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1. INTRODUCTION

Transition metal borates of the general formula
M3+BO3 (M3+ = Ti, V, Cr, Fe) crystallize in a calcite
structure and have a rhombohedral structure with

symmetry group R c( ). Metal ions are located
inside oxygen octahedra. Boron and oxygen ions form
planar trigonal anions (BO3)

3–, which are arranged in
parallel planes alternating with planes containing
metal ions. The unit cell involves two formula units.
The magnetic properties are determined by the 90°
indirect exchange. The majority of the borates exhibit
dielectric properties, which are governed by the strong
Coulomb repulsion U at the site. Owing to the “Cou�
lomb” nature of the dielectric gap in these systems,
there can arise conditions U < W (where W is the width
of the d band) at high pressures when the electron cor�
relations are suppressed and the system undergoes an
insulator–metal transition. This transition is accom�
panied by a sharp change in the magnetic properties.

The FeBO3 compound is a prominent representa�
tive of the borate class. This material has a spontane�
ous magnetic moment at room temperature and,
simultaneously, is transparent in the visible spectral
range [1–3]. At normal pressure, the FeBO3 borate is
an antiferromagnet with a weak ferromagnetism (TN =
348 K) and an insulator with an optical gap of 2.95 eV.
The investigations of the magnetic [4, 5], optical, and
electrical [6] properties and the structure [7] of FeBO3

3 D3d
6

crystals under high pressures have revealed electronic,
magnetic, and structural transitions in the range of
approximately 50 GPa. The studies of the Mössbauer
effect [4, 5], optical absorption spectra [8], and elec�
trical resistance [6] have demonstrated that the col�
lapse of the magnetic moment at the pressure P =
46 GPa [4, 5] is accompanied by an insulator–semi�
conductor electronic transition with a drastic shift of
the optical absorption edge from approximately 3.0 to
0.8 eV [6, 8]. X�ray structural investigations have
revealed a structural phase transition at the pressure
P ≈ 53 GPa with a jump in the unit cell volume by 9%
[7]. In our previous papers [8–10], we proposed a
model of the band structure of the FeBO3 compound
in which the one�electron description of the s and p
states of boron and oxygen is combined with the
many�electron description of the Fe d states. Accord�
ing to this model, the collapse of the magnetic
moment in the FeBO3 borate is associated with the
crossover of the high�spin (HS, S = 5/2) and low�spin
(LS, S = 1/2) terms of the Fe3+ ion with an increase in
the crystal field ∆ due to an increase in the pressure. It
has been shown that, in the case of the spin crossover,
the effective Hubbard parameter Ueff strongly depends
on the pressure, which leads to a weakening of the cor�
relation effects and can result in an insulator–metal
transition.

Unlike the ferromagnetic insulator FeBO3, the
vanadium borate VBO3 at normal pressure is a ferro�
magnetic semiconductor [11] with the Curie tempera�
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ture TC = 34 K and the relatively high activation
energy Ea = 0.92 eV [12]. At high pressures, the optical
absorption was measured in our recent work [13].

In this work, the evolution of optical absorption
spectra of VBO3 single crystals under high pressures up
to 70 GPa has been thoroughly investigated and a
model of the electronic structure that explains the
experimentally observed optical transitions has been
constructed.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Single crystals of the VBO3 compound were grown
using solution–flux crystallization in the V2O3–
B2O3–(70 wt % PbO + 30 wt % PbF2) system. The
technique used for preparing samples was described in
detail in our earlier work [11]. This technique made it
possible to produce single crystals in the form of hex�
agonal thin plates to approximately 1.5 × 1.5 ×
0.1 mm3 in size with a smooth lustrous surface. The
crystals were transparent and brown in color. The C3
optic axis was perpendicular to the plate plane.

The crystal structure was investigated at room tem�
perature on a D8 ADVANCE powder automated dif�
fractometer equipped with a Vantec detector (CuKα

radiation, λ = 1.5406 Å, scan range 2θ = 13.4°–
89.7°). The measurements have revealed the rhombo�

hedral symmetry group R c( ). The lattice param�
eters of the VBO3 crystals are presented in Table 1. For
comparison, the data obtained for FeBO3 crystals are
also presented in Table 1. It can be seen that the close�
ness of the ionic radii ri of the V3+ and Fe3+ cations
makes it possible to prepare isostructural crystals with
close values of the lattice parameters.

Two plates with different thicknesses were chosen
for the measurements in a high�pressure chamber
[13]. The thin plate had sizes of approximately 20 ×
40 µm2 and a thickness d ≈ 1–2 µm, and the thick
plate had sizes of approximately 40 × 40 µm2 in the
plane and a thickness d ≈ 10–15 µm.

