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Abstract—A many-electron model of the energy band structure of VBO3 and of Fe1 – xVxBO3 solid solutions
is proposed with strong electron correlations taken into account. Experimental optical absorption spectra and
data on the resistivity are discussed in the framework of the suggested model. Variation in the magnetic and
electronic properties of VBO3 and Fe1 – xVxBO3 under high pressure is predicted. For VBO3, a Mott–Hubbard
(insulator–metal) transition is expected in the high-pressure phase. In Fe1 – xVxBO3 solid solutions, a nontrivial
variation in the properties is predicted, leading to the appearance of a different magnetic state. © 2004 MAIK
“Nauka/Interperiodica”.
1. INTRODUCTION

After the discovery of high-temperature supercon-
ductivity in copper oxides, interest in the study of
strongly correlated electronic systems has increased
substantially. Transition-metal borates form yet another
class of oxides, whose magnetic and electrical proper-
ties are determined by strong electron correlations in
narrow d bands. Transition-metal oxyborates MBO3
(where M = Fe, V, Cr, Ti) crystallize in the calcite struc-

ture [space group  ( )]. In this class of materi-
als, iron borate, FeBO3, has been studied most exten-
sively. This compound was first synthesized in 1963
[1], but correct interpretation of its magnetic properties
was given only in 1968, when Joubert and coworkers
showed that FeBO3 belongs to a large class of antifer-
romagnets with weak ferromagnetism [2]. FeBO3 is
one of the few compounds that have a spontaneous
magnetic moment at room temperature and, at the same
time, are transparent in the visible part of the spectrum
[3, 4]. Such a combination of magnetic and optical
properties makes this material rather promising for
applications in magnetooptics [5–7]. Although FeBO3
has been intensively studied for a long time, there are
only a few theoretical and experimental investigations
into the other representatives of this class, as well as of
FeBO3-based solid solutions. In particular, there is no
information about their electronic and, in some cases,
magnetic structure. The optical properties and anisot-
ropy of these compounds have been studied to an even
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lesser extent. The VBO3, CrBO3, and TiBO3 isostruc-
tural compounds were synthesized for the first time in
1964 [8]. Further measurements have shown that
CrBO3 is a low-temperature antiferromagnet (TN =
15 K); according to [9], the magnetic moments of the
sublattices are oriented along the third-order C3 axis.
The magnetic and electrical properties of TiBO3 were
recently studied in [10], and it was assumed that this
compound is a weak ferromagnet (TN = 25 K). To date,
the following systems among the FeBO3-based solid
solutions have been synthesized and partly investi-
gated: Fe1 – xGaxBO3 [1, 11–14], Fe1 – xAlxBO3 [13–15],
Fe1 – xCrxBO3 [1, 13, 14, 16, 17], and Fe1 – xMxBO3 with
M = Mn, In [14] and M = Mg, Cu [18, 19])

A few studies of FeBO3-based solid solutions con-
taining a transition metal as a substitution ion are
restricted to the Fe1 – xMxBO3 (M = Mn, Cr) series; how-
ever, by synthesizing solid solutions of isostructural
compounds having different transport and magnetic
properties, one can intentionally create a situation
where competing mechanisms and interactions result in
the establishment of magnetic order accompanied by a
modification of the electrical properties of the sample.
Earlier, we performed a complex study of the electrical,
magnetic, and optical properties of Fe1 – xVxBO3 solid
solutions [20, 21]. The choice of the V3+ ion as a substi-
tution ion is motivated by the large difference in the
electrical and magnetic properties of the final com-
pounds. For example, FeBO3 is an antiferromagnet
004 MAIK “Nauka/Interperiodica”
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with weak ferromagnetism (TN = 348 K) and an insula-
tor with an optical absorption edge Eg = 2.9 eV [22],
while VBO3 is a ferromagnet (TC = 32 K) and a semi-
conductor [9].

