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Structure and phase transition in the spinel Li; _,CuVOQ, were characterized by X-ray Rietveld structure
refinement, magnetic susceptibility, high-temperature X-ray diffraction, and differential scanning calo-
rimetry measurements. The nonstoichiometric Li;,_,CuVO, was synthesized in the range of 0 = x =
0.2. In the structure of Li; _,CuV Oy, the [CuOg4] octahedra are connected to each other one-dimension-
ally parallel to the a axis, such that the elongated octahedral axis is ordered along the ¢ axis. A low-
temperature modification of Li;_,CuVO, prepared by annealing the sample at 80°C showed a phase
transition near 100°C. The high-temperature phase was also quenched to ambient temperature. The
Jahn-Teller distortion of the [CuOg] octahedra decreased with the increase in the non-Jahn-Teller
Cu’* ions for the low-temperature Li,_ CuVO,. Further, one- and two-dimensional cooperative order-

ing crystal structures have been discussed.

Introduction

Jahn-Teller distortions in the spinel struc-
ture have been widely studied from the view-
point of the arrangement in a lattice of the
orbital directions of certain anisotropic ions.
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In the ideal cubic AB,Q, spinel structure the
oxygenions forma cubic close packed lattice
with the A and B cations occupying, respec-
tively, § of the tetrahedrally and 3 of the octa-
hedrally coordinated interstices. The large
tetragonal distortion which occurs in a num-
ber of spinels such as ZnMn,0,, MgMn,O,,
CuFe,0,, and CuCr,0, arises as a conse-
quence of aJahn-Teller type distortioninthe
immediate environment of ions with d*, d° in
a high spin state (I-3).
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The cooperative Jahn-Teller effect has
also been observed as a consequence of
higher concentrations of Jahn—-Teller ions in
the octahedra which are either isolated from
each other or connected in one, two, or
three dimensions via common corners,
edges, or faces. One dimensional coopera-
tive ordering has been found, for example,
in A,MnFs (A = Rb, Cs, NH,) ¢, 5),
Na,MX,(M = Cr,Cu; X = F, Cl) (6, 7) and
ABX; (A = Rb,Cs; B = Cr, Cu; X = Cl,
Br, ) compounds (8-12).

We have recently found a new example
of one dimensional cooperative ordering in
Li,CrCl, with the spinel structure (I3).
Li,CrCl, was derived from the cubic inverse
spinel structure where half of the lithium
ions together with the chromium ions are
situated on the octahedral sites. The lattice
distortion from cubic symmetry was caused
by a 1:1 ordering on the octahedral sites
such that the lithium ions and the chromium
ions ordered one dimensionally. For oxide
spinels, one dimensional ordering of the
Jahn—Teller ion has been previously re-
ported for LiCuVO, (14, 15). The lithium
and the copperions in LiCuVO, are situated
on the octahedral sites and the vanadium
ions on the tetrahedral sites. The ortho-
rhombic distortion is caused by the one di-
mensional ordering of the lithium and the
copper ions.

The room temperature monoclinic phase
of Li,CrCl, transforms to a cubic phase with
a random cationic arrangement on the octa-
hedral sites through the two-phase region.
On the other hand, LiCuVO, shows no
phase transition up to its melting. The extent
of the Jahn-Teller deformation of the single
[CuOg] polyhedra might decrease with de-
creasing Cu?* concentration, and further,
might affect a phase transition driven by
either static or dynamic cooperative cou-
pling. In this paper, we report how the de-
crease in the Jahn-Teller ions affects the
lattice distortion of the spinel structure with
a one dimensional cooperative ordering sys-
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tem. The Jahn-Teller ordering behavior in
LiCuVO, was examined by substituting
Cu?* into Cu®* ions. As a result, the solid
solution Li, _,CuVO, was synthesized, and
the phase transition from a low-temperature
to a high-temperature modification was
found. Further, one and two dimensional
cooperative ordering crystal structures have
been discussed.

Experimental

Copper oxide, Lithium Carbonate and va-
nadium pentaoxide were used: CuQO, LiCO,,
V,0, (Nakarai Co., >99% purity). The ap-
propriate quantities of reactants were
ground together, pressed into a pellet at 60
MPa, and heated in air at 530°C for 1 week.
X-ray diffraction (XRD) patterns of the
powdered samples were obtained using mo-
nochromated CuKa radiation and a scintilla-
tion detector.

