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8’Rb NMR study of phase transitions below room temperature in a LiK, JRb, ;SO, mixed crystal
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8Rb NMR spectra in a mixed LilkRhby, ;SO, single crystal have been investigated in the temperature range
from 300 to 80 K. From the electric field gradient analysis, one can suggest that the Rb impurity replaces the
K site in the mixed crystal. The temperature dependence of the central NMR frequerféRbof] =§
demonstrates the phase transition at 255 K which occurs without a change of th&t®isymmetry. In the
temperature range from 215 to 176 K, the NMR result shows a mixed phase, our tentative proposal. Another
phase transition below 140 K indicates a sudden change in symmetry at the rubidium site in the crystal and a
phase transition to a new phase with lower symmetry with the formation of ferroelastic domains. These phase
transition temperatures are different from & NMR study in the pure LiIKSQand are not in agreement
with an optical study in LiK_,Rb,SO, (x=0.1, 0.2. From the angular dependence of the second order
quadrupole shift of the central transition ¥§Rb NMR, the quadrupole coupling constant and the asymmetry
parameter are determined at 300 and 135 K, respectively. The differential scanning calorimeter results clearly
show the phase transitions near 257 and 173 K, respectively, but cannot discriminate other phase transitions.

[. INTRODUCTION this phase transition was due to the reorientation of one sul-
fate group in each unit cell. The crystal structure is illustrated
An increasing number of studies have been reported oin Fig. 1. The orientations of the tetrahedral sulfate groups in
the physical properties of the double sulfate family LIASO the hexagonal phase are represented by the triangles with
where A is an alkali cation(Li, Na, K, Rb, and Cs This  solid lines. The trigonal structure differs from the hexagonal
family shows rather different sequences of the structuraPne by the rotation of one of the sulfate tetrahedra with
phase transitions, which may be related to the dynamics ang@shed lines. Two tetrahedral sulfate groups are displaced
orientation of the sulfate tetrahedral group in the crystaffom €ach other by/2 along the crystallographicaxis. The
structuret-3 phase transition from the hexagon@b; structure to the
LiIKSO, undergoes several phase transitions in the tem’gr|gonal_P31c one occurs when one of sulfate tetrahedral
perature range from 10 to 1000 K. The exact number O]g:a?ugidlir::lj:?rt]outrr]]l; c;ililsg%tzates 108" about one of the axes
phase transitions and the symmetry of some structurd! BE) further coolin the'LiKSch stal underaoes another
phases, however, are not yet well established. Its crystal y 9: Y 9

structure at room temperature is hexagonal with the spa hase transition around 190 K. Once again, there are some
6 X . ontroversies with respect to the crystal structure below this
group Cg(P6s) and two formula units per unit ceflbut the  hhase transition. An orthorhombic structure belonging to the
structure at the lower temperature phases have been d'ff'cualbace grougCme2; (Ref. 13 and a monoclinic structure
to determine. At room temperature, the potassium ions) (K belonging to the space groupc (Ref. 14 were proposed.
are located on the hexagonal axis and are surrounded by nip@eemannet al*® have observed a complicated domain su-
oxygen atoms. The sulfate tetrahedra are so distorted that thrposition below 190 K by means of optical study. Another
oxygen atoms at the top may occupy three different sitegmportant feature of this phase transition is the freezing of
around the sixfold axis. the orientational disorder resulting in a tilting of the sulfate
The phase transitions of LiKS@t low temperatures have tetrahedra:'® Breczewskiet al. have observed the presence
been studied by a variety of methdtid® However, various  of ferroelastic domains in this phase.
results of different experiments are not in accord with each EPR measurements of the paramagnetic cerfs&s ,
other. This crystal is known to undergo a reconstructiveCr’*, and Fé" suggested that the LiKSQcrystal has an
phase transition from the hexagor; to a trigonalP31, incommensurate phase between 190 and 295 K in the heating
symmetry around 205 K Bansal and Royproposed that cycle!®-2° Chaplotet al® predicted a possible transition to
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FIG. 2. Angular dependence of the second-order quadrupole
shift of the ¥Rb NMR central transition ¥— —3) in the mixed

FIG. 1. Crystallographic structure of LiIKSO(a) Hexagonal LiKqgRby SO, single crystal(a) for cL B, the shift does not de-
structure with theP6; phase at room temperaturé) Trigonal pend on the orientation of the magnetic field with respect to the
structure with theP31, phase. One of tetrahedra of a Qs ro-  crystal, andb) for a or b1 B, at room temperature.
tated about a basal aximarkedr andr’) or any equivalent axis.

