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Abstract

A systematic investigation of a series of single- and polycrystalline LiCuVO4 samples by means of X-ray diffraction, X-ray

photoelectron spectroscopy, differential dissolution analysis, and magnetic susceptibility measurement were performed. This study

reveals a noticeable difference in stoichiometry and structure of the samples prepared in different ways. The magnetic properties are

discussed with respect to phase inhomogeneity, non-stoichiometry and structural defects.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

LiCuVO4 contains a network of chains of edge-
sharing CuO6 and LiO6 octahedra running along a and b

axes, respectively (Fig. 1) [1]. Quasi-one-dimensional
short-range antiferromagnetic correlations along the
CuO6 octahedron chains and a weak inter-chain
coupling resulting in a transition to the Neel state were
found [2–5]. However, the magnetic properties and,
especially, the low-temperature behavior of the magnetic
susceptibility appear to depend upon the sample
preparation conditions. The nature of the upturn of
the magnetic susceptibility below 10K, which is a
manifestation of the deviation from the antiferromag-
netic Heisenberg spin chain model, is not yet clear.
Although it was briefly discussed in [2] both from the
positions of possible paramagnetic impurities and of an
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intrinsic property of LiCuVO4, the lack of experimental
results about real stoichiometry and the real structure of
this compound has not allowed a definite conclusion. In
most studies the physical properties were measured
without direct determination of the real stoichiometry,
assuming that the stoichiometry was correctly given by
nominal composition of the starting oxide mixture, if no
impurity phases were found in the final product by XRD
method.
A possibility of non-stoichiometry of the grown

crystals was discussed in [7]. A slight excess of Cu
(Cu/V=1.02570.03)—within the experimental error of
the technique—was observed by EDXA which was,
however, not able to determine the Li content. To
investigate the influence of stoichiometry, a series of
powder samples Li1�xCuVO4 (0oxo0:2) with compo-
sition fixed by appropriate proportions of the starting
reagents was investigated in [6]. It was shown that the Li
deficiency is compensated by non-Jahn–Teller ions
Cu3+ in the Cu2+ sites, and in partial occupation of
Li vacant sites by the Cu2+ ions.
This work presents a systematic investigation of

LiCuVO4 prepared by different techniques. It concerns
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Fig. 1. Fragment of the LiCuVO4 crystal structure with the unit cell

edges [1]. Vanadium polyhedra are not shown.
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a powder X-ray diffraction, a structural refinement
using the single-crystal X-ray analysis, precise determi-
nation of real composition using differential dissolution
technique in combination with ICP (differential dissolu-
tion analysis—DD), examination of the oxidation state
of copper and vanadium using X-ray photoelectron
spectroscopy (XPS), and measurement of the magnetic
properties in the temperature range of 2–500K.
2. Experimental

A series of five samples prepared by different
techniques was taken for our study. Batches of single
crystals of mm-scale size were grown from a solution of
LiCuVO4 in the LiVO3–LiCl eutectics melt at 560–
620�C (sample 1) and in the LiVO3 melt at 650–680

�C
(sample 2), respectively. The growth details are given in
[7]. Powder samples 3 and 4 of about 20 g were prepared
by traditional solid-state reaction of appropriate mix-
tures of CuO, Li2CO3 and V2O5 at a temperature of
530�C during 10 days with seven intermediate grindings.
The stoichiometric ratio of the reagents was taken for
preparation of sample 3, and a mixture with a lack of
Li2CO3 for sample 4. Sample 5 was prepared at a lower
temperature (400�C). To avoid the low diffusion rate at
this temperature, the preparation was carried out in a
liquid flux in two stages. A partial dissolution of LiVO3

in the eutectics RbCl–CuCl (m.p. 150�C) at 400�C in
argon was followed by a slow increase in the oxygen
concentration in the atmosphere. During this process,
an oxidation of CuCl to CuO with simultaneous
reaction between CuO and LiVO3 in the flux takes
place. The powder was washed by water to remove
RbCl. All 1–5 samples were single phase according to
powder XRD analysis.
Room temperature lattice parameters of powder

