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Abstract—Complex studies of magnetic, electrical, and optical properties of V,Fe; _,BO; solid solutions are
carried out in the entire range of concentrations between the extreme compoundsVBO; and FeBO3. A concen-
tration semiconductor—insulator transition accompanied by achange in the magnetic structureis observed. It is
found that the physical properties of the solid solution under investigation differ from those predicted in the
model of avirtua crystal in the form of an aggregate of VV and Fe centers taken with the weight of x and 1- X,
respectively. The systems of electron energy levels of theVBgOg and FeBgOg clusters are calcul ated from first
principles using the Hartree—Fock method. The calculated electron structure forms the basis for simulating the
optical absorption spectra, which are in good agreement with experimental results. A qualitative explanationis
given for the entire body of data on electrical conductivity and magnetization. © 2002 MAIK “ Nauka/ I nter pe-

riodica” .

1. INTRODUCTION

Antiferromagnetic dielectric oxides of 3d metals
have become the objects of intense studies as Mott—
Hubbard dielectrics with strong electron correlations.
Their aloying leads to the emergence of high-tempera-
ture superconductivity in copper oxides and the colos-
sal magnetoresistance effect in manganese oxides. A
number of borates ABO; of 3d metas (A = Fe, Cr, V,
Ti) form another class of isostructural oxides with
strongly differing electrical and magnetic properties [1—
3]. Such a difference in the properties is apparently
associated mainly with different occupancies of the 3d
shell, which determines different types of exchange
interactions in these compounds. Among these com-
pounds, FeBO; has been studied comprehensively,
while the data on other representatives of this class
(especialy solid solutions in which the consequences
of competing exchange interactions may be manifested
most clearly) are exceptionally scarce.

TheVBO; and FeBO; compounds are, respectively,
aferromagnet (T = 32 K) and an antiferromagnet with
weak ferromagnetism (T = 348 K). At T < 500 K, the
former compound is a semiconductor and the latter is
an insulator. Both compounds have the same crystal
structure of a calcite of the rhombohedral system with
the same lattice parametersa = 4.62 A and c = 14.52 A,
which isapparently dueto virtually identical ionic radii
of V3 and Fe* ions. The magnetic properties of VBO,
and FeBO; are determined by an indirect 90° exchange
through the O? anions; a considerable difference in
these properties can be attributed to their different elec-

tron configurations (d? and d°, respectively). The high
value of Ty for FeBO; indicates the high-spin state of
the Fe** ion. The magnetic moment of the V3* ion in
VBO;, determined from the saturation magnetization
in the ferromagnetic phase, is the sum of the spin and
orbital magnetic moments and is approximately 6%
lower than the theoretical value. It is unclear whether
this discrepancy is a consequence of noncollinearity of
the magnetic moments due to the Dzyal oshinski inter-
action or results from the effect of covalence.

In the present work, we analyze an aggregate of mag-
netic, eectric, and optical properties of V,Fe, _,BO; solid
solutions in the entire concentration range between the
extreme compounds.

2. SAMPLESAND PREPARATION TECHNOLOGY

Crystals of the mixed composition V,Fe;_,BO;
were grown by spontaneous crystallization from the
solution—melt of the system Fe,0O4~V,0:B,0—
(20PbO + 30PbFe; wt %). We used compositions with
the following relation between components:

(1 - X)Fe,05 —XV,0, = 10-15Wt %, x = 0.5-1.0,
B,O5 = 40-42.5 wt %,
0.2PbO + 0.3PbF, = 42.5-50 wt %.

It should be noted that the value x is given in accor-
dance with the concentration of components in the
charge and is approximate.
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Fig. 1. Temperature dependence of magnetization in amagnetic field H = 10 kOe: (a) FeBO3 (1), Vg 5Feg sBO3 (2); (b) VBO3 (1),
V.95F€0.05BO3 (2); (€) Vo eFey4BO3. Theinset to Fig. 1c shows the magnetization on a magnified scale.