order to explain the experimental results, they proposed a

an incommensurate phase by using the phonon dispersidgtualitative model by assuming that there was a local trigonal
relation in LiKSQ,. Perpéuo et al.?! however, did not find distortion due to the Rb ions. They suggested that the fer-
any evidence of an incommensurate phase at these tempergelastic transition occurred exactly by breaking the trigonal
tures by means of EPR of the paramagneti¢" Timpurity. ~ symmetry due to the occupied Rb ion.
They found a monoclinic structure below 190 K and twin-  The purpose of this work is to repoftRb nuclear mag-
nings within each ferroelastic domain. TR¥ NMR study  netic resonancéNMR) studies in a Lilg JRby, ;SO, mixed
in pure LIKSQ, (Ref. 14 also did not find any evidence of single crystal in the temperature range from 300 to 80 K. The
an incommensurate phase in the same temperature range.quadrupole coupling constant3qQ/h) and the asymmetry

Recently, Moreireet al? reported the phase transition in parametei(s) of 8’Rb in this crystal are determined at 300
the LiK,_,RbSQO, (x=0.1, 0.2, 0.5 mixed crystals by and 135 K, respectively. From tHERb NMR results phase
means of Raman scattering and birefringence measurementgansitions are newly proposed in this mixed crystal of
They observed that the LiK,Rb SO, mixed crystals with  LiK Rl ;SO, which shows a dramatic change from the
low rubidium concentrationx=0.1, 0.2, though the phase pure LIKSQ,.
transition temperature was shifted, underwent the same se-
guence of low-temperature phase transitions as the pure
LiIKSO, compound. The Raman spectra showed that the
presence of the Rb ions introduced a local distortion without LiK o Ry ;SO single crystals were grown by means of
destroying the long range order of the ionic arrangement. Iislow evaporation of aqueous solution at 313 K containing the

II. EXPERIMENTAL PROCEDURES

TABLE |. Comparison of e2qQ/h, 7, and the electric quadrupole moment betwe®Rb in
LiK o Ry 1SO, and 3K in LIKSO,.

e2q Q/h(exp) T € Gatomic €Gonic e2q Q/h(cal)
nucleus (MHz) 7 (K) (10"°vim?)  (10°Vv/m?) Q (MHz)
3% 1.270 0 296* —36.04 6.915 0.060 1.044
1.470 0.72 184
8Rb 7.687 0 300 —69.53 6.915 0.132 6.810

11.960 0.621 135
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salts LpSQ,-H,0, K,SO, (90%), and RBSO, (10%) in mo- 124507 ¢ LB,
lar ratio. The actual ratio of Rb in LifKRh, SO, was mea- 124.45 -
sured to be 9.4 mol% by means of atomic emission spec- g ’
trometry (ICP-AES. The crystal axes were determined by g 124.407
using the x-ray diffractionXRD) method. A single crystal 3 124.354
of LiKqdRIp SO, of the form of a hexagonal prism with § 124.30 ess® °
well defined crystal faces was employed in this experiment. g :
Since LiK, oRby ;SO, crystals were found to be similar to the  124.259 (a)
crystal structure of the pure LiKS@rystal confirmed by our 124.20 +————————1——T——T—— 1T
XRD measurements at room temperature, a similar indexing 0 20 40 60 80 100 120 140 160 180
of the crystallographic axes has been used. Angle(degree)
Nuclear magnetic resonance spectra®@b (I=3/2) in
this single crystal were recorded using a Fourier transform 124.50
NMR spectrometer operating & T produced by a supercon- 124.45 ] alB,
ducting magnet. The central radio frequency was setyat 12440
=124.373 MHz for the®’Rb resonance. For the angular de- Y 124151
pendence of the central transition measured at room tempera- E, 124‘30_-
ture and 135 K, respectively, the crystal was rotated around 52 124' 5]
three mutually perpendicular crystal axasb, andc, where “g’_ 124'20_-
the ¢ axis being the hexagonal axis at room temperature. & 124'15_-
lll. RESULTS AND DISCUSSION T 40 40 80 100 130 140 160 180
A. Quadrupole interaction of 8Rb NMR Angle(degree)