XRD data for Rietveld analysis were col-
lected on the polycrystalline samples using
a high power X-ray powder diffractometer
(Rigaku RAD-RC 12kW). The focusing
graphite monochromator equipped after the
sample was used for employing CuKa radia-
tion. Diffraction data were collected for 2
sec at each 0.02° step width over a 26 range
from 15° to 105° at room temperature. Struc-
tural refinement of the XRD data was per-
formed using the Rietveld analysis com-
puter program RIETAN provided by Izumi
(16). Reflection positions and intensities
were calculated for both CuKa; (A = 1.5405
A) and CuKa, (A = 1.5443 A) with a factor
of 0.5 applied to the latter’s calculated inte-
grated intensities. A pseudo-Voigt profile
function was used; the mixing parameter y
was included in the least-squares re-
finement.

The high-temperature phases were exam-
ined with a high-temperature X-ray diffrac-
tometer with monochromated CuKe radia-
tion. Differential scanning calorimetry
(DSC) was carried out between 77 and 773
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Fic. 1. X-ray diffraction patterns for Liy ;CuVO, of (a) low-temperature modification and (b) high-

temperature modification.

K for samples sealed in alumina containers
with a-Al,O; as a standard. Heating and
cooling rates were 10 K/min. The latent heat
AH for a transition was calculated from
AH . of Sn and In metal as a standard.
Magnetic susceptibility was measured using
a Faraday balance from 77 to about 450 K.

Results

The solid solution Li,_,CuVO, synthe-
sized at 530°C showed XRD patterns similar
to those of the stoichiometric LiCuVOQ,.
However, the (004) line was split into dou-
blet when the samples were cooled slowly
from 530°C. This splitting might be caused
by the following reasons: (i) a low-tempera-
ture modification was formed by the slow
cooling process and this phase had a lower
symmetry than a high-temperature modifi-
cation; (ii) the samples cooled slowly from
530°C were a mixture of a low-temperature
modification and a high-temperature modi-
fication, each phase has a different ¢ param-
eter. It was therefore expected that the
annealing just below the transition tem-

perature would facilitate equilibrium and en-
able the monophasic low-temperature modi-
fication to be obtained. DSC measurements
of the samples cooled slowly from 530°C
showed a broad endothermic peak around
100°C; the annealing at 80°C for 1 week was
examined. The XRD patterns of the samples
thus obtained indicated no (004) line split-
tings and, in addition, no extra reflections
due to a superlattice or a symmetry reduc-
tion from space group Imma. The monopha-
sic low-temperature phase was therefore ob-
tained by annealing it at 80°C and that the
samples cooled slowly from 530°C were a
mixture of the low-temperature and the
high-temperature modifications of Li, _,-
CuVO,. Further, the monophasic high-tem-
perature modification was obtained by
quenching it into liquid nitrogen from 530°C.
Figure 1 shows the XRD patterns of the
high-temperature and the low-temperature
LiysCuVO,. The XRD patterns are quite
similar to each other, except for the position
of the (004) lines.

Figure 2 shows the lattice parameter
changes for the high-temperature and the
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F1G. 2. Composition dependence of the lattice param-
eters for high-temperature Li;_,CuVO, (A) and low-
temperature Li;_,CuVO, (O).

low-temperature Li;_ . CuVO,. The ¢ pa-
rameters of the high-temperature phases in-
crease from 8.75 to 8.88 A with x ranging
from x = 0.0 to 0.3, while for the a and b
axes, slight decreases in the parameters are
observed from x = 0.0 t0 0.3. The ¢ parame-
ters of the low-temperature phases increase
from 8.75 to 8.78 A with increasing x from
0.0 to 0.3, and no significant changes were
found in the a and b parameters. Extra XRD
peaks due to impurities were observed for
the samples with x = 0.3 in both the high-
temperature and low-temperature phases.
The compositional range of the solid solu-
tion was therefore determined to be 0.0 < x
=40.2.

The amounts of lithium, copper, and va-
nadium ions in the nonstoichiometric
Liy CuVO, were determined by emission
spectrography. The Li:Cu:V ratio deter-
mined to be 0.79:1.0:1.0 was consistent
with the composition of the raw material,
indicating that loss of lithium during the
sample preparation was negligibly small.