The optical absorption spectra were measured in
the pressure range from 1.3 to 69.5 GPa at room tem�
perature in the chamber with diamond anvils. The
anvil diameter was equal to 350 µm, and the diameter
of a hole in the rhenium gasket for the samples was
approximately equal to 200 µm. The PÉS�5 polyethyl�
siloxane fluid providing quasi�hydrostatic conditions
of compression served as a pressure�transmitting

3 D3d
6

medium. The pressure was measured using the con�
ventional technique based on a shift in the ruby fluo�
rescence line. For this purpose, several ruby crystals up
to 10 µm in size were placed in the working volume of
the chamber in the vicinity of the samples under inves�
tigation. The photographs of the experimental assem�
bly in the high�pressure chamber with diamond anvils
at three pressures (7.8, 35.1, 69.5 GPa) are displayed in
Fig. 1.

The optical absorption spectra were measured in
the visible and near�IR ranges (from 0.4 to 1.9 µm) at
room temperature [13]. A photomultiplier (FÉU�100)
was used as a detector in the visible range. In the near�
IR range, light was detected by a germanium diode
cooled to the liquid�nitrogen temperature. A light
beam from a halogen lamp was focused on the sample
in the direction perpendicular to the plate plane. The
diameter of the light spot on the sample was approxi�
mately equal to 20 µm. In order to eliminate possible
spurious signals, the reference signal I0 outside the
sample was measured initially and then the signal
passed through the sample was detected. The optical
absorption was calculated from the Bouguer law I =
I0exp(–αd), where α is the optical absorption coeffi�
cient and d is the sample thickness.

3. EVOLUTION OF THE OPTICAL 
ABSORPTION SPECTRA UNDER HIGH 

PRESSURE

The characteristic optical absorption spectra of the
thin and thick samples of the VBO3 crystals at different
pressures are shown in Figs. 2a and 2b, respectively.

At low pressures, the absorption spectra of the thin
sample exhibit a band with an energy E > 3 eV. The
low�energy edge of this band at 3.02 eV determines the
fundamental absorption edge Eg1 of the VBO3 crystals.
This energy is close to an energy of 2.95 eV determined
for the FeBO3 compound [1]. As the pressure increases
to P = 27.7 GPa, the edge slightly shifts toward the
high�energy range, which corresponds to an increase
in the band gap. This is most likely associated with the
change in the band shape with an increase in the pres�
sure. Such a pressure dependence of the band gap Eg
was also revealed for the FeBO3 compound
(see Fig. 3).

Below the absorption edge, it is possible to distin�
guish two broad bands with different intensities in the
energy ranges E ≈ 2.87 eV (band V1) and E ≈ 2.45 eV
(band V2) (see Table 2). With an increase in the pres�

Table 1. Lattice parameters of borate crystals (ri is the effective ionic radius taken from [14])

M3+BO3 ri, Å , Å3 aH, Å cH, Å cH/aH V, Å3

VBO3 0.640 0.262 4.621 14.516 3.14 268.4

FeBO3 0.645 0.268 4.524 14.470 3.13 267.9

ri
3
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sure, the intensity of the V2 band rapidly increases by
a factor of approximately four with a change in the
pressure from 1.3 to 27.7 GPa. It should be noted that
the intensity of the V1 band depends weakly on the
pressure. At a pressure Pc ≈ 30 GPa, the absorption
coefficient in the range E > 2.5 eV increases drastically.
This effect appears as a shift in the optical absorption
edge to 2.25 eV. With a further increase in the pressure,
the energy of the optical gap monotonically decreases
and reaches a value of 1.92 eV at the pressure P =
69.5 GPa.

The absorption spectra of the thick sample have a
complex shape (Fig. 2b). The absorption strongly
increases in the vicinity of E ≈ 2.4 eV. Most likely, this
portion of the spectrum is a left shoulder of the V2
band, which in the thick sample forms the edge of the
“fictive” absorption at the energy Eg2 ≈ 1.8 eV. As the
pressure increases to P ≈ 30 GPa, the energy of this
edge increases and reaches a value close to the energy
of the fundamental absorption edge Eg1 for the thin
sample (Figs. 2a, 3). In the pressure range 30 GPa <
P < 55 GPa, the fictive absorption edge Eg2 for the
thick sample shifts toward the low�energy range at a
rate approximately identical to the rate of the shift in
the absorption edge Eg1 for the thin crystal (Figs. 2, 3).
With an increase in the pressure, a new absorption
band at E ≈ 1.72 eV (band V3) manifests itself for the
thick sample. The intensity of this band slowly
increases in the range P < 20 GPa. The low�energy
edge of the V3 band with an energy E ≈ 1.5 eV forms
the absorption edge Eg3. After passage through the crit�
ical pressure Pc, the intensity of the V3 band rapidly
increases and the energy of the edge Eg3 decreases to
1.1 eV. With a further increase in the pressure, the
optical gap slowly narrows down and the edge shifts
toward the low�energy range and reaches E ≈ 0.94 eV
at the maximum pressure P = 69.5 GPa.

