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Abstract—The Mössbauer effect in the Fe1 – xVxBO3 solid solutions has been measured at 130 and 300 K. The
Fe0.05V0.95BO3 composition was studied in the interval 4.2–300 K. The experimental data obtained are
described in terms of the model of a dilute magnetic insulator in which atoms of the first coordination sphere
provide a major contribution to the hyperfine field at iron nucleus sites. It was found that, at low temperatures,
the field Hhf is generated primarily by the iron ion itself and depends only weakly on substitution. The hyperfine
interaction parameters in the discrete configuration series 6Fe, 5Fe1V, 4Fe2V, 3Fe3V, and 2Fe4V were deter-
mined. The magnitude of the isomer shift suggests that iron in the crystal resides in the trivalent state. © 2004
MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

Transition metal borates with the chemical formula
MBO3 crystallize in the calcite structure [space group

]. Strong electronic correlations offer the
possibility of observing the rich variety of magnetic
structures and electronic properties in this series of
compounds governed by the presence of one or another
transition metal M3+ = Fe, V, Cr, or Ti. FeBO3 has been
a subject of intense interest since the time it was first
prepared [1]; studies were made on its optical and mag-
netooptical properties [2–6], crystal structure [7, 8],
magnetic properties [9–11], and NMR [12, 13] and
Mössbauer [14, 15] spectra. The FeBO3 iron borate is
transparent in the visible region, and its magnetic order-
ing temperature is above room temperature, TN =
348 K. Unfortunately, experimental information on
other representatives of this class of borates is scarce.
The isostructural compounds VBO3, CrBO3, and TiBO3

were first synthesized in 1964 [16]. VBO3 is known to
be a ferromagnetic semiconductor with TC = 32 K, and
CrBO3 is a low-temperature antiferromagnet with TN =
15 K and an insulator [17]. TiBO3 was reported to be a
weak ferromagnet (TN = 25 K) [18]. There are publica-
tions on studies of hyperfine interaction in iron borate–
based solid solutions Fe1 – xMxBO3, where the ions M =
Al, Ga, and Cr act as substituting ions [19–21].

A coordinated investigation of the magnetic, electri-
cal, and optical properties of Fe1 – xVxBO3 solid solu-
tions was performed earlier in [22]. This communica-
tion reports on a measurement of the Mössbauer effect
in iron-containing samples of Fe1 – xVxBO3.
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2. SAMPLES AND EXPERIMENTAL 
TECHNIQUES

The Fe1 – xVxBO3 single crystals under study were
grown by spontaneous crystallization from a melt solu-
tion [22]. The crystals were hexagonal platelets up to
4 × 4 mm in size and about 0.1 mm thick. The concen-
tration x quoted in [22] was derived from the content of
components in the charge (xch). The exact amounts of
the elements were determined by EDAX ZAF quantifi-
cation. The values of x thus obtained are listed in Table 1
together with the earlier xch figures.

Mössbauer measurements were performed on pow-
dered samples of the Fe1 – xVxBO3 single crystals. The
isomer shift δ was determined relative to metallic (α-
Fe) iron.

The experiments on the Fe1 – xVxBO3 samples were
carried out at 130 and 300 K with a Co57(Cr) source.
The optimum sample thickness was calculated with due
account of the iron content and the absorption factor
and was found to be 5–10 mg Fe/cm2. The model spec-
tra were least squares fitted to experimental data under
the assumption that the spectral lines have Lorentzian
shape. We took as an additional fitting parameter the

Table 1.  Vanadium concentration in Fe1 –  xVxBO3 solid
solutions

xch 0.25 0.5 0.6 0.75 0.95

x 0.02 0.13 0.18 0.3 0.95

Note: xch was derived from the content of components in the
charge, and x, from energy-dispersive analysis of x-rays
(EDAX ZAF quantification).
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broadening of the outer sextet lines with respect to the
inner lines (Γ16/Γ34), which is proportional to the hyper-
fine field at the nucleus site. Processing of the experi-
mental spectra revealed the presence of an impurity
phase, Fe3BO6, in the solid solutions, which should be
assigned to the crystallization temperatures of these
compounds being very similar and was described ear-
lier in [21].

