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A new layered phase Nag VO, was synthesized by chemical deintercalation of sodium from the pristine compound
083-NaVO,. The Nag VO, compound exhibits a distorted P'3-type oxygen stacking (AABBCC) with an average
monoclinic unit cell containing a = 4.9862(14) A, b=2.8708(8) A, ¢=5.917(2) A, and 3 = 104.36(3)°. A modulated
structure was observed by transmission electron microscopy and X-ray diffraction (XRD) measurements. Indexation
of the XRD pattern was achieved by using the g vector equal to 0.44b*, and the 4D superspace group C2/m (0 /3 0)
s0 was then deduced. The specific heat measurement showed a strong correlated system with a y value of around
20 mJ-mol~"-K ™2 The electrical conductivity shows a semiconductor-like behavior with an activation energy of
0.52 eV. A paramagnetic behavior of the susceptibility is observed below room temperature with a Curie constant equal
to C=0.076 emu-K~"-mol~"-Oe~". To explain this small value, a model of pseudotriangular clusters of vanadium

with a random distribution of V3 and V** was considered.

Introduction

The layered Na,MO, oxides (M = 3d configuration ion)
have been studied since the 1970s from the crystal chemistry
point of view' ~*and in the earlier 1980s as positive electrodes
of sodium batteries in relation to their physical properties:
electronic conductivity and thermoelectric power.” " More
recently, Terasaki et al.? discovered that the Nagy s,CoO,
phase exhibits a high ZT value, which makes this material
a potential candidate for thermoelectric applications, while
Takada et al.'® reported on the superconductivity of the
Nag 35C00,:yH>O phase. These two studies motivated a
huge number of laboratories to revisit these materials in
order to try to understand the relationship between the
structure and the electronic properties of these materials.
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The peculiar interest of cobalt-layered phases results from the
interaction between the Na ™ ion distribution in the interslab
space and the electronic distribution (charge ordering) in the
Co0O; plane, which, in a first approximation, exhibits metallic
properties.

The layered Na,CoO, phases exhibit a wide variety of
structures depending on the packing along the hexagonal ¢,
axes and x values. Depending on the Na/Co ratio or the
synthesis method (temperature, solid-state chemistry, intercala-
tion chemistry, etc.), each packing exhibits a composition range,
which has overlapping values. Therefore, it is very confusing to
use only the composition to design a given material. In order to
clarify this situation, Delmas et al.* proposed a nomenclature to
describe in a general way all of the existing phases of the A MO,
formula (A = alkali ions). This nomenclature is based on the
alkali ion surroundings (the letter) and the stacking along the ¢;,
axis. The sodium ion may adopt oxygen octahedral (O),
prismatic (P), or tetrahedral (T) surroundings, and the stacking
consists of one (1), two (2), or three (3) layers along the ¢}, axis.
Delmas et al.’ were the first to observe the sodium ratio
influence on the structural packing and then on the physical
properties of the material obtained by intercalation chemistry.
Various structural distortions can exist and are named, for
instance, P'3 (monoclinic unit cell) in reference to P3 (hexagonal
unit cell). Recently, because of interest in the interpretation of
the properties of Na,CoO,, some structural characterizations
have been performed to highlight a possible ordering of sodium
and its influence on the properties. The P2-Na, CoO, (x € [0.3,
0.7]) compounds have been widely studied because of their
physical properties, and various superstructures have been
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observed.!' =% Finally, Viciu et al.>' have focused on the
influence of the sodium content on the structural patterns of
P'3-, 03-, and O'3-polytype Na,CoO, phases (0.3 < x < 0.92).
The only modulated phase evidenced is O’'3-Nag 75CoO,, with a
4D modulation and q = 0.33a* — 0.247¢*.