The quadrupole perturbédRb NMR spectra can be ana- gy, 3, Angular dependence of the second-order quadrupole

lyzed by the usual spin Hamiltonigh shift of the®’Rb NMR central transition¥— — 3) measured at 135
5 K in the mixed LiK, Rh, ;SO, single crystal for(a) cL By and (b)
H=H,+H =—yhB~I+£(3I2—I2) alBo.
2R O a121-1) T2
depends on the identical ionic contribution around the reso-
1 1 o -
x| = (3 cog §—1)+ = 7 sir? 6 cos 2 nant nucleus. There are two contributions to the electric field
2 2 gradient; one is the internal atomic contribution due to the
electrons surrounding the nucleus and the other is external
ionic contribution due to the neighboring ions. This atomic
C(r)ntribution is only from the electron shells of the Rand
R"™ ions and is given kR

+second order quadrupolar terms - . (1)

The angular dependences of the second-order quadrupol
shift for the central NMR line of’Rb measured at room

temperature for rotations around two mutually perpendicular 2l 1

axes are shown in Fig. 2. The experimental values are dis- Oatomic— — m<r—3> (2
played with dots and the solid lines are obtained by fitting

these data to a symmetric second rank EFG tensor. From 1 1 73

these results, the nuclear quadrupole coupling constant, <_§> = 3 ©)
e?qQ/h=7.687+0.002 MHz, and the asymmetry parameter, r | n-ag

1
+=(+
7n=0, were obtained. Th&’Rb NMR spectrum consists of ! 2)“ Y

only one set for all orientations of the applied magnetic field

with respect to the crystal. From this fact, it is concluded that TABLE Il. ®'Rb electric field gradient tensors in LiRb, 15O,

all the rubidium sites in the LiKqRby, ;SO crystal are mag- crystal at 135 K.

netically equivalent at room temperature. - -
The ionic radii of Li*, K*, and R ions are 0.68, 1.33, (1) 0° domain

and 1.49 A, respectively, and that of (§® is 2.6 A. Inthe ¢ —6.848 3.795 5.928
mixed LiKq gRby ;SO, crystal, the rubidium ions may only —=V;(MHz)= 3.795 —1.390 3.622
replace the potassium ions and consequently cause a local 5.928 3.622 8.256
distortion in the crystal structure due to the substitution. (i) 120° domain

The quadrupole coupling constant, asymmetry parameter, —7.110 —3.280 —6.037
and electric quadrupole moment of thé’Rb in v, (MHz)= —3.280 —1.080 3.686
LiK o oRby ;SO, and**K in LIKSO,, are compared in Table I. h —6.037 3.686 8.256
It turns out that the quadrupole coupling constant of%fiRb (i) 240° domain
in LiK o gRby 1SO, is 6.05 times larger than that of tH& in -6.910 —-3.372 6.130
LiIKSO,. Furthermore, Rb and K have the same eIectronega’LVi_(MHz)= —3.372 —1.250 —3.561
tivity of 0.82. This means that when the Rb impurity replaces N 6.130 —3.561 8.256

the K site in the crystal, the EFG at the resonant nucleus
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TABLE Ill. Eigenvalues\;(MHz), direction cosinesk;) and asymmetry parametéy) of the 8Rb EFG
tensors in Lik Rby SO, crystal at 135 K.

1n=0.621+0.004

(i) 0° domain
N1=—2.240+0.025 N,=—9.672+0.055 A3=11.960+0.006
Ka Kp Kc
-0.196 —0.888 0.417
0.928 -0.315 —0.240
—-0.344 —0.336 -0.877
(ii) 120° domain
N=—2.240+0.025 No=—9.672+0.055 A3=11.960G+0.006
Ka Kp Kc
0.126 -0.911 0.393
0.933 0.243 0.264
0.336 -0.334 —0.881
(iii) 240° domain
N1=—2.240+0.025 Np,=—9.672+0.055 A3=11.960+0.006
Ky Kp K¢
—0.143 0.909 0.391
0.928 0.261 —0.226
0.344 —0.325 0.881

whereZ, a,, n, andl are the atomic number, the Bohr radius, =0.004, could be obtained, with the second-order quadru-
the principal, and orbital quantum number, respectively. Theole effect. This means that though there are 6 physically
EFG depends oZ® so that heavy atoms will have much inequivalent rubidium sites in this phase, all are chemically
larger EFG’s than that of the light ones. The neighboringequivalent. The EFG tensors and eigenvalues are listed in