We approximated the experimental data in the
vicinity of the absorption edge formed by the V3 band
with the use of the expression αE = A(E – Eg)

m, where
A is the constant; m = 1/2 and 3/2 for the allowed and
forbidden direct transitions, respectively; and m = 2
and 3 for the allowed and forbidden indirect transi�
tions. The processing shows that the best agreement is
achieved under the assumption that the V3 band is
attributed to the forbidden direct interband transi�
tions.

It is interesting to note that the narrow absorption
band at E ≈ 1.21 eV, which was observed in the absorp�
tion spectra of the VBO3 compound in our previous
work [11] at normal pressure, begins to manifest itself
in the spectra under investigation for the thick sample
only at pressures P > 40 GPa. Probably, this is associ�
ated with the interference phenomena on the surface of
the single crystals. The interference maxima are clearly
seen in the absorption spectra of the thick sample at
low pressures. An increase in the pressure leads to an
increase in the interference period, and, at P > 20 GPa,
the maxima become difficultly distinguishable.

The pressure dependences of the fundamental
absorption edges for the VBO3 and FeBO3 crystals are
plotted in Fig. 3. Two absorption edges can be distin�

Fig. 1. Micrographs of the VBO3 crystals in the working volume of the high�pressure chamber at pressures of 7.8, 35.1, and
69.5 GPa (the diameter of the bright spot is approximately equal to 100 µm). The thick sample is dark brown in color at low pres�
sures and black in color at the maximum pressure (the dark crystal in the figure). The thin sample is light yellow in color at low
pressures and cherry in color at the maximum pressure (the light crystal in the figure). One of the ruby crystals is seen near the
thick sample.

Table 2. Energies of the optical transitions for the VBO3
crystal at the pressure P = 1.3 GPa (V1–V3) and normal
pressure (V4) and their pressure derivatives

Transition E(P = 
1.3 GPa), eV

dE/dPexp, eV/GPa

P < Pc P > Pc

V1 2.87 –0.0023

V2 2.45 +0.0106

V3 1.72 –0.013 –0.0095

V4 1.21 –0.0013

7.8 GPa 35.1 GPa 69.5 GPa
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guished for the vanadium borate: the fundamental
absorption edge Eg1 at E ≈ 3 eV associated with the
fundamental absorption in the thin sample and the
absorption edge Eg3 formed by the V3 band at high
pressures in the thick sample. At the critical pressure
Pc ≈ 30 GPa, the optical band narrows down by 0.8 eV
in the thin sample and to 0.4 eV in the thick sample; in
this case, the absorption edge becomes sharp. The
observed electronic transition can be caused by the
structural phase transition accompanied by the jump
in the unit cell volume. The revealed optical defects
(possibly, cracks) arising in the thick sample in passing
through the critical pressure (Fig. 1b) count in favor of
the possible structural transition [13].

It should be noted that, above and below the elec�
tronic transition, the optical spectra vary in a mono�
tonic manner. At P > 30 GPa, the energies of both
absorption edges decrease linearly with the pressure.
The approximation of the pressure dependence of the
optical gap by a linear function allowed us to estimate
the pressure Pm at which the gap vanishes and the com�
plete metallization takes place [13]. The correspond�
ing estimates are as follows: Pm = 293 ± 20 GPa for the
absorption edge Eg1 and Pm = 260 ± 50 GPa for the
absorption edge Eg3. It should also be noted that the
pressure Pm determined for the VBO3 crystal exceeds
the corresponding pressure obtained from the esti�
mates of the thermally activated gap for the FeBO3
crystal (Pm = 210 GPa) [6].

4. DISCUSSION OF THE EXPERIMENTAL 
DATA

Let us consider the absorption spectra of the VBO3
crystal at a low pressure (P = 1.3 GPa). Inside the opti�
cal gap, there are two groups of bands V1 with an
energy of 2.87 eV (23 200 cm–1) and V2 with an energy
of 2.45 eV (19 800 cm–1) associated with the weak par�
tially allowed d–d transitions in the V3+ ion. The
investigations of the absorption spectra of Fe1 – xVxBO3
(x = 0.30, 0.18, 1.00) solid solutions at different tem�
peratures have revealed a low�intensity temperature�
independent peak at an energy E ≈ 9800 cm–1 [11].
This band is designated as V4. In order to compare the
absorption bands with the energy spectrum of the
vanadium borate, we use the Tanabe–Sugano diagram
[15], which represents the level splitting of an ion with
the d2 electronic configuration in the crystal field ∆
with the cubic symmetry (Fig. 4).

