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Flux-grown single crystals of ordered rock-salt-type Li;_, VO,
(x = 0.2), which form a significant superstructure in the ab-plane
and along the c-axis at room temperature, have been analyzed by
EXAFS and X-ray diffraction methods. The results show that two-
dimensionally oriented V ions in the ab-plane form a cluster of
triangular V, trimers with a displacement of 0.160 A from the
unclustered position and that the superstructure along the c-axis
is due to a stacking order of the V; trimers along the c-axis.
The intensities of the superstructure patterns in X-ray precession
photographs are analyzed in terms of the periodic intensity distri-
bution (PID) function, and the most common diffraction streak is
caused by a racemate-like stacking sequence of the clustered V
Inyers. O 1995 Acndemic Press, Inc.

1. INTRODUCTION

The compound LiV(Q, has been examined as a key
material in the investigation of the unusual magnetic sys-
tem called *‘magnetic frustration,”’ because magnetic V3
ions form a two-dimensional triangular lattice (1-5). The
crystal structure of LiVO, consists of Li, V, and O layers
stacked along the {/11] direction of the cubic NaCl lattice
with a rhombohedral (pseudohexagonal) symmetry, as
illustrated in Fig. 1. Thus, it is said to have ordered rock
salt (ORS) structure. In the ideal ORS structure, the V
ion lies in the pseudo-hexagonal ab-plane with a coordina-
tion of six oxygen ions having the same V-0 distances,
1.987 A. Goodenough and co-workers (6, 7) have pro-
posed that all V3* ions in the ab-plane of LiVQ, at room
temperature are gathered into triangular clusters, called
*V, trimers,” and that the clustering is released above
the transition temperature, T,, of about 500 K.

Recently, our group has successfully synthesized large
single-crystal  plates  of lithium-deficient  Li,_ VO,
{x = 0.2) by the flux method. The characterization and
the changes in the structural and physical propertics of the
crystals have been investigated at temperatures between
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4.2 K and room temperature(8). The changes around 7,
have also been studied using single-crystal specimens (9).

The as-grown crystals displayed significant superstruc-
ture streak patterns along the c-axis in single-crystal X-ray
diffraction photographs at room temperature (8, 9). The
superstructure was found to be a pseudo-hexagonal lattice
of V3 x agand 2 X ¢, suggesting a stacking order of the
V, trimers along the c-axis. However, the precise stacking
feature has not been determined as yet.

The present experiments were conducted in order to
obtain quantitative results on the formation of V, trimers
and the exact positions of V ions, as well as to determine
the stacking ordering of the V layers using EXAFS and
X-ray single-crystal diffraction methods.

2. EXPERIMENTAL

Single-crystal specimens of Liy s VO, were prepared by
slow cooling from 1100 to 700°C using a flux of the
LiBO,-Li,0 system. The details of the growth procedure
and the results characterizing the crystal quality have
been described elsewhere (8). The as-grown crystals used
here were carefully examined in both the X-ray and the
electron diffraction intensity distributions, and no indica-
tton of asymmetry was observed between the upper and
lower parts of the diffraction spots aligned parallel to the
c-axis. Furthermore, no additional spots without super-
structure streaks and spots were found in the X-ray pre-
cession photographs of the ab-plane. These findings sug-
gest that the crystal specimens have no defect structure
except for the superstructure.

EXAFS was carried out using the synchrotron radiation
beam at the BL-6B station of the Photon Factory at the
National Laboratory for High Energy Physics (KEK),
Tsukuba, Japan. Specimens were compressed disks of
pulverized crystals mixed with BN powder. The absorp-
tion spectra near the vanadium K-edge were measured
under N, gas flow at room temperature and at 573 K using
a heating unit. Single-crystal precession photographs
were taken using a conventional X-ray source of MoKa
radiation filtered by Zr with a Rigaku Co. Burger preces-
siont camera.
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FIG. 1. The average crystal structure of Ligy VO, obtained by four-
circle X-ray diffractometry (8). The shaded, closed, and open circles
indicate Li, V, and O atoms, respectively.

