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The crystal structure and electronic state of the (Li V,_,);BOs
system with x ~ (0.3 have been explored through measurements
of the X-ray four-circle diffraction, electron transport, and mag-
netization. The crystal data at 297 K show an orthorhombic
structure with space group Pham; a=9.195(1)A, b=
12.209(1) A, ¢=2.9922(9) A, and Z=4. The structure deter-
mined with the residual factors of R =0.017 and R, = 0.018 for
1048 independent reflections is of a ludwigite type; Li and
V atoms are located at the centers of an octahedron of oxygens
with mixed occupancy, and the B atom resides in the middle of
the oxygen triangles. The V-V bonded linear trimer may exist
there. The variable-range-hopping-like transport and the transi-
tion from a localized state with § ~ 1 to a spin-glass-like state
are revealed, which are basically consistent with the structural
aspect. © 1998 Academic Press

I. INTRODUCTION

Generally, transition-metal (TM) oxides have crystal
structures formed by the linkage of rigid units such as
oxygen octahedra, pyramids, or tetrahedra. The transport
and magnetic properties strongly depend on the structures
as well as the species of TM ions. Recently, the prototypical
systems of 3d TM oxides have intensively been studied to
extract peculiar properties originating from an electron cor-
relation, an electron—phonon coupling, or a quantum spin-
fluctuation effect (1-3).

In parallel with investigations described above, the search
for new TM oxide systems has continued for a long time.
For example, the inclusion of alkali, alkaline earth, or other
metals into the network of TM binary oxides with the
highest valences provides various nonstoichiometric ternary
compounds generally called bronzes (4), which are often
utilized as electrode materials. The addition of boron oxides
is also expected to stabilize novel structures because of the
small ionic radius and the particular B-O coordination (5),
leading to interesting physical and chemical properties.

This investigation describes the crystal structure deter-
mined by means of a single-crystal X-ray diffraction for the
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borovanadate system (Li.V;_,)3;BO;5 that has been syn-
thesized for the first time, and the electronic state is revealed
through transport and magnetization measurements.

II. CRYTICAL STRUCTURE

Black single crystals of (Li,V;-,)3BOs were prepared
from the incongruent melt under an N,—H, gas flow at
1273 K with a mixture of LiBO, (99.9% purity) and LiVO,
that was made according to the procedure described in (6).
Polycrystalline specimens with x =  were prepared by the
solid-state reaction method under an N,—H, gas flow as
follows: Mixtures of Li,CO3 (99.99% purity), B,O5(99.99%
purity), and 2V,05 (99.99 % purity) were ground and heated
at 1063 K. They were ground and pressed into pellets and
then heated at the same temperature. This annealing was
done several times.

X-ray four-circle diffraction measurements were carried
out on a Rigaku AFC-7R diffractometer (custom-made)
with graphite-monochromated MoKua radiation and a 18-
kW rotating-anode generator at 297 K. A crystal with di-
mensions 0.10x 0.02 x0.17 mm was mounted on a glass
fiber. Intensity data for the structure analysis were collected
using the w—20 scan technique. The space group and lattice
constants were determined (listed in Table 1) on the basis of
the systematic absences of reflections, a statistical analysis of
intensity distribution, and the successful solution and
refinement of the structure. Various parameters for
structure solutions and refinements are also summarized in
Table 1.

The structure was solved by Patterson methods,
expanded using Fourier techniques, and refined by the
full-matrix least-squares calculations with anisotropic dis-
placement parameters. Atomic scattering factors were taken
from (7), and anomalous dispersion effects were included
with the values of (8). Calculations at the early stage of this
work were performed using the UNICS III (9) and the
RADIEL (10), and those at the final stage were done with
the teXsan crystallographic software package (11). A table
of observed and calculated structure factors has been
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TABLE 1
Crystal Data and Summary of Intensity Measurements,
Structure Solutions, and Refinements of (Li,; V,¢);BOs at
297 K

Orthorhombic
Pbam (No. 55)

Crystal system
Space group

Z value 4

a(A) 9.195(1)

b (A) 12.209(1)

c(A) 2.9922(9)

