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Single crystals of CsV,0s, Cs;VsO;3, Cs,V,0s, and CsV;0;, grown from melts, have been subjected to
electrical conductivity and magnetic susceptibility measurements. CsV,0s and Cs, V50, are insulators
exhibiting Curie—-Weiss’ law behavior with p.4 close to 1.73/V** ion. They are stoichiometric according
to the X-ray studies. CsV,Os, which has a very limited composition range (x = 0.30-0.33), is a
semiconductor with temperature-dependent paramagnetism (p g = 1.83/V** jon). Cs,V,;0,(0.30 < x =
0.40) is antiferromagnetic with a Néel temperature of =230 K. The temperature variation of the lattice
parameters of Csg33V10; has been determined with a Bond-type diffractometer. The same crystal was
used for the conductivity measurements, and together these studies indicate that the transition from
the semiconducting antiferromagnetic state to the semiconducting paramagnetic state takes place
stepwise. The observed properties are discussed with reference to the crystal structures of the com-

pounds. © 1985 Academic Press, Inc.

Introduction

Systematic studies of electrical and mag-
netic properties of mixed-valence alkali va-
nadium oxides, frequently referred to as
“vanadium oxide bronzes,”’ have been un-
dertaken since the early forties (1, 2). Com-
prehensive reports, in particular those con-
cerning physical properties and crystal
structure data of Li-, Na-, and K-vanadium
oxide bronzes, have recently been pub-
lished (see, e.g., Refs. (3, 4)).

Most physical measurements have so far
been performed on polycrystalline samples.
However, single crystals have been used in

the studies of the electrical conductivity of
B-Na,V,0s with x =~ 0.3. An unexpectedly
large electrical anisotropy was thereby
found and this compound has therefore
been regarded as a quasi-one-dimensional
metallic conductor (5).

Studies of subsolidus phase relations in
the system Cs,0-V,05-VO; have shown
that for 0 < Cs/V < 1 four different mixed-
valence Cs-V oxides exist, namely,
Cs, V30, (x = 0.3-0.4), Cs,V,05 (x = 0.3),
Cs;VsO3, and CsV,0s (6). The crystal
structures of these compounds had previ-
ously been determined (7-10). In subse-
quent studies of the phase relations at li-
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quidus temperatures it was demonstrated
that single crystals could be grown from the
melt in reducing atmospheres (11, 12).

Single crystals of the four Cs compounds
have thus been used in this study of the
electrical and magnetic properties. The lat-
tice parameters of Csg 33V307 and their vari-
ation with temperature in the range 125-300
K have been accurately determined with
the Bond method. The data obtained are
discussed with special reference to the
crystal structures.

Preparation

Powder samples of Cs,V;0; with 0.25 < x
= 0.46 and of compositions close to this
line were prepared from appropriate
amounts of CsVO;, V,0s, and V,0;, thor-
oughly mixed and heated in evacuated sil-
ica tubes at 470°C for 14-day periods with
intervening remixing. The temperature of
preparation was chosen as high as possible
below incipient melting (see Ref. (11)).
Powder samples of Csg3V,05, CsV,0s, and
Cs;VsO;; and of adjacent compositions
were prepared under similar formation con-
ditions.

Crystals of CS().3V205 , CSV205 ,
Cs,V,043, and Cs, V;0; were grown from
fused mixtures of CsVO; and V,0s in con-
trolled atmospheres in a minifurnace which
permitted continuous visual observation
through a stereomicroscope. The charges,
typically weighing some 200 mg, were con-
tained in 1-ml Pt crucibles. The minifurnace
and the method of growth and separation of
crystals from the melt have been previously
described (13).

To generate oxygen partial pressures in
the range 1-10~* atm, conirolled flows of
oxygen and argon were mixed. Lower oxy-
gen partial pressures were obtained from
dehydrated mixtures of CO and CO,. In or-
der to stabilize the oxygen fugacity the CO/
CO; gas mixture was passed over a Ni/NiO
solid buffer, kept at a specific temperature
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(400-600°C) in a separate furnace, prior to
entering the sample space in the mini-
furnace. The oxygen activity in the dy-
namic atmosphere in contact with the sam-
ple was monitored by means of an
yttria-stabilized zirconia solid electrolyte
emf cell.

