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87Rb NMR study of phase transitions below room temperature in a LiK0.9Rb0.1SO4 mixed crystal
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87Rb NMR spectra in a mixed LiK0.9Rb0.1SO4 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 frequency of87Rb (I 5

3
2 )

demonstrates the phase transition at 255 K which occurs without a change of the Rb1 site symmetry. 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 the39K NMR study in the pure LiKSO4 and are not in agreement
with an optical study in LiK12xRbxSO4 (x50.1, 0.2!. From the angular dependence of the second order
quadrupole shift of the central transition of87Rb 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.
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I. INTRODUCTION

An increasing number of studies have been reported
the physical properties of the double sulfate family LiASO4,
where A is an alkali cation~Li, Na, K, Rb, and Cs!. This
family shows rather different sequences of the structu
phase transitions, which may be related to the dynamics
orientation of the sulfate tetrahedral group in the crys
structure.1–3

LiKSO4 undergoes several phase transitions in the te
perature range from 10 to 1000 K. The exact number
phase transitions and the symmetry of some struct
phases, however, are not yet well established. Its cry
structure at room temperature is hexagonal with the sp
groupC6

6(P63) and two formula units per unit cell,4 but the
structure at the lower temperature phases have been diffi
to determine. At room temperature, the potassium ions (K1)
are located on the hexagonal axis and are surrounded by
oxygen atoms. The sulfate tetrahedra are so distorted tha
oxygen atoms at the top may occupy three different s
around the sixfold axis.5

The phase transitions of LiKSO4 at low temperatures hav
been studied by a variety of methods.6–10 However, various
results of different experiments are not in accord with ea
other. This crystal is known to undergo a reconstruct
phase transition from the hexagonalP63 to a trigonalP31c
symmetry around 205 K.7,11 Bansal and Roy7 proposed that
PRB 610163-1829/2000/61~14!/9307~7!/$15.00
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this phase transition was due to the reorientation of one
fate group in each unit cell. The crystal structure is illustra
in Fig. 1. The orientations of the tetrahedral sulfate groups
the hexagonal phase are represented by the triangles
solid lines. The trigonal structure differs from the hexagon
one by the rotation of one of the sulfate tetrahedra w
dashed lines. Two tetrahedral sulfate groups are displa
from each other byc/2 along the crystallographicc axis. The
phase transition from the hexagonalP63 structure to the
trigonal P31c one occurs when one of sulfate tetrahed
groups in each unit cell rotates 108° about one of the a
perpendicular to thec axis.7,12

By further cooling, the LiKSO4 crystal undergoes anothe
phase transition around 190 K. Once again, there are s
controversies with respect to the crystal structure below
phase transition. An orthorhombic structure belonging to
space groupCmc21 ~Ref. 13! and a monoclinic structure
belonging to the space groupCc ~Ref. 14! were proposed.
Kleemannet al.15 have observed a complicated domain s
perposition below 190 K by means of optical study. Anoth
important feature of this phase transition is the freezing
the orientational disorder resulting in a tilting of the sulfa
tetrahedra.5,16 Breczewskiet al. have observed the presenc
of ferroelastic domains in this phase.17

EPR measurements of the paramagnetic centersSO4
2 ,

Cr31, and Fe31 suggested that the LiKSO4 crystal has an
incommensurate phase between 190 and 295 K in the hea
cycle.18–20 Chaplotet al.6 predicted a possible transition t
9307 ©2000 The American Physical Society
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9308 PRB 61KIM, JEONG, ZALAR, BLINC, AND CHOH
an incommensurate phase by using the phonon disper
relation in LiKSO4. Perpe´tuo et al.,21 however, did not find
any evidence of an incommensurate phase at these tem
tures by means of EPR of the paramagnetic TI21 impurity.
They found a monoclinic structure below 190 K and twi
nings within each ferroelastic domain. The39K NMR study
in pure LiKSO4 ~Ref. 14! also did not find any evidence o
an incommensurate phase in the same temperature rang