samples were determined by the X-ray whole-pattern
decomposition method. As internal standard, high-
purity silicon powder was used (a ¼ 5:430940 Å).
Determination of crystal structure was performed for a
single crystal grown from LiVO3–LiCl eutectics using an
Enraf-Nonius CAD-4 diffractometer.
Gross as well as local compositions of each thin layer

removed by dissolution of samples (resolution about
1000 Å) were measured by the DD technique. Detailed
description of the equipment and dissolution procedure
of the technique is given in [8,9]. About 10 individual
crystals of samples 1 and 2 or about 7 portions of
powder samples 3–5 were analyzed. The weights were
dissolved in 1M HNO3 and the contents of Li, Cu, and
V were determined over the dissolution time in 300–500
solution portions. The kinetic curves of the Li, Cu, V
dissolution and the stoichiograms, as molar ratios of Li/
Cu, Cu/V, and Li/V, related to the same time-scale, were
recorded. According to the main principles of DD, a
horizontal linearity of stoichiograms during the whole
dissolution process means a dissolution of an individual
phase of a chemically homogeneous sample. In this case,
the values of the stoichiograms correspond directly to
the stoichiometric coefficients of the dissolved solid
phase. Any local or extended deviation from the
linearity of stoichiograms is an evidence of a chemical
inhomogeneity of the sample. Basing on the main
principles of DD, a set of rules was developed to
interpret the origin of the observed deviations [8–10].
A Quantum 2000 Scanning ESCA Microprobe

(Physical Electronics) spectrometer with monochro-
matic AlKa radiation (hn ¼ 1486:6 eV) was used for
the XPS study. The powder samples were pounded
immediately before the measurement. To avoid the
charging effect, a combined irradiation of slow electrons
and of Ar+ ions was used. The spectra of the samples
were recorded at room temperature and the binding
energy (BE) values were measured relative to the
position of the V 2p3/2 peak (517 eV). The relative
concentration of the elements in all samples was
estimated from the area of the peaks using sensitivity
factors.
The magnetic susceptibility of the samples was

measured in the temperature range of 2–300K and in
a magnetic field of 5 kOe using a Quantum design
SQUID magnetometer. A diamagnetic contribution of



ARTICLE IN PRESS

Table 1

Cell parameter c of the samples 1–5
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LiCuVO4 (�64� 10�6 cm3/mol) and wTIP Cu+2 ion
(60� 10�6 cm3/mol) were taken into account.
Sample number Parameter c (Å)

1 8.745

2 8.755

3 8.753

4 8.772

5 8.749
3. Results and discussion

3.1. Structural study

The XRD patterns of ground crystals and powders
are shown in Fig. 2. For all samples, no additional lines
that could be assigned to the presence of impurities were
found. Samples 1–3 and 5 can be completely indexed
with the orthorhombic crystal system with the space
group Imma. The powder pattern of sample 4 shows a
splitting of the (002), (112) (200) and (103) orthorhom-
bic reflexes and this structure may be described well as a
slightly distorted one. Contrary to samples 1 and 5,
samples 2 and 3 show smearing of the (103), (121), (004),
and (220) doublet reflexes, which results in some
broadening and slight increasing of the unit-cell para-
meters of these samples (Table 1). The smaller the values
of the lattice parameters, the higher the degree of the
structural perfection of the samples. Crystals, grown
from the eutectics (sample 1), are most perfect. A
disorder appears in other samples, increasing in the
sample range 5-2-3-4. A quite high background is
Fig. 2. The X-ray diffraction pattern of samples 1 and 4.
observed for powder samples 3 and 4 compared to the
single-crystal samples, which may be an evidence of a
phase inhomogeneity of the powders.
A special attention was given to the anomaly of

intensities for (002), (121) and (400) reflexes of samples
1–3 and 5. This anomaly retains, in spite of the use of
texture-eliminating procedures. The (002) reflex is
anomalously high, whereas the (121) reflex is anom-
alously low, compared to the previously published data
obtained from a structural refinement of a LiCuVO4