The CsV,0s crystals, brownish plate-
lets with typical dimensions 4 x 2 x 0.2
mm, were grown at po, = 107" atm in the
temperature range 650-700°C, from melts
with 0.33 < XCs,0 <0.5, where Xcs,0 = nCSZO/
(ncs,0 + nv,o, + Avyo,).

The Cs,V;504; crystals are also formed as
thin reddish platelets of typical size 4 X 3 X
0.1 mm. They were grown at po, = 10~
atm and T =~ 600°C from melts with 0.25 <
XCs,0 < 0.35.

The Csp3V,0s crystals form thin black
prisms and needles, 5 mm in length and at
most some 0.2 mm in diameter. They were
grown at po, = 1074 atm and T = 600°C in
the xc,,0 range 0.1-0.3.

Cs, V305 crystals form black prisms (5 %
0.5 x 0.3 mm) and were grown from melts
with 0.1 < x¢,,0 < 0.2 at T = 650°C and po,
= 10716 atm. In particular, the crystal with
the composition Csg3,V30,, characterized
by different methods and discussed in the
following sections, was grown at po, = 6.0
x 10~"7 atm from a minute solid residue (the
seed) in a melt with x¢.0 = 0.115. After a
temperature decrease from 638 to 630°C
during 4 hr the crystal (4 X 0.3 X 0.3 mm)
was separated from the liquid.

Microprobe Analysis

The Cs content of the Cs,V,0Os and
Cs, V305 crystals, used in the conductivity
measurements and in the precise lattice pa-
rameter determinations described below,
was determined by means of microprobe
analysis in a scanning electron microscope
(JEOL JSM U-3) connected to an energy
dispersive spectrometer (LINK Ltd., 860-
82). Cs,S04, VO,, and the stoichiometric
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compound Cs,Vs0;3 were used as stan-
dards. Five different areas of each crystal
were analyzed, and the Cs and V content
was found to be constant to within +0.5
w% in each crystal.

X-Ray Diffraction Studies

The previous estimate of the upper com-
position limit for Cs,V;07 (x = 0.4) was pri-
marily based on crystallographic consider-
ations (7). In order to correlate the Cs
content of this phase with unit cell dimen-
sions, a series of powder samples on the
composition line Cs,V;0; and close to this
line have been prepared. The samples were
characterized by means of their X-ray pow-
der patterns, recorded at room temperature
in a Guinier—Héigg focusing camera, using
CuKa, radiation and with KClI as internal
standard. The patterns were evaluated in a
single-beam microdensitometer specially
designed for X-ray powder diffraction pho-
tographs (14).

Samples of the composition Cs, V50, with
0.30 = x =< 0.40 were almost monophasic.
Thus only traces of one or a few extra lines
could be detected, and these could be as-
signed to impurities such as VO,, V403,
Csp3V20s, and Cs,VsOp3. No trace of
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Cs, V305 could be detected in photographs
of samples with x < 0.25.

With increasing Cs content the c-axis in-
creases and the g-axis decreases as shown
in Figs. 1a and b. The unit cell volume (also
indicated in Fig. 1b) is found to be smaller
at higher x values.

It was observed that when samples with a
total composition off the Cs, V305 line con-
tained a Cs-rich impurity phase such as
Cs;V50;3, and when the amount of this
phase decreased after a second annealing
period, an increase in the c-axis and a de-
crease in the a-axis of Cs, V305 occurred, as
expected for a transfer of Cs from Cs, V50,3
to Cs,V;0;. In the case of a Cs-poor impu-
rity phase such as VO, or V¢Oy3, the re-
verse changes in the lengths of the axes
were noted. These observations seem to
support the trend visualized in Figs. 1a and

b.

In conclusion, this study indicates a com-
positional range 0.30 = x =< 0.40 for
Cs, V50, at 470°C, with the maximum and
minimum values of the lattice parameters
as indicated in Figs. la and b.