In our laboratory, a study of the Na, VO, (x < 1) system
was recently carried out because interesting electronic prop-
erties could be expected for the partially deintercalated
phases. The structure of NaVO, was first reported by
Riidorff and Becker in 1955.%% The first study of the Na, VO,
system was performed by Barker and Hooper, who tried to
synthesize NaVO, by the reaction of liquid sodium on VO,.*
This reaction was difficult to optimize, and they always
obtained NaVO, mixed with impurities that seemed to be
the Na, VO, partially deintercalated phases. Similar results
were obtained in 1988 by Chamberland and Porter, who
claimed to obtain two varieties for NaVO,: a high-tempera-
ture (200 °C) one with rhombohedral symmetry and a room
temperature one with a lower symmetry.** In fact, it seems
that at room temperature they obtained a mixture of the
NaVO, rhombohedral phase with a partially deintercalated
phase and other impurities, which react at 200 °C to form
rhombohedral NaVO,. Very recently, Onoda published a
very interesting structural and magnetic study on NaVO,
and on a new P2-Nagy;0VO, phase.25 Cava et al.?® have
recently investigated the structural and magnetic properties
of NaVO, by a neutron diffraction experiment and have
shown, in particular, that a structural and magnetic transi-
tion took place near 7= 94 K related to an orbital ordering
that retrieves the geometrical frustration.

In this paper, we report our results on Nag VO, with
the P’3-type stacking and an interpretation of its physical
properties.

Experimental Section

Na,VO, samples (x ~ 0.60) have been prepared in two
steps. First, NaVO, samples have been synthesized in a gold
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crucible by chemical reduction of a NaVO; powder under a
dihydrogen atmosphere at 800 °C for 8§ h. NaVO; had been
previously synthesized by the solid-state reaction of a stoi-
chiometric mixture of Na,COs (purity above 99.9%) and
V,0s5 (purity above 99.9%) by heating it in a platinum
crucible up to the melting point. Then, sodium’s extraction
from the NaVO, powder was carried out by use of iodine in
acetonitrile with stirring for 1 day at room temperature. Then,
the residual powder was washed with acetonitrile, filtered,
and dried under vacuum. Ratios of Na/I varying from 0.30 to
0.42 were tested. The iodine titration of the solution, after the
powder was removed, confirmed that a complete reaction was
observed until Na/I reached 0.40. The synthesis of the
Naj VO, phase has been optimized for the ratio Na/I =
0.42. A thermal treatment of the powder at 200 °C under
vacuum improves slightly the crystallinity of the powder.
Inductively coupled plasma atomic emission spectrometry
measurements have confirmed the sodium content equal to
0.60(1). Because it is well-known that the transition-metal—
oxide layer MO, is perfectly stoichiometric, one can deduce
the formal formula Na™ 0V " 0.60V* " 0.4005.

Powder X-ray diffraction (PXRD) patterns have been
recorded on a Panalitycal X’pert diffractometer operating
with Cu Ka radiation (4, = 1.5406 A and 4, =1.5444 A) in
the range 5° < 20 < 80°. The powders were put in a specific
airtight holder under dry argon to prevent any reaction with
air moisture. The structural refinement of the PXRD data
was done with JAN 42000 software.>”*® The background was
estimated by a Legendre function, and the peak shapes were
described by a pseudo-Voigt function. Refinement of the
peak asymmetry was performed using the Simpson para-
meter.

Electron diffraction has been carried out on a JEOL
2000FX microscope operating at an accelerating voltage
of 200 kV and equipped with a doubled tilt specimen stage.
A small amount of Nag ¢0VO, was crushed in methanol and
then deposited on a copper grid.

Magnetization measurements were performed using a
superconducting quantum interference device (SQUID)
magnetometer in the 2—300 K temperature range with ap-
plied fields of up to 50 kOe.

Heat capacity measurements were performed using a qua-
si-adiabatic heat pulse method (Nernst calorimeter). The
powder samples were encapsulated in an aluminum foil under
a dry argon atmosphere. The heat capacity of the aluminum
foil was subtracted after measurement. The temperature
range for the measurement was 4—200 K.

Electrical direct-current conductivity measurements were
performed with a four-probe method in the 170—300 K range
in a specific sample holder to prevent any reaction with air
moisture.