Earlier [11], the V4 band was attributed to the first

spin�allowed d–d transition 3T1( ) – 3T2(t2e). In this

case, it is reasonable to assign the V2 band (19800 cm–1)
and the V1 band (23200 cm–1) to the allowed transi�
tions from the ground term 3T1 to the lower excited
terms 3T1(t2e) and 3A2(e2), respectively. The V4 band
should be clearly seen in the absorption spectra against
the background of the V2 band, because the band
width is proportional to the slope of the curve E = f(∆)
in the diagram. It can be seen from Fig. 2b that the V4
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band begins to manifests itself in the absorption spec�
tra of the thick sample only at high pressures and is not
observed in the absorption spectra of the thin sample.
With allowance made for the experimental data
obtained, the assumption made in [11] regarding the
nature of the V4 band most likely should be rejected.
Probably, the V4 band (9800 cm–1) is associated with
the low�intensity forbidden d–d transition. The inten�
sity of this band is determined by the statistical proba�
bility of the transition that is proportional to the num�
ber of absorbing centers and, hence, to the volume of
the sample.

We assume that the V4 absorption band is associ�

ated with the forbidden d–d transition 3T1 – 1T2( ) or

1E( ). The width of this band should be small, and its
energy should not depend on the crystal field strength,
which is observed in the experiment. The values
obtained for the Racah parameter B = 653 cm–1 and
the cubic crystal field strength Dq = 1143 cm–1 are
characteristic of V3+ ions in the octahedral environ�
ment. The crystal field ∆ = 1.42 eV for the vanadium
borate is close to the crystal field ∆ = 1.57 eV deter�
mined for the iron borate [8].

The pressure dependence of the position of the V4
band is shown in Fig. 5. In the high�pressure phase
(P > Pc), this band slowly shifts toward the low�energy
range. It can be seen from Fig. 5 that, at P = 0, the
energy of the V4 band corresponds to the experimen�
tally determined value approximately equal to 1.22 eV.

As can be seen from Fig. 2a, the intensity of the V1
transition is higher than that of the V2 transition. The
high intensity of the V1 band can be explained by the

t2
2

t2
2

additional contribution of the p–d charge�transfer
transitions to this band. The intensity of the V2 band
depends substantially on the pressure. A variation in
the interatomic distances with pressure leads to a vari�
ation in the overlap integral between the wave func�
tions, to an increase in the quantum transition proba�
bility, and, correspondingly, to an increase in the
absorption coefficient.

The absorption spectrum of the thick sample con�
tains the third broad band V3 (at 1.72 eV). The inten�
sity of this band depends strongly on the pressure, and,
at P > Pc, the low�energy edge of the V3 band deter�
mines the absorption edge Eg3 for the thick sample
(Fig. 2a). According to the Tanabe–Sugano diagram,
the ground and excited terms do not intersect in the
energy range under consideration. The influence of
the high pressure can result in a reduction of crystal
lattice symmetry and, hence, in an additional splitting
of the doubly degenerate term 1T2.

5. THE MANY�ELECTRON MODEL
OF THE BAND STRUCTURE

OF THE VBO3 CRYSTAL

For FeBO3 crystals, the one�electron first�princi�
ples band calculations within the framework of the
local spin density functional theory (the local spin
density approximation) [16], in the generalized gradi�
ent approximation (GGA) [17] accounting for the
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nonlocal corrections to the local density approxima�
tion, and within the GGA + U approach [18] have
revealed the following specific features of the elec�
tronic structure. The conduction band εC is predomi�
nantly formed by the B s and B p states, and the top of
the valence band εV, for the most part, is formed by the
O s and O p states. In the antiferromagnetic phase, the
gap between the conduction and valence bands is
approximately equal to 2.5 eV and close to the energy
of the experimentally observed optical absorption
edge. There is a strong hybridization inside the BO3
group. The overlap of the O s and O p orbitals with the
Fe d orbitals is small. This leads to a decrease in the d–
d interatomic hopping integral t as compared to that
for typical 3d metal oxides.

The calculations of the molecular orbitals of finite
clusters VB6O6 and FeB6O6 [11] have demonstrated
that the strongly hybridized s and p states of the BO3
group hardly depend on the type of the magnetic ion
and we can assume that the bottom of the conduction
band εC and the top of the valence band εV for the
VBO3 crystal are close to those for the FeBO3 crystal
and that the separation between them (absorption
threshold) is Eg = εC – εV ≈ 3 eV. In this case, the
absorption edge is determined by the electric dipole
transitions from the filled valence band to the conduc�
tion band.

In view of the strong electron correlations, the
band structure of the VBO3 crystal can be considered
within the multiband Hubbard model, which includes
d states of cations, s and p states of anions, and local
Coulomb interactions in terms of the generalized
tight�binding method. This method (cluster perturba�
tion theory) was first proposed for calculating high�
temperature superconducting cuprates [19] and, more
recently, within the simplified version, for FeBO3 crys�
tals [20] and Fe1 – xVxBO3 solid solutions [21]. In this
section, we propose a more general description of the

electronic structure with due regard for the excited
states of the V3+ ion and interatomic hoppings as com�
pared to that in [20, 21].