single crystal grown by the hydrothermal method [1]. It
should be noted that these are the reflexes that undergo
also the most pronounced splitting in sample 4. Other
authors also observed the over-distribution of the reflex
intensities of powder LiCuVO4 samples prepared by the
standard solid-state reaction method [6,11,12]. Prob-
ably, the hydrothermal single crystal itself, being a
reference, has anomalous intensities with regard to the
samples prepared by the solid-state procedure. There-
fore, we refined the crystal structure with a high-quality
single crystal LiCuVO4, grown from the LiCl–LiVO3

eutectics. Detailed structural information will be pub-
lished elsewhere. However, the intensity ratio of the
reflexes as well as the refined atomic coordinates,
composition and lattice parameters of our single crystal
are very close to that of the hydrothermally grown one
[1]. Our attempts to explain the observed anomalous
intensity by an exchange of Li and Cu atoms between 4a

and 4d sites or by a deficiency of Li, Cu, V, O without
disruption of the initial lattice or by a slight displace-
ment of atoms, lying closely to these planes, were
powerless.

3.2. Composition study

Figs. 3 and 4 show kinetic curves of the Li, Cu, and V
dissolution and the Li/Cu, V/Cu, and Cu/V stoichio-
grams of samples 1–5.
Stoichiometric LiCuVO4 is characterized by a super-

position of all the three kinetic curves (termed in mol/
mL) and linear stoichiograms with the values equal to 1.
The stoichiograms of such type with the values of Li/
Cu=0.9970.02, Li/V=0.9970.03 and Cu/V=1.007
0.01 were observed only for some crystals of sample 1.
Other crystals of the same batch were found to be
slightly Li-deficient (Li/V=0.99–0.95) (Fig. 3a). The
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Fig. 3. Kinetic curves of elements dissolution and stoichiograms for a single-crystal sample 1(a) and 2(b). Sample 1—Li:V=0.9670.05, Li:Cu=

0.9570.04, Cu:V=0.9970.01 (Li0.96Cu0.99V1.00O4). Sample 2—Li:V=0.9370.02, Li:Cu=0.8970.02, Cu:V=1.0570.01 (Li0:93Cu1:05V1:00O4).
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ratio between the number of exactly stoichiometric and
non-stoichiometric crystals is 1:4. According to the DD
data (Fig. 3a), the averaged composition of sample 1
should be presented as Li0.97CuVO4. The observed
composition variation is explained by varying para-
meters during the crystal growth (temperature, flux
composition).
Crystals of sample 2 show another type of the DD

pattern (Fig. 3b). The kinetic curves of Li, Cu and V
diverse and all stoichiograms, being linear, differ from 1.
Fig. 3b shows not only the lithium deficiency but also a
copper over-stoichiometry, which was never observed
for crystals of sample 1. This over-stoichiometric Cu,
which varies from 1.01 to 1.04 for different crystals,
reflects in this case the real composition of sample 2
rather than a statistical experimental error. In the total
formula Li1�xCu1+yVO4, the x and the y values vary
from 0.93 to 0.89 and from 1.01 to 1.04, respectively The
average composition of sample 2 is Li0.90Cu1.03VO4. As
one can see, the Cu excess is not sufficient to compensate
electrically the Li deficiency.
In contrast to single-crystalline samples, all powder

samples have variable and non-linear stoichiograms.
Their average values are characterized by large statis-
tical errors (Fig. 4a–c). The figures show a spatial
chemical inhomogeneity of powders due to variation in
the composition of grains, and for sample 4 even a small
quantity of an impurity phase with a composition of
Li1�xVO3 (xE0:08) was observed at the beginning of
dissolution. Deviation of the stoichiograms from hor-
izontal linearity during dissolution increases from
sample 5 to samples 3 and 4, and their averaged
compositions are found to be Li0.98Cu1.0VO4,
Li0:87Cu1:04VO4; and Li0.68Cu1.00VO4, respectively.
Despite the long annealing time and numerous