In spite of the significant advances made in simula-
tion methods, there are no consistent calculations of the
energy band structure of transition-metal borates that
would even qualitatively account for the interrelation of
the observed effects. For this reason, the experimental
results were mainly interpreted on the basis of a model.
In the case of 3d-metal borates, this model was the
Mott–Hubbard model. Theoretical studies of the elec-
tronic structure of the materials in question are quite
scarce and deal mainly with iron borate, FeBO3. One-
electron ab initio calculations of FeBO3 using the
method of the local spin density functional (LDA) and
the generalized gradient approximation (GGA) taking
into account nonlocal corrections to the L-DA were
performed in [23] and [24], respectively. Calculations
of the molecular orbitals for the VB6O6 and FeB6O6
clusters have shown that for both compounds a strong
hybridization of s and p cation states with oxygen p
states and boron sp states occurs [20]. The valence band
is formed by strongly hybridized boron and oxygen s
and p states. At the same time, hybridization of the cat-
ion d electrons with oxygen s and p electrons is very
weak, much weaker than in 3d-metal oxides. This is
due to strong hybridization in the trigonal BO3 group.
Recently, a collapse of the magnetic moment was
observed in iron borate, which was accompanied by a
structural transition and modification of the electrical
properties of the sample under pressure [25–27]. A
many-electron model of the energy band structure of
FeBO3 with allowance for strong electron correlations
that adequately describes the transition under pressure
was given in [28]. However, up to now, there has been
no model of the electronic structure of solid solutions
describing the observed properties of these systems and
the dynamics of their variation at different concentra-
tions x and pressures.

In this study, we discuss the electrical and optical
properties of VBO3 and Fe1 – xVxBO3 single crystals on
the basis of the many-electron theory of energy band
structure taking into account strong electron correla-
tions for these crystals.

2. SAMPLES AND EXPERIMENTAL 
TECHNIQUE

We studied single crystals of VBO3 and Fe1 – xVxBO3
solid solutions grown by spontaneous crystallization
from a melt solution [20]. It should be noted that we
previously listed the concentrations x determined from
the content of the components in the charge (xs) [20,
21]. To determine the exact amount of the components,
we used energy dispersive x-ray analysis (EDAX ZAF
Quantification). The values of x obtained and, for com-
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parison, the values of xs used previously are listed in
Table 1.

Since the intermediate contact resistance is rather
small, resistance measurements were performed by the
two-probe method using a teraohmmeter E6-13A,
which made it possible to measure resistances of up to
1013 Ω . Samples were heated and cooled at a rate of
1 K/min in order to prevent a parasitic temperature gra-
dient.

Single crystals of the Fe1 – xVxBO3 series were trans-
parent hexahedral plates with the optical C3 axis per-
pendicular to the plate plane. The color of the samples
varied from light green (FeBO3) to dark brown (VBO3).
The optical absorption of the crystals was measured
using a single-beam technique in the spectral range
4000–20000 cm–1. The spectral width of the slit of a
grating monochromator was 10 cm–1. The accuracy of
the absorption measurements was 3%. The spectral res-
olution varied from 20 cm–1 at 20000 cm–1 to 13 cm–1

at 4000 cm–1.

3. MODEL OF THE VBO3 BAND 
STRUCTURE

To calculate the one-electron density of states N(E)
in VBO3 with allowance for strong electronic correla-
tions in the framework of many-electron theory [28],
we consider the occupied term V3+ (3d2) and the 3d1 and
3d3 terms describing the annihilation and creation of an
electron from the d2 state. The Hamiltonian of the
model is

(1)

where nλσ = , aλσ is the d electron creation oper-
ator in one of the five orbitals λ with spin projection σ,
and  = –σ. The first term describes the atomic d levels
in the crystalline field; we neglect the small uniaxial

Ham ελnλσ
Uλ

2
------nλσnλσ+ 

 
λσ
∑=

+ Vλλ 'nλσnλ'σ' Jλλ 'aλσ
+

aλ'σaλ'σ'
+
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∑
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σ

Table 1.  Vanadium concentrations in Fe1 – xVxBO3 solid
solutions (xs is determined from the charge composition; x,
from the data from energy dispersive x-ray analysis)

xs x

0.25 0.02

0.5 0.13

0.6 0.18

0.75 0.3

0.95 0.95
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Table 2.  Energies Es(n) of the ground and first excited states of vanadium ions (the subscript denotes spin; n is the electronic
configuration)