The mixture of theinitial components was placed in
closed platinum crucibles having a volume of 100 cm?
and washeld at T = 1000°C until the chargewas diluted
completely. Then the mixture was rapidly cooled to
800°C and held for 1 h.

Using this technology, we obtained crystals in the
form of thin plates with asize of 4 x 4 mm and athick-
ness of about 0.1 mm, having a smooth and bright sur-
face.

The V,Fe, _,BO; samples with x = 0.6 were sub-
jected to X-ray structural and chemical analyses; the
former analysis revealed that the compound with a
mixed composition has the same crystal lattice as the
extreme compounds VBO; and FeBO;, while the | atter
analysis confirmed the closeness of the concentration x
of the substituent ion to that laid during synthesis.
X-ray diffraction measurements carried out at 77 K
revealed that the compound does not experience any
phase transition.

3. EXPERIMENTAL RESULTS

The temperature and magnetic-field dependences of
magneti zation were measured with the help of avibrat-
ing-coil magnetometer with a superconducting sole-
noid. Resistive measurements were made by a direct
two-contact method using ateraohmmeter. Indium con-
tacts were deposited using the surface wetting effect,
and the sample temperature was controlled by its blast-
ing with agaseous nitrogen or air jet in aflow cryostat.
We al so obtained optical absorption spectrain the spec-
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tral region 4000-20 000 cm™ in the temperature range
83-300 K.

The results of complex measurements showed that,
in the concentration range 0 < x < 0.5, the magnetic and
electrical properties of solid solutions are closeto those
of the initial compound FeBO;. Figure 1la shows by
way of an example the temperature dependences of
magnetization for FeBO; (curve 1) and for a composi-
tionwithx=0.5 (curve 2) inamagneticfield of 10 kOe.
Since FeBO; is a well-studied compound, it was not
investigated additionally in the present work, and the
data of magnetization of FeEBO; were borrowed from
[4]. Surprisingly, both curves exhibit the same behavior
and demonstrate close values of magnetic moment at
T= 4.2 K in spite of the fact that half iron atoms are
replaced by vanadium atoms. However, the value of Ty
for the solid solution is considerably (approximately by
20 K) lower than for the initial compound.

While solid solutions remain close to FeBO; in the
magnetic and electric respect in a wide concentration
range of the substituent ion V3*, the addition of small
amounts of FetoVBO; leads, on the contrary, to arapid
change in the nature of magnetic ordering. Although
the curves describing the temperature dependence of
magnetization for VBO; (curve 1) [1] and for acompo-
sition with 5% Fe (curve 2) have the same form typical
of ferromagnets (Fig. 1b), the saturation magnetic
moment for the solid solutionat T=4.2 K is 15% lower
than for VBO;.

For values of x = 0.6 and 0.75, the temperature
dependences of magnetization are close and exhibit a
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Fig. 2. Magnetization curves a T = 42 K for

(8) Vo.95F€0,05BO3 and (b) Vg gFeg 4BO3.

complex behavior. Figure 1c shows the temperature
dependence of magnetization for a VgFe; ,BO; sam-
ple. It can be seen from thefigure that the function M(T)
decreases near T, which is typical of pure VBO;, but
the value of the saturation magnetization M, amountsto
only 10% of its value for the initial compound [1],
although the vanadium concentration in the sample is
60%. In the vicinity of T =150 K, the curve has a peak
followed by a decay in M(T), which also displays sin-
gularities. Such an unusua behavior of M(T) was
observed in [4, 5] for solid solutions of CrFe;_,BO;
and was attributed to the existence of an intermediate
magnetic structure.

Figure 2 shows the M(H) curvesat T=4.2 K. It can
be seen that the magnetization processes are different
for samples with different compositions. For example,
the tangent to the M(H) curve in the region of strong
fieldsfor asamplewith x=0.95 isamost parallel to the
abscissa axis (Fig. 2a). The samples with x = 0.5 are
characterized by aweak paraprocess, whilethisprocess
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for an intermediate composition with x = 0.6 and 0.75
isstrong (Fig. 2b).

