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ABSTRACT
A large single crystal o = 1/2 quasi-one-dimensional systenabiV ,05 was
successfully grown by the flux method. Single crystals of nonstoichiometric
v-Li, V,05 were also prepared. The electromagnetic propertiesldfV,0g
(0.90 = x = 1.00) were investigated. Li deficiency introduces nonmagnetic
V®* (S = 0) ions or holes in the magnetic*V (S = 1/2) linear chain. In
v-Li,V,0s, the Curie-like increase of the magnetic susceptibility was ob-
served at low temperature, but no evidence for a magnetic order was observed,
in contrast to the 1-D cuprates. The electrical resistivityydfi,V,O5 de-
creases with Li deficiency at room temperature, but all compounds remain
semiconductive. The temperature dependence of conductivity for the
v-Li,V,O5 does not obey any activation types except the stoichiometric
v-LiV,05 (E, ~ 0.32 eV). Iny-LiV ,O5, the exchange integral through the
corner of VQ, square pyramid has been estimated to be about 3 times as large
as that through the edge. Therefore the magnetic structurédf ,O5 can be
considered to be an infinite double linear chain, rather than an infinite linear
Zigzag chain. © 2000 Elsevier Science Ltd
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INTRODUCTION

Low-dimensional quantum spin systems have attracted considerable interest both experimen-
tally and theoretically in recent decades. Quantum effects are most prominent in one-
dimensional systems. Recently, the doping or substitution effect on low-dimensional spin
systems with spin gap, such as the spin-Peierls compound Cuf&génd the spin ladder
compound SrCy0; [2,3], have received much attention. For instance, the substitution of a
small amount of Zn for Cu in the spin ladder compound St@uand the spin-Peierls
compound CuGeQleads to an antiferromagnetic long-range order [4] or the coexistence of
a spin-Peierls state with a magnetically ordered state [5-7].

We have investigated vanadium oxides as low-dimensional magnetic systemsith V
ion (S= 1/2). We have reported the magnetic properties of the vanadate fAWI95 (A =
Li, Na, Cs, Mg, Ca). It has been found that-NaV,O;g is a spin-Peierls system [8-11],
CaV,0g [12] and MgV,O5 [13,14] are two-leg spin-ladder systems with spin gaps, and
CsV,05 [15] is a dimer system with a spin gap-LiV ,0O5 is a member of the lithium
vanadium bronze oxides. Lithium intercalation ipQ®4 produces six phases, via, B, B/, e,

v, andd [16,17]. All these phases are formed from Yy@rtahedra and VOpyramids, with
distinct orderings.a-Li,V,05 is very similar to LOg and has a layered orthorhombic
structure with identical vanadium sites. The monocligibronze has three different vana-
dium sites forming a three-dimensional tunnel structure, within which the Li ion resides in
octahedral sites. Thg' phase is different from th@ phase based on the mode of lithium
insertion. Orthorhombig-LiV ,O5 has a layer structure with lithium ions between the layers.
In this structure, there are two crystallographic vanadium sites that form two kinds of zigzag
chains, the shaded and the white zigzag chains, as shown in Figure 1 [18]. The valence states
of the vanadium ions were inferred from the results of structural analysis t¢'bdov the
shaded zigzag chains and Vfor the white zigzag chains [18]. Within the layers?\O,
(shaded) zigzag chains are linked td"\D (white) zigzag chains by corner sharing, as
shown in Figure 1.

The magnetic susceptibilities gfLiV ,O5 were first reported by Murphy et. al. [16], and
more recently we reported that the magnetic susceptibilities of poywdér ,O5 show good
fits to the equations for 8= 1/2 one-dimensional Heisenberg antiferromagnetic linear chain
model [15]. The fit gavd = 308 K (defined ag2S§§), g = 1.8, andy, = 1 X 10 *emu/mol
[15]. y-LiV ,05 does not show either a spin singlet state nor a magnetically ordered state as
the ground state [19].

To investigate the magnetic properties, especially spin dynamics, in much more detail, it
was crucial to grow single crystals of considerable size. In this study, we tried to grow single
crystals, including large quasi-one-dimensional single crystals. We report the electromag-
netic properties of single crystal §fLiV ,Og. It is very interesting how Li deficiency affects
the S = 1/2 quasi-one-dimensional systeyrLiV ,05. We also report the electromagnetic
properties of Li-deficient samples of-LiV ,05 and discuss the magnetic structure of
v-LiV ,O5 compared with other members of the vanadate family.

EXPERIMENTAL

Powder Sample Preparation. Powder samples of-Li, V,0O5 were prepared by a solid-
state reaction of mixtures with appropriate molar ratios of Liy®,0;, and V,Os. The
weighed mixture was pressed into a pellet and heated at 600°C in an evacuated silica tube for
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FIG. 1
Schematic crystal structure gfLiV ,Og projected onto the orthorhombéb plane anda-c
plane. The filled circles represent’Lions. The squares represent V atoms. The white and
shaded square pyramids show two kinds offfyramids (two crystallographic vanadium
sites).

several days, with one intermediate grinding. No chemical analyses of the composition were
carried out in the present study. The x4rLi,V,O5 was a nominal composition.