Recently, Moreiraet al.22 reported the phase transition
the LiK12xRbxSO4 (x50.1, 0.2, 0.5! mixed crystals by
means of Raman scattering and birefringence measurem
They observed that the LiK12xRbxSO4 mixed crystals with
low rubidium concentration (x50.1, 0.2!, though the phase
transition temperature was shifted, underwent the same
quence of low-temperature phase transitions as the
LiKSO4 compound. The Raman spectra showed that
presence of the Rb ions introduced a local distortion with
destroying the long range order of the ionic arrangement

FIG. 1. Crystallographic structure of LiKSO4. ~a! Hexagonal
structure with theP63 phase at room temperature.~b! Trigonal
structure with theP31c phase. One of tetrahedra of a SO4

22 is ro-
tated about a basal axis~markedr and r 8! or any equivalent axis.
on

ra-

.

ts.

e-
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e
t
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order to explain the experimental results, they propose
qualitative model by assuming that there was a local trigo
distortion due to the Rb ions. They suggested that the
roelastic transition occurred exactly by breaking the trigo
symmetry due to the occupied Rb ion.

The purpose of this work is to report87Rb nuclear mag-
netic resonance~NMR! studies in a LiK0.9Rb0.1SO4 mixed
single crystal in the temperature range from 300 to 80 K. T
quadrupole coupling constant (e2qQ/h) and the asymmetry
parameter~h! of 87Rb in this crystal are determined at 30
and 135 K, respectively. From the87Rb NMR results phase
transitions are newly proposed in this mixed crystal
LiK 0.9Rb0.1SO4 which shows a dramatic change from th
pure LiKSO4.

II. EXPERIMENTAL PROCEDURES

LiK 0.9Rb0.1SO4 single crystals were grown by means
slow evaporation of aqueous solution at 313 K containing

FIG. 2. Angular dependence of the second-order quadrup

shift of the 87Rb NMR central transition (12 →2
1
2 ) in the mixed

LiK 0.9Rb0.1SO4 single crystal~a! for c'B0 the shift does not de-
pend on the orientation of the magnetic field with respect to
crystal, and~b! for a or b'B0 at room temperature.
TABLE I. Comparison of e2qQ/h, h, and the electric quadrupole moment between87Rb in
LiK 0.9Rb0.1SO4 and 39K in LiKSO4.

nucleus
e2qQ/h(exp)

~MHz! h
T

~K!
eqatomic

(1019 V/m2)
eqionic

(1019 V/m2) Q
e2qQ/h(cal)

~MHz!

39K 1.270 0 29014 236.04 6.915 0.060 1.044
1.470 0.72 18014

87Rb 7.687 0 300 269.53 6.915 0.132 6.810
11.960 0.621 135
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salts Li2SO4•H2O, K2SO4 ~90%!, and Rb2SO4 ~10%! in mo-
lar ratio. The actual ratio of Rb in LiK0.9Rb0.1SO4 was mea-
sured to be 9.4 mol % by means of atomic emission sp
trometry ~ICP-AES!. The crystal axes were determined b
using the x-ray diffraction~XRD! method. A single crysta
of LiK 0.9Rb0.1SO4 of the form of a hexagonal prism with
well defined crystal faces was employed in this experime
Since LiK0.9Rb0.1SO4 crystals were found to be similar to th
crystal structure of the pure LiKSO4 crystal confirmed by our
XRD measurements at room temperature, a similar index
of the crystallographic axes has been used.

Nuclear magnetic resonance spectra of87Rb (I 53/2) in
this single crystal were recorded using a Fourier transfo
NMR spectrometer operating at 9 T produced by a supercon
ducting magnet. The central radio frequency was set an0
5124.373 MHz for the87Rb resonance. For the angular d
pendence of the central transition measured at room temp
ture and 135 K, respectively, the crystal was rotated aro
three mutually perpendicular crystal axesa, b, andc, where
the c axis being the hexagonal axis at room temperature

III. RESULTS AND DISCUSSION

A. Quadrupole interaction of 87Rb NMR

The quadrupole perturbed87Rb NMR spectra can be ana
lyzed by the usual spin Hamiltonian23

H5HZ1HQ52g\B0•I1
e2qQ

4I ~2I 21!
~3I z

22I 2!

3F1

2
~3 cos2 u21!1

1

2
h sin2 u cos 2fG

1second order quadrupolar terms1¯ . ~1!