Asregardsthe electric properties of the samples, the
samples with 0 < x < 0.5 are insulators (see above),
while the remaining compositions, which are closer to
VBO;, are conductors whose resistivity decreases by
9% upon an increase in temperature from 77 to 550 K.
The €electric properties of samples with x = 1 and 0.95
as well as of compositions with x = 0.6 and 0.75 are
close; for this reason, Fig. 3 depicts only the depen-
dencesfor the former compositions. It can be seen from
Figs. 3aand 3b that the temperature dependence of the
resistance of VBO; is close to a simple activation law
with the activation energy E, = 0.9 V. At high temper-
atures, the composition V, gFe, ,BO; also displays acti-
vation conduction with a dlightly higher value of E, =
1.1 eV. However, at lower temperatures, the linear
dependence of InR on reciprocal temperature is vio-
lated for this composition. It can be seenin Fig. 3c that,
in this temperature range, the resistance is described
more correctly by the law [6]

RO exp(Q/kgT) ¥,

where Q is the quantity determined by the density of
states at the Fermi level and by the rate of the decrease
for the envel ope of the wave function. Thislaw is typi-
cal of hopping conduction with avarying jump length.
Thus, this mechanism obviously dominates at low tem-
peratures. Unfortunately, we cannot trace the concen-
tration dependence of the absolute value of resistance
for various samples sinceitsvariations are not very pro-
nounced and the resistance cannot be measured pre-
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Fig. 3. Logarithm of resistance as a function of (a, b) reciproca temperature 1000/T and (c) 1000/TY4 for VBO;3 (1) and

V.6Fep4BO3 (2) at (8) T> 300K and (b, ¢) T <300 K.
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Fig. 4. Optical absorption curvesat T =90 K: (8) VBOs5; (b) V.75F€p.25BO3 (curves 1 and 2 correspond to 300 and 90 K, respec-

tively); () Vo 5FepsBO3; and (d) Vg 25Fep 75BO03.

cisely in view of the irregular geometrical shape of the
samples.

The observed variation of the optical absorption
spectrum D =In(l/I) with x isa so nontrivial by nature.
Figure 4 shows the spectral characteristics for samples
from the series V,Fe, _,BO,;. For the VBO; crystal
(Fig. 4a), an extremely weak temperature-independent
peak can be seen at 9800 cm. The absorption edge
corresponds to approximately 16000 cm™. For a
V.75F€55BO; crystal (Fig. 4b), the absorption edge is
strongly displaced to 11000 cm™. In addition to the
9800-cm™ peak typical of V3, a new peak with a
clearly manifested temperature dependence appears.
For aV,sFe, sBO; sample (Fig. 4c), this peak remains,
while the peak typical of V3* vanishes. Figure 4d shows
the absorption spectrum for a Vg ,sFe,7sBO; sample,
which obviously contains a series of bands typical of
FeBO;[7]. Inal publications devoted to the absorption
spectra of FeBO; (see, for example, [8]), this series of
bands is attributed for phonon—magnon repetitions of
the lowest—frequency transition °A;; — 4Ty in Fe.
Thus, the temperature-dependent absorption peak
observed near 10000 cm for intermediate concentra-
tions of V and Fe cannot be attributed to single-ion tran-
sitionsin V3 and Fe*.

Apart from the emergence of the additional absorp-
tion peak, the nonmonotonic change in the position of
the fundamental absorption band edge is also nontriv-
ial: with decreasing x, the edge is displaced to the long-
wave region, but as x approaches zero, it is abruptly
shifted to the short-wave region as in the case of
FeBO;.
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4. ONE-ELECTRON CALCULATIONS
OF FeB4Oz AND VBO; CLUSTERS

In order to explain qualitatively the obtained exper-
imental results, the knowledge of the electron structure
is essential. Since borates (like other oxide dielectrics
with localized d electrons) belong to the class of sys-
tems with strong electron correlations, the standard
one-electron band cal culations using the density func-
tional method in the local dipole approximation (LDA)
areinapplicable. In thissituation, ab initio one-electron
calculations of molecular orbitals (MO) for finite clus-
ters provide incomplete, but rather valuable, informa-
tion on the degree of hybridization of various cation
and anion orbitals, the parameters of their splitting in
the crystal field, and dipole matrix elements for inter-
band transitions. In spite of the fact that the absolute
values of electron energies cannot be correct if we dis-
regard strong correlations, their difference can beright-
fully used for a qualitative analysis of experimental
data.

