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Needle-like crystals of V507 up to 2 mm in length were grown by a chemical vapor transport method
using NH4CI as a transport agent. The anisotropic magnetic susceptibility was measured for the first
time. At 2 K, a spin-flop transition occurs under a magnetic field of 0.1 T. V305 is proved to be a uniaxial
antiferromagnet with its easy axis parallel to the b-axis of monoclinic structure. A spin structure with
antiferromagnetic interaction between (101) layers and ferromagnetic interaction in the layers below
the Néel temperature (5.2 K) is suggested.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Vanadium oxides have been attracting considerable attention
due to a large variety of vanadium ions’ valence states from 2+ to
5+, a rich variety of the structures such as shear structure and
various types of polyhedra, and furthermore the interesting proper-
ties such as metal-insulator transitions, catalytic ability and so on.
However, as for some binary vanadium oxides, studies so far are still
not sufficient to understand the physical properties because of the
difficulty to synthesize pure sample. Especially, the study of the title
compound V305 has been missing for the past several years.

V505 is an intermediate phase between VO, and V5,05 as one of
the Wadsley phases with a general chemical formula V05,41
(n=2, 3,4, ... ). Itis a mixed-valent compound with the ratio of
V4*/V3*=1/2 and crystallizes into a monoclinic, C2/c, structure
(Fig. 1) [1,2]. V305 is stable below 950K as reported previously
[3.4].

Physical properties were previously investigated by using
polycrystalline samples. V30, has been reported to be an anti-
ferromagnetic (AF) insulator with the Néel temperature Ty=5.2K
by NMR [5] and neutron scattering study [6]. There is no structural
transition down to 4.2K [7]. According to the measurements of
magnetization and NMR, a probable spin structure of V30, was
suggested as a low-dimensional magnetic system with small
anisotropy energy; predominant ferromagnetic (F) interaction in
the (107) layers and long range AF interaction between the layers
[5]. However, studies on single crystal are necessary in order to
observe the anisotropy and to understand the magnetic ground
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state. In this paper, we report the details of crystal growth method
and the anisotropy of the magnetic properties by using thus
obtained V50 crystal.

2. Experimental

Polycrystalline V30, was prepared by a solid-state reaction of
V,03 and V,0s5 (4N, RARE METALLIC Co.,). V,03 was prepared by
reducing V,0s in H, gas at 1173 K for 6 h. The weighed mixture of
reagents in the required quantities was pressed into a pellet and
heated at 823K in an evacuated silica tube for 7 days. Thus
obtained polycrystalline samples were characterized to be a single
phase of V30; by powder X-ray diffraction (XRD) using Mac
Science M21X (CuKa, 40kV, 300 mA).

Single crystals of V30, were grown by chemical vapor
transport (CVT) method with thus obtained powdered V307 and
various transport agents [8]. The details will appear in the
following section. The crystallographic quality of grown crystals
was checked by a four-circle diffractometer, RIGAKU AFC-6S X-ray
single-crystal diffraction using MoKo X-ray at room temperature.

DC-magnetic susceptibility and field dependence of magneti-
zation were measured by using a Quantum Design MPMS-5T
SQUID magnetometer.

3. Results and discussion
3.1. Crystal growth
Different chemicals such as NH,Cl, I, I/H,0 and TeCl, have

been examined as the transport agents. The procedures of crystal
growth are as follows: Polycrystalline V30, of 200-300 mg and
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Fig. 1. A view of monoclinic crystal structure of V30, projected on (010) (a) and (107) (b). The unit cell is composed of 12 octahedra (V10g and V20g), 16 trigonal
bipyramids (V305 and V40s) and 8 square pyramids (V50s). J4r denotes the antiferromagnetic interaction between the (101) ferromagnetic layers (F sublattice).

Fig. 2. Crystals of V307 grown by using NH4Cl as the transport agent. All the crystals grow along the b-axis.

transport agents of 3-5 mg were sealed in an evacuated silica tube
with 220 mm in length and 15 mm in diameter, and held for half a
month in a four-zone furnace. The temperatures of charge zone
and growth zone were adjusted in the range 673-893K and
623-853 K, respectively. Then the tube was taken out from the
furnace and quenched in air. Grown crystals were picked and
washed with dilute HCI and deionized water.

In this work, NH,4Cl was proved to be efficient for the growth of
V307 crystal probably due to its relatively high transport
efficiency. Attempts to grow crystals via the other three agents
were unsuccessful: Any tiny crystals were not formed at the
growth zone within half a month probably because of low
transport efficiency of I, and I,/H,0, whereas the accumulation
of V013 crystals at the growth zone using TeCl, may be caused by
the irreversible formation of TeO,.