3. RESULTS AND DISCUSSION

3.1, Superstructure Analyses in the c-Plane

Figure 2 shows Fourier-transformed patterns of
EXAFS spectra measured (a} at room temperature and
(b) at 573 K, which is above T,, Considering the mean
atomic distances in single crystals of Lij VO, obtained
by the average structure analysis (8), the first and second
strong peaks observed in the Fourier-transformed pat-
terns between 1 and 3 A are uniquely ascribed to those
from the first-neighbored V-0 and V-V bonds, respec-
tively.

It should be noted that the peaks were broad below T,
but became sharp on heating above 7,. The broadening
is due to an overlapping of the separated peaks, and the
separation is caused by a displacement of V ions below
T, from symmetric to asymmetric positions in the VOy
octahedra. Then the six equivalent V-0 and V-V dis-
tances become inequivalent. 'V NMR studies at room
temperature have indicated that all V37 jons lie in a unique
environmental situation in the VO, octahedra with a lower
symmetry than that in the ideal ORS structure (10, {1).
These results satisty Goodenough's V4 trimer model (6, 7},
as schematically shown in Fig. 3, where the displacement
occurs in the c-plane so as to form a triangle of three
V ions. The displacement is also suggested by previous
average structure analysis data on single-crystal Liy 3 VO,
(8), where V ions have large vibrational factors in the
ab-plane.
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FI1G. 2. Fourier transforms of the EXAFS spectra of LijgVO, ob-
tained (a} at room temperature and (b} at 573 K,

The EXAFS spectra were analyzed with the V, trimer
model using the least-squares curve fitting method, where
two kinds of V-V bonds were assumed, as shown in Fig.
4. Consequently, the values of shorter and longer V-V
distances were determined to be 2.562 A for two V-V
bonds and 3.021 A for four V-~V bonds, respectively. The
final reliability factor R was 7.9%. Using the obtained
distances, the displacement of the V ion from its average
position was calculated to be 0.160 A. This means a short-
ening of about 6% from the unclustered V-~V distance in
the sublattice.

In this study, the crystals have about a 20% Li vacancy

FIG. 3. The V;-trimer model for the ab-plane of LiVO; proposed
by Goodenough and co-workers (6, 7). The dots indicate the positions
of displaced V atoms, the thick solid line represents the unit cell of the
sublattice, and the thin broken line represents the unit cell of the super-
structure.
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FIG. 4. A schematic drawing of the V, trimer. The V-V distances
and the displacement of the V ion were determined by EXAFS analysis.

(8). The magnetic measurements have suggested that the
Li vacancy induces the equivalent oxidation of the V3*
ion to V**, and the V** ions are magnetically isolated in
the crystal lattice with § =  between 4.2 K and room
temperature (8). This situation would produce two types
of V-V pairs, V¥*-V3* and V**-V** and the subsequent
EXAFS peak for the V-V bonds would become broader.

The present analysis was performed using the simplified
model where the distances of V3*-V?** and V3*-V** are
identical. This model could be justified by the fact that
the lattice parameters dre not changed much by the Li
deficiency betweenx = 0and 0.2 in Li,_ VO, (5). Further-
more, the intensity of reflection from the minority
V3 _V* pairs would be quite weak in comparison with
those of the V**-V3' pairs because the number of
V3V pairs is only one-fourth of the V-V pairs in
LiyzVO,. A more detailled EXAFS study vsing a stoichio-
metric LiVQ, specimen will give the answer about the
exact V37—V distance.

In the present study, however, the V-0 distances were
not determined by EXAFS because there exist at least
four kinds of V-0 bonds in the unit cell, and this situation
led to difficulties in peak separation. The nearest V-0
distances were estimated geometrically by using the lat-
tice parameters and the present V-V data, where three
kinds of oxygen ions, O(1), O(11}, and O(HI}, are located
at the 6c¢ site of the average structure (8). The obtained
V—Oavalues are: three V=O(I) = 1.86 A, six V-O(I) =
2.06 A, six V-O(IIT) = 1.98 A, and three V-O(I1I) = 2.12
A in Fig. 4. The mean V-0 value was 2.01 A, and this
value is acceptable for V** -0~ in the structure of LiVO,.