An analysis of the electron structure of the given
compounds was carried out using the Hartree—Fock
method with the help of the GAMESS package [9]. In
view of the absence of metallic propertiesin both com-
pounds, cluster methods of calculations could be
applied. The necessity of taking into account the
exchange effects exactly in order to explain the mag-
netic properties of Fe and V ions dictated the applica
tion of the Hartree—Fock method.

As amodel, we chose the FeB;Og (VBgOg) cluster
(Fig. 5). The central Fe (V) atom is surrounded by an
octahedron of oxygen atoms. In view of the small sep-
aration (1.42 A) between the oxygen and boron atoms
and strong hybridization of their orbitals, the boron
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Fig. 5. Structure of the FeBgOg (VBgOg) cluster being cal-
culated.

atoms in the cluster had to be taken into account also.
The chosen formula Fe(V)BgO; of the cluster correctly
describes the surroundings of the central metal atom in
the first and second coordination spheres. In our calcu-
lations, we included the s, p, and d electrons of the cat-
ion; the s and p electrons of oxygen; and the s and p
electrons of boron.

Since the effect of atoms from the next coordination
spheres is disregarded in all cluster models, an addi-
tional charge dZ must be introduced into the cluster
charge or dZ must be subtracted from the cluster
charge. We chose the charge of the cluster under inves-
tigation equal to -3, since each boron atom has only
one bond (with oxygen atoms), which corresponds to
approximate occupancy of the d shell of the central
atom of the metal.

The calculations for VBzOg (even number of elec-
trons) and for FeBOg (0dd number of electrons) were
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carried out for atriplet and for a doublet, respectively.
According to the results of calculations, the level corre-
sponding to the highest occupied molecular orbital
(HOMO) is formed by the d shell of the Fe (V) atom,
which is weakly hybridized with other orbitals of the
cluster. This is visually shown in Fig. 6 depicting the
partial densities of states for both compounds. In these
figures, the contributions from the s, p, and d electrons
of the central metal atom; the sp shells of oxygen; and
the sp shells of boron are presented successively from
bottom to top. It can be seen that the d level for Felies
much lower on the energy scale than in the shell of the
V atom. This shift is apparently associated with the
larger charge of the nucleus of the Fe atom, which low-
ersthe energy of the d electron.

For both crystals, a weak sp—d hybridization of the
d electrons of the cation and the sp states of theanionis
observed. For VB¢Og, avery small addition to the den-
sity of states from the 3d electrons can be seen in the
energy range 1.1-1.3 eV, where the contributions from
the p(V), p(0), s(B), and p(B) atomic orbitals domi-
nate. In the HOMO region, one can see a very small
contribution from the p orbital s of oxygen. The splitting
of the HOMO peaks for VB¢Og by AE = 0.4 €V corre-
spondsto the splitting of the electron t,, level dueto the
uniaxial crystal field component. For FeB;Og, the p—d
hybridization is stronger than for vanadium, which is
manifested in the larger height of the d peak of Feinthe
partial density of stateswith an energy of 1.3 eV and the
peak of the d states of oxygen in the HOMO. At the
same time, strong hybridization of the sand p states of
the cation with the p states of oxygen and sp states of
boron takes place for both compounds; this hybridiza-
tion determines the covalent component of the chemi-
cal bond as well as the optical absorption spectra.

The calculated energy levels and dipole matrix ele-
ments formed the basis for simulating the optical
absorption spectra (Fig. 7). It can be seen that the
absorption spectrafor these compounds are compl etely
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Fig. 6. Partial density of statesfor (a) FeBgOg and (b) VBgOg clusters. The lower scale showsthe energy levels of molecular orbitals.
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Fig. 7. Combined partial density of states relative to the HOMO level (solid curves) and optical absorption (dashed curves) for

(a) FeBgOg and (b) VBgOg clusters.

different due to different positions of the d shell of the
metal relative to other shells.