The X-ray powder patterns of samples
containing Csg3V,0s did not reveal any sys-
tematic variation of the hexagonal cell pa-
rameters of this phase with the weighed-in
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F1G. 1. Variations in unit cell dimensions of Cs,V3;0; with weighed-in composition (x) of Samples
annealed at 470°C for 4 weeks. (a) a-axis, (b) c-axis. The numbers below the c-axis graph are cell

volumes in A2,
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composition. Neither in this case could
pure monophasic powder samples be pre-
pared. The cell parameters did, however,
vary from sample to sample with the a-axis
ranging from 14.377 + 6 to 14.346 = 3 A
and the c-axis from 3.611 = 2 to 3.605 + 2
A, with no obvious correlation of a and c.

An analysis of the X-ray powder patterns
of CsV,0s and Cs,VsO;3 and samples
around these compositions showed that
CsV,0s (a = 7.026(5) A, b = 9.897(2) A, ¢
= 7.787(3) A’ﬁ = 90.67(3)°) and Cs,VsO3
(a =7.765(2) A, ¢ = 11.747(2) A) were stoi-
chiometric compounds. Weak extra lines,
which could be assigned to impurity com-
pounds, appeared in all photographs of the
formally stoichiometric samples.

The difficulties encountered in producing
monophasic powder samples, in spite of ex-
tended annealing periods with remixing,
were probably due to insufficient homoge-
nization in combination with slow reaction
rates at the comparatively low preparation
temperatures used. At higher preparation
temperatures a liquid phase will form,
which complicates the reaction paths as
discussed in Ref. (12).

Precision determinations of the Cs,V;0;
lattice parameters have been performed by
the Bond method (15) on a single crystal (4
x 0.3 x 0.3 mm) with the composition
Csy33V30,7. The purpose was to elucidate
whether the anomalies observed in the elec-
trical conductivity graphs of Cs, V305 crys-
tals (see below) have any counterpart in the
variation of the lattice parameters with tem-
perature.

In the present study a specially con-
structed Bond-type diffractometer (16) was
used with CuKa; radiation (A = 1.540562
A). The accuracy of the method is strongly
dependent on the experimental conditions.
In order to obtain good resolution of the Ka
doublets and high precision, the 7 5 0 and
0 0 4 reflexions were selected for the lattice
parameter determinations. This made it
possible to determine the unit cell dimen-
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sions with an accuracy of 0.001 A. The
temperature interval studied was 125-300
K, and the temperature was kept constant
to within +0.05 K with an electronically
controlled thermostat (16).

The lattice parameters a and ¢ are plotted
versus T'in Fig. 2. For T =< 250 K the c-axis
is almost constant. Around 255 K there is a
small decrease followed by a slight linear
increase with increasing temperature. The
variation in the g-axis is much more pro-
nounced. For 125 = T = 220 K this axis
increases linearly with the temperature,
with da/dT = 0.78 x 10~* A/K. In the tem-
perature interval 230 < T =< 255 K a larger
da/dT value is observed (1.03 x 104 A/K)
while -for 255 =. T < 265 K the g-axis is
almost constant, and then increases linearly
with da/dT = 0.89 x 10~% A/K. The cell
parameter/temperature graphs will be fur-
ther discussed (vide infra).

Magnetic Susceptibility Measurements

The magnetic susceptibilities of the four
mixed-valence Cs—V oxides were measured
according to the Faraday method. As
strictly monophasic powder samples could
not be prepared, crushed single crystals,
grown as described above, were used. Typ-
ically, samples of 5-10 mg were used. Data
were collected with increasing temperature

TIK)

3.6060

PR R T T TR 1 +++ + 13,6050

/.“' 3.6040

lc(*)

9,885 4 +4errdbe

9.880

9.875

150 200 250 T[K] 300

Fi1G. 2. Variation with temperature in unit cell di-
mensions of a single crystal of Csy33V50,.
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FiG. 3. Plots of the reciprocal paramagnetic suscep-
tibilities vs temperature of three cesium vanadium (IV,
V) oxides (crushed single crystals). x, is the tempera-
ture-independent contribution to the susceptibility,
subtracted from the measured value x.

from 77 to 400 K in a He atmosphere and
HgCo(SCN), was used as standard (/7).
The apparatus is described elsewhere (/8).