The angular dependences of the second-order quadru
shift for the central NMR line of87Rb measured at room
temperature for rotations around two mutually perpendicu
axes are shown in Fig. 2. The experimental values are
played with dots and the solid lines are obtained by fitt
these data to a symmetric second rank EFG tensor. F
these results, the nuclear quadrupole coupling cons
e2qQ/h57.68760.002 MHz, and the asymmetry paramet
h50, were obtained. The87Rb NMR spectrum consists o
only one set for all orientations of the applied magnetic fi
with respect to the crystal. From this fact, it is concluded t
all the rubidium sites in the LiK0.9Rb0.1SO4 crystal are mag-
netically equivalent at room temperature.

The ionic radii of Li1, K1, and Rb1 ions are 0.68, 1.33
and 1.49 Å, respectively, and that of (SO4!

22 is 2.6 Å. In the
mixed LiK0.9Rb0.1SO4 crystal, the rubidium ions may only
replace the potassium ions and consequently cause a
distortion in the crystal structure due to the substitution.

The quadrupole coupling constant, asymmetry parame
and electric quadrupole moment of the87Rb in
LiK 0.9Rb0.1SO4 and 39K in LiKSO4 are compared in Table I
It turns out that the quadrupole coupling constant of the87Rb
in LiK 0.9Rb0.1SO4 is 6.05 times larger than that of the39K in
LiKSO4. Furthermore, Rb and K have the same electrone
tivity of 0.82. This means that when the Rb impurity replac
the K site in the crystal, the EFG at the resonant nucl
c-
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depends on the identical ionic contribution around the re
nant nucleus. There are two contributions to the electric fi
gradient; one is the internal atomic contribution due to
electrons surrounding the nucleus and the other is exte
ionic contribution due to the neighboring ions. This atom
contribution is only from the electron shells of the Rb1 and
K1 ions and is given by24

qatomic52
2l

2l 13 K 1

r 3L ~2!

K 1

r 3L 5
1

l S l 1
1

2D ~ l 11!

Z3

n3a0
3 , ~3!

FIG. 3. Angular dependence of the second-order quadrup

shift of the87Rb NMR central transition (12 →2
1
2 ) measured at 135

K in the mixed LiK0.9Rb0.1SO4 single crystal for~a! c'B0 and ~b!
a'B0 .

TABLE II. 87Rb electric field gradient tensors in LiK0.9Rb0.1SO4

crystal at 135 K.

~i! 0° domain

eQ

h
Vij~MHz!5

26.848 3.795 5.928
3.795 21.390 3.622
5.928 3.622 8.256

~ii ! 120° domain

eQ

h
Vi j ~MHz!5

27.110 23.280 26.037
23.280 21.080 3.686
26.037 3.686 8.256

~iii ! 240° domain

eQ

h
Vi j ~MHz!5

26.910 23.372 6.130

23.372 21.250 23.561
6.130 23.561 8.256
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TABLE III. Eigenvaluesl i(MHz), direction cosines (k j ) and asymmetry parameter~h! of the 87Rb EFG
tensors in LiK0.9Rb0.1SO4 crystal at 135 K.

h50.62160.004
~i! 0° domain

l1522.24060.025 l2529.67260.055 l3511.96060.006
ka kb kc

20.196 20.888 0.417
0.928 20.315 20.240

20.344 20.336 20.877
~ii ! 120° domain

l1522.24060.025 l2529.67260.055 l3511.96060.006
ka kb kc

0.126 20.911 0.393
0.933 0.243 0.264
0.336 20.334 20.881

~iii ! 240° domain
l1522.24060.025 l2529.67260.055 l3511.96060.006

ka kb kc

20.143 0.909 0.391
0.928 0.261 20.226
0.344 20.325 0.881
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whereZ, a0 , n, andl are the atomic number, the Bohr radiu
the principal, and orbital quantum number, respectively. T
EFG depends onZ3 so that heavy atoms will have muc
larger EFG’s than that of the light ones. The neighbor
ionic contribution can be expressed by the form24

qionic5(
i

Zeff

3 cos2 uk21

r i
3 , ~4!