Results and Discussion

Structural Characterization. From our experiments
on Na,CoO, phases,6 in some cases several phases
with very close compositions can exist; therefore, ther-
mal treatment at moderate temperature is a good way
to homogenize the sample. The same behavior is obser-
ved for Nag 60VO,, and only thermal treatment at 200 °C
led us to obtain a single phase. Powder patterns before
and after thermal treatment are shown in Figure 1. The
whole powder pattern of Nag VO, shown in Figure 2
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Figure 1. XRD pattern measured with Cu Ka,, rradiation (1, =1.5406 A
and A, = 1.5444 A) at T = 293 K of NaVO,, NaVO, after reaction with
0.2 mol of iodine corresponding to “Na¢VO,”, and Naj VO, after
annealing at 200 °C.
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Figure 2. Rietveld refinement of the Nag VO, PXRD pattern mea-
sured with Cu Ka ; radiation (1; = 1.5406 A and A, = 1.5444 A) at T=
293 K. Vertical bars show the Bragg peak positions by considering the
space group C2/m and the cell parameters given in Table 1. The difference
plotis shown at the bottom. The inset shows the splitting of the reflection,
and the nonfitted peaks are marked with asterisks.

is similar to the Na,CoO, (P’'3) one, and this suggests an
AABBCC oxygen packing with sodium ions in a trigonal
prism.

Clearly, a monoclinic structural distortion takes place, as
was previously reported for Nag 60C00,.>*° This distortion
is characterized by a splitting of some peaks, as shown in the
inset of Figure 2. The ideal monoclinic cell is related to the
hexagonal unit cell P3 with the following relation: ¢, = a;, —
by, by = an + by, and ¢, = (—ay, + by + ¢,)/3, where the
subscripts m and h refer to the monoclinic and hexagonal

cells, respectively. The refined unit cell parameters are a =
4.9862(14) A, b = 2.8708(8) A, ¢ = 5917(2) A, and j =
104.36(3)° (Table 1). The usual space group C2/m was
observed for the homolo§ous Na,CoO, compounds fitted
extinction conditions.'>*** In line with the nomenclature
that was used for P3, this structural type is named P'3 to
emphasize the monoclinic distortion. This distortion is
rather small because the ratio a/b = 1.737 is very close to
/3. All peaks are indexed except for three small peaks
observed within 25° < 26 < 32° (inset of Figure 2).

Electron diffraction experiments were carried out in
order to identify the origin of these additional weak
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Table 1. Structural Parameters for Nag ¢9VO,

Nag g VO,*
polytype P'3
space group C2/m (No. 12)
Z 2
cell parameters
a(A) 4.9862(14)
b(A) 2.8708(8)
c(A) 5.917(2)
(deg) 104.36(3)
V(A”) 82.05(5)
alb 1.737 (v/3 = 1.732)

“ Average structure.

peaks. Figure 3a shows an electron diffraction pattern
for a crystallite of P'3-Na, 60V02 The indexation of
the main peaks was done by using the cell parameters
a=496A,b=285A,c=591A, and f = 104.3°and is
in agreement with a C-centering of the unit cell. Along the
b* axis, weak spots are observed between the main
spots. These weak spots cannot be simply indexed by
considering a superstructure along the * axis. The inter-
spacing corresponds to a fractional value of b* associated
with a q vector equal to 0.44b* (Figure 3a). All peaks
(main ones and satellites) are then fully indexed consider-
ing four indices (hkln) with mup to 3 (Figure 3a). Starting
from the [—1 0 —1] zone axis (Figure 3a or 4a), a slight
tilt of the crystal around the »* direction leads to the
disappearance of satellites of odd order (Figure 4b). This
observation means a reflection condition due to the pre-
sence of a gliding symmetry element. The occurrence
of the m = 1 and 3 satellites in Figure 3a or 4a is then
due to a double diffraction phenomena. All of this
information led us to propose the 4D superspace group
C2/m (0 f0) s0.