The results obtained for Cs,V;sOy;,
CsV,0s, and Csq3V,0s are plotted in Fig. 3.
It is seen that Curie~Weiss’ law

is generally obeyed.

The molar effective magnetic moments,
Det » Weiss’ constants, 6, and the o values
for the various compounds were obtained
from nonlinear least-squares refinements
based on the experimental data. In Fig. 3
the (x — xo)~! values are plotted versus tem-
perature.

xo thus originates from the diamagnetism
of the electron core and a temperature-in-
dependent paramagnetic contribution.

The following parameters were found for
Cs,VsOps: Xo = 2.91 x 10°° m3/mole, 6 =
—55 K and p.g = 1.69. This p.g value is
consistent with the structure, which sug-
gests four V3 for each V** (see below).

The Cs,V,0s crystals used for the mag-
netic susceptibility measurements were
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grown from Cs-rich melts, giving x values
close to 0.33 according to the microprobe
analysis. The observed p.s value, 1.83/g-
atom Cs, is consistent with one V4* per
CsV¢O;s unit. The calculations yielded a 6
value of —30 K and xp = 1.15 x 107% m?%
mole. Lukacs et al. (19) reported a peg
value of 1.73 for polycrystalline CsV4Ois
from a single measurement at 300 K.

In the high-temperature region Curie—
Weiss’ behavior is also observed for
CsV,0s: xo = 4.34 X 1071 m3/mole and p.y
= 1.84. The latter value suggests the occur-
rence of one unpaired electron/formula
unit. Below T = 120 K x shows a deviation
from Curie-Weiss’ law, however, This ob-
servation and the relatively large 6 value
obtained (—140 K) may indicate an antifer-
romagnetic coupling at lower temepratures.

The Cs,V;0; crystals used in the mag-
netic susceptibility measurements were
grown under the same conditions as those
described above for Csg33V30,. This com-
pound exhibits a typical antiferromagnetic
behavior with a Néel temperature of =230
K, as seen in Fig. 4. In the high-tempera-
ture limit, temperature-dependent para-
magnetism is observed with a p. value
close to the ‘‘spin-only’’ value of 1.73/V4*
ion at 300 K.

Electrical Conductivity Measurements

The crystals for the conductivity mea-
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FiG. 4. The x = f(T-") plot for Cs,V,0; (crushed
single crystals).
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FiG. 5. The log o = f(T-!) plot for a crystal of
Csp31V,0s (measurement parallel to the c-axis).

surements were from 0.5 to 4.0 mm in
length. The standard four-probe arrange-
ment was used, with contacts applied onto
the crystals as described by Hoérlin er al.
(20). This setup allows resistances ranging
from 107 to 103 £} to be recorded. The mea-
surements were performed in the tempera-
ture interval 80-400 K, with heating and
cooling rates of 0.017/min. Data were re-
corded both during heating and cooling.
Due to the uncertainty in the cross section
in the somewhat irregulary shaped crystals,
the error in the absolute value of the con-
ductivity is estimated to be 15-20%.

CsV;,0;5 and Cs, V043 both are insulators
with resistivities exceeding 10° Q cm
around room temperature.

The hexagonal Cs,V,0s phase exhibits
semiconducting properties. In a crystal
with x = 0.31 a semiconductor — semicon-
ductor transition was found to occur at 97
K (see Fig. 5). The activation energy; E, =
0.053 eV in the low-temperature region (T
< 97 K) is smaller than that for T = 150 K
(E, = 0.062 eV). In the temperature interval
97 < T = 150 K a nonlinear relation be-
tween log o and T-! is observed. This be-
havior may indicate a variation of the band
gap with temperature.

The same type of curve is observed with
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crystals of slightly different Cs content.
Crystals grown from Cs-rich melts were
found to have slightly higher Cs content
and the S.C. — S.C. transition temperature
seems to shift a few degrees toward higher
temperatures with Cs content increasing
from x = 0.30 to x = 0.33.