ionic contribution can be expressed by the f6tm Tables 1l and Ill, respectively. From these results, the set of
six physically inequivalenf’RbEFG tensors can be decom-
3cogf,—1 posed into three subsets which are related with each other by
Glionic™ Z Zeff—ri3—* @) the 120° rotation around theaxis. Within each subset there

are two 8’RbEFG tensors which are related through the
wherer; is the locations of ions with the effective charge mirror plane and twin domains. In view of the direction co-
Ze (= 0.55 for3K in LIKSO,) (Ref. 6 in the lattice. Then sines, one may notice that the principal axes corresponding
the total electric field gradient can formally be expressed byo the largest principal values of all the$8&RbEFG tensors
are no longer parallel to the hexagonal axis as they are tilted
eq=(1—R)edaomict (1= ¥=)€Gionic» (5) away from thec-axis by approximately 7° about a basal axis.

) o Consequently the threefold symmetry along ¢teis is lost.
whereR and y., are known as the Sternheimer shielding andone may conclude that there are three kinds of ferroelastic
antishielding facto(R=0.438, y£=—17.32,R""=0.845,  gomains formed at this phase, which is in good agreement
and y*°=—47.2.2* From Eq.(5), one may calculate the with the previous®k NMR result in pure LiKSQ measured
nuclear quadrupole coupling constant of #8b to be 6.810 at 180 K** The quadrupole coupling constant and the asym-
MHz and that of %K to be 1.044 MHz, respectively, as metry parameter oi’K (measured at 180 Kand8’Rb (mea-
shown in the right hand side of Table I. The calculated EFGsured at 135 Kare not exactly in proportion but reasonably
value of8’Rb is 6.52 times larger than that %K. Although ~ comparable as can be seen in Table I.
there are substantial uncertainties in the shielding and anti-
shielding factors, it is in fair agreement with the experimen-
tal results as summarized in Table I. This result strongly
supports the fact that the Rb impurity occupies the K site in  The temperature dependences of &b NMR, line
the mixed crystal. shape with the applied magnetic field aligned to #axis,

At 135 K, well below the phase transition temperatures,measured on cooling in the temperature range from 300 to 80
the angular dependences of the central NMR line for rotaK, are shown in Fig. 4. There is no change in the number of
tions around two mutually perpendicular crystal axesnd  central NMR lines off’Rb between 300 and 140 K, which
¢ are shown in Fig. 3. Dots correspond to the experimentaincludes the I, Il, and Il phases of LIKSQ namely, the
values and the solid lines are obtained by fitting these data thexagonal, trigonal, and monoclinic phases, respectively.
Eq. (1) again. Contrary to the case at room temperature, threElowever, the resonance frequency of the central NMR line
sets of NMR lines for the rotation around theaxis and six  for 8'Rb increases with decreasing temperature as shown in
sets for thea axis were obtained. However, only one set of Fig. 5. In addition, there are distinct changes of #Bb
the quadrupole coupling constante?qQ/h=11.960 NMR frequency around 255, 215, 176, and 140 K, respec-
+0.006 MHz, and the asymmetry parametej=0.621 tively.

B. Phase transitions
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kHz kHz on the mixture of hexagonal and trigonal phases. The solid line is

FIG. 4. Temperature dependence of the line shape of the centrgPe experimental line shape and the dotted line is the best super-

transition of’Rb NMR in the temperature range from 300 to 80 K. posed with two Lorentzian curves.

indicates a sudden change in the rubidium site symmetry in

At the phase transition around 255 .K' LRy ;SO the crystal and a phase transition to a new phase with lower
transforms from the hexagonal phase with the space grou

P6. t th h If th disturb inthe | Qymmetry than trigonal. One can suggest that the EFG ten-
rans :;ch;r gfr iF()) n?szrran eé;:'r?ts dTJOe ts tlfj:e ?Sgiedille i?n OS ors of spectra of’Rb at 135 K show the evidence that the
ang 9 . P crystal structure of Lilg Rby ;SO is monoclinic rather than
rity, one may assume that the crystal structure in the tem