V (A3) 335.91(8)

Unok, (MM ™ 1) 5.987

Dea (Mg/m®) 4.016

Radiation MoKo

20, max (deg) 80

Number of unique reflections 1251

Rin 0.010

Corrections Lorentz-polarization
Absorption

(trans. factors: 0.90—1.00)
Secondary extinction

Structure solution Patterson method

Refinement Full-matrix least-squares
Number of observations (I > 30) 1048

Number of variables 58

Reflection/parameter ratio 18.07

R* 0.017

R,b 0.018

“R = YIIFol — [Fll/2IFy.
"Ry, = [Xw(Fol — [F)?/XwF]' 2.

deposited with the National Auxiliary Publications Service
(NAPS).!

The atomic coordinates, equivalent isotropic thermal
parameters, and anisotropic displacement parameters for
the crystal structure at 297 K are listed in Table 2. The unit
cell contains four crystallographically independent VL sites
consisting of V and Li, labeled VL1 ~ VL4, and five O sites
labeled O1 ~ OS5, and one B site. Here, the occupancy
probabilities of V at the VL1 ~ VL4 sites are determined to
be 0.952(2), 0.534(1), 0.463(1), and 0.720(1), respectively,
leading to the chemical formula (Lig 31V(.60)3BOs with
Z =4, where the sum of the probabilities at each site is
constrained equal to unity for simplicity. The condition of
mixed occupancy is indispensable for explaining the inten-
sity distribution of the Fourier map. A study of the phase
diagram of the Li,O-V,0;-B,0j; system under an N,-H,

! See NAPS Document No. 05485 for 9 pages of supplementary material.
This is not a multi-article document. Order from NAPS c/o Microfiche
Publications, 248 Hempstead Turnpike, West Hempstead, New York, NY
11552-2664. Remit in advance in U.S. funds only $9.55 for photocopies or
$5.00 for microfiche. There is a $25.00 invoicing charge on all orders filled
before payment. Outside U.S. and Canada add postage of $4.50 for the first
20 pages and $1.00 for each 10 pages of material thereafter, or $1.75 for the
first microfiche and $1.00 for each microfiche thereafter.
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gas flow also indicates that the single phase of (Li,V;_,);
BO; exists only at around the composition ratio Li,O:
V,05:B,0; = 1:2:1(12), which corresponds to x = 3 of the
system. The displacement parameters of all the atoms may
be normal as shown in Table 2.

The crystal structure of (Lig 31 Vp.60)3BOs projected on
the orthorhombic ab plane is shown in Fig. 1a. Here, the
large and medium-sized circles represent the O and VL
atoms, respectively, with labels, and the small circle indi-
cates the B atom. The open circle and the shaded circle show
the atoms at z =0 and 1, respectively. This structure is
found to be similar to that of a ludwigite Mg,FeBOs with
cation valences Mg?*, Fe**, and B** (13, 14). Although the
presence of the related compound Mg, VBOs is known (15),
no detailed structure determination has been performed. As
previously described for a ludwigite (14), there exist two
characteristic layered units, which are slanted at about 60°
to the b direction and extend along the ¢ direction: One unit
consists of two “0O2-04-01-05” layers of hexagonally
close-packed oxygen atoms and another unit is composed of
two “0O3-05-03-04" layers and one “O1-02-02-01"
layer with simple square packing of oxygen atoms. These
two superimposed units build up the structure. The
VL1 ~ VL4 atoms are located at the centers of an octahed-
ron of oxygens and the B atom occupies the middle of the
oxygen triangles, which are familiar units for B,O5; (5).
Figure 1b shows a clinographic view for the structure with
the polyhedral scheme. Selected interatomic distances ex-
cept for trivial values corresponding to the lattice constant
c are listed in Table 3.

