lower temperatures.
(A=Cs,Rb,K,NH) have a framework structure made up of In KLS, the phase transition sequence is differerit4
alternating LiQ and SQ tetrahedra sharing vertices to form P6smmc or P6;mc above 941 K; 2—rhombic Pc24n,
six-membered rings, inside which cation A is located. If thisPbn2,, or Pmcn (941-708 K; 3*—P63(708
cation has a large ionic radius, the hexagonal symmetry of-2427,]201 K); 4*—P31c(2427,]201-178 K), and
the rings can become distorted, as is the case with Cs arfisf —Cc or Cmc2, below 178 K. Despite intense studies of
Rb. All the above-mentioned representatives of the familythis compound, there still remain many questions bearing on
have totally different sequences of phase transit{®3 set- the symmetry of the phases, their number, and even the PT
ting in with decreasing temperature. The difference in symtemperatures. The main reasons accounting for these difficul-
metry of the phases is associated with different versions ofies are the complex twinning observed to occur in all phases
ordering of the tetrahedral groups. KLi$QKLS) and and coexistence of different structures in some temperature
RbLISQ, (RLS) feature very complex sequences of symme—regiOHS&f”6
try changes in phase transitions compared, say, to CsLiSO  This work presents the results of a study of
which undergoes only one PT. Rb.K;_,LiSO, solid solutions. We investigated their phase

Although the properties of most of the above compoundgliagram [ —x) by the optical polarization technique on dif-
are presently well known, there is still no answer to the quesferently oriented plates and by measuring birefringence and
tion why it is RbLISQ, and KLiSQ, that exhibit such a rich  thermal effects.
variety of phases and PTs compared to CsliS&ahd
NH,LiSO,. Valuable information relevant to this problem
can be obtained in a systematic study of solid solutions o
these compounds. The single-crystals to be used in the study were prepared

Even small additions of Rb and Cs to pure RLS and KLSby slow evaporation of the corresponding mixtures of aque-
to form RRCs,_,LiSO, mixed crystals with large catiohd  ous KLS and RLS solutions dt~300 K. The single crystals
reduce strongly the temperatures of transition to the monothus grown had the shape of hexahedral pelletsxfef.3,
clinic phaseP112 /n, which eventually disappears. In the hexahedral prisms fox>0.8, and needles for intermediate
middle part of the phase diagram tR2,/c11 phase with a values ofx. The samples were subjected to quantitative char-
negligible unit-cell monoclinic distortion becomes stable,acterization by x-ray fluorescence and atomic absorption
which in pure RLS exists within a narrow interval of 475 analysis. The Rb:K ratio in the crystals differed, as a rule,
—458 K. The phase diagram of RbH,); _,LiSO, follows a  from the one in the solution. The largest and best crystals
similar patter® We believe, however, that studies of solid obtained were those with a smallThe samples intended for
solutions of RbLiSQ and KLiSQ,, the crystals exhibiting optical microscope studies were cut perpendicular and paral-
the most complex phase-transition sequences, show the mdst to the growth axis.
promise. The region of the hexagonal-trigonal phase transition

The first of these crystals exhibits the following phaseswas investigated by the birefringence technique using a Be-
1—Pmcn with c=c, above 477 K; 2—an incommen- rek compensator with an accuracy to witkirl0™° on plates
surate-commensurate ferroelectric phase sequence obsenad parallel to the growth axis. This method permitted us to
in the 477-475 K interval; 3—a monoclinic ferroelastic use small samples and to choose single-domain regions. The
phaseP2,/cll with c=2c, between 475 and 458 K; 4— existence of thermal anomalies was determined by means of
P11n phase withc=5c, between 458 and 439 K; and 5— a DSM-2M differential scanning microcalorimeter operating
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FIG. 2. Thermal anomalies in crystals with different Rb conterit—0.12,
FIG. 1. Phase diagram of the i _,LiSO, solid solutions. The triangles 2—0.40,3—0.95,4—0.92,5—0.90.
relate to Ref. 11.

within the 8.7—9.7 J/meK interval, which is close to the
value R In 3=9.13 J/molK.

within the temperature region of 150—-750 K at temperature  In the second case one detects several anomalies associ-
variation rates of 8 K/min, as well as differential thermal ated with different phase transitions. The anomalies are fairly
analysis(DTA) up to the melting point and above it. close in temperature and rather diffuse, which makes their