Taking into account the superspace group C2/m (0 30)
s0, a full XRD pattern matching was done but was limited
to the first-order satellite, as shown in Figure 5. All
observed reflections are indexed with four integer indices
(hkim) with respect to the previous main unit cell and
with a unique q wave vector equal to 0.44(2)b*. It can
be noticed that the three most intense satellites obser-
ved in the XRD pattern are then perfectly indexed, as
shown in Figure 5. However, the number of sate-
llite reflections is too small to perform an accurate
structural refinement of the modulated structure using
the 4D superspace formalism. Therefore, the structural
refinement was limited to the average structure. The
average structure was investigated in a 3D approach
with the space group C2/m (Figure 2). The results are
gathered in Table 2. A view of the structure is given in
Figure 6. The vanadium atoms are located in an octa-
hedral site with an average V—O distance of 1.94 A
(Table 3). The decrease of the V—O distances toward
the one of NaVO, (*2.05 A) is consistent with the formal
increase of the vanadium oxidation state, leading to a
contraction of the [VO,], layers. For P’3-Nag 6gVO», the
Na " ions have distorted trigonal-prismatic surroundings
(Figure 6), as is observed for NagCoO,, where Na ™"
ions are shifted off the middle of the prismatic site in
the xy plane. An explanation of the monoclinic distortion
in Nag CoO, has been proposed based on this sodium
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Figure 3. Electron diffraction pattern of three different crystals of P'3-Nag 40VO». The right part of the figure represents the intensity evolution along the
[0 1 0]* direction corresponding to the blue line in the pattern. The whole pattern can be indexed considering the cell parameters given in Table 1 and a vector
q equal to (a) 0.44h*, (b) 0.38h*, and (c) 0.406*. The satellites are observed at least up to m = 3.

Figure 4. Electron diffraction pattern of (a) a crystal of P'3-Nag VO,
presenting a modulation along the »* axis and (b) its tilt of a few degrees.
The tilt makes the reflections m = 1 and 3 disappear, which is in
agreement with the superspace group C2/m (0 S 0) s0.

off-center displacement in order to minimize the
coloumbic repulsion.®® In our case, the structural model

(30) Blangero, M.; Carlier, D.; Pollet, M.; Darriet, J.; Delmas, C.;
Doumerc, J.-P. Phys. Rev. B 2008, 77, 184116.

is only an average structure, and then it is not realistic to
propose an explanation of the distortion based on the
average atomic positions. In our case, the Na—O dis-
tances present two short average distances at 2.30 and
2.37 A and four long average distances at 2 x 2.56 and 2 x
2.64 A (Table 3). The Na—O distances are really greater in
P'3-Na( VO, than in NaVO, (2.36 A), where the
sodium atoms occupy an octahedral site. The large
oxygen repulsions in the trigonal-prismatic environ-
ment imply an increase of the interslab distances in
comparison to the cubic face center (cfc) oxygen packing
of NaVO,. Finally, more than the metal—O distance
variation, we have to highlight that the sodium content
must be less than 1 in order to observe realistic Na—Na
distances. Indeed, for the P'3-Na,VO, structure, an x
value > 1 would imply Na—Na distances of 1.470(13) A,
which are absolutely unrealistic. At first sight, one can
suppose that the modulation of the structure could be
strongly related to the occupancy of the sodium site. It is
therefore absolutely crucial to determine the structure on
single crystals because a composite approach with two
subsystems cannot be excluded, as was observed in
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Figure 5. Full pattern matching of the PXRD pattern of Nag VO,
measured with Cu Ko, , radiation (4; = 1.5406 A and A, = 1.5444 A) at
T = 293 K. Vertical bars show the Bragg peak positions by considering
the superspace group C2/m (0 3 0) s0. The cell parameters are given in
Table 1, and the vector q = 0.44h*. The long black bars correspond to the
main peaks, while the shortest gray bars correspond to the satellite. The
difference plot is shown at the bottom. The indices of the first-order
satellites are underlined.