Single Crystal Growth. Single crystals ofy-LiV ,05 were grown from liquid phase, using
LiVO 5 as a flux, by a method similar to that used for crystal growth’elNaV,Og [20]. The
mixture of LiVO5; andwy-LiV ,O5 in the molar ratio of 9 (LiVQ) to 1 (y-LiV ,O5 ) was sealed

into an evacuated quart tube, heated at 700°C for 4 h, cooled to 550°C at the cooling rate of
2°C/h, and then cooled rapidly to room temperature. The flux (LV@®as removed by
washing with hot water. By this method, we obtained rather large0(x 0.5 X 0.5 mnt)

black single crystals. To obtain larger single crystals, the powder mixture of | i&@

v-LiV ,05 was put into a platinum crucible, with the obtained crystal as a seed crystal, sealed
into an evacuated silica tube. The temperature profile employed for crystal growth is shown
in Figure 2. A large single crystal with dimensions %83 X 2 mn? thus obtained is shown

in Figure 3. All of the obtained single crystals were stoichiometric, because they were grown
from the liquid of excess Li (LiVQ flux). Single crystals of nonstoichiometrigLi,V,Ox

were prepared by heating a small crystal of stoichiomejrldV ,O5 embedded in a large
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FIG. 2

Temperature profile employed for single crystal.

quantity of the powder sample fLi,V,Os in an evacuated silica tube at 600°C for a week.
It was determined by measurements of the magnetic susceptibility that the composition of the
small crystals was identical to that of the large quantity of powder samples.

Power X-ray Diffraction, and Magnetic and Electronic Measurements. The sample
characterization and the measurement of lattice parameters were made by powder X-ray
diffraction, using a Mac Science MPX18 system with a rotating anode generator and a
monochromator of single crystalline graphite for Ca iKadiation. The nonstoichiometric
region of they-phase was examined by means of the powder X-ray diffraction. The magnetic
susceptibility was measured with a Quantum Design SQUID magnetometer (MPMS5S). For
measuring the magnetization of single crystal{2® X 1 mn?), we used sticky tape as a
sample holder, because the contribution of the media holding the sample (e.g., grease) in the
magnetic susceptibility can be ignored in this method. The electric resistivity measurements
were made by an ordinary four-probe method using single crystals.

RESULTS AND DISCUSSION

The composition range of the singjephase was 0.96 x = 1.00 in Li,V,Og in the present
work. This is in agreement with a previous report [17]. The compositional dependence of
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FIG. 3
v-LiV ,O;5 single crystal.
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FIG. 4
Compositional dependence of lattice constantsyfdii,V,Os.

lattice constants in thg-Li,V,Os is shown in Figure 4. All lattice constants show a little
change with an increase in Li deficiency. The Li ions between the layers may be so small as
to affect the lattice constant in all axes, in contrast to the case-dfa,V,05 [9].

Figure 5 shows the raw data of the magnetic susceptibility measured using single crystal
of y-LiV,Os. The magnetic susceptibility has a broad maximum at about 190 K in all
directions, and its temperature dependence was in good agreement with that for powder
sample reported previously [15]. The increase of the magnetic susceptibility at low temper-
ature was not observed in all directions, in contrast to the results for the powder sample. This
is attributed to the smaller defect concentration of the single crystal compared to that of the
powder sample. The easy axis of magnetization isalais perpendicular to the zigzag
chain. No evidence for a magnetic order was observed. This is in contrast to SiZlj@nd
Sr,CuQ; [22], whose Neel temperatures are given in Table 1.
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FIG. 5
Magnetic susceptibility of single crystgtLiV ,O5 measured in a field of 1 T.

Figure 6 shows the magnetic susceptibility of the powdeydd, V,Og below 80 K. Li
deficiency introduces nonmagneti¢ V(S = 0) ions into the magnetic % (S = 1/2) linear
zigzag chains and cuts the chains. A Curie-like increase of magnetic susceptibility, which
was in proportion to the degree of Li deficiency, was observed at low temperature. But, as
with a’-Na,V,05 [9], no evidence for a magnetic order was observed. This indicates that
v-LiV ,O5 is an ideal 1-D magnetic system and the magnetic interchain interaction is very
weak. The Curie constants obtained from fitting the magnetic susceptibility to Curie law
between 5 and 15 K are given in Figure 7 as a function of y in {V,Os. The dotted lines
represent the y/5 and y/6 dependence, assuming free ionSnithl/2 associated with Li
deficiency. The Curie constant increases with a dependence between y/5 and y/6. Some
theories [23,24] predict that the compositional dependence of the Curie constant lies between
y/4 and y/12 in the spin-ladder system with spin gap. The observed small dependence of
v-Li,V,05 may be due to a quantum effect of low-dimensional magnets at low temperature.