grinding, all powder samples are characterized by a
strong Li deficiency of the ‘‘LiCuVO4’’ phase even in the
presence of an Li-rich phase observed in sample 4. This
could be explained by difficulties in achievement of
equilibrium, taking into account the nonhomogeneity of
powder grains found by the DD technique. However,
the Li deficiency was observed also in single crystals,
although they were grown from melts with a large excess
of Li oxide, and the conditions facilitated the settle of
the equlibrium. Probably, the Li deficiency is an
equilibrium state of the ‘‘LiCuVO4’’ phase at tempera-
tures between 500�C and 600�C. A decrease in the Li
deficiency was observed at lower temperature synthesis
and almost stoichiometric composition was truly
achieved for sample 5.
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Fig. 4. Kinetic curves of element dissolution and stoichiograms for powder samples 3(a), 4(b) and 5(c). Sample 3—Li:V=0.8770.04,

Li:Cu=0.8470.10, Cu:V=1.0470.14 (Li0.87Cu1.04V1.00O4). Sample 4—Li:V=0.6870.23, Li:Cu=0.6770.12, Cu:V=1.0470.25 (two phases:

Li0.68Cu1.04V1.00O4+Li0.8VO3 B2%, are seen at the beginning of dissolution.). Sample 5—Li:V=0.9870.30, Li:Cu=0.9870.23, Cu:V=1.0370.10

(Li0.98Cu1.01V1.01O4).

Table 2

Parameters of the Curie–Weiss equation of samples 1–5

Sample C (cm3K/mol) –Y (K) meff (mB) TN (K)

1 0.48670.002 2371 1.971 2,5

2 0.48070.004 2672 1.959 2,3

3 0.47870.003 2571 1.956 B4

4 0.48470.003 3371 1.968 2,1

5 0.42470.002 3371 1.84 2,8
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Based on the composition data, samples 1–5 are
classified into three groups: samples 1 and 5 have only a
slight Li deficiency; samples 2 and 3 have a noticeable Li
deficiency and a slight over-stoichiometry of copper;
sample 4 has the highest Li deficiency without any excess
of Cu. The real compositions are well correlated with the
structural parameters (Table 2). The least lattice
parameters were observed for samples 1 and 5 (the Li
content is close to 1, no Cu excess) and the reflexes of the
XRD patterns show clear doublets CuKa1 and CuKa2,
confirming also the absence of structural cation dis-
order. The Cu over-stoichiometry of the Li1�xCu1þyVO4
samples results in a slight smearing of the reflex
doublets, which means a structural cation disorder,
and the broadening of these reflexes leads to an increase
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in the lattice parameters. The highest Li deficiency
without any Cu excess in sample 4 results in a distortion
of the orthorhombic structure and this sample indeed
differs structurally from all other samples.

3.3. XPS study

According to [6], the Li deficiency in Li1�xCuVO4

samples results in an appearance of non-Jahn–Teller
Cu3+ ions in the 4a (Cu2+) sites. The XPS study was
performed to determine the formal oxidation state of Cu
as well as of other elements in samples 1–5.
The V 2p3/2 and V 2p1/2 of all samples are practically

identical (not shown). Both peaks, at 517 and 523.7 eV,
were attributed according to [13] to V5+ ions. The Li 1s

spectra (not shown) are identical for all samples too,
except sample 3, where a splitting of the main peak into
two components, with a higher and a lower BE,
compared to other samples, appears. We explain this
by the phase heterogeneity of the sample 3, which was
confirmed by XRD through a higher diffusion back-
ground and by DD through the detection of the
Li1�xVOy impurity phase.
The O 1s and Cu 2p spectra of all samples are shown

in Fig. 5. The O 1s peak, at about 530 eV, is typical for
O2� ions. There is practically no difference in the V
spectra of all samples, but O/V ratio decreases slightly,
going from sample 5 to 1, 2 and 3. For sample 4, this
Fig. 5. O 1s (a) and Cu 2p (b) XPS spectra of samples 1–5.
ratio decreases substantially compared to the other ones.
This shows an oxygen non-stoichiometry of sample 4. A
slight oxygen deficiency may be present also in other
samples. Therefore, it is better to represent the
composition of the substance by the formula
Li1�xCu1+yVO4�z.
The chemical shift of the Cu 2p BE from 933.5 to