d1 d2 d3

E1/2 1( ) εd
2
5
---∆–= E1 2( ) 2εd

4
5
---∆– V J–+= E3/2 3( ) 3εd

6
5
---∆– 3V 3J–+=

E1/2
' 1( ) εd

3
5
---∆+= E1

' 2( ) 2εd
1
5
---∆ V J–+ += E3/2

' 3( ) 3εd
1
5
---∆– 3V 3J–+=
component of the crystalline field and set ε(t2g) = εd –
2∆/5 and ε(eg) = εd + 3∆/5. The remaining terms in
Eq. (1) correspond to the Coulomb intraorbit repulsion
Uλ, interorbit repulsion Vλλ ', and Hund exchange Jλλ '.
For simplicity, we disregard the orbital dependence of
the Coulomb matrix elements and assume that there are
three parameters, U, V, and J, related by the well-known
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Fig. 1. Optical absorption spectra of solid solutions of the
system Fe1 – xVxBO3. (a) VBO3, (b) Fe0.7V0.3BO3, (c)
Fe0.82V0.18BO3, (d) Fe0.98V0.02BO3, and (e) FeBO3.
PH
formula U = 3V + J, which follows from the spherical
symmetry of the atom.

Since the M–O distances in the VBO3 and FeBO3
octahedrons are approximately equal, we assume that
the Coulomb parameters U, V, and J have the same val-
ues as in FeBO3. Furthermore, we assume that the
energy of the crystalline field ∆ for VBO3 is close to
∆ = 1 eV for FeBO3. Strongly hybridized s and p states
of the BO3 group show almost no change [20]. Thus, we
can assume that the bottom of the conduction band εc

and the top of the valence band εc in VBO3 are also
close in energy, with the energy distance between them
(the absorption threshold) being Eg0 = 2.9 eV.

Table 2 lists the energies ES(n) of the ground and
first dn excited terms with n = 1, 2, 3 for vanadium ions
with spin S calculated in the strong crystalline field
approximation. We find the crystalline field parameter
from the optical absorption spectrum of VBO3
(Fig. 1a), where a low-intensity peak is observed at the
energy ω0 = 9800 cm–1 [20]. If we assume, by analogy
with FeBO3, that this peak is related to d–d transitions
(in this case, transitions occur from the ground-state
term 3T1 of the V3+ ion to the first excited term 3T2 with

energy ω0 = (2) – E1(2) = ∆), then we obtain ∆ =
1.21 eV. This value is smaller than the quantity ∆ =
1.57 eV for FeBO3 [29]. Furthermore, we assume that
the values of the Coulomb parameters U, V, and J are
close to the analogous parameters for FeBO3; accord-
ing to [30], U = 3 eV, V = 1.15 eV, and J = 0.7 eV.

The levels Ωv and Ωc are analogous to the lower and
upper Hubbard bands for a zero interatomic hopping
parameter t:

(2)

The effective Hubbard energy is defined as the
energy of transitions between the lower and upper Hub-
bard bands: 

(3)

E1'

Ωv E1 2( ) E1/2 1( )– εd
2
5
---∆– V J ,–+= =

Ωc E3/2 3( ) E1 2( )– εd
2
5
---∆– 2V 2J .–+= =

Ueff Ωc Ωv–=

=  E3/2 3( ) E1/2 1( ) 2E1 2( )–+ V J .–=
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Using the parameters U, V, and J defined above, we
obtain Ueff = 0.45 eV. The lower level Ωv is occupied,
and the upper level Ωc is empty; this follows from the
self-consistency condition on the chemical potential,
which can be written in the x representation in the form

(4)

Here, Xnp, n'p' ≡ |np〉〈 n'p' | are the Hubbard operators con-
structed using the many-electron basis of terms |np〉
(p is the set of spin and orbital indices for an n-electron
term).

To correlate the level positions with that of the
valence band top of the oxygen p states, we use the data
on the conductivity, according to which the activation
energy is Ea = 0.9 eV. Since the Ωv and Ωc states are
localized and do not contribute to the conductivity, the
quantity 2Ea can be correlated with the energy of
charge transfer excitations with Ωc – εv (p6d2  p5d3)
(in this case, a hole appears on an oxygen atom at the
top of the valence band and an electron appears at the
level Ωc; i.e., a V2+ ion is formed). Measuring the one-
particle energy from the valence band top, we obtain
Ωc = 1.8 eV and Ωv = 1.35 eV. The density of states
N(E) for VBO3 is represented schematically in Fig. 2.
According to the classification used by Zaanen et al.
[31], VBO3 can be considered a Mott–Hubbard insula-
tor.