Table 2. Crystallographic Data for P'3-Nag 4 VO, in the Space Group C2/m
(No. 12), with y* = 1.32; Ryp = 9.25%; Ry = 6.67%

site Wyckoff  occupancy X y z Usiso (Az)
Vi 2a 1 0 0 0 0.027(4)
Ol 4i 1 0.3894) 0 0.174(3) 0.031(7)

Nal 4 0.296(1) 0.781(8) 0 0.498(6) 0.03(2)

Na, . . CuO, and Cu,V,0,; materials.’’** If this is the
case, the q vector should be directly related to the x
sodium content.

Parts b and c of Figure 3 show the electron diffraction
pattern of two other crystallites from the same prepara-
tion. Their electron diffraction patterns have been inves-
tigated because the previous crystal and two modulation
vectors q = fb* are observed, with the  component
equal to 0.38 and 0.40, respectively (Figure 3b,c). For
the last crystal, the value of the f component is equal
to %/s and corresponds to a commensurate case. This
explains the superposition of the satellite spots between
the main spots in Figure 3c. A complete indexation with
a 3D cell can be done by multiplying the ¢ parameter by 5.
The existence of different modulation vectors could be
associated with variation of the sodium stoichio-
metry, as has been observed previously in Na; . ,CuO,
(x=1.58, 1.6, and 1.62).31 In our case, the observed var-
iation of the q vector could be explained by a loss of
sodium during the sample preparation for the electron
diffraction experiments where the powder is crushed in
a polar solvent (methanol). A similar loss of sodium
has already been observed in Na,CoO, when the phase
is crushed in methanol.** Another explanation for varia-
tion of the sodium content in our experiments could
be that the crystals are electron-beam-sensitive, as was
previously observed by Zandbergen et al. for a sample of
1\121()'5(3002.18

(31) Rozier, P.; Lidin, S. J. Solid State Chem. 2003, 172, 319.
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logr. 2007, B63, 17.
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(P’3) Nao‘eo\/Oz

Figure 6. View of the structure of P’3-Nag 5yVO,. All VOg4 octahedra
and only one NaOyg trigonal prism are drawn.

Table 3. Distances M—O (A) for P'3-Nag 60VO, (Average Structure)

P'3-Na,VO, d(A) P'3-Na, VO, d(A)
2%V1-01 1.96(2) 2#01-01 2.61(2)
4*V1-01 1.926(14) 1* Nal-01 2.37(4)
2#01-01 2.870(8) 2*Nal—01 2.56(4)
4%01-01 2.88(3) 1* Nal—01 2.30(5)
1*01-01 2.57(3) 2% Nal—01 2.64(3)
2%V1-V1 2.871 4%V1-V1 2.877
_/
10' 1000/T (K™)
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ST REASAA
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Figure 7. Temperature dependence of the electrical resistivity measured
on sintered pellets for P'3-Nag 0VO- between 170 and 300 K. The inset
represents an Arrhenius plot of the conductivity versus reciprocal tem-
perature. The activation energy has been deduced from the slope of the
curve and is equal to 0.52 eV.

Conductivity. Figure 7 shows the electrical resistivity
p of a P'3-Nag VO, pellet from 170 to 300 K. The
temperature dependence is semiconductor-like with a
resistivity on the order of 10* Q-cm at room temperature
when in the homologous phase P'3-Nag 50C005;%! the
electrical resistivity is equal to 107> Q-cm at 298 K. In the



Inorganic Chemistry, Vol. 48, No. 19, 2009

30+ (P'3)Na VO, T=2K

25

-3

O
Magnetization (10°.u,.mol”) &

20+

15+

101

0 10 20 30 40 50
H (kOe)

Figure 8. Applied field dependence of the magnetization curve of
P'3-Nag 40VO, at T = 2 and 15 K.
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Figure 9. Reciprocal magnetic susceptibility of P'3-Nag VO, versus
T for H = 5 kOe. The susceptibility has been measuredina2 K < 7' <
300 K range. The red line represents the fit of the data with a Curie—Weis
law, with the refined parameters C = 0.0761(4) emu-K '-mol '-Oe ™",
0, = —9.0(3) K, and with a van Vleck contribution.

whole temperature range, an activation energy of £, =
0.52 eV has been calculated (inset in Figure 7) using an
Arrhenius plot where p o exp(E,/T). One can conclude
that the electrons are strongly localized in Nag 60VO».