934.1 eV in samples 1–5 is explained by an increase in
the positive charge on copper in all samples compared
with sample 1 (Fig. 5b). The Cu 2p3/2 peak at 933.5 eV
was assigned to Cu2+, which agrees well with the BE
value of 933.6 eV for Cu2+ ions measured in CuO [14].
For other samples, the Cu 2p BE is higher, which is
connected with an increase of its effective charge. The
increase in the positive electron density of Cu ions is
accompanied by an increase in the c parameters of
samples 2–4 (see Table 2). This difference in BE and in
the c parameters is especially pronounced for the single-
crystalline samples 1 and 2. Despite the different Li
deficiency of the powder samples 3–5, their Cu 2p peaks
have equal BE of 934.1 eV, and they are placed between
that of samples 1 and 2. XPS is a surface technique and,
probably, the main reason of the similarity of all powder
sample spectra is an identical composition of surface
layers of grains, which is also confirmed by the DD data.
Our XPS study confirmed the idea of compensation of
Li deficiency by an increase in the charge of Cu ions [6].
However, we do not exclude a compensation of the Li
deficiency also by the oxygen deficiency, which becomes
primary for sample 4 with the strongly Li non-
stoichiometry without the Cu excess.

3.4. Defect model of Li1�xCu1+yVO4�z

Let us now consider crystallochemical aspects of non-
stoichiometry in Li1�xCu1+yVO4 samples. In the ideal
LiCuVO4 structure, the lithium and copper ions are
located on the octahedral sites 4d and 4a, respectively
(Fig. 1). The structural refinement of the samples with
the compositions of Li0.8�0.9CuVO4�z shows that an
occupation of Li vacancies by Cu2+ and introduction of
non-Jahn–Teller Cu3+ ions in the 4a copper sites lead to
a decrease in the lattice parameter c in the low-
temperature modification [6]. The increase in the
parameter c with the Li deficiency in the high-
temperature phase was explained by a larger copper
occupancy on the 4d sites and a more disordered
arrangement resulting in a larger Jahn–Teller distortion
of the CuO6 octahedra.
In our Li-non-stoichiometric samples 2, 3 and 4, an

increase in the lattice parameter c is observed (the
parameters a and b are less sensitive to the non-
stoichiometry), despite the fact that the Cu effective
charge increases, according to the XPS study. Therefore,
we suggest another—than in [6]—scheme of the defect
states for our non-stoichiometric samples. Cu2+ on the
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Fig. 6. Magnetic susceptibility of samples 1–5.
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4d sites (Cu2+Li ) and vacancies in 4d (VLi) are the reason
for the increase in c. An occupation of the 4a sites by
non-Jahn–Teller ions Li+ and Cu3+ (Li1+Cu and Cu3+Cu ) as
well as of the 4d sites by Cu3+ (with a somewhat smaller
size than Li1+) would lead to a decrease in c. For sample
2 with the averaged composition Li0.90Cu1.03VO4�z,
both the positive charge on copper (hence the Cu3+

concentration) and the c parameter are larger than
that of sample 1 with the averaged composition
Li0.97CuVO4�z. This means that Cu3+ ions occupy
preferably 4d (Cu3+Li ) rather than 4a positions (Cu3+Cu ).
The occupation of the LiO6 octahedra by Cu3+ occurs
almost without their contraction. Since the copper
excess is too small to occupy all the Li vacancies, a
possibility for an occupation of the empty 4d positions
by Cu2+ from 4a sites appears. The appearance of Cu in
4d sites (Cu2+Li , Cu