In addition to the levels Ωv and Ωc with a spectral
weight of 1, virtual levels with zero spectral weight in
the stoichiometric ground state appear in the many-
electron approach [32]. Such states acquire a nonzero
spectral weight at deviations from stoichiometry or
under optical pumping of excited levels. In the case of
VBO3, inside the band gap, we have the virtual level

shown by the dashed line in Fig. 2. Such levels do not
contribute to N(E), but optical transitions involving
these levels are possible; therefore, they can be
expected to appear in the absorption spectrum.

4. BAND STRUCTURE OF Fe1 – xVxBO3 
SOLID SOLUTIONS

When simulating the electronic structure of
Fe1 − xVxBO3 solid solutions, we make the following
assumptions. First, the BO3 states and, therefore, the
parameters εc, εv, and Eg0 = εc – εv are assumed to be
constant for all x. Second, the distribution of d electrons
in the crystal can be spatially homogeneous or inhomo-
geneous; in any case, the average concentration of d
electrons is nd = 5 – 3x. We consider both possibilities.

In the case of a homogeneous distribution, the elec-
tron concentration per cation is 〈nd〉  = nd. Such a distri-

ne

Ne

N
------ 1 X

1 p 1 p,

p

∑ 2 X
2 p 2 p,

p

∑ 3 X
3 p 3 p,

.
p

∑+ += =

Ωv' E1' 2( ) E1/2 1( )– Ωv ∆+ 2.56 eV,= = =
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bution could be established in a metal alloy due to hop-
ping of d electrons between the cations. However, in
our case, where the hopping integral td is almost zero,
there is no reason to expect the electron distribution to
be homogeneous. Nevertheless, we consider a possible
optical spectrum for the “homogeneous scenario.” As
follows from the self-consistency condition for the
chemical potential, the occupation probability for the d5

configuration with spin 5/2 is N5/2(d5) = 1 – 3x for x <
1/3. The lower term d4 with spin S = 2 is occupied with
the probability N2(d4) = 3x. Thus, the optical absorption
spectrum can be written in the form

(5)

where εA = E3/2(5) – E5/2(5) is the energy of an exciton
6A1g(S = 5/2)  4T1g(S = 3/2), which determines the A
absorption band in FeBO3, and  = E(3T1) – E(5E) is the
exciton energy for the d4 configuration. Using Tanabe–
Sugano diagrams and the above value of the parameter
∆, we find  = 0.97 eV. We did not detect an exciton
with this energy in the Fe1 – xVxBO3 optical spectra.
Thus, the assumption of a homogeneous distribution
does not agree with the experimental data.

In the model of an inhomogeneous distribution, we
assumed a random spatial distribution of the two types
of cations: V3+ (d2) with probability x and Fe3+ (d5) with

I ω( ) N5/2 d
5( )δ ω εA–( ) N2 d

4( )δ ω ε̃–( ),+=

ε̃

ε̃

E, eV

2.90

2.56

1.80

1.35

0

N(E)

Ω'v

Ωc

Ωv

εc

εv

Fig. 2. Density of states for VBO3 (schematic).
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probability 1 – x. In this model, characteristics such as
the density of states, the optical spectrum, and the
Mössbauer effect can be written in the form

(6)

where NV(NFe) and DV(DFe) are the density of states and
the absorption intensity for VBO3 (FeBO3). The density

N E( ) xNV E( ) 1 x–( )NFe E( ),+=

D ω( ) xDV E( ) 1 x–( )DFe E( ),+=

E, eV

0

N(E), FeBO3

Ω'v  2.56

Ωc 1.80
Ωv 1.35

εc

εv

N(E), VBO3

1.40 Ω'''v

2.80 Ωc

2.97 Ω'c

0.63 Ω''v
0.10 Ω'v

–1.40 Ωv

2.9

Fig. 3. Density of states for Fe1 – xVxBO3 solid solutions
(schematic). The left part is to be taken with weight x, and
the right part, with weight (1 – x).
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Fig. 4. Optical absorption spectra of Fe0.82V0.18BO3 at T =
90 K. (a) Experimental data, and (b) the calculated spec-
trum.
P

of states for Fe1 – xVxBO3 solid solutions is shown sche-
matically in Fig. 3; the density of states for FeBO3 is
taken from [30].