Black needle-like crystals of V30, were formed under the best
growth condition, the temperature gradient of 100K with the
growth zone at 723 K and the charge zone at 823 K. The length of
thus obtained single crystals is up to 2 mm, as shown in Fig. 2. All
the crystals grow along the b-axis parallel to the crystallographic
chain. Most of them were found to be twinned with the (101)
planes by X-ray single-crystal diffraction.

3.2. Magnetic properties

The magnetic susceptibility was measured in the temperature
range 2-300K at the applied magnetic field of 0.1 T parallel (y;)

and perpendicular (y, ) to the b-axis, respectively (Fig. 3). Both ¥,
and y, show the same behavior of temperature dependence down
to 5.2K and obey a Curie-Weiss law, Eq. (1), above 40K,

10 =250+ 70 M

where C is the Curie constant, 0 is the Weiss temperature and y is
a temperature-independent term. The best fit provides
C=037emuKmol~!, 0=14K and yo=8x 10 >emumol~! [9].
The effective moment is thus estimated from C as peg=1.72 g in
agreement with the 1.73 u expected for a free V4* ion (S = D with
the g factor of 1.99 from ESR study [10]. With decreasing
temperature lower than 5.2K, y, decreases rapidly, while y,
remains constant as 0.34emumol~'. The Néel temperature
Ty=5.2K is the same as that defined in the previous study [6].
The measurements were carried out on the same crystal rotated
around the b-axis and as a result almost the same y, was
obtained. This means little anisotropic magnetic susceptibility
within the ac-plane, although the crystal has twin orientation
with the (101) planes. Hence the anisotropy of the magnetic
susceptibility below 5.2K indicates the typical character of
uniaxial antiferromagnet with the easy axis of the b-axis.

The magnetic field dependence of magnetization (M) was
measured from 0 to 5T at 2K. A spin-flop transition occurs
at a critical magnetic field of 0.1 T, as clearly seen in Fig. 4.
The spin-flop behavior can be understood on the basis of
two sublattices. Therefore, the AF exchange interaction, J4r can
be estimated according to Eq. (2) [11] based on molecular
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Fig. 3. The temperature dependence of the magnetic susceptibility of V30, for Hllb
and HLb, respectively, at 0.1 T. The inset shows temperature dependence of the
reciprocal susceptibility and the fit to the Curie-Weiss law.
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Fig. 4. The magnetic field dependence of magnetization of V30; at 2K up to 0.2T
for HIIb and H.Lb, respectively. The magnetization curve up to 5T is shown in the
inset.

field approximation,
1 _ AZUarl
2o Ng2uj
where Z is the nearest AF coordination number, A is a constant of
molecular field, N is the number of magnetic atoms per mole, g is
the Landé g factor calculated as 1.99, and pp is the Bohr magneton.

Z\J4r| is thus estimated as about 1 K. Furthermore, the critical field
of spin-flop transition, Hs, may be written as

Hsp = [2HgHa /(1 — o)]'/2 3

@)

where H is the exchange field, H, is the uniaxial anisotropy field
(assumed to be small compared to Hg and independent of external
field), and oo =y, /%, [12,13]. The magnitude of the internal field at
low temperature may be estimated on the basis of the molecular
field theory, which gives

%1 =Mo/(Hg+Ha) “)

where My is the magnetization of the sublattice [12]. By
substituting the magnetization data at 2K, y,=0.34emumol !
and Hse=0.1T, in Egs. (3) and (4), one obtains Hg~0.8T and
H,~0.005T. The spin-flop transition disappears above Ty. As
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Fig. 5. Isothermal magnetic field-dependent magnetization curves of V505 at 2, 4
and 6K for HIlb.

shown in Fig. 5, the rise of magnetization caused by spin-flop is
less marked the closer it is to Ty and is not observed at 6 K.

Above the spin-flop transition, the magnetization gradually
increases until it saturates at the critical field, Hc [14]:

He(T =0)=2Hg — Hy 5)

The estimated critical field hence, H-~1.6T, is close to the
observed one, 1.5T at 2K determined from the plot of dM/dH
(not shown in the present paper). The value of the saturation
moment, 1 ug per V30 (the inset in Fig. 4), is consistent with the
ionic model of one V4* (S=1/2) ion per V50-.