The log o = f(T"") graphs for Cs, V10,
with x = (.30 and x = (.33 are given in Fig.
6. In the high-temperature range (T > 265
K) semiconducting behavior is observed,
with E, = 0.042 eV. In the antiferromag-
netic low-temperature region (I’ < 150 K)
both compositions exhibit semiconducting
properties, with a S.C. — S.C. transition at
98 and 115 K for x = 0.30 and 0.33, respec-
tively. The transition temperature thus in-
creases with increasing Cs content. An E,
value of 0.056 eV is found both above and
below this temperature. We have also ob-
served that for x > 0.33 the low-tempera-
ture part of the log o versus 7-! graph tends
to be nonlinear.

The shape of the log o versus 7-! graph
in the temperature range comprising the
transition from the low-temperature antifer-
romagnetic state (with E, = 0.056 eV) to the
high-temperature paramagnetic state (E, =
0.042 eV) also varies with the Cs content.

log6 (2cm)™

2.0 Eqz0.0L2eV

/Cs,_“v,o.,

Eq=0.056 eV
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Cs0.03%207
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T ek — '

{ ——— T
30 50 70 9.0 o 12,0009 k)

Fi1G. 6. The log o = f(T-') plot for two crystals of
Cs, V0, with different compositions.
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The Csg.30V305 graph is nonlinear from T ~
150 K and almost linear above T = 265 K.
The latter temperature is taken as the onset
temperature of the paramagnetic state. For
Cs033V307, the nonlinear portion of the
graph extends over a more limited tempera-
ture range, and the linear increase in log o
with T~1 occurs in two steps, one ended at
T =~ 255 K and the other at T = 265 K as
seen in Fig. 6. For crystals with higher Cs
contents, the stepwise character of the
transition from the antiferromagnetic to the
paramagnetic state is even more pro-
nounced.

The conductivity of the Csq33V307 crys-
tal was measured both parallel and normal
to the c-axis. No significant anisotropy was
detectable, nor did the shapes of the two
log o versus T-! graphs differ significantly.

Structural Considerations

The structure of CsV,0s (10) is built up of
layers formed by pairs of edge-sharing VOs
square pyramids and bridging VO, tetrahe-
dra. The layers are held together by Cs*
ions. One layer of V-0 polyhedra is illus-
trated in Fig. 7. The bond distances suggest
that the cationic charges are segregated:
V3* is located in the tetrahedra and V**
in the square pyramids. The location of
charges on different crystallographic sites
is consistent with the observed high electri-

F1G. 7. One layer of V-0 polyhedra in CsV,0s
(monoclinc). The Cs* sites between the layers are not
indicated.
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Fi1c. 8. The structure of Cs,VsO,; (tetragonal).

cal resistivity and the Curie-Weiss’ law be-
havior (p.g = 1.83/V*4*),

The structure of Cs, VO3 (9), illustrated
in Fig. 8, can be described as built up of
V,Of; ions, consisting of isocyclic four-
membered rings of VO, tetrahedra. These
units are linked by vanadyl (VO?*) and Cs*
ions. The observed insulating properties
and the Curie-Weiss’ law behavior of
Cs,Vs0;; indicate the V4* state to be local-
ized. These observations are in agreement
with the previous analysis of the structural
details (9), suggesting that the V5 ions are
to be found in the VO, tetrahedra while the
V4t state is associated with the vanadyl
ions.

A structural study of Cs,V,0s (8) has
shown that two crystallographically differ-
ent types of V atoms, both located in VOs
square pyramids are present in the struc-
ture. The VOs pyramids are linked together
by edge-sharing and corner-sharing so as to
form two types of tunnels, as seen in Fig. 9.

F1G. 9. The hexagonal substructure of Cs,V,0s. The
rings indicate Cs* sites.
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The Cs* ions reside in these tunnels. Ac-
cording to the crystal structure refinement,
approximately % of the total Cs content is
distributed in the tunnels at the crystallo-
graphic site x = §, y = %, and z = §. The
remaining Cs* ions are located in the tun-
nelsat x =y = 0.