Let us consider the concentration dependence of the
optical absorption spectra for solid solutions of the
Fe1 − xVxBO3 series. For x = 0.02, the contribution from
IV is negligible and the spectrum in Fig. 1d practically
coincides with the spectrum for FeBO3. For compari-
son, Figs. 4 and 5 show the experimental absorption
spectra for the solid solutions and the simulated spectra
calculated by using Eq. (6) under the assumption of
independent V3+ and Fe3+ absorption centers. For x =
0.18, we can distinguish the same spectral lines A1–A4
as for FeBO3, but these lines are strongly broadened
(Fig. 4a). The absorption line εA = 9800 cm–1 for VBO3
is seen as a wide shoulder on the slope of the peak A1;
the latter is shifted by 100 cm–1 to lower energies as
compared to FeBO3. We believe that the reason for this
shift is a change in the magnetic order. Indeed, due to
the interatomic exchange interaction I, the energy of the
ES(n) term depends on the spin projection M:

(7)

Estimation of the exchange integral yields a value of
I ≈ 120 cm–1 [30]. Accordingly, the maximum shift of

the exciton energy is εA ≈ I〈SZ 〉  ≈  = 300 cm–1. In the

original FeBO3 at low temperatures, we have εA =
10250 cm–1, whereas at T > TN = 348 K we have εA =

ES M, n( ) ES I S
Z〈 〉 M.–=

5
2
--- I

2

1

0
0.6

0.4

0.2

0
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D
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D

Fig. 5. Optical absorption spectra of Fe0.7V0.3BO3 at T =
90 K. (a) Experimental data, and (b) the calculated spec-
trum.
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9950 cm–1. For the Fe0.82V0.18BO3 composition, the
magnetic order is partially suppressed and TN drops to
200 K; therefore, the shift δεA equal to 1/3 of the max-
imum value agrees with the partial suppression of the
magnetic order.

For the Fe0.7V0.3BO3 composition, the magnetic order
is suppressed even more strongly and there is no mag-
netic order above 180 K. We note that, in a magnetically
ordered state of FeBO3, the line εA = 9950 cm–1 is very
close to the absorption line εA = 9800 cm–1 for VBO3;
therefore, for Fe0.7V0.3BO3, the two lines close in energy
are superimposed and a broad peak is seen in the absorp-
tion spectrum (Fig. 1b). With a decrease in temperature
to 90 K, the line εA is shifted to the energy region near
10050 cm–1 due to magnetic ordering and the lines in the
absorption spectrum of the Fe0.7V0.3BO3 solid solution
are split (Fig. 5a). The peak lying lower in energy corre-
sponds to the absorption line of the V3+ ion, and the upper
peak corresponds to that of the Fe3+ ion.

5. VARIATION IN THE BAND STRUCTURE 
OF VBO3 AND Fe1 – xVxBO3 SOLID SOLUTIONS 

UNDER PRESSURE

Recent experiments [25–27] have revealed nontriv-
ial variations in the magnetic and electronic properties
of FeBO3 at high pressures, which consist in a collapse
of the magnetic moment and a tendency toward metal-
lization. These variations were interpreted in [28] as a
result of the crossover of the high-spin term d5 (S = 5/2)
and the low-spin term d5 (S = 1/2) with an increase in
the crystalline field parameter ∆ under pressure. There-
fore, possible variations in the properties of VBO3 and
Fe1 – xVxBO3 solid solutions with increasing pressure,
i.e., with increasing parameter ∆, are of interest.

For VBO3, there is no crossover between the
ground-state high-spin and low-spin excited terms in
any of the sectors of the Hilbert space (d1, d2, d3). The
magnitude of the Mott–Hubbard band gap Ueff = Ωc –
Ωv does not depend on the parameter ∆. In this case a
change in the energy band structure under pressure can
only occur through broadening of the d bands and the
Mott–Hubbard (insulator–metal) transition.

For Fe1 – xVxBO3 solid solutions, an unusual situa-
tion is possible where there is a crossover of the Fe3+

terms and there is no crossover of the V3+ terms. This
situation implies that there exists a mixture of S = 5/2
(Fe) and S = 1 (V) spins below the critical pressure Pc ≈
50 GPa and a mixture of S = 1/2 (Fe) and S = 1 (V) spins
above Pc. Since VBO3 is a ferromagnet and FeBO3 is
expected to be antiferromagnetically ordered above Pc,
we may expect that, in the Fe1 – xVxBO3 system, ferro-
magnetic and antiferromagnetic bonds are randomly
distributed and are of the same order of magnitude.
Such a situation can give rise to disordered magnetic
phases, in particular, to a spin glass.
PHYSICS OF THE SOLID STATE      Vol. 46      No. 8      2004
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