Inside the gap, the d states of a cation are described
by the Hamiltonian

(1)

where nλσ = aλσ, aλσ stands for the operator of cre�
ation of a d electron in one of the five orbitals λ with
the spin projection σ, and  = –σ. The first term
describes the d atomic levels in the crystal field. We
ignore the uniaxial component of the crystal field and
set ε(t2g) = εd – 2∆/5 and ε(eg) = εd + 3∆/5. The other
terms in relationship (1) correspond to the intraorbital
Coulomb repulsion Uλ, interorbital Coulomb repul�
sion Vλλ' , and the Hund’s exchange Jλλ' . For simplic�
ity, we disregard the orbital dependence of the Cou�
lomb matrix elements and consider that there are three
parameters U, V, and J related to each other by the
known relationship following from the spherical sym�
metry of the atom: U = 2V + J.

Figure 6 shows the diagram of the ground and near�
est excited energy levels of the terms d1, d2, and d3 with
the spin S. The energies of the terms are given in
Table 3. For the d1 and d2 configurations, the corre�
sponding wave functions and their energies are ele�
mentarily written. For the d3 configuration, the wave
function of the term with the maximum spin 3/2 and
Sz = 3/2 is represented in the form 3/2|d3, 3/2〉 =

 with the energies listed in Table 3.
Here, the indices 1, 2, and 3 correspond to different d
orbitals and |vac〉 indicates the vacuum state d0. For the
d3 configuration with the spin S = 1/2, one of the three
degenerate (with respect to the orbital moment) con�
figurations has the form

(2)

It is easy to demonstrate that the Hund’s exchange
term in Hamiltonian (1) gives zero contribution for
the state |d3, 1/2〉.

The order of the excited terms of the d2 and d3 con�
figurations is determined by the relationships between
the parameters of the Hund’s exchange J and the crys�
tal field ∆; that is,

(3)

(4)
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The Hund’s exchange parameter J can be obtained
from the optical data: the difference between the ener�
gies of the ground term 3T1 and the forbidden term 1T2

determines the energy of the V4 band (9800 cm–1) and
is E(1T2) – E(3T1) = 2J; as a result, we find J = 0.6 eV.
This value is rather close to the parameter J = 0.7 eV
typical of iron. The order of the excited levels (Fig. 6)
follows from the conditions 2J < ∆ and 4J > ∆.

The annihilation of an electron in the generalized
tight�binding method is described by a set of quasipar�
ticles, i.e., the excitations between the terms dn + 1 
dn and dn  dn – 1 (shown by the arrows in Fig. 6).
The excitations d3  d2 are designated by the index
c, because the upper Hubbard band for a Mott–Hub�
bard insulator is similar to the conduction band for a
conventional insulator. By analogy with the valence
band, the excitations d2  d1 are designated by the
index v. The quasiparticle energies Ωij = Ei(dn + 1) –
Ej(dn) have a one�particle meaning and can be repre�
sented in the one�electron band diagram and the den�
sity of one�particle states N(E).

The Hubbard X�operators Xpq = |p〉〈q| provide an
adequate mathematical language for the description of
excitations of the Bose type (excitons) and the Fermi

type between the levels |p〉 and 〈q| with the energy
Ωpq = Ep – Eq. In the X�operator representation, the
local Green’s function of the d electrons with Hamil�
tonian (1) can be exactly calculated and has the form
[22]

(5)

Here, F(p, q) =  +  is the occupation fac�
tor, which is referred to as the end factor in the dia�
gram technique [23]. It is this occupation factor that
fundamentally differs the many�electron concept
from the one�electron concept. Owing to this factor,
the excitations between two unoccupied levels have
zero spectral weight. These excitations are termed the
virtual excitations, which can acquire nonzero spec�
tral weight in deviations from the stoichiometry, occu�
pation of excited terms at high temperatures, or exter�
nal pumping. The virtual excitations , , and

 are shown by the dashed lines in Fig. 6.

The d–d transitions discussed in Section 4 between
the many�electron terms of the ground and excited
states of the V3+ ion are depicted by the wavy lines in
Fig. 6. Only two lower excited terms are shown for

Dpq E( ) Xpq X+pq〈 | 〉〈 〉E
F p q,( )

E Ωpq– iδ+
������������������������.= =

Xpp〈 〉 Xqq〈 〉

Ω
v
* Ω

v
'

Ωc*

Ωc
~

Ωc'

Ω
v
'

Ω
v
*

E1/2

E1/2'

Ω
v

~

E1

E1'

Ω
v

d1 d2

E0

Ωc*

d3

Ωc

E1/2

E3/2'

E3/2

Fig. 6. Energy scheme of the ground and low�lying excited levels ES(dn) with spin S for n = 1, 2, and 3. The cross shows the filled
term of the V3+ ion. Arrows identify local Fermi quasiparticles with the energies Ωij = Ei(dn + 1) – Ej(dn). Solid (dashed) arrows
indicate excitations with nonzero (zero) spectral weights.