On the assumption that Li, B, and O ions are in the states
of Li*, B**, and O?", respectively, the average valence of
V ions expected from the chemical formula is nearly
trivalent. Based on the interatomic distances and the occu-
pancy probabilities at the VL1 ~ VL4 sites, the effective
ionic radii of V** and Li* are estimated to be 0.63 and
0.71 A, respectively, with the radius of the oxygen ion 1.40 A
(16). The value for the V3" ion is consistent with the pre-
vious report (16), but the value for Li™ is somewhat small.
From this result, the average valences at the VL1 ~ VL4
sites are found to be 2.9, 2.1, 1.9, and 2.4, respectively, which
are roughly consistent with the valence distribution of a lud-
wigite. Namely, a ludwigite-type structure is stabilized by
appropriately mixed occupancy of Li and V atoms. In
a ludwigite, magnetic Fe®> " ions form linear chains by shar-
ing the oxygen edges, which are separated from each other
by linear chains of nonmagnetic Mg?* ions. On the other
hand, (Lig.31 Vo.69)3BO5 may have a three-dimensional spin
network as well as a significant disorder effect due to the
mixed occupancy of Li and V atoms.

The VL-VL distances in Table 3 are classified into three
groups; 2.74 A,299 ~3.11A, and 3.44 A. The shortest pair
exists between the VL1 and VL4 sites in the ab plane and
this distance is much smaller than the average value in the
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TABLE 2
Atomic Coordinates, Equivalent Isotropic Thermal Parameters B,, (A?),* and Anisotropic Displacement Parameters u’
of (Liy;,V,65):BOs at 297 K

Atom*® Site X y z Beq Uyy U,, Uss Ui,
VLI 4h 0.24183(3) 0.11146(2) 1 0.440(4) 0.00580(9) 0.00521(8) 0.00569(9) —0.00064(8)
VL2 4g 0.00191(4) 0.28162(3) 0 0.449(6) 0.0046(2) 0.0055(1) 0.0070(2) 0.0002(1)
VL3 2a 0 0 0 0.453(10) 0.0050(2) 0.0051(2) 0.0071(3) —0.0003(2)
VL4 2d 0 ! p 0.572(7) 0.0079(2) 0.0061(2) 0.0078(2) 0.0019(1)
o1 4g 0.1077(4) 0.14498(9) 0 0.72(2) 0.0082(4) 0.0117(4) 0.0076(5) 0.0019(4)
02 4g 0.3837(1) 0.07476(8) 0 0.70(2 0.0075(4) 0.0087(4) 0.0104(5) 0.0012(3)
03 4h 0.1260(1) 0.35758(9) 1 0.82(2 0.0058(4) 0.0091(4) 0.0161(5) 0.0002(4)
04 4h 0.3514(1) 0.45679(8) i 0.73(2 0.0075(4) 0.0062(4) 0.0140(5) —0.0005(3)
05 4h 0.3510(1) 0.26147(8) 1 0.75(2 0.0073(4) 0.0060(4) 0.0151(6) 0.0009(3)
B 4h 0.2756(2) 0.3595(1) ! 0.58(2 0.0071(6) 0.0069(5) 0.0082(6) 0.0000(5)

“Bey = §712[Uy1(aa*)* + U,y (bb*)* + Uss(cc®)? + 2Uy aa*bb* cosy + 2Uyzaa *cc *cos B + 2U,y3bb *cc *cos o).
T =exp[— 2n%(a *?Uyy h? + b*22U,,k? + ¢ **Us3 1% 4+ 2a*b* U, hk + 2a*c *U,3hl + 2b *c *U,3kl)], where U, 3 = U,3 = 0 for all atoms.
“The VL1 ~ VL4 sites consist of V and Li, where the occupancy probabilities of V at these sites are 0.952(2), 0.534(1), 0.463(1), and 0.720(1), respectively.

spin-singlet trimerized state of the triangular S = 1 system
LiVO, (6, 17, 18). Thus, the VL1-VL4-VL1 bonded cluster
or the linear-trimer may be formed, although Li ions occupy
the VL4 site in sizable probability. The distances in other
groups are too large for significant direct overlap of the V 3d
wavefunctions (19).

III. TRANSPORT AND MAGNETIC PROPERTIES

The electrical resistivity p for the single crystal was meas-
ured by a dc four-terminal method in the temperature
region between 80 and 300 K with a current I parallel to the
crystallographic ¢ axis.