DSC measurements were carried out for
the samples annealed at 80°C in order to
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Fi1G. 3. Composition dependence of the transition
temperature of Li;_,CuVO,.

confirm the phase transition. The endother-
mic peaks were clearly observed around
150°C on heating. Figures 3 and 4 show re-
spectively the composition dependence of
the transition temperature and the composi-
tion dependence of the latent heat for the
transition. The transition temperature in-
creases from 88°Catx = 0.1t0 97°C atx =
0.2, and the latent heat increases from 1.0
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Fic. 4. Latent heat AH as a function of x

in Li;_ CuVO,.
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F1G. 5. Thermal evolution of lattice parameters for
LiggCuVO,.

calg™latx = 0.1to7.7calg 'atx = 0.2.
The transition was also confirmed by the
high-temperature XRD measurements for
Liy gCuVO,. Figure 5 shows thermal evolu-
tion of the lattice parameters for Li, ;CuVO,
annealed at 80°C. The curves showed a
change in slope at 100°C, being consistent
with the transition at 97°C indicated by the
DSC measurements. Magnetic susceptibilit-
ies were measured for Liy CuVO, (HT) and
LigoCuVO, (LT). The susceptibilities are
well described by the Curie—-Weiss law. The
magnetic moments are calculated respec-
tively to be 2.05 BM with the paramagnetic
Curie temperature §, = —39.0 K, and 2.01
BM with 6. = 32.4 K, for Li, ,CuVO, (HT)
and Li, ,CuVO, (LT).

The structure of Li; _,CuVO, was deter-
mined by X-ray Rietveld method in order to
clarify the ligand environment of Cu?~ ions.
Refinements were carried out for LiCuVvO,,
the high-temperature Li,_ ,CuVO, (x = 0.1,
0.2), and the low-temperature Li; _,CuVO,
(x = 0.1, 0.2). Initial coordinates for the
model were those reported for LiCuVvVQ,
with space group Imma. Refinement pro-
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ceeded smoothly to yield agreement factors
R,, = 4.19%, R, = 2.86%, and R, = 3.59%,
with expected agreement Ry = 2.23% for
LiCuVO,. For the low-temperature Liyg
CuVQ,, initial refinement using the above
positional parameters proceeded to
agreement factors, R,, = 3.64%, R, =
2.76%, and R; = 4.27% with negative B val-
ues on 4e and 4d sites. We thus repeated the
refinement with an extra condition, taking
into account a partial disorder of the Cu?*
ions on the 4a and 4d sites. The occupancies
on 4e and 44 sites were refined using the
constraints that the total composition of
Cu?* ions was 0.8. Refinement proceeded
to the agreement factors R,, = 3.55%,
R, = 2.68%, and R; = 3.65% with expected
agreement R = 1.90%. The partial disorder
of the Cu?* ions was taken into account for
all nonstoichiometric Li,_,CuVQO, systems.
Preferred orientation parameters were also
taken into account for the high-temperature
LiygCuVO, phase. Refinement results are
summarized in Table I. Observed, calcu-
lated, and difference plots of Liy,,CuVO,
(HT) are shown in Fig. 6. Table II lists the
interatomic distances and bond angles.

Discussion

(a) Jahn-Teller Crystallography of
Li,_.CuVO,

The structure refinement results for Li-
CuVO, are well consistent with those re-
ported by Durif et al. (15). The distortion of
the [CuQ¢] octahedra is appreciably large
(Cu-0(1):2.436(10) A (x2); Cu-O(2):
1.954(7) A (x 4)). The [CuOy] octahedra are
connected to each other one dimensionally
parallel to the a axis by sharing O(2)-0(2)
edges, such that the elongated octahedral
axis ordered in the same direction parallel
to the ¢ axis. Figure 7 shows the bond dis-
tances in Li,_ CuVO, as a function of x.
For the low-temperature modification, the
Cu-0(1) distances decrease with x. The in-
troduction of the non-Jahn—Teller Cu®* ions