Table 3. Energies ES(n) of the ground and first excited terms of vanadium ions (the subscript indicates the spin, and n
denotes the electronic configuration)

d1 d2 d3

E1/2(1) = εd – ∆

(1) = εd + ∆

2
5
�� E1 2( ) 2εd

4
5
��∆– V J–+= E3/2 3( ) 3εd

6
5
��∆– 3V 3J–+=

E1/2' 3
5
�� E0 2( ) 2εd

4
5
��∆– V J+ += E3/2' 3( ) 3εd

1
5
��∆– 3V 3J–+=

E1' 2( ) 2εd
1
5
��∆ V J–+ += E1/2 3( ) 3εd

6
5
��∆– 3V+=



462

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 109  No. 3  2009

KAZAK et al.

simplicity. The energies of these local excitons are cal�
culated from the Tanabe–Sugano diagram and do not
depend on the interatomic hoppings.

All Fermi excitations with the filled ground term
E1(2) of the V3+ ion as the initial or final state have
nonzero spectral weight. Taking into account that, in
the paramagnetic state, three spin sublevels of the term
E1(2) are degenerate and that the occupation number
of each sublevel is equal to 1/3, we find F = 1/3 for all
quasiparticles that are shown by the solid lines with

arrows in Fig. 6 and designated as Ω
v
, , Ωc, ,

and , where

The energies of the other local Fermi excitations can
be easily written using Table 3.

The addition of interatomic hoppings to Hamilto�
nian (1), that is,

(6)

(where tij is the matrix element of electron hopping
from the ith site to the jth site), leads to the appearance
of the dispersion for the Fermi quasiparticles. In the
simplest Hubbard�I approximation, which holds true
far from the Mott–Hubbard transition, the dispersion
law for the band Ωpq(k) has the form [24] Ωpq(k) =

Ω̃v Ωc'

Ω̃c

Ωc E3/2 3( ) E1 2( )– εd
2
3
��∆– 2V 2J,–+= =

Ω
v

E1 2( ) E1/2 1( )– εd
2
5
��∆– V J.–+= =

Ht tijaiλσ
+ aiλ 'σ

i j σ, ,

∑=

Ωpq – Fpqt(k), where t(k) is the Fourier transform of
the hopping parameter tij. The presence of the occupa�
tion factor ahead of t(k) results not only in the correla�
tion narrowing (~1/(2S + 1)) of the band but also in
zero dispersion for the virtual excitations.

As a result of the hoppings, the levels Ωc and Ω
v
 are

smeared into narrow bands of Hubbard fermions and the
gap between them represents the Mott–Hubbard gap

(7)

In the nearest�neighbor approximation, we have
t(k = 0) = zt, where z = 6 is the number of the nearest
neighbors with the hopping parameters t. Taking into
account that F = 1/3, the Mott–Hubbard gap can be
written in the form

(8)

The Fermi level lies inside this gap, so that, accord�
ing to the classification proposed in [25], the VBO3
compound belongs to Mott–Hubbard insulators. The
diagram of the band structure of the VBO3 crystal in
the absence of external pressure is shown in Fig. 7. The
position of the level Ωc (reckoned from the bottom of
the valence band εV = 0) was determined from the acti�
vation energy for conduction according to the results
of the measurements performed in our earlier work
[26]. Here, the case in point is the hole conduction at
the top of the valence band. The activation energy of
the d electrons in the lower Hubbard band is consider�
ably lower than Ωc; however, the charge�carrier mobil�
ity in the Hubbard band is negligible due to the small�
ness of the band width. For borates, the typical value of
the parameter t determined for the FeBO3 compound
is t = 0.05 eV [27]. Since the lattice parameters for the
VBO3 and FeBO3 crystals are close to each other, we
assume that the parameter t for the VBO3 compound is
the same.