A plot of p versus inverse temperature (bottom abscissa)
shown in Fig. 2 indicates that this compound is like
a semiconductor. From the dashed line, the energy gap E,/k
defined by p = poexp(Ey/kT), where p, is assumed to be
a constant and k is the Boltzmann constant, is estimated to
be 2.4x10° K. Another plot (top abscissa) is based on
a three-dimensional variable-range-hopping (VRH) model,
p = poexpl(To/T)"*], where py is a constant and T, is
equal to o®/n. o and n represent the envelop of the wavefunc-
tion as exp(— ar) and the density of states for the hopping,
respectively (20). The solid line in Fig. 2 provides T, =
3.7 x 10® K. Thus, when the energy range around the Fermi
level for the d orbital distribution is smaller than 1 eV, the
localization length «~ ' is smaller than 10~ ! A, indicating
a strong localization.

The magnetization of the polycrystalline specimen was
measured by the Faraday method with the field of up to
1 T between 4.2 and 500 K. The magnetic susceptibility was
deduced from the linear coefficient of magnetization against
field (M—H) curve in the decreasing process of the field.
X-ray powder diffraction patterns at 297 K for this speci-

men measured on a two-circle diffractometer with CuKoa
radiation agreed well with those calculated from the atomic
parameters listed in Table 2.

The temperature dependence of the inverse magnetic sus-
ceptibility ¥ ! is shown in Fig. 3a. This has a Curie—Weiss
type temperature dependence above about 100 K: y =
CAT + Tw) + y0, where C, Ty, and y, are, respectively, the
Curie constant, Weiss temperature, and the temperature-
independent contributions from the Van Vleck orbital and
diamagnetic susceptibilities. The solid curve in Fig. 3a is
based on the parameters C = 1.54 emuK/mol, Ty =
125 K, and yo = 4.4 x 10~ * emu/mol. This Curie constant is
close to the free-ion value for V** with S = 1.

In the region below 100 K, the temperature dependence
of y~! deviates from the solid curve and has a peak at
around 10 K. Considering the X-ray diffraction result, this
behavior is not attributed to the magnetic impurity or
lattice imperfection. At temperatures below about 25 K, the
remanent magnetization o, defined by M = yH + ¢, ap-
pears as shown in Fig. 3b. This thermal variation is different
from that expected from the weak ferromagnetism, o/oy =
tanh[oT,/(6,T)], where g, is the value at 0 K and T is the
transition temperature. Two possible reasons are con-
sidered: One is the formation of short-range-ordered clus-
ters with the antiferromagnetic correlation originating from
the disorder as well as the competition of different superex-
change interactions as expected from the crystal structure.
The occurrence of ¢ is probably due to the freezing of the
clusters, i.e., the transition to the spin-glass-like phase. An-
other reason is based on a model that the isolated linear
trimer, within which the antiferromagnetic exchange coup-
ling between adjacent V3™ ions is much larger than that
between the two terminal V27 ions, has a ground state with
the total spin number S, =1 (21). In this case, the Curie
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FIG. 1. The crystal structure of (Lig 31 Vo.60)3BOs. (a) Projection on the orthorhombic ab plane, where the large and medium-sized circles represent
the O and VL atoms with labels, respectively, and the small circle indicates the B atom. The open and shaded circles show the atoms at z = 0 and 3,
respectively. (b) Clinographic view with the VL104 ~ VL4Og octahedra and the BO; triangles.

constant at the low-temperature limit is expected to be
a third of that at the high-temperature limit, which is equal
to the value estimated on the basis of a Curie—Weiss law as
described earlier. This behavior is very similar to the present
susceptibility result, but the occurrence of ¢ may not be

explained by the linear trimer model alone. Since the para-
magnetic contributions from V** ions that do not partici-
pate in the linear trimer should be considered, it is not easy
to obtain an evidence of the linear trimer from susceptibility
measurements.
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TABLE 3
Selected Interatomic Distances (A) of (Li, 3 V,¢5);:BO5 at 297 K¢