Magnetic Properties and Specific Heat. The variations
of the magnetization versus the applied magnetic field for
T =2 and 15 K are shown in Figure 8. It can be noticed
that the variation at 7= 2 K is slightly curved, while at
T=15K, it becomes clearly linear (Figure 8). It has also
been found that there is no hysteresis between the zero-
field-cooled and field-cooled processes.

Thermal variation of the reciprocal susceptibility of
Na VO, at H =5 kOe is given in Figure 9. The small
kink observed below 7' < 15 K can be explained by the
H dependence of the magnetization in this temperature
range (Figure 8). The very small kink observed at 7'~
50 K is due to the signal of oxygen traces in the SQUID
magnetometer. Two observations can be done: the first
one is that the magnetic susceptibility does not exhibit any
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Figure 10. 7’ dependence of Cp/T of P'3-Nag 40VO, measured between
2 and 200 K. The inset represents the heat capacity versus 7. The straight
blue line represents the first-order fit of the data with the equation Cp/T =
y + BT + BsT* + B,71°, and the curved blue line represents the third-
order fit of the data. All refined parameters are gathered in Table 4.

magnetic transition down to 7' = 2 K. This result has been
confirmed by measurement of the specific heat down to
T =2 K (Figure 10), where no A-type peak characteristic
of a long-range magnetic ordering is observed. The se-
cond observation is that, in the whole temperature range,
Nag 60VO> behaves as a paramagnetic phase. However,
the susceptibility values, especially at low temperatures
(T=4K,y = 0.00387 emu-mol~'-Oe™ ), are very small
compared to those of an ideal paramagnetic phase. This
is the signature of the existence of strong antiferromag-
netic exchange interaction within the vanadium lattice.
In the whole range of temperature, the magnetic suscept-
ibility apparently follows a Curie—Weiss law y = C/(T —
0,) + %o, with C=0.076(4) emu-K~'-mol™"-Oe™"', 6, =
—9.0(3) K, and %, = 227(2) x 10~ emu-mol~'-Oe .
xo corresponds to the van Vleck orbital and diamagnetic
components.

The Curie constant obtained is significantly smaller than
the one expected from a pure ionic state of xV> " (S = 1)
and (1 —x)V*" (S = !/,) for the formula Na, VO, with x =
0.60. Indeed, assuming a g factor = 2 for the two ions
and also a spin-only contribution, one should expect
a Curie constant close to C = 0.75 emu 'K~ '-mol !-
Oc~!. A similar result has been observed for Nag70VO»,
which corresponds to a P2 phase where the oxygen stacking
is a AABB sequence.”* The magnetic susceptibility of P2-
Na 70VO, at low temperatures follows also a Curie—Weiss
law type with C = 0.08(1) emu-K '-mol '-Oe™ !, 0, =
—16.6 K, and y, =40 x 107 emu-mol~!-Oe™!. In ref 24,
an explanation of the thermal dependence of the suscept-
ibility has been given based on a pseudotrimer model,
where the V—V antiferromagnetic exchange interaction
is expressed on the basis of a Heisenberg—Dirac model.
In an ideal triangular lattice, the frustrating geometry
prevents all nearest-neighbor antiferromagnetic interac-
tions from being satisfied simultaneously. The ground state
is degenerate, and consequently these systems undergo
structural distortions at low temperatures, with a lowering
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of the symmetry implying a suppression of the degeneracy.
An orbital ordering mechanism has been suggested by
which the geometric frustration can be removed to lower
the energy of the system.>***73¢ If one follows the local
triangular cluster approach, one can estimate the Curie
constant for 7" < J/k, where J/k is the V=V intratrimer
exchange interaction constant. In the P2-Na, 70VO> phase,
the energy gap between the ground state and the first
excited state has been estimated as AE ~ 350 K. The
similarities of the magnetic susceptibilities of P2-Nay VO,
and P'3-Nag ¢g VO, at low temperatures lead to the conclu-
sion that the Curie constant observed in this temperature
range is mainly governed by the spin multiplicity of the
ground state. Compared to NaVO,, in which only one type
of triangular spin configuration has to be considered
(for x<1 in the Na, VO, formula), one has to consider
four types of local triangular spin configuration clusters
weighted by a random distribution varying with the x value.
On the basis of the Heisenberg—Dirac model, the spin
Hamiltonian of a triangular trimer can be expressed as
H=—=2J(S1:S>+S5:S; + S;-S3), where J is the isotropic
V—V exchange interaction constant, S;—; is the spin
operator associated with the spin value S;—.;. The eigenva-
lue of the Hamiltonian, which corresponds to the energy
level of the cluster, can easily be calculated using a vecto-
rial decomposition of the total spin S; of the trimer where
S =87 + S + S5. The general expression of the energy
levels is