. orthorhombict®
perature range from 255 to 215 K may be the trigonal phase The NMR spectra show a possible occurrence of a new

as LIKSQ, The rubidium on adde_d in LikdRby,:SO, oc- . phase between 215 and 176 K. To our knowledge, there are
cupies a greater_volume n the unit cell than the potassmnﬁo references about this phase, however, one could tenta-
|on_d_oes (_Jlue tq its larger ionic rad|us_. The presence of th‘ﬁvely propose a possibility of a mixture between the hexago-
ru_b|d|um Impurity may cause the Sh'ft of the he_xagonal—nal and trigonal phases from our NMR spectra. The exis-
t2rg950r}1<a_l ptk;]ase j[rar(;snmntfrlom 205 K in the pure LiKS® tence of a mixed phase can be directly inferred from the
in the mixed crystal. coexistence of two line shapes indicated in Fig. 6 between

Belpw 140 K'. the cen_tral NMR Iin_e Is broadened_ and210 and 200 K. Though it is difficult to discriminate two
splits into three lines as displayed in Figs. 4 and 5. This fact
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FIG. 5. Temperature dependence of the cerftiab NMR fre- FIG. 7. The DSC results of the heat absorbed and released from

guencies in Liky QRby 1SOy. a LiKq Ry 1SO;.
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pure LiKSO4 considered to be randomly occupied by potassium and ru-
bidium ions with the concentration ratio. Thus, the presence
I of a small concentration of random rubidium impurities in-
duces a random strain as well as a random fluctuation of the
phase at a given nuclear site.
LiKooRbo1SO4 (Raman study) The DSC (differential scanning calorimetermeasure-
ments of the heat absorbed and released from a mixed
1 LiK g Ry 1SO, crystal were performed3°C/min with a
DSC-2010 in the temperature range from 270 to 120 K at
164 226 Korea Basic Science Institute in Kwangju. The result is dis-
. played in Fig. 7. On cooling, the heat emitted peak appears at
LiKosRbo.150« (present Rb NMR study ) about 257, 191, and 173 K, respectively. From NMR and
DSC results, one could confirm the existence of first order
I phase transitions around 255 and 175 K, and higher order
phase transitions around 215 and 140 K.

Im I

190 205

I II

I miome ;o

140 176 215 255

LiKo09Rb0.1SO4 (present DSC study ) IV. CONCLUSIONS

| l We have investigated the low temperature phase transi-

: tions of the LiKy Rl 1SO, mixed crystal by means of the

o 0 8Rb NMR in the temperature range from 300 to 80 K and
DSC from 370 to 120 K. The phase transition temperatures
Temperature(K) are displayed in Fig. 8 in the investigated temperature range.
. - The presence of discontinuity of the temperature dependence

FIG_. 8. Comparison of the phase transition scheme betwgen thsf the 87Rb central NMR frequency associated with the hex-
pure LIKSQ, Raman, and the present NMR and DSC studies ofyqqnq t trigonal phase transition at 255 K was clearly dem-
LiK 0.gRD0,,S0; in the temperature range from 300 to 80 K. 1, Il, and o nqirateq |t is observed that the mixed crystal may undergo
!Lé@gf;;e the hexagonal, trigonal, and monoclinic structure, ®several phase transitions at 255, 215, 175, and 140 K, respec-

’ tively. The 10% concentration of rubidium in the

LiK g gRby 4SO, causes the shift of the hexagonal-trigonal

lines, this line shape is best fitted by two Lorentzian curvesphase transition to higher temperature by 50 K and the
The superposed NMR line shape may imply that the hexagatrigonal-monoclinic phase transition to lower temperature by
nal and trigonal phases may coexist. This mixed phase is n®0 K than that of the pure LiIKSQ The 8’RbEFG tensors
in agreement with the previous Raman result indemonstrate that the crystal structure below 140 K is mono-
LiK ; _,RB,SO,.22 One may consider that tf8CO;  ion ori-  clinic with the formation of ferroelastic domains. Between
entations in each of these structures are tilted away from th215 and 176 K, this crystal exhibits mixed phases due to a
crystal axis about a basal axis but the crystal symmetry is nadeformation of the crystal structure caused by the rubidium
broken. ions in the potassium sites.

The NMR line shape in the temperature range between
176 and 140 K shows the same as that in the trigonal phase.
However, when a fraction of potassium ions in the pure
LIKSO, crystal is replaced by rubidium ions in This work was partially supported by the BSRI program
LiK g gRby ;SOy, the transition temperature is shifted from of Ministry of Education(Project No. BSRI-98-2410n Ko-
190 K in the pure LIKSQ down to the lower temperature rea. One of the authoréd.J.K) is grateful to the Science
140 K in the mixed crystal. The potassium sites may be&~oundation of Slovenia.
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