3+
Li ) and VCu in 4a sites introduce a

more disordered arrangement in LiO6 and CuO6

octahedra for samples 2 and 3 compared with sample 1.
For sample 4, the high Li deficiency is accompanied

by an oxygen non-stoichiometry, according to the XPS
investigation and by the broken orthorhombic symme-
try displayed as a splitting of the reflexes (Fig. 2). Only
in sample 4 the structural phase transition described in
[6] was observed.
The Li vacancies are the reason for the high super-

ionic conductivity and an anomaly in the thermal
conductivity in single-crystal samples 2, especially along
the a- (Li chain) direction, as it was found recently [15–
17]. These features are pronounced much weaker in
single-crystal sample 1.
Although our XPS and DD measurements show that

the excessive charge introduced by the Li non-stoichio-
metry is compensated by an excess of Cu, by a deficiency
of oxygen and by an increase in the positive charge on
Cu (holes localized on Cu), one more possibility should
be considered. The holes in cuprates may be localized
also on oxygen atoms. This case will be considered in the
next section.

3.5. Magnetic properties

In all, 30–40 crystals were necessary for magnetic
measurements contrary to the XRD, XPS, and DD
techniques performing measurement with one crystal.
Therefore, the interpretation of the magnetic properties
of the crystalline samples 1 and 2 should base on their
averaged compositions (see Section 3.2). The non-
stoichiometric samples 1 and 2 differ one from another
by a concentration of defects located in the Cu chains
and outside. We consider spin-chain breaks resulting
from either vacancies in the 4a positions or from a
substitution by non-magnetic ions on the 4a Cu sites as
well as Cu2+ or Cu3+ ions in the 4d sites as
paramagnetic impurities. Cu3+ being in the 4a sites
means a magnetic spin S ¼ 1 impurity in the S ¼ 1=2
chains.
The temperature dependence of the magnetic suscept-

ibility of samples 1–5 is shown in Fig. 6. The magnetic
susceptibility goes through a broad maximum at about
25K, then increases somewhat at 9K and decreases
sharply again at about 3K. The latter feature is more
pronounced for samples 1 and 5.
The wðTÞ dependence for powder LiCuVO4 samples

was presented by many authors, who interpreted it to be
typical for a quasi-one-dimensional magnetic system: at
decreasing temperature, the system shows the short-
range AF correlations in the Cu chains and then the
three-dimensional antiferromagnetic ordering occurs at
TNB3K [2–5].
Our w2T curves differ from earlier published ones

measured on powders only in the case of samples 1, 2
and 5: they have rather high magnitude of upturn below
9K and quite sharp maximum at B3K. The origin of
the upturn below 9K was explained most often by
paramagnetic impurities [2–5], although an alternative
explanation concerning a frustration through interchain
interaction was suggested in [2]. We discuss here this
upturn with respect to the defect states and chemical
homogeneity of our samples (see Sections 3.2 and 3.4).
All samples obey a Curie–Weiss law in the tempera-

ture range of 80–300K, with the parameters listed in
Table 2. The meff values obtained here are slightly higher
comparing with the expected ones for the Cuþ2Eg

ground state in octahedral crystals field, which is equal
to 1.93 mB, but they are close to those 1.88, 1.95, and
2.05mB measured by other authors for LiCuVO4 [3–5].
The magnetic susceptibility can be fitted excellently

within the S ¼ 1=2 Heisenberg antiferromagnetic chain
model, by taking into account a paramagnetic impurity
Curie–Weiss term and temperature-independent mag-
netism:

wM ¼ wchain þ p
0:375

T � yp

þ wTIP; ð1Þ
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where the first term is given by the Bonner–Fischer
numerical expression [18]:

wchain ¼
Ng2b2

kT

A þ Bx þ Cx2

1þ Dx þ Ex2 þ Fx3
x ¼ J

kT

� �
; ð2Þ

with A ¼ 0:25; B ¼ 0:14995; C ¼ 0:30094; D ¼ 1:9862;
E ¼ 0:68854; F ¼ 6:0626; and p is the paramagnetic
impurity concentration with the spin S ¼ 1=2: Optimal
parameters of the model are given in Table 3, the fit is
shown in Fig. 6 as solid lines.
As it follows from Table 3, the defect concentration