3.2, Superstructure Analysis along the c-Axis

As already reported (8, 9), the precession photographs
on the (A0-1) plane show remarkable superstructure
streaks parallel to the c¢-directions. These patterns have
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been tentatively explained by a random stacking of the
clustered V planes along the c-axis (9). In the present
study, however, it has become clear that there exist at
least three types of periodicity in the intensity distribution
of streak lines witout any change in the fundamental re-
flections of the sublattice. This is typically shown in the
three precession photographs of Fig. 5, in which the lower
sections depict schemes of the intensity profiles that are
exaggerated for better understanding. The first, A type,
represented by Fig. 5a, where the maximum intensity of
each streak line periodically appears at A/3 01 of the
sublattice. The second is B type (Fig. 5b}, which gives
an inverse intensity distribution of A; that is, the minimum
intensity is observed at A/3 0-1. The final C type repre-
sents continuous streak lines, as shown in Fig. 5¢. The
fact that the sublattice reflections were almost identical
in their intensities indicates that the difference can be
explaingd by considering a polytypism in the layer
structure.

The present growth experiment showed that the B-type
crystals are the most common in comparison with the
A- and C-type crystals. The interesting point is that the
discontinuous streaks in the A and B types were gradually
changed into the continuous ones in the C type by thermal
treatments consisting of heating and cooling cycles be-
tween room temperature and above ¢,.

The continuous intensity distribution observed in the
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FI1G. 5. Three types of superstrircture streaks showing the different
intensity distributions of X-ray diffraction in the (hd - {} precession pho-
tographs in the upper portion of the figure; the lower portion schemati-
cally represents the intensity profiles.
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FIG. 6. Schematic drawings for the stacking sequences of the clus-
tered V layers in the ab-plane, where only the V layers are illustrated.
The hatched triangles represent the V; trimers. All stackings are made
of six V layers having a 3, screw axis with a shift of 1/3a,.

C-type crystals is easily explained by considering a com-
plete random stacking of the trimerized V layers along the
c-direction, where no interaction for ordering is provided
between the V layers. On the other hand, the discontinu-
ous intensity distribution in the A- and B-type crystals
can be explained by partially ordered stackings with weak
interactions between the V layers, and the difference in
the two types of crystals is due to a presumed difference
in the stacking of the V layers. The heat treatment would
induce a random stacking so as to form the C-type
structure.

In order to analyze the superstructure, the intensity
distribution was simulated under an implied model of par-
tial ordering in the V layers. As reported previously (8),
the X-ray and electron diffraction photographs showed
that the length of the c-axis in the superstructure was
twice that of ¢, of the sublattice. This means that the
ordering should have periodicity 2¢,. Thus, the model
was based on stacking six V layers over the length 2¢,.

The space group determined from the extinction rule
in the precession photographs is P3,12 or P3,12, which
have the screw axis 3, or 3, along the ¢-axis. This restric-
tion provides four types of stacking features, as illustrated
in Figs. 6a-6d, where each fundamental set of six V layers
makes up a stacking unit and possesses a 3, screw axis
perpendicular to the c¢-plane. The Li and O layers are
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eliminated from these figures by considerating that the
stacking of these layers is regular along the c-axis as
in the average structure (8), and that the intensities of
superstructure diffractions are not greatly influenced by
such a regular stacking. Furthermore, the X-ray refec-
tions by the Li and O atoms are quite weak in comparison
with those of the V atoms.

The periodic intensity distribution (PID) function (12,
13} was applied to the four stacking models in Fig. 6
because this function was most suitable for estimating
the intensity distribution of diffraction spots along the
stacking axis of the layered materials, such as mica crys-
tals (13). The PID function ¥ (k1) is given for N layers as

SN(hkl) = GN(hkD)IGo(hkl), [1]

N
= 2, exp2milhAX; + kAY, + I(j — /N], 2]
J

where G¥(hkl) and Gy(hkl) are the Fourier transforms of
the polytype and the unit layer, respectively, and AX; and
AY; are components of the shift vector for the jth layer.