Figure 1 shows the phase diagram of thgiRb ,LiSO,  separation impossible. Estimation &H andAS yields for
solid solutions obtained by us. Microscope studies using pothe 1-3 PTs: AH; 3=1000-1300 J/mol, andAS; ;
larized light suggest the onset of optically uniaxial symmetry=3-3.5 J/molK. The change in the enthalpy and entropy in
in the solid solution at room temperature up %e=0.95. the 3-4-5 transitions was found to be 400-600 J/mol and
Heating changes it to rhombic*2 with characteristic 120° 1-1.6 J/molK, respectively.
twins and straight extinctions. The temperature of this PT  For thex=0.75 compound, the total changes in enthalpy
decreases frore=700 K to =400 K with increasingk. This ~ and entropy accumulated in several transitions from the
transformation has the features of a reentrant PT with explorhombic to trigonal phase ardAH=3400 J/mol andAS
sive cracking of the sample and tailing of its temperature=6.75 J/moiK.
This manifests itself in DSM measurements in the presence
of one, two, or even three thermal-absorption pgakisve 2
in Fig. 2. In Fig. 1 this region of coexistence of two phasesTABLE I. Phase transition parameters derived from DSM measurements.
is bounded by a dashed line from below and has the largest

X T, K AH, J/mol AS, J/molK

width for compositions withk=0.3—0.8.

The compositions can be divided in two parts according ©-00 709 6193 8.73
to the change in enthalpyAH) and entropy AS), namely, 8'8;4 ggg’ gggg Z'?S
compounds with low and high Rb content£0—0.5 and 0043 697 6398 9.16
x=0.9-1, respectively(see Table)l In the first case one or  0.22 663; 635 6343 9.76
several anomalies corresponding to a clearly pronounced 0.40 622; 595 5236 8.80
first-order PT between the*2and 3 phases were observed. 075 433-530 3400 6.75
The change in enthalpy, 5200-6800 J/mol, is in a good 8'32 45153‘}_1?253?2;30356 124(1)4?8 34'261
agreement with dat& obtained for pure KLS. The change in = g5 458: 428 1600 35

entropy, determined a§S=AH/T, varies, depending ox,
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FIG. 3. Temperature dependence of the rotation angle of the optical indica-
trix in the monoclinic phase of RK; _,LiSO, (P112 /n). 1—x=1.0; 2—
x=0.99; 3—x=0.95 (AT;=2K, AT,=x); 4—x=0.90 AT,=16 K,
AT,=20 K).

Small additions of K and Rb to the pure RLS and KLS
reduce strongly the transition temperatures to the ferroelastic ' .
phases 5P112,/n) in RLS and 5 (Cma2;) in KLS, so that 20 300 %00 500
for x<0.95 andx=0.20 these phases are no more observed TX
in the solid solution. Figure 3 shows the temperature depen-
dence of the rotation angle of the optical indicatrix aboutFIG. 4. Birefringence vs temperature in the vicinity of the hexagonal-
[001] in phase 5 for different compositions with respect tog'goﬁop;‘z"‘s:_tgagg”go'”s(?gl-8'-5051_(3):741_0-014' 2—0.043,3—
extinction in the rhombicPmcn phase. Thep(T) depen- - - - - - o
dence is the same for all compositions. Adding K to
RbLISO, does not affect the character of the PT, and onlyhysteresis curve obtained for the compositions with

shifts its temperature. Remarkably, for some compositiong— (.22 and 0.10 has a larger extent. This is possibly due to
the anglee may exist within a narrow temperature interval the coexistence of phases characteristic of K29y to the

bounded from below by an optically uniaxial phase. For i”'strong dependence of the transition temperature @ig. 1).
stance, ak=0.90 the monoclinic phase 5 exists under heat-

ing in the interval 407 —423 K, and under cooling, from 416
to 388 K. Ax=0.95 crystal grows simultaneously in mono-
clinic phase 5(extinguishing parfsand optically uniaxial We have studied the phase diagram—(x) of the
phase(nonextinguishing, dark regionsWhen heated, such a Rb,K;_,LiSO, solid solutions from the liquid-nitrogen tem-
sample starts to undergo total extinctionTgt=323 K at an  perature to their melting point. Our studies permitted estab-
angle¢(T), while aboveT;=410 K, ¢=0. No PT was ob- lishment of the corresponding phase boundaffég. 1).
served to occur under cooling &, with the sample remain- Addition of Rb ions to KLS increase the temperature of
ing monoclinic down to liquid nitrogen temperature. At a the uppermost structural PT from hexagonai J 1o rhombic
later time, howevetafter a few hours at room temperatyre (2*) phase and displace it gradually to the melting point, so
an optically uniaxial phase forms again in the crystal, and thehat forx>0.5 the two DTA anomalies accompanying these
above process can be repeated. two processes can no longer be resolved. We were not able
The boundary between the two optically uniaxial phasego find the boundary which would separate the regions where
P65 and P31c was studied by measuring the temperaturephases IRLS) and 2° (KLS) exist. For this reason we as-
dependence of birefringence. The results of these measursume that phase*2(KLS) has the same symmetry as phase
ments are displayed in Fig. 4. The transition we are interd (RLS), i.e. Pmcn Besides, the data obtained suggest that
ested in exhibits a characteristic temperature hysteresRbLiSO, does not have a high-temperature hexagonal phase
An(T)~50 K wide® Adding Rb to KLS shifts this PT up at all.
and stabilizes the trigonal symmetry at room temperature. As As the Rb content in the solid solution increases, the
xincreases, the jump in birefringenéa and the temperature temperature of the™2-3* reentrant transition decreases, and
hysteresis AT decrease  monotonically. For x  that of the 3-4* transition, increases, so that most compo-
=0.00, 0.043, 0.014 we han=3x10 3, AT~45 K, and sitions have trigonal symmetry at room temperature. Thus
for x=0.57 and 0.74 we foundn=2x10"° and AT  the hexagonal-trigonal structure was found to be the most
~20 K with an abrupt jump in birefringence. Note that the stable in these compounds.