Changes in the band structure under pressure are
associated with the dependence of the parameters of
the crystal field ∆ and the hopping t on the distance.
Outside the range of first�order structural phase tran�
sitions, it is believed that this dependence is linear;
that is,

(9)

6. CHANGE IN THE ELECTRONIC 
STRUCTURE UNDER HIGH PRESSURE

AND COMPARISON WITH EXPERIMENT

According to the proposed model of the band
structure, the fundamental absorption edge is deter�
mined by the electric dipole transitions v band  c
band with the energy Eg1 and this energy should be
close to the energy Eg for the FeBO3 compound. It can
be seen from Fig. 3 that, above and below the elec�
tronic transition caused by the pressure, the pressure
dependences of the energies of the absorption edges
for the vanadium borate exhibit a linear behavior

EMH Ωc Ω
v

– 2Ft k = 0( ).–=

EMH V J– 4t.–=

∆ P( ) ∆ 0( ) α∆P, t P( )+ t 0( ) αtP.+= =

1.9

1.1

0
ε
v

v

Ω
v

Ωc

Ωc'
εc

Ωc
~

εF

Eg1Eg2

Eg3

KN(E)
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LHB

3.5

3.0

c
E

Fig. 7. Schematic diagram of the band structure and opti�
cal transitions of the VBO3 crystal in the absence of an
external pressure. Dashed lines indicate the virtual levels

, , and  with zero density of states. The Fermi

level lies in the Mott–Hubbard gap between the bands Ωc
and Ω

v
. The calculation was performed for the model

parameters (11).

Ωc* Ω
v
* Ω

v
'
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Eg(P) = Eg(0) + P. The magnitude of the energy of

the fundamental absorption edge Eg1 = 3.02 eV for the
VBO3 compound is close to the corresponding energy
determined for the FeBO3 borate. A weak increase in
the energy of the edge in the pressure range P < Pc is
also identical:  = 0.0015 eV/GPa.

Above the absorption edge at normal pressure,
there are two v band  d band excitations (k) and

(k) with the minimum energies Ωc + ∆ – 2t(0) and
Ωc + 3J – 2t(0), respectively. As the pressure increases,

the energy of the band (k) increases and the energy

of the band (k) decreases; that is,

(10)

We believe that the jump in all spectra at Pc ≈ 30 GPa
is associated with the first�order structural phase tran�
sition. This transition results in a stepwise increase in
the parameters ∆ and t dependent on the interatomic

distance. As a consequence, the excitation (Pc)
appears to be inside the gap Eg1 and becomes observ�
able. Therefore, at finite pressures, the energy of the

edge is determined by min(Eg1(P), (P))) and the
linear shift in the absorption edge is given by expres�
sion (10).

Therefore, the absorption edge at pressures above

Pc is formed by the allowed ε
v
  (k) at the mini�

mum energy  = (k = 0) = Ωc(P) + 3J – 2t(P)

with the pressure derivative d /dP = –(0.4α∆ +
2αt). The allowed p–d transition ε

v
  Ωc(k), which

is responsible for the absorption edge Eg3, has the
energy Eg3 = Ωc(k = 0) = Ωc(P) – 2t(P). The pressure
derivative is dEg3/dP = –(0.4α∆ + 2αt). The edge Eg2 is
assigned to the allowed p–d transition Ω

v
(k)  εc

from the lower Hubbard d band to the bottom of the
conduction band. The energy of this transition is Eg2 =
εc – Ω

v
(P) + 2t(P) with the pressure derivative

dEg2/dP = 0.4α∆ + 2αt.

The parameters of the electronic structure are
determined from the spectra at zero pressure: Eg2(0) =
Eg3(0) = 1.7 eV. The energy is reckoned from the top of
the valence band. Then, we have ε

v
 = 0, εc = 3.0 eV,

Ω
v

= 1.3 eV, and Ωc = 1.7 eV. For these energies, we
obtain Ueff = 0.4 eV and the Mott–Hubbard gap
EMH = 0.2 eV. The observed semiconductor electrical
properties of the VBO3 borate are associated with the
smallness of the effective Hubbard parameter and the
Mott–Hubbard gap as compared to the effective Hub�
bard parameter Ueff = 4 eV and the dielectric proper�
ties of the FeBO3 borate. Therefore, the final set of the
microscopic parameters determined for Hamiltonian
(1) from the optical data at zero pressure is as follows:

αEg

αEg

Ωc'

Ω̃c

Ωc'

Ω̃c

Ω̃c P( ) Ω̃c 0( ) 0.4α∆ 2αt+( )P.–=

Ω̃c

Ω̃c

Ω̃c

Eg1' Ω̃c

Eg1'

(11)

The band structure with the above parameters in
the absence of external pressure is schematically
shown in Fig. 7. The Fermi level lies inside the Mott–
Hubbard gap. Consequently, the refinement of the
model in our work with the inclusion of interatomic
hoppings and new optical data retains the conclusion
drawn in [11] that the VBO3 compound belongs to the
class of Mott–Hubbard insulators.