Figures 7a-7d are the calculated diffraction spots on
the hO-1 reciprocal plane determined by applying the
PID function to the V stacking models illustrated in Figs.
6a—6d, where Fig. 6a corresponds to Fig. 7a and so on.
It is apparent that the intensity distribution introduced by
the model in Fig. 6a is very close to that of the A type
in Fig. 5a. On the other hand, no intensity distribution
similar to that for the B type in Fig. 3b was obtained by
simulation from the four stacking models in Fig. 6.

It should be noted that the model proposed in Fig. 6d
has an enantiomorphous modification with a 3, screw axis
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FIG. 7. Illustration of the periodic intensity distribution of ¢ 0-1,
10-1,and20 - {diffractions with! = =15 calculated using the PIDfunction.
The results in (a)-{d) were obtained from the ordered-stacking models
shown in Figs. 6a—64d, respectively. (¢) and (f) were from an enantiomer
of the Fig. 6d model and from its racemic modification, respectively.
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FIG. 8. Observed and simulated intensity profiles of the & k-0 (left) and & ¢ -1 (right) X-ray diffractions. The calculated patterns (a) and (b)
are obtained using the stacking model of Fig. 6a and the racemic modification of Fig. 6d, respectively, where the logarithmic intensity was

proportionally expressed as the diameter of the closed circles.

perpendicular to the c-plane, and the modification gives
another intensity distribution, illustrated in Fig. 7e, which
is a mirror pattern of Fig. 7d. Using a linear combination
of the PID function for Fig. 7d with that of Fig. 7e in
equal weights, the intensity profile close to that of the B
type was successfully simulated, as shown in Fig. 7f. This
success suggests that the B type is a racemiform of the
Fig. 6d structure.

The simulated diffraction intensity of the superlattice
using the data of all constituent atoms is semiquantita-
tively represented in Fig. §, where the diffraction intensity
on a logarithmic scale was proportionally expressed as
the diameter of each closed circle. The Lorentz correction
to the intensitics was not applied, and no stacking fault
was accounted for in this simulation. Simulation of the
A-type diffraction was obtained using the stacking se-
quences illustrated in Fig. 6a with a 0.160 A-displace-
ment of V ions, as shown in Fig. 8a. The B-type pattern
was also obtained, as shown in Fig. 8b, using the racemi-
form of the c-axis stacking of the structure shown in
Fig. 6d.

The most probable origin of the racemi-like pattern is
explained by introducing a twinning structure, where the
contact plane is parallel to the ab-plane and where the
twinning axis is along the c¢-axis. Since the simulation of
the B-type pattern was successful using an equal combin-

ation of the two PID functions, the integrated mass of
each twin domain should be almost the same, although
the sizes are unclear. Such a twinning structure would
decrease the internal energy of the crystal by form-
ing a domain boundary, as in the case of many twinned
crystals. Consequently, the evidence that the major
portion of as-grown crystals have the B type pattern
is reasonably explained by the postulated racemic
model. Why the present LiygVO, crystals have three
types of superstructure in the V-layer stacking and
what kind of interaction correlates each layer remain
unanswered.

4. CONCLUSIONS

The precise analyses of the crystal structure of Li; ; VO,
using well-characterized single-crystal specimens grown
from LiBO,-Li,O high-temperature solution have been
performed by EXAFS and X-ray precession methods.
EXAFS revealed the formation of V; trimers at room
temperature with a displacement of 0.160 A from the un-
clustered V position of the typical ORS structure. The
superstructure patterns along the c-axis observed in the
X-ray precession photographs were successfully analyzed
by applying the PID function to the ordered stackings of
the clustered V layers. The most common stacking was
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stabilized by a racemate-like ordering in the clustered
V layers.
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