decreases in the sample series 441424345. This
sequence contradicts our conclusion based on the results
of the composition and the structural studies. According
to the latter, the concentration of defects decreases in
the 443424145 sample series. To eliminate this
contradiction, we analyzed in detail the low-temperature
part of the wðTÞ curves. It seems reasonable to analyze
the wðTÞ curves only for the single-crystal samples 1 and
2 as highly chemically homogeneous ones, according to
DD. Actually, the powder samples 3 and 4 show a small
magnitude of the upturn and the magnetic phase
transition here takes place over a relatively wide
temperature range. The spatial chemical inhomogeneity
of the powder samples could explain such behavior. As
for crystalline samples, sample 1 with the lowest Li
deviation from the stoichiometry and, hence, with the
highest perfection of the magnetic sublattice has a much
higher magnitude of the upturn compared with that of
sample 2. This finding excludes paramagnetic defects as
the main reason of the upturn. The authors of [2] came
to this conclusion, performing ESR measurements of
powder LiCuVO4, which did not reveal any additional
paramagnetic signal below TN: However, it is not the
task of this work to analyze the system on the presence
of Dzyaloshinskii–Moria interaction or staggered field
effects, which have similar manifestation in the low-
temperature magnetic susceptibility [19]. Here we should
point out only that LiCuVO4 appeared to be a strongly
frustrated spin system. Recent neutron-scattering in-
vestigations on LiCuVO4 showed that the strongest
interaction along the chain is not between the nearest
neighbors (NN), but between the next-nearest neighbors
(NNN) [20]. The NN interaction (irrespective of
whether AFM or FM) frustrates the main AFM NNN
interaction. Taking the upturn as an intrinsic property
Table 3

Parameters according to (1) for samples 1–5

Sample no. P yp (K) g J (K) s

1 0.054 �1.1 2.27 22.5 0.00131

2 0.041 �2.8 2.25 22.9 0.00103

3 0.034 �3.8 2.26 22.8 0.00102

4 0.159 �19.5 2.11 24.5 0.00033

5 0.0175 �4.4 2.12 23.9 0.000334
of LiCuVO4, a more complicated model than the
Heisenberg spin chain should be developed to describe
LiCuVO4 as a strongly frustrated spin system.
With increase in the Li non-stoichiometry, as it was

established by XPS, the positive charge on the Cu ion
increases. This should lead to a higher value of the Cu
magnetic moment and, hence, of the magnetic suscept-
ibility for samples with a higher Li deficiency. However,
the opposite tendency is observed (if to exclude sample
5). This fact may be explained by formation of Zhang–
Rice singlets [21]. Holes induced by Li non-stoichiome-
try may localize on the 2p orbital of oxygen. The spin of
oxygen O(1) and that of copper Cu2+ couple anti-
ferromagnetically, thus rendering the CuO4 unit non-
magnetic. The magnetic susceptibility curves show that
the localization of holes on oxygen predominates over
the localization on Cu. The localization is strong and
LiCuVO4 remains electronically insulating.
4. Conclusion

It was shown that a non-stoichiometry of various
degrees and types may be present in the series of
LiCuVO4 samples prepared by different techniques. The
defects of the magnetic sublattice (Cu2+) and its
influence on the magnetic properties of LiCuVO4 were
considered based on the study of real stoichiometry and
structure of the single-crystal and powder samples. For
single crystals, it was shown that the upturn of wðTÞ
curves below 10K could not be explained by defects;
hence, an additional evidence was obtained to consider
LiCuVO4 as a strongly frustrated spin system. This
feature of the wðTÞ curves for the powders with their
chemical spatial inhomogeneity is not pronounced. The
Li non-stoichiometry is compensated partially by an
oxygen deficiency. Not compensated positive charges
(holes) are localized both on oxygen and copper ions,
the former type of localization prevailing.
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