where r i is the locations of ions with the effective charg
Zeff ~5 0.55 for 39K in LiKSO4! ~Ref. 6! in the lattice. Then
the total electric field gradient can formally be expressed

eq5~12R!eqatomic1~12g`!eqionic , ~5!

whereR andg` are known as the Sternheimer shielding a
antishielding factor~RK50.438, g`

K5217.32, RRb50.845,
and g`

Rb5247.2!.24 From Eq. ~5!, one may calculate the
nuclear quadrupole coupling constant of the87Rb to be 6.810
MHz and that of 39K to be 1.044 MHz, respectively, a
shown in the right hand side of Table I. The calculated E
value of87Rb is 6.52 times larger than that of39K. Although
there are substantial uncertainties in the shielding and a
shielding factors, it is in fair agreement with the experime
tal results as summarized in Table I. This result stron
supports the fact that the Rb impurity occupies the K site
the mixed crystal.

At 135 K, well below the phase transition temperatur
the angular dependences of the central NMR line for ro
tions around two mutually perpendicular crystal axes,a and
c are shown in Fig. 3. Dots correspond to the experime
values and the solid lines are obtained by fitting these dat
Eq. ~1! again. Contrary to the case at room temperature, th
sets of NMR lines for the rotation around thec axis and six
sets for thea axis were obtained. However, only one set
the quadrupole coupling constant,e2qQ/h511.960
60.006 MHz, and the asymmetry parameter,h50.621
e
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60.004, could be obtained, with the second-order quad
pole effect. This means that though there are 6 physic
inequivalent rubidium sites in this phase, all are chemica
equivalent. The EFG tensors and eigenvalues are liste
Tables II and III, respectively. From these results, the se
six physically inequivalent87RbEFG tensors can be decom
posed into three subsets which are related with each othe
the 120° rotation around thec axis. Within each subset ther
are two 87RbEFG tensors which are related through thec
mirror plane and twin domains. In view of the direction c
sines, one may notice that the principal axes correspond
to the largest principal values of all these87RbEFG tensors
are no longer parallel to the hexagonal axis as they are ti
away from thec-axis by approximately 7° about a basal ax
Consequently the threefold symmetry along thec axis is lost.
One may conclude that there are three kinds of ferroela
domains formed at this phase, which is in good agreem
with the previous39K NMR result in pure LiKSO4 measured
at 180 K.14 The quadrupole coupling constant and the asy
metry parameter of39K ~measured at 180 K! and87Rb ~mea-
sured at 135 K! are not exactly in proportion but reasonab
comparable as can be seen in Table I.

B. Phase transitions

The temperature dependences of the87Rb NMR, line
shape with the applied magnetic field aligned to thea axis,
measured on cooling in the temperature range from 300 to
K, are shown in Fig. 4. There is no change in the numbe
central NMR lines of87Rb between 300 and 140 K, whic
includes the I, II, and III phases of LiKSO4, namely, the
hexagonal, trigonal, and monoclinic phases, respectiv
However, the resonance frequency of the central NMR l
for 87Rb increases with decreasing temperature as show
Fig. 5. In addition, there are distinct changes of the87Rb
NMR frequency around 255, 215, 176, and 140 K, resp
tively.
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At the phase transition around 255 K, LiK0.9Rb0.1SO4
transforms from the hexagonal phase with the space gr
P63 to another phase. If there was no disturbance in the l
range order of ionic arrangement due to the rubidium im
rity, one may assume that the crystal structure in the te
perature range from 255 to 215 K may be the trigonal ph
as LiKSO4. The rubidium ion added in LiK0.9Rb0.1SO4 oc-
cupies a greater volume in the unit cell than the potass
ion does due to its larger ionic radius. The presence of
rubidium impurity may cause the shift of the hexagon
trigonal phase transition from 205 K in the pure LiKSO4 to
255 K in the mixed crystal.