The electric resistivity ofy-Li,V,05 was measured along tHe axis (the linear chain
direction) using single crystals. The inset of Figure 8 shows the resistiviiyLofV,05 as

TABLE 1
Intrachain Coupling] (Defined as] = §S) and the Temperature of Magnetic Order for
S = 1/2 Quasi-One-Dimensional Systems

Ik (K) Tn (K)
SrcuQ, [21] 1800 2
SKLCu0; [22] 2200 5

v-LiV ,0 [15,19] 308
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Magnetic susceptibility ofy-Li,V,0O5 with x = 0.90-1.00 measured in a field DT in the
temperature range from 5 to 80 K.

a linear function of temperature. The resistivityyoL.i,V,Og decreases with Li deficiency at

300 K, but all samples are semiconductive. Figure 8 shows the plot of the logarithm of the
conductivity (Ino) vs. T-%. The energy gap estimated by fitting the conductivity to the
activation equation from 200 to 300 K is about 0.32 eV in the stoichiometric sample, while
the conductivity of Li-deficient samples does not obey any activation types. This suggests
that the carriers are possibly doped into 1-D chains-in,V,0g by Li deficiency, but the
conducting behaviors of doped samples are more complex.

In the y-LiV ,O5 system, Uemura et al. [25] have measured muon spin relaxation and
observed the quantum fluctuation as observed in SgCafthough no magnetic order has
been observed down to 2 K. Fujiwara et al. [19] have reported staggered- and uniform-spin
fluctuation without magnetic order until 0.5 K, Bii NMR measurements. These studies
suggest that the one-dimensionality is quite goog-iniV ,05, compared with other linear
chain systems. Still, the carrier-doping capacityéfiV ,Og is a significantly different from
those of SrCu@[21] and SCuG; [22].

For the magnetic structure gfLiV ,Os, it is considered that the structure consists of two
nearest-neighbor magnetic exchange interactions with exchange integigls,g{V*"—-O-

V*) and Jegqe (V*7=V*"), as shown in Figure 1. The spin-Peierls systefaiNaV,0s
consists ofS = 1/2 1-D magnetic chain of corner-sharind O pyramids with a single
exchange integral,, .o, [8]. The fit of x to a Bonner-Fisher equation givas, e (o'~
NaV,0g) about 560 K [8]. On the other hand, Cg¥; is a dimer system with only
edge-sharing ¥ O [11]. From fittingx to the dimer modeleyge(CsV,05) is about 146 K

[15]. We roughly estimated the exchange integraly-afiV ,O5 based on the two exchange
integrals. It is a reasonable assumption that they depend only on local geometry of the bonds
[26]. For corner-sharing pyramidd(..), the dominant process is superexchange (through
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Compositional dependence of Curie constantyihi, ,V,Os. The Curie constant was
obtained from the fitting the magnetic susceptibility to Curie low between 5 and 15 K. The
dotted lines represent the y/5 and y/6 dependence.

oxygen atom), and the exchange integrals are expected to depend on the local parameters
defined according to [26]

‘]comel(dV—O’ 19V—O) x COé‘(eV—O) d\?—lé)

where the exponent is given by empirical laws concerning the dependence of the overlap
integrals on distance [26]. For edge-sharing pyramidg,0, the origin of the interaction is

not so clear. Assuming that it is due primarily to direct exchange between vanadium 3
orbitals, similar empirical laws predict that it should scale according to [26]

‘]edgédV—V) * (dV—V) e

whered,,_,, is the vanadium—vanadium distance. The two exchange integraldidf ,O

can be estimated to k. about 568 K and4geabout 183 K, from the above equations

and crystal parameters [18]. The exchange integmibtained from fittingy to a Bonner—

Fisher equation is about 308 K #LiV ,0s. The observed exchange integdadeems to be

close to the difference betweel, e, and Jeqqe although the relation between tdeand
Jeomer@NdJeqgelS NOt SO simple. Iny-LiV ,0g, theJ.ome,iS about 3 times as large as thge
Therefore, the magnetic structure 9iLiV ,05 can be considered to be an infinite double
linear chain, rather than an infinite linear zigzag chain. Jf3g,,in y-LiV ;05 is almost the

same as that of spin-Peierls systaraNaV,Os. But y-LiV ,05 shows neither a spin singlet

state nor a magnetically ordered state as the ground state. This may be due to the existence
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Logarithm of the electric conductivity vs. 1/T 6fLi,V,Os. The inset shows the resistivity
of vy-Li,V,Og as a linear function of temperature.

of the double linear chain in-LiV ,0s. The energy for the lattice distortion is too large to
be compensated by the formation of spin-singlet because of the existence of the double linear
chain invy-LiV ,0s.

In summary, single crystals afLiV ,05 were successfully grown by a flux method. The
largest crystal obtained by this method had the dimensions 38< 2 mn?. The easy axis
of magnetization is tha axis perpendicular to 1-D chains. From Li deficiency, the Curie-like
increase of magnetic susceptibility was observed-in,V,05 (0.90 = x = 1.00) at low
temperature, but, in contrast to the low-dimensional cuprates, no evidence for a magnetic
order was observed. The electric resistivity decreases with Li deficiency at room temperature,
althoughv-Li,V,05 remains semiconductive. The magnetic structure-tfV ,O5 can be
considered to be an infinite double linear chain, rather than the zigzag linear chain, from a
viewpoint of the exchange integral.
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