It can be seen from Fig. 7 that the optical absorption
spectrum is determined by the dipole transitions from
filled MO to partly filled HOMO. For FeB¢Og, three
absorption peaks repeating qualitatively the absorption
spectrum of FeBO, [ 7] are observed in the energy range
(10-16) x 10% cm™: closely spaced peaks in the range
(1.1-1.25) x 10* cm (Fig. 7a) correspond to the broad
absorption peak for a FeBO; crystal with the center at
1.15 x 10* cm™, while the position of the peak at
1.65 x 10* cm completely coincides with the experi-
mental peak. Naturally, various types of interactions
occurring in the crystal may lead to a renormalization
of the spectrum. In view of the absence of fitting param-
eters in the calculations and the simplicity of the
FeB¢Og cluster, we may conclude that the main contri-
bution to partial densities of states and to the optical
spectrais formed by the electron bonds in the first and
second coordination spheres.

For VB4Og, high-intensity p—d transitions from the
filled MO to the partly filled HOMO produce a high-
intensity peak with an energy exceeding 4 x 10* cm™,
which is beyond the range of our measurements. Weak
d—d transitions allowed due to the cation—anion p—d
hybridization lead to a low-intensity peak at 9800 cm2.
A theoretical analysis leads to a similar low-intensity
peak with the energy AE = 0.4 €V, presented in Fig. 7b,
which is determined by the splitting of the filled (band
index A = 1) and unfilled (A = 2) parts of the t,;orbitals
in the crystal field. In this case, the intra-atomic Cou-
lomb interaction between different orbitals in the t,
configuration enhances this splitting. Indeed, the
Hamiltonian of such an interaction can bewrittenin the
form

12 _
H™ = €Ngy +€Ngp + ViNg1 Ny, (1)
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whereng = § ChoCaro 1S the operator of the number

of d electrons at the A level; ¢y, is the annihilation
operator for ad electron at the A level with spin o; and
€1, &, and V4, are the energies of molecular orbitals 1,
2 and the parameter of the Coulomb interaction
between them. In the simplest mean-field approxima-
tion,

VioNgiNg, — VioNg, D+ Vo, DhgLhyy,
we obtain renormalized MO levels,
€ = &+ V[l & = &+ V,hy[ (2
and the transition energy
AE = g,—g; + Vp( [y - [hy,0). ©)

Sinceorbital lisfilled ([hy[F 1) and orbital 2 isempty
((Mg,= 0), the line in the absorption spectrum is deter-
mined not only by the splitting AE = €, —¢; inthe crys-
tal field, but also by the Coulomb interorbital matrix
element. Considering that thetypical valueof V, for 3d
metal oxidesison the order of 1 eV, we obtain the shift
of the theoretical peak depicted in Fig. 7b to the region
of observable values.

5. DISCUSSION

The most adequate model of the electron structure
of 3d metal borates, which describes the electric and
magnetic properties on aunified basis, isthe multiband
Hubbard model taking into account different d orbitals
explicitly as well as their interatomic overlapping and
strong electron correlations U > t, wheret is the jump
integral. In this model, FeBO; with the 3d° configura-

tion for the Fe* ion is an analogue of the conventional
orbital-nondegenerate Hubbard model with ahalf-filled
band, in which the indirect exchange interaction J ~
t2/U through anions is of the antiferromagnetic type.
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For VBO; with the d? configuration of the V3* ion, we
have one unfilled orbital in the tog shell, which, in the
language of the Hubbard model, leads to a kinematic
ferromagnetic exchange interaction. The separation
between filled and unfilled t,, orbitals (3) determines
not only the peak in the optical absorption spectrum,
but also the conduction activation energy E, = 0.9 eV.