TABLE 1
RIETVELD REFINEMENT RESULTS FOR Li;_ CuVO,

Li; ;CuVO, Li;sCuVO, LigsCuVOq LipsCuVO,
LiCuVO, LT HT LT HT
Scale factor 0.02404(1) 0.03958(2) 0.04484(2) 0.02775(1) 0.04972(4)
FWHM parameter U 0.10(1) 0.36(2) 0.15(1) 0.16(2) 0.46(2)
% ~-0.050(9) —0.266(1) —0.090(8) —0.070(1) —0.233(1)
w 0.034(2) 0.086(3) 0.039(1) 0.023(3) 0.058(3)
Asymmetry parameter 0.37(3) 0.78(3) 0.71(4) 0.42(2) 0.52(3)
Gaussian fraction 0.21(1) 0.30(1) 0.27(1) 0.14(3) 0.25(1)
FWHM (Gauss)/ 1.41(6) 1.52(4) 1.54(4) 0.84(7) 1.61(5)
FWHM (Lorentz)
Preferred-orientation 1 — —_ — — 0.75(1)
parameter 2 _— J— —_ —_ 1.3(1)
Lattice constants a(A) 5.6517(1) 5.6482(1) 5.6435(1) 5.6492(1) 5.6377(1)
b 5.7987(1) 5.7981(1) 5.7983(1) 5.7988(1) 5.7941(1)
¢ 8.7476(2) 8.7614(2) 8.7812(2) 8.7622(2) 8.8136(2)
R, 4.19 3.81 4.45 3.55 4.73
" 2.86 2.72 3.05 2.68 3.42
Y 3.59 2.92 3.58 3.65 4.50
Fractional coordinates
Atom Site Occupancy x y z B(AY)
Rietveld refinement results for LiCuVO,
v 4e 1 0.0 0.25 0.3865(6) 0.2(1)
Cu 4a 1 0.0 0.0 0.0 0.6(1)
Li 4d 1 0.25 0.25 0.75 0.1(1)
o) 8h 1 0.0 0.014(2) 0.278(1) 0.1(2)
0Q2) 8i 1 0.231(1) 0.25 -0.001(1) 0.1Q2)
Rietveld refinement results for LiyCuVO4LT)
v 4e 1 0.0 0.25 0.3852(7) 0.2(2)
Cu 4a 0.954(6) 0.0 0.0 0.0 0.8(1)
Li 4d 0.9 0.25 0.25 0.75 0.8
Cu 4d 0.045(6) 0.25 0.25 0.75 0.8
O(1) 8h 1 0.0 0.0202) 0.276(1) 1.4(4)
0Q2) 8i 1 0.240(1) 0.25 0.000(2) 1.3(4)
Rietveld refinement results for LigqCuVO4HT)
v 4e 1 0.0 0.25 0.3862(8) 0.5(2)
Cu 4a 0.954(6) 0.0 0.0 0.0 1.5(2)
Li 4d 0.9 0.25 0.25 0.75 1.5
Cu 4d 0.045(6) 0.25 0.25 0.75 1.5
o) 8h 1 0.0 0.017(2) 0.277(1) 1.6(2)
0(2) 8i 1 0.234(1) 0.25 0.003(1) 0.9(4)
Rietveld refinement results for LipgCuVO, (LT)
A% de 1 0.0 0.25 0.3871(8) 0.2(2)
Cu 4a 0.963(7) 0.0 0.0 0.0 1.5(2)
Li 4d 0.8 0.25 0.25 0.75 1.5
Cun 4d 0.036(2) 0.25 0.25 0.75 1.5
O(1) 8h 1 0.0 0.024(2) 0.273(1) 1.5(4)
0Q2) 8i 1 0.238(1) 0.25 0.001(1) 0.5(4)
Rietveld refinement results for Liy gCuVO(HT)
v 4e 1 0.0 0.25 0.3869(10) 0.5(2)
Cu 4a 0.946(8) 0.0 0.0 0.0 1.8(3)
Li 4d 0.8 0.25 0.25 0.75 1.8
Ci 4d 0.053(8) 0.25 0.25 0.75 1.8
O(1) 8h 1 0.0 0.020(2) 0.279(1) 1.1(4)
0@ 8i 1 0.234(1) 0.25 0.005(1) 1.1

Note. LT = Low-temperature phase, HT = High-temperature phase.
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FiG. 6. Observed, calculated, and difference plots of Liy CuVO, (HT) X-ray data.