Crystals annealed at 470°C for 1 month
gave rise to superstructure reflexions,
which could be ascribed to an ordering of
the Cs™ ions in the tunnels at x = y = 0 (8).
A similar type of ordering is, however, less
likely in the present case, since the crystals
were not annealed. The partial occupancy
of the Cs* ion sites in the tunnels suggests
that x in Cs,V,0s may vary. However, the
X-ray analysis of powder samples, and the
microprobe analysis of crystals grown from
melts with various Cs/V ratios, have shown
that if a compositional range does exist it
must be very narrow, with x varying at
most between 0.30 and 0.33.

The main difference between the two
types of vanadium in square pyramids is
that one of them coordinates a sixth, rather
remote oxygen, formally completing a dis-
torted octahedron, as illustrated in Fig. 9.
The electrical and magnetic properties of
Cs, V205 suggest that the electron associ-
ated with the V** ion is localized. How-
ever, considering that only one V4* ion per
CsV¢O,5 unit is present, it is not possible
from structural considerations to ascribe
the V** ions definitely to one of the two
crystallographically different vanadium
sites.

In the absence of structural information
in the low-temperature region, it is not pos-
sible to draw any conclusions about the na-
ture of the S.C.-to-S.C. transition at 97 K.
It is, however, notable that the activation
energy for conduction is larger in the high-
temperature than in the low-temperature
region and that the magnetic susceptibility
curve exhibits no anomaly around 97 K.

The structure of Cs, V30, (7) resembles
that of Cs,V,0s to a great extent, as seen in
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Fig. 10. However, in Cs,V;0; only one type
of VOs square pyramid and one type of Cs-
containing tunnel are present. The X-ray
analysis of powder samples indicates a
compositional range of 0.30 < x =< 0.40, as
discussed above. The upper limit corre-
sponds to the maximum occupancy of the
tunnels (7).

Above 265 K, Csg 33V307 exhibits temper-
ature-dependent paramagnetism and semi-
conducting properties, indicating a local-
ized V#* state. There is no clear structural
evidence for a segregation of V4* and V5+
ions onto different crystallographic sites.
The mean V-O distance in the VOs pyra-
mid is, however, slightly longer than ex-
pected for such a polyhedron containing
only V3* jons. This indicates a statistical
distribution of the V4* and V3* ions over
the V sites.

The antiferromagnetic behavior of
Csp33V307 in the low-temperature region
suggests that the V** ions are ordered
rather than statistically distributed. The ab-
sence of discrete changes in the lattice pa-
rameters in the temperature range 125-300
K (Fig. 2) indicates that the transition from
the paramagnetic to the antiferromagnetic
state is not accompanied by any major
structural changes.

One single crystal of the composition
Cs0.33V30; (according to the microprobe
analysis) was subjected to both precision
measurements of the lattice dimensions and

F1G. 10. The hexagonal substructure of Cs,V,;0;.
The rings indicate Cs* sites.
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conductivity measurements. Log o shows a
tendency to change stepwise with 7-! when
the crystal passes from the antiferromag-
netic to the paramagnetic state (see Fig. 6).
Small but reproducible changes of da/dT in
the plot of the a-axis length versus T (Fig.
2) were detected at the temperatures of the
stepwise change in the log ¢ = f(T™1)
graph. In the absence of detailed structural
information on the antiferromagnetic state
it is not possible to decide whether this be-
havior might be explained by an order—dis-
order process.

From electrical conductivity measure-
ments on single crystals of the monoclinic
tunnel structure B-Na,V,0s, both parallel
and normal to the b-axis, a large anisotropy
(oy/o, = 130-400) was discovered (21).
This fact, as well as results of optical (22)
and EPR studies (5), support the view that
B-Na,V,0s is a quasi-one-dimensional con-
ductor. The structure of B-Na,V,0s ex-
hibits great differences in the V-O dis-
tances (V=O)max = 2.34 A, (V=0)pip, = 1.56
A). This reflects a segmentation of the
structure, which forces the electrons to dis-
criminate among conduction paths. In the
structure of Cs, V107, the V-0 distances do
not differ appreciably: 1.898, 1.902, 1.953,
and 1.572 A (the last one between vana-
dium and the apex oxygen of the pyramid,
pointing into the tunnel). Hence, anisot-
ropy in the electrical conductivity is not ex-
pected on crystallographic grounds, nor is
it observed.
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