Es, = =J[S(St+ 1) =Y Si(Si+ 1)]
i=1

(1) The first type of spin configuration to be consi-
dered corresponds to three V>" ions with S; = 1.
The calculation shows that the ground state is a
singlet with S; = 0. The energy gap with the first
exited state is AE = |2J].

(i) The second type of spin configuration corre-
sponds to three V*" ions with S; = />. In this
case, the energy diagram is characterized by a
doublet ground state with S, = '/,. The energy
gap with the spin state S, =3/, is equal to AE =

[3J].

(iii) The third type of trimer corresponds to the spin
configuration of two spins S; = '/, and one spin
S;= 1. In this case, the ground state is nonmagne-
tic (S¢ = 0) and the energy gap with S, = 1is [2J].

(iv) Finally, the fourth type of cluster corresponds
to one spin S; = '/, and two spins S; = 1. The
ground state is a spin doublet with S, ='/,. The
energy gap with S, =3/, is AE=3J].

Considering a random distribution of V** and V** ions
in the pseudotriangular clusters, one can estimate the
C Curie constant. An enumeration of the different com-
bination p" (2° = 8) for the formula Na,V*" .V*",_.0,

(34) Onoda, M.; Nagasawa, H. Butsuri (Bull. Phys. Soc. Jpn.) 1994, 49,
559 (in Japanese).

(35) Naka, T.; Onoda, M.; Nagasawa, H. Solid State Commun. 1993, 87,
679.

(36) Pen, H. F.; van den Brink, J.; Khomskii, D. I.; Sawatzky, G. A. Phys.
Rev. Lett. 1997, 78, 1323.
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Figure 11. x value dependence of the theoretical C Curie constant
by assuming a pseudotriangular cluster model where x is the composition
in Na,V3* V**|_.0,. The C Curie constant is calculated on the basis
of the ground state of the total spin S, = '/»: Cy, = [(1 — x)* + 3x*(1 — x)]/
3x0.375.

was done where n refers to the number of neighbors and
p refers to the number of possibilities. The probability of
the two trimer configurations having the ground state
S, = ';2 is equal to (3!/3100)(1 — x)* [=(1 —x)*] and (3!/
211Nx*(1 — x) [=3x*(1 — x)]. The general expression of
the Curie constant versus x is [(1 —x)* 4 3x*(1 —x)]/3 x
0.375. The variation of C for 0 <x <1 1is givenin Figure 11.
One can observe a large plateau for 0.25<x<0.75.
Considering x = 0.60, the calculation of the Curie con-
stant leads to C=0.062 emu-K '-mol~!-Oe ™!, which is
in good agreement with the observed Curie constant C =
0.076 emu-K '-mol'-Oe ™! deduced from the magnetic
susceptibility. One can notice that, for x = 0.7, the cal-
culated value = 0.059 emu-K ™ '-mol '-Oe™! is close
to the one reported by Onoda, Cey, = 0.080 emu-K~'-
mol '-0e™!. Two observations can be done. First, the
two experimental Curie constants are very close (Ceyp &
0.08 emu-mol 'K ™), as predicted by our calculation
(Ceale #0.06 emu-mol 'K 1). Second, in our theoretical
model, the V3* and V** g factors are assumed to be the
same and equal to 2; this could explain the discrepancy
between the experimental and calculated values.