It should be noted that all signs of the derivatives of
the absorption edges , Eg2, and Eg3 correspond to
the experimental data. In terms of the proposed
model, the energy of the absorption edge Eg2 increases
linearly with the pressure. The observed nonlinearity is
most likely associated with the superposition of several
possible excitations with different pressure derivatives
in this energy range. In particular, an increase in the
pressure is accompanied by an increase in the defect
concentration. As a result, some forbidden transitions
become allowed and their intensities increase. Gener�
ally speaking, the quantities α∆ and αt below and above
the critical point Pc can be different. Taking into
account that the contribution of the interatomic hop�
ping parameter is insignificant, this parameter can be
taken to be equal to the corresponding parameter for
the FeBO3 compound: αt = 0.00033 eV/GPa [27]. It
follows from the pressure dependence of the V3 band
at P < Pc that α∆ = 0.031 eV/GPa, which is 1.5 times
larger than the corresponding parameter determined
for the FeBO3 borate. For these parameters, the edge

of the band  decreases from 3.4 eV (P = 0) to
≈3.0 eV (P = Pc). In other words, directly before the

transition, the bottom of the band  drops to the
absorption edge Eg1.

The first�order structural phase transition is
responsible for the jump in the lattice parameters and
the model parameters ∆ and t dependent on the inter�
atomic distance. Instead of the smooth dependences
(9), there are jumps δ∆ = ∆(PC + 0) – ∆(PC – 0) and
δt = ∆(PC + 0) – t(PC – 0). As a consequence, the bot�

tom of the bands Ω
v
(k), Ωc(k), and (k) above the

pressure Pc drops abruptly by the same value D = 0.4δ∆ +

2δt. At P > Pc, the bottom of the band (k) turns out
to be lower than Eg1 and determines the absorption

edge  = 2.25 eV at P = Pc + 0. As a result, the jump
is estimated to be D = 0.75 eV. This value is in agree�
ment with the jump in the energy of the absorption
edge Eg1 at the transition point (Fig. 3).

As can be seen from Fig. 3, the pressure derivatives
d /dP and dEg3/dP in the high�pressure phase (P >
Pc) are considerably smaller than those in the low�
pressure phase (P < Pc). By using the pressure deriva�

∆ 0( ) 1.42 eV, J 0.6 eV,= =

V 1.0 eV, t 0( ) 0.05 eV.= =

Eg1'

Ω̃c

Ω̃c

Ω̃c

Ω̃c

Eg1'

Eg1'
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tive of the absorption edge  at high pressures, we
estimated the quantity α∆ = 0.02 eV/GPa, which
almost coincides with the quantity α∆ = 0.018 eV/GPa
for the FeBO3 compound [8]. According to the theory
proposed in this work, the pressure derivatives of both
edges should coincide in the pressure range P > Pc. The
experimental values coincide in the order of magni�
tude but not quantitatively. The factors responsible for
the discrepancy remain unclear, and their elucidation
requires the construction of a more detailed and exact
theory.

The presence of the virtual levels allows us to
expect strong photoinduced effects in optical spectra.
In particular, the pumping with the energy �ω = ∆ =
1.42 eV leads to the population of the excited term

(d2), which results in the spectral weight of the exci�

tations  = E3/2(d3) – (d2) = Ωc – ∆ in the vicin�

ity of 0.37 eV and the excitations  = (d2) –

E1/2(d1) = Ω
v
 + ∆ in the vicinity of 2.73 eV. Similarly,

the pumping by light with the circular polarization at
the energy �ω = J = 0.6 eV leads to the population of
the level E0(d2), which results in an additional inten�

sity in the absorption spectrum at the energy  in the
vicinity of 1.9 eV.

7. CONCLUSIONS

In conclusion, it should be noted that the analysis
of the optical absorption spectra of the VBO3 single
crystal has demonstrated that the fundamental absorp�
tion edge Eg1 = 3.02 eV for vanadium borate is associ�
ated with the electric dipole transitions from the
valence band ε

v
 to the conduction band εc and is deter�

mined by the strongly hybridized s and p states of the
BO3 group. A series of absorption bands V1–V4 with
different intensities lie inside the optical gap. These
bands are due to the magnetic dipole transitions in the
V3+ ion and charge�transfer excitations. At a critical
pressure Pc ≈ 30 GPa, the crystal undergoes an elec�
tronic transition accompanied by a drastic change in
the optical properties and a narrowing of the optical
gap to  = 2.25 eV. The main features of the absorp�
tion spectra and their evolution under high pressure
have been explained in terms of the many�electron
model of the band structure of the VBO3 crystal with
due regard for the one�electron s and p states of boron
and oxygen and many�electron terms of the V2+, V3+,
and V4+ ions. It has been shown that, in the high�pres�
sure phase, the fundamental absorption edge  is
determined by the allowed electric dipole p–d transi�

tions ε
v
  (k). The fact that the energy  does

not vanish but takes on a value typical of semiconduc�
tors indicates the occurrence of a transition of the

Eg1'

E1'

Ωc* E3/2'

Ω
v
' E1'

Ω
v
*

Eg1'

Eg1'

Ω̃c Eg1'

semiconductor–semiconductor type. The critical
pressure at which a transition to the metallic state can
occur is estimated as Pm ≈ 290 GPa.
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