In solid solutions V,Fe, _,BO;, the average number
of d electrons per cationis

ng = 5(1—x)+2x = 5-3x. 4

For a low Fe concentration in the range 2/3 < x < 1,
charge carriers are holesin tyy States, which ensure the
semiconductor-type conduction. The concentration x, =
2/3iscritica inthe sense that it correspondsto half the

filling of the t, levels, i.e, to the tgg configuration.

Considering that the e, levels of d electrons lie above
the t,, levels by the cubic crysta field component,

10D, = 3-5 eV, we arrive a the conclusion that the t3,
configuration is analogous to a half-filled band in the
one-band Hubbard model, and strong electron correla-
tions lead to the localization of charge carriers. Thus, a
transition from the semiconductor-type conduction to
the dielectric state occurs at concentration X = X.. In
view of composition disorder in solid solutions, the
temperature dependence of the resistance near x. at low
temperatures is of the characteristic Mott type InR O
TY4 corresponding to jumps with a varying jump length
(seeFig. 3). Asregardsthe magnetic properties, an addi-
tional integral of indirect exchange through the anions,
which is responsible for the antiferromagnetic contri-
bution asin the Hubbard model and for the additional
scale in Fig. 1c, appears in the case of the half-filled

tgg configuration. The approach described above corre-

sponds to an averaged pattern. In the nonaveraged
form, we can speak of the exchange integrals I(V3*—
V3 (ferromagnetic), | (Fe>*—Fe**) (antiferromagnetic),
and 1(V¥-Fe*) (antiferromagnetic). For x = 0.5
(including the range of x ~ x.), the number of V3*—Fe3*
pairs is maximum, and it is the interaction between
such pairs which is apparently manifested in the form
of the peak at T =150 K (Fig. 1c).

In the other limiting case of alow vanadium concen-
tration, the electron structure is determined by a super-
position of the d® and d* configurations. The role of
charge carriers may probably be played by holes from
the g, shell, but they are localized due to the small band
width in view of weak cation—anion hybridization.

In order to interpret the optical absorption spectrain
solid solutions, we calculate the spectrum of a virtua
crystal consisting of independent absorbing FeBO; and
VBO; centers using the formula

D(X) = xD(VBO;) + (1—x)D(FeBO,;),  (5)
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curves 1 wereobtained at T=300K (a, b) and T=90K (c);
theoretical curves 2 correspond to T = 300 K.

where the D(VBO;) and D(FeBO,) spectra are taken
from the experimental datafor theinitia single crystals

(Fig. 8).
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Fig. 10. Diagrams of molecular orbitals for FeBO3; and
VBO;.

The experimental spectra with those calculated on
the basis of formula (5) for the compositions
V0.75F€.25B03, VoeF€r4BOs, and Vo sFeysB0; are
compared in Figs. 9a, 9b, and 9c, respectively. It can be
seen from the figure that the positions of the experimen-
tal peaks are close to the corresponding peaks for the
initial components, but the peak intensities are much
higher than for the virtual crystal. The reason for the
increase in the peak intensity is explained in Fig. 10
showing the diagrams of molecular orbitals for FeBO4
and VBO;, constructed on the basis of the numerical
calculations of clustersin Section 4. The notation in the
figure corresponds to the initial atomic orbitals of d
electrons of the cation and the sp electrons of oxygen
and boron; actually, molecular orbitals with small
admixtures of states due to the sp—d hybridization are
presented. Here, AE., and AE,, are the energies of tran-
sitions between molecular orbitals of FeBO; and
VBO;, determining the absorption peaks at 11 000 and

9800 cm™, respectively. In addition to independent
contributions to the spectrum in a solid solution (for-
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mula (5)), a mutual effect takes place when the unit
cells of FeBO; and VBO; occupy neighboring posi-
tions. This effect is manifested in the enhancement of
the sp—d hybridization, since the sp states of boron and
oxygen belong simultaneously to the FEBO; and VBO;
cells. This gives rise to additional optical transitions
with energies AE, and AE,,, which are depicted in
Fig. 10 by inclined dashed lines and are responsible for
the enhancement of peaksin the absorption spectrum as
compared to the virtual crystal.
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