Below 140 K, the central NMR line is broadened a
splits into three lines as displayed in Figs. 4 and 5. This f

FIG. 4. Temperature dependence of the line shape of the ce
transition of87Rb NMR in the temperature range from 300 to 80

FIG. 5. Temperature dependence of the central87Rb NMR fre-
quencies in LiK0.9Rb0.1SO4.
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indicates a sudden change in the rubidium site symmetr
the crystal and a phase transition to a new phase with lo
symmetry than trigonal. One can suggest that the EFG
sors of spectra of87Rb at 135 K show the evidence that th
crystal structure of LiK0.9Rb0.1SO4 is monoclinic rather than
orthorhombic.13

The NMR spectra show a possible occurrence of a n
phase between 215 and 176 K. To our knowledge, there
no references about this phase, however, one could te
tively propose a possibility of a mixture between the hexa
nal and trigonal phases from our NMR spectra. The ex
tence of a mixed phase can be directly inferred from
coexistence of two line shapes indicated in Fig. 6 betwe
210 and 200 K. Though it is difficult to discriminate tw

ral

FIG. 6. Comparison of the experimental and best fitted NM
line shape of the central transition of87Rb in LiK0.9Rb0.1SO4 based
on the mixture of hexagonal and trigonal phases. The solid lin
the experimental line shape and the dotted line is the best su
posed with two Lorentzian curves.

FIG. 7. The DSC results of the heat absorbed and released
a LiK0.9Rb0.1SO4.
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lines, this line shape is best fitted by two Lorentzian curv
The superposed NMR line shape may imply that the hexa
nal and trigonal phases may coexist. This mixed phase is
in agreement with the previous Raman result
LiK 12xRbxSO4.

22 One may consider that theSO4
22 ion ori-

entations in each of these structures are tilted away from
crystal axis about a basal axis but the crystal symmetry is
broken.

The NMR line shape in the temperature range betw
176 and 140 K shows the same as that in the trigonal ph
However, when a fraction of potassium ions in the pu
LiKSO4 crystal is replaced by rubidium ions i
LiK 0.9Rb0.1SO4, the transition temperature is shifted fro
190 K in the pure LiKSO4 down to the lower temperatur
140 K in the mixed crystal. The potassium sites may

FIG. 8. Comparison of the phase transition scheme between
pure LiKSO4, Raman, and the present NMR and DSC studies
LiK 0.9Rb0.1SO4 in the temperature range from 300 to 80 K. I, II, an
III indicate the hexagonal, trigonal, and monoclinic structure,
spectively.
t
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o-
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e

considered to be randomly occupied by potassium and
bidium ions with the concentration ratio. Thus, the prese
of a small concentration of random rubidium impurities
duces a random strain as well as a random fluctuation o
phase at a given nuclear site.

The DSC ~differential scanning calorimeter! measure-
ments of the heat absorbed and released from a m
LiK 0.9Rb0.1SO4 crystal were performed~3 °C/min! with a
DSC-2010 in the temperature range from 270 to 120 K
Korea Basic Science Institute in Kwangju. The result is d
played in Fig. 7. On cooling, the heat emitted peak appea
about 257, 191, and 173 K, respectively. From NMR a
DSC results, one could confirm the existence of first or
phase transitions around 255 and 175 K, and higher o
phase transitions around 215 and 140 K.

IV. CONCLUSIONS

We have investigated the low temperature phase tra
tions of the LiK0.9Rb0.1SO4 mixed crystal by means of th
87Rb NMR in the temperature range from 300 to 80 K a
DSC from 370 to 120 K. The phase transition temperatu
are displayed in Fig. 8 in the investigated temperature ra
The presence of discontinuity of the temperature depend
of the 87Rb central NMR frequency associated with the h
agonal to trigonal phase transition at 255 K was clearly d
onstrated. It is observed that the mixed crystal may unde
several phase transitions at 255, 215, 175, and 140 K, res
tively. The 10% concentration of rubidium in th
LiK 0.9Rb0.1SO4 causes the shift of the hexagonal-trigon
phase transition to higher temperature by 50 K and
trigonal-monoclinic phase transition to lower temperature
50 K than that of the pure LiKSO4. The 87RbEFG tensors
demonstrate that the crystal structure below 140 K is mo
clinic with the formation of ferroelastic domains. Betwe
215 and 176 K, this crystal exhibits mixed phases due
deformation of the crystal structure caused by the rubid
ions in the potassium sites.
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