in the 4a sites reduces the Cu-O(1) dis-
tances, which are the elongated axis of
[CuO¢] octahedra. On the contrary, the
Li-O(1) and Li-O(2) distances in the [LiOg]
octahedra increase with x. The structure re-
finements showed that the vacancies are lo-
cated mainly on the lithium 4d sites; these
vacancies lead to longer Li-O distances.
The decrease in the ¢ parameters with x,
shown in Fig. 2, could be explained by the
bond distance changes described above; in-
troduction of the non-Jahn—Teller Cu* ions
reduces the Cu—O(1) distances in the [CuO]
octahedra, and this variation exceeds the
increase in the Li—-O(2) distances caused by
the vacancies.

The Jahn-Teller distortion is usually de-
scribed by parameters which are directly
calculated from the structural data. The ra-
dial (p) and angular (i) Jahn-Teller distor-
tion parameters are defined by Ref. (17):

p = 2 [(Aw)?* + (Av)? + (A2

Au — Av
2Az — Au — AV

From Table II, the following bond dis-
tances, for example, were derived for the

tgy = 3¢

low-temperature
CuVO,:

modification of Lijg-

in [CuO,;].. plane bond distances,
A+ Au = 1.980 A (x2)
A + Av = 1.980 A (x2);
out of [CuO,;].. plane bond distances,
A + Az = 2.401 A (x2);
average Cu-O bond distance,
A = 2.120 A (x6).

Since the structural results show a ferrodis-
tortive ordering of tetragonally elongated
[CuOg] octahedra with the long axis parallel
to the ¢ axis, the radial Jahn—Teller distor-
tion parameter p is calculated for Li,_,
CuVO,; the values thus obtained are plotted
in Fig. 7 as a function of x. The p values
decrease with x, indicating that the introduc-
tion of the non-Jahn—-Teller Cu®* ions in the
Cu?* sites reduces the Jahn-Teller distor-
tion of [CuQq] octahedra.

In the high-temperature Li, _,CuVQ,, the
Cu-0O(1) and Li-O(2) distances, which are
parallel to the ¢ axis, increase with x, while
for the Cu-0O(2) bonds, no distance changes
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TABLE II
INTERATOMIC DISTANCES AND ANGLES FOR Li;_ CuVO,

Composition modification®

Distance(A) or Li; 4CuVO, Li;¢CuVO, LipsCuVO, LigsCuVO,
angle(®) LiCuVO, LT HT LT HT
(CuOg¢)octahedron

Cu—Cu 2.8993 2.8990 2.8991 2.8994 2.8970
Cu-0Q1) x2 2.436(10) 2.421(10) 2.442(10) 2.401(11) 2.467(15)
Cu-0(2) x4 1.954(7) 1.987(7) 1.987(7) 1.980(7) 1.961(8)
O(1)-Cu-0(2) 88.5(5) 88.1(4) 87.2(4) 87.14) 86.5(5)
0(2)-Cu-0(2)! 84.2(3) 86.3(4) 84.8(4) 85.9(4) 84.7(5)
(LiOg)octahedron
Li-Li 2.8258 2.8241 2.8217 2.8246 2.8188
Li-O(2)i x2 2.183(14) 2.186(18) 2.229(14) 2.206(15) 2.253(17)
Li-O(1) x4 2.099(9) 2.121(10) 2.112(10) 2.135(10) 2.122(12)
OQ2)i-Li-0(1)" 85.1(4) 84.7(3) 84.8(3) 85.5(3) 84.4(4)
O(1)*-Li-O(1)f 86.2(4) 84.8(4) 85.3(4) 83.8(4) 84.9(5)
(VO,)tetrahedron
v-0(1) x2 1.663(12) 1.641(13) 1.648(13) 1.645(13) 1.633(15)
V-0@)i x2 1.815(12) 1.780(13) 1.782(12) 1.766(12) 1.771(14)
O(1)-V-0Q)¢ 108.3(3) 108.3(3) 109.3(3) 109.4(3) 108.0(3)
O(1)-vV-0(1) 110.6(6) 110.6(6) 108.6(8) 105.5(9) 109.2(12)

Note. The superscripts refer to atoms in the following positions:

M -X,-Y+1,2

(i) —X +3 -Y+3 -Z+13

Giy =X, -Y,Z -1
(ivX+43-Y,Z+1

9LT = Low-temperature phase; HT = High-temperature phase.

were observed. Furthermore, the Jahn-
Teller distortion parameter at x = 0.2 (p =
0.584 A) is larger than that of the stoichio-
metric spinel (p = 0.555 A). These struc-
tural changes, however, are inconsistent
with those expected from the introduction
of non-Jahn-Teller ions in the Cu?" sites.
The structure refinement results showed a
larger copper ion occupancy on the 4d sites
for the high-temperature LiysCuVO, than
for the low-temperature phase. The high-
temperature phases might have a more dis-
ordered arrangement, such that a larger
Jahn-Teller distortion of the CuQg octahe-
dra is induced.

The DSC measurements on heating

showed the endothermic peak around
150°C, while on cooling no exothermic
peaks were observed. The sample prepara-
tion experiments also indicate that (i) the
annealing below the transition temperature
is necessary for the monophasic low-tem-
perature modification to be obtained, and
(ii) the high-temperature phases are easily
quenched at room temperature. These re-
sults indicate that the transition from the
low-temperature to the high-temperature
phases proceeded much faster than that
from the high-temperature phases. This
transition could thus be considered as reori-
entation processes of cationic arrange-
ments.
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F1G. 7. Variation of bond distances and Jahn-Teller
distortion parameter p as a function of x in Li, _,CuVO,
(A: high-temperature phase; O: low-temperature
phase).

(b) One and Two Dimensional
Cooperative Ordering Crystal Structures

One and two dimensional cooperative or-
dering crystal structures have been pre-
viously reported in double halides and ox-
ides. Table I1I lists examples of one and two
dimensional cooperative ordering systems.
Ions displaying the Jahn-Teller effect are
normally coordinated octahedrally by
anions. The octahedra are connected with
each other by sharing faces, edges, and cor-
ners in one dimensional systems. The
A,MnF; compounds with A = Rb, Cs,
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NH,exhibit infinite chains of the Mn*3F;
octahedra and sharing corners in trans con-
figuration (4, 5). The Jahn-Teller effect of
Mn™* 3 induces an axial distortion of the octa-
hedra. Most ACrX; and ACuX; compounds
(X = Cl, Br, or I, A = Rb or Cs) have
BaNiO;-type structures (8§—I12). In this
structure, the [BX,] octahedra share faces
forming infinite chains along the c axis. Sev-
eral types of deformation with respect to
the BaNiQj, structure due to the cooperative
Jahn-Teller effect have been reported.
One dimensional cooperative ordering in
infinite chains connected by edge sharing
octahedra have been found for Na,CuF,,
Na,CrF, (6), and Na,CrCl, (7) with the
Sr,PbO,-type structure and Li,CrCl, (I3)
with the ordered spinel structure. Chains in
the Sr,PbO,-type structure are formed by
octahedra sharing opposite edges. Each di-
valent metal ion is surrounded by six Cl~
ions situated at the corners of a somewhat
distorted octahedron. These octahedra
share opposite edges to form infinite chains
parallel to the a axis. The chains are held
together by sodium ions; each sodium ion
is surrounded by six Cl~ ions in trigonal
prismatic coordination. The distortion of the

TABLE III

ONE-DIMENSIONAL AND TwoO-DIMENSIONAL
COOPERATIVE ORDERING CRYSTAL STRUCTURE

Sharing Structure Compound Ref.
One-dimensional ordering
Corner (A,MnFjs) Rb,MnFs, (NH,);MnF; )
Cs,MnFs (&)
" spinel LiyCrCl, 3)
Edge J LiCuVO, this work
| srpvo, Na,CuF,, Na,CrF, ©)
Na,CrCly %)
Face BaNiO, Rb,CuCly &)
CsCuCl, [¢2)
RbCrCl,, CsCrCly (10, 11)
RbCrl;, CsCrl, 2)
Two-dimensional ordering
Rb,CrCly (18, 19)
’ K,NiF, K,CuF, (20-22)
Corner LayCnO, 23, 24)
1 CsFeF, CsMnF, @25
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(a)

®)

Fig. 8. Chain structure of (a) LiCuVO, and (b)
Li,CrCl,.