Figure 10 represents the temperature dependence of the
specific heat of P’3-Nag 4oVO,. As previously written, no
transition peaks are observed, which indicates that no
magnetic and/or structural transition happened in the
T'range analyzed. Below T'= 12 K, the Cp/T plot exhibits
a Schottky anomaly, which could be explained by the
presence of either strong spin/electron correlations or
impurities. To determine the Sommerfeld ratio y and
the Debye temperature, the first-order (limited to 77)
part of Cp/T = y + B3T* + BsT* + B,T° was fitted
(Figure 10 and Table 4). The value of y = 204
mJ-mol~'-K ™7 is higher than that for a metal such as
copper (=6 mJ-mol'-K~?),*” which is a signature of
strong spin/electron correlations. The 35 coefficient al-
lows us to evaluate a Debye temperature of 312 K (83 =
1272 R/560p°). The result of the fit shows that Cp/T is not
strictly linear with 72 and that the highest temperature
terms (up to T°) are necessary to well define the high-
temperature behavior (Figure 10 and Table 4). One can
notice that y and 83 change only slightly with the limita-
tion of the fit. The second observation is that the 55 and

(37) Mahan, G. D. In Solid State Physics; Ehrenreichand, H., Spaepen, F.,
Eds.; Academic Press: New York, 1998; Vol. 57, p 81.
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Table 4. Parameters Obtained from the Fit of the Specific Heat of Nag ¢0VO, (This Work) Using (¥) the Equation Cp/T = y + B57° and (**) the Equation Cp/T = y +

BsT* + BsT* + p,7° and (***) from the Fit of the Specific Heat of Nag ssC00,™

composition y (mJ-mol 1 K7?) B3 (mJ-mol - K™% Bs (mJ-mol~'-K~%) B7 (mJ-mol 'K~ 6p (K)
Nag ¢0VO,* 20.4(1) 60.0(4) x 1073 312
Nag 60 VO, ** 19.6(5) T4.4(7) x 1073 —117(1) x 107° 7.03) x 10710 296
Nag ssCo0, 8wk 54.0(2) 268 x 1073 —195x 10°° 131 x 10710 372

37 values are comparable to the ones reported for Nag ss-
Co0,™ (Table 4).

Conclusion

A new compound P'3-Na, 4VO, has been synthesized by
means of a soft chemistry route. The Nag ¢oVO, compound
exhibits a monoclinic distortion (P'3) in relation to the
AABBCC stacking (P3) with the unit cell parameters a =
4.9862(14) A, b = 2.8708(8) A, ¢ =5917(2) A, and =
104.36(3)°. A modulated structure was observed by TEM
and XRD measurements. The XRD pattern was fully

(38) Ando, Y.; Miyamoto, N.; Segawa, K.; Kawata, T.; Terasaki, I. Phys.
Rev. B 1999, 60, 10580.

indexed by a 4D approach taking into account the superspace
group C2/m (0 5 0) sO and a q vector equal to 0.44b*. The
physical characterizations indicate that the compound pre-
sents a strong correlated system. These correlations could be
explained by a pseudotriangular cluster model. Further
studies of the solid solution Na, VO, around the composition
Nag ¢oVO- are in progress to check if a relationship between
the components of the q vector and the composition exists.
Growing single crystals will be helpful to determine structures
using the superspace formalism.
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