2. DISCUSSION
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The birefringence of the KLS crystal was widely studied is observed also under hydrostatic compressfon.
by various authors(see, e.g., Refs. 9-11It should be This explanation does not, however, apply to the PT be-
pointed out that all of them used the most sensitive relativéween uniaxial phases. According to Ref. 12, this PT like-
methods, for example, the 8@&mont compensator. The Be- wise shifts upward under pressure. Because the composition
rek compensator employed in this work permits absolutén different growth pyramids, in our opinion, can be dif-
measurement of the birefringence. It was found that both iferent, we carried out atomic-absorption analysis of the
KLS and in the solid solutions the room-temperature valuesamples after the measurements in order to avoid errors in
An~4x10"* (A\=630 nm) is small, and falls off to zero determination ok.
near 270 K. The birefringence becomes negative as the tem- To conclude, our data suggest that the hexagonal-
perature is lowered still more. As seen from Fig. 4, the trugrigonal structure of KLiSQ is more stable than RbLiSO
temperature behavior of birefringence in KLS is differentand occupies therefore most of the area bounded by the
from its usual patterf-1! phase diagran(Fig. 1). Partial replacement of K by the

The compounds studied by us here have the so-calleldrger cation Rb makes the structure more loose and favors
“point of optical isotropy” on the temperature scale, which stabilization of theP31c symmetry with a larger unit cell
depends both or and on the light wavelength, because theyvolume®®
are characterized by a large birefringence dispersion. The
birefringence changes byn~1x102 from the red to
green wavelength region. While in principle this offers a
possibility of using these compounds in narrow-band optical
filters, merohedral twinning poses an insurmountable ob-, - ) )

. . . S. V. Mel'nikova, V. A. Grankina, and V. N. Voronov, Fiz. Tverd. Tela

stacle on the way to implementing this idea. (St. Petersbuig36, 1126(1994 [Phys. Solid Stat@6, 612 (1994)].

Studies of the RIK;_,LiSO, solid solutions with  2s v. Melnikova, A. D. Vasiliev, V. A. Grankina, V. N. Voronov, and
x=0.10, 0.15, 0.20, and 0.50 below room temperature were K. S. Aleksandrov, Ferroelectrics70, 139 (1995.

2 . .
r in Ref. 11. It w h \?v’n h KL r | with K. Kawamura, A. Kuramashi, N. Nakamura, H. Kasano, H. Mashijama,
started € t was shownthat a Sc¢ ystal L S. Nakanishi, and H. Itoh, Ferroelectrit65 279 (1990.

added Rb undergoes the same PT as a pure one. Adding R shiroishi, A. Nakata, and S. Sawada, J. Phys. Soc.4ra11 (1976
shifts the trigonal-hexagonal transition toward higher tem-S5p. E. Tomaszewski and K. Lukaszewicz, Phys. Status Soli@ilAK53
peratures, and the PT to the ferroelastic phase, toward lowe(1982. , ,
temperatures. On the whole, our results are in accord with7$' 5 LO “;iﬁﬁe;”;'fg ggfgﬁsafgg:s?((fg%?
the conclusmns-of Ref- 11. F_lgure 1 ShpWS, however, that the’s. Bhakay-Tanhane, C. Karunakaran, and C. Vaidyo, High Temp. High
phase boundaries in our diagrams disagree markedly withPress16, 91(1986.
those quoted in Ref. 11. We observed a stronger effect of \l’\éo*i'(elzn;%””' F.J. Schier, and A. S. Chaves, Solid State Comm@H,
su.bs.tltutlon on the .transmon temperaturgs. The reasons fag; Leif3o, A. Righi, P. Bourson, and M. A. Pimenta, Phys. Re\®
this lie possibly in different conditions of birefringence mea- 2754(1994.
surement. In our measurements, the sample was freé&R. L. Moreira, P. Bourson, U. A. Léita A. Righi, L. C. M. Belo, and
whereas in Ref. 11 it was subjected to uniaxial compressiop,M- A- Pimenta, Phys. Rev. B2, 12591(1995.

. . s S. Fujimoto, N. Yasuda, and H. Hibino, Phys. Lett.184, 42 (1984).
of 50 bars. Such compression is capable of shifting the tem-

perature of the ferroelastic PT up by 7*KA similar effect  Translated by G. Skrebtsov

Support of the Krasnoyarsk Territorial Foundation for
Science(Grant 6F015Y is gratefully acknowledged.