[CrClg] octahedra in Na,CrCl, is appreciably
large (Cr-Cl(2):2.463(x2) A; Cr-Cl(2):
2.902(x2) A; Cr—CI(1) : 2.431( x 2) A), while
in isostructural Na,MCl, (M = Mg, Mn,
Cd), only a slight difference in M—Cl dis-
tance was observed (7). The [CrCl¢] octahe-
dra are connected to each other parallel to
the a axis by sharing CI(1)-CI(1) edges, such
that the elongated octahedral axis ordered
in the same direction in the [CrCl,,].. plane
(see Fig. 8).

The lithium chloride spinel, Li,CrCl,,
with monoclinic symmetry, shows one di-
mensional cooperative ordering similar to
that found in Na,CrCl,. The structure of
Li,CrCl, was derived from a cubic inverse
spinel structure, where half of the lithium
jons together with the metal divalent ions
are situated on the octahedral sites (13). The
[CrCl¢] octahedra, connected one dimen-
sionally to each other by sharing CI-Cl
edges, show appreciably large distortions
(Cr—Cl:2.47(x 4); 2.78(x2) A). Of the or-
dered spinels with a composition of Li,MCl,
(M = Cr, Co, Fe), the chromium spinel has
monoclinic symmetry, while the cobalt and
the iron spinels show orthorhombic symme-
try, (26, 27). The one dimensional rows of
[CrClg] octahedra and [LiClg] octahedra are
in directions separated by 85.2°, leading to
the monoclinic lattice distortion, while two
rows in the orthorhombic Li,MCl, (M =

KANNO ET AL.

Fe, Co) are at a right angle to each other.
In both the Sr,PbO,-type and the ordered
spinel structures, the ordered octahedral
elongation caused by the strong Jahn—Teller
effect gives rise to a lattice deformation re-
ducing the symmetry from orthorhombic to
monoclinic. In the structure of LiCuVO,,
the [CuOg] octahedra are connected to each
other one dimensionally parallel to the a axis
by sharing O(2)-O(2) edges, such that the
elongated octahedral axis ordered in the
same direction parallel to the ¢ axis, or per-
pendicular to the [CuQO,,).. plane, which is
different from the ordering in the halides
(see Fig. 8).

The difference in ordering between the
oxides and halides is also found for two di-
mensional cooperative ordering systems.
1laiides and oxides with a formula A,MX,
adapt the K,NiF, structure, where the M
jons ordered two dimensionally (see Table
III). Many studies of halides with the
K,NiF, structure have revealed an antifer-
rodistortive ordering of elongated octahe-
dra; the elongated axis ordered in the
[MX,;].. plane. In the oxide La,CuQ,, on
the other hand, ferrodistortive ordering is
observed; the octahedral elongated axis or-
dered perpendicular to the two dimensional
[MO,,]. plane. The cooperative Jahn-
Teller ordering in oxides and halides with
the edge sharing octahedra is therefore sum-
marized as follows: (i) for halides, the elon-
gated axis ordered in the [MX,;].. plane ei-
ther in antiferrodistortive way (two
dimensional system) or in ferrodistortive
way (one dimensional system); (ii) for ox-
ides, the elongated axis ordered perpendicu-
lar to the [MX,,].. plane in ferrodistortive
way for both one and two dimensional
systems.

Conclusions

The following results have been obtained
in the present study.

(1) The Jahn-Teller distortion in the
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[CuOq] octahedra decreases with the in-
crease in the non-Jahn—Teller Cu** ions for
the low-temperature Li,_ ,CuVO, phase.

(ii) The phase transition from the low-tem-
perature to the high-temperature modifica-
tion is an order—disorder type concerned
with the distribution of vacancies and cat-
ions on the octahedral sites.

(iii) The high-temperature Li;_ CuVO,
phase has a more random cationic arrange-
ment, which causes a larger Jahn-Teller dis-
tortion of the [CuQy] octahedra.

(iv) One and two dimensional cooperative
Jahn-Teller ordering in oxides and halides
with edge sharing octahedra is summarized
as follows: the elongated axis ordered paral-
lel to the [MX,,].. plane in the halides, and
the elongated axis ordered perpendicular to
the {MX,,].. plane in the oxides.
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