VL10O, octahedron VL20O, octahedron

VL3O, VL4O; octahedra BO; triangle, others

VLIG)-O1G, i 1.9817(7) VL2()-O1(i) 1.931(1) VL3()-O1(i, vii) 2.028(1) B(i)-03(i) 137702)
_O2(,i)  2.0346(7) ~02(iv) 2.063(1) —Od(ii, iv, vi, viii)  2.0939(7) —O4(i) 1377(2)
—Od(iii) 2.074(1) _O3G,v)  2.0975(8) O1(i)-OAiii, viii) x 2 2.767(1) —05(i) 1.384(2)
—05(i) 2.089(1) _O5(iv, vi)  2.1070(8) —Od(iv, vi)x 2 3.056(1) VLIG)-VL2G, i) 3.3796(5)

O1()-021)x2  2.678(2) O1()-03()x2  3.001(1) O4(iii)-O4(vi) x 2 2.930(2) CVL2(xii, xiii) 3.1083(5)

—Od(iii) x 2 2.767(1) _O5(iv)x2  3.019(1) VLAG)-O2(v, vi, ix, x)  2.0532(7) CVL3G, i) 3.0058(3)
705(1) 3.044(1) 02(iv)-03()x 2 2.808(1) —03(i, xi) 2.089(1) CVLAGii)  2.736203)
02(i)-O4(ii ) 2.997(1) _O5(iv)x2  2.743(1) 02(iv)-02(ix) x 2 2.812(2) VL2(i)-VL3(i) 3.4382(5)
—05(i) x 2.743(1) 03()-05(vi)x2  2.916(2) —O3(i) x4 2.808(1) “VL4G,v)  3.0572(4)
—O3(xi) x 4 3.046(1)
“Trivial values corresponding to the lattice constant ¢ are not listed.
>The translation codes are (i) x, y, z; (i) x, y, | + z (i) i —x— 3+ p, 1l —z (V) -3+ x, -2+ p1—z(V)x, p-1+ zz(vi) =3+ x,} -y, 1 -z
Vil) —x, —y, z (vii) 3 —x, =3 +y, —z (@) i-xi+y, —zXI-x3+y1—zKx) —x, 1 -y z i) i+x 53—y —z i) d+x,5—y 1 —z

IV. CONCLUSION
The crystal structure of the (Li,V;_,)3BO5 system with

x ~0.3 is of a ludwigite-type and is built up of two layered
units with hcp and square-packed oxygen atoms. This is

T—1/4 ( 10—2K—1/4)

also viewed as a linkage of (Li, V)O¢ octahedra and BO;
triangle. The existence of the V—V-bonded linear trimer has
been proved from structural viewpoints. The electronic
states are characterized by the variable-range-hopping-like
transport and the transition from a localized state of V>~
ions with § ~ 1 to a spin-glass-like state, which are basically
consistent with the structural aspect.
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FIG. 2. The temperature dependence of the electrical resistivity p of
(Lip.31 Vo.69)3BOs with a current I parallel to the c-axis. The dashed and
solid lines show the results calculated on the basis of a semiconductor
model (bottom abscissa) and a three-dimensional variable-range-hopping
model (top abscissa), respectively.
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FIG. 3. The temperature dependences of (a) the inverse magnetic sus-
ceptibility y ! and (b) the remanent magnetization o of (Lig 33V0.67)3BOs,
where the solid curve indicates the results calculated on the basis of a
Curie—Weiss law.
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Unfortunately, the present susceptibility results do not
provide specific information on magnetic properties of the
linear trimer owing to considerable amount of V** ions that
do not participate in this bound state. To further describe
the electronic state of this system, NMR measurements for
entire nuclei are in progress.

A comparison between the valence states for
(Lig.31Vo.60)3BO5s and Mg,FeBOjs indicates that the pres-
ent system is stabilized by appropriate tuning of ionic radii
and valences of cations. Therefore, characteristic spin net-
works such as one-dimensional chains and ladders could
be constructed by controlling a kind of cations, which will
give new physical insights for quantum spin-fluctuation
effects.
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