Next we will discuss the spin structure of V30, below Ty on the
basis of the crystallographic structure and a two-sublattice model
by using the information above. There are 12 formula units of
V307 in the unit cell, which is composed of 12 octahedra (V10g
and V20g), 16 trigonal bipyramids (V305 and V40s5) and 8 square
pyramids (V50s). As shown in Fig. 1(b), corner-sharing VOg
octahedra form two types of chains, single chains of V10g
octahedra and double chains of V20g octahedra along the b-axis,
while edge-sharing VOs polyhedra form zigzag strings. Alternate
single chains and double chains connected by sharing corners
with VOs polyhedra form layer structure parallel to (101), as
shown in Fig. 1(a). The layers are linked by VOs zigzag strings then
to form a three-dimensional framework [1,15].

The crystallochemical information suggests that the octahedral
sites, both the single chain of V10g octahedra and the edge-
sharing double chains of V20g octahedra, are occupied by V**
ions [6].

The V-0 bond lengths of each octahedron are about 2.0A
except one short bond with the length about 1.6A. This short
length indicates the presence of a vanadyl bond, V=0 [16,17],
and the local z-axis (d,-axis in VOg octahedra) being parallel to the
crystallographic b direction. To avoid the negatively charged
oxygen, the off center displacement of the vanadium ion splits the
three t,; low energy orbitals into one at lower energy, d,, and the
other two orbitals at higher energy. The d,, orbital hence is
occupied by the single d electron of V** and forms bond with the
pr orbital of the bridging oxygen. Furthermore, the angles of
V1-0-V1 and V2-0-V2 along the b-axis are 180° and 175.2°,
respectively. According to the Goodenough-Kanamori rule [18],
the sign of the d.—p, bond is negative because there is only one d,
orbital occupied and the exchange integral between the d; and p,
orbitals is also negative because the p, orbital is nonorthogonal to
the d,, orbital. Thus the superexchange between V**-0?~-V**
along the b-axis is considered to be ferromagnetic. This is in good



C. Li et al. / Journal of Solid State Chemistry 182 (2009) 3222-3225 3225

agreement with the conclusion of Ref. [5] and the anisotropic
magnetic susceptibility of V30, crystals, which indicates the
existence of an F sublattice. Similar F interaction between
V=0...V has been found in many other compounds, such as
VO(salpn) [19] and (t-Bupz),VOCl, [20]. In general, such kind of
classical superexchange interaction via the bridging oxygen
always give weak ferromagnetic interaction [21], as reflected in
the low positive Curie-Weiss temperature, 14 K.

The maximum of the magnetic susceptibility at Ty is resulted
from the magnetic order of the compound. As stated in the earlier
part, the magnetization behavior can be understood on the basis
of a simplified model of two sublattices with up (+) and down (—)
spin, respectively. The molecular field for each sublattice is
expressed as [5]:

HE =AM¥ +BM*,

where A is negative (antiferromagnetic) and B is positive
(ferromagnetic) constant of molecular field. Ty is given as,

Ty = Hegpip(S+1)/3ks = (—A+B)(g1p)°NS(S+1)/6kp
= 2S(S+1)Z/UTN|/3I(B (6)

where kg is the Boltzmann’s constant and Z’' is the nearest
coordination number. Z'|J1, | is estimated as about 10K, larger than
Z|Jar| (1K) estimated from y,. This can be rationalized by the
contribution of ferromagnetic interaction between the V4* jons
along the b-axis at Ty. The results of the analysis based on two-
sublattice model are consistent with those of Ref. [5], in which an
AF interaction between (101) layers was suggested. Therefore, the
spin structure of V30, can be described as a three-dimensional
framework with AF interaction between (101) layers and F
interaction in the layers.

4. Conclusion

In this study, we successfully grew single crystals of V507 by
CVT method using NH,4Cl as a transport agent, and observed the
magnetic anisotropy below Ty for the first time by the magnetiza-
tion measurements performed on a thus grown crystal. The
anisotropic behavior of the temperature dependence of the
magnetic susceptibility shows that the easy axis directs parallel
to the b-axis. The spin-flop transition at a relatively low field of
0.1T shows a weak anisotropy in V305 On the basis of molecular
field theory, the exchange field and the uniaxial anisotropy field

were calculated as 0.8 and 0.005T, respectively. A critical field of
the saturation of magnetization was thus estimated as about 1.6 T,
which is close to the observed one, 1.5T at 2K.

In the paramagnetic regime, well above Ty, a Curie-Weiss law
was observed with a Curie constant of 0.37emuKmol~! and a
positive Weiss temperature, 14 K. The positive Weiss temperature
is rationalized by a ferromagnetic exchange interaction in (1071)
layers within an overall antiferromagnetically ordered system.
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