The spectra of the Fe0.05V0.95BO3 crystal in the range
of 4.2 to 300 K were measured with a Co57(Rh) source
of an initial activity of 25 mCi (925 MBq). The mea-
surements were performed in the transmission geome-
try. The source was placed inside a 4He cryostat close to
the sample. The maximum source velocity was

where Ueff is the effective amplitude of the sine signal and
C is the calibration factor, equal to 0.041326 mm/s mV.
The measurements were performed on polycrystalline
samples containing 1 mg Fe/cm2 that were mixed thor-
oughly with Al2O3.

3. EXPERIMENTAL RESULTS

Figure 1 shows Mössbauer spectra of Fe1 – xVxBO3
solid solutions obtained at room temperature. The
FeBO3 spectrum is a well-resolved sextet (Fig. 1, a).
The hyperfine interaction parameters are in agreement
with the data from [14]. The spectral line intensities are
in the ratio 3 : 2 : 1 : 1 : 2 : 3.

Because of the compositional disorder characteristic
of solid solutions, impurity atoms can be considered to
be distributed randomly in the matrix. Thus, all the cat-
ion states are equivalent and can be occupied by iron
and vanadium atoms in random fashion. Because the
exchange interactions have short-range character, we
analyze experimental spectra in the nearest neighbor
approximation. The central iron atom has n atoms of
vanadium and (6 – n) atoms of iron in its nearest envi-
ronment. The probability of finding such atomic config-
urations in a crystal is described by the well-known
binomial distribution

where x is the vanadium concentration. The local
molecular field theory was applied to interpret complex
Mössbauer spectra of mixed oxide systems in [23].

Following this assumption, the spectrum of the
Fe0.98V0.02BO3 crystal (Fig. 1, b) can be unfolded into
two sextets with occupations of 76 and 24%. The
former sextet relates to the nearest iron environment
consisting of six iron atoms (6Fe), and the latter sextet,
to the configuration in which there is one vanadium
atom among the nearest neighbors (5Fe1V). The prob-
ability distributions of hyperfine fields at the iron
nucleus sites and the calculated hyperfine interaction

Vmax CUeff,=

P6 n( ) 6!
n! 6 n–( )!
------------------------ 1 x–( )n

x
6 n–

,=
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parameters in the solid solutions are displayed in Fig. 2
and listed in Table 2. It is assumed that the hyperfine
field in insulators is well described in the nearest neigh-
bor approximation; therefore, the fields of the 6Fe,
5Fe1V, 4Fe2V, etc., configurations are discrete and well
resolved and the 6Fe configuration in a substituted
crystal has the same hyperfine field as in an unsubsti-
tuted one. In our case, while the 5Fe1V configuration
(Hhf = 323 kOe) differs noticeably from the 6Fe config-
uration (Hhf = 335 kOe), the field of 335 kOe is substan-
tially smaller than Hhf = 345 kOe in the unsubstituted
borate FeBO3. Quite probably, the hyperfine field at
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Fig. 1. Mössbauer spectra of (a) FeBO3, (b) Fe0.98V0.02BO3,
(c) Fe0.87V0.13BO3, (d) Fe0.82V0.18BO3, and (e) Fe0.7V0.3BO3
obtained at 300 K.
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iron nucleus sites in FeBO3 is contributed to markedly
by next-to-nearest neighbors.

The spectrum of the Fe0.87V0.13BO3 has a complex
shape (Fig. 1, c). The distribution of the hyperfine field
probabilities allows us to isolate three regions (Fig. 2c).
The region of 350–400 kOe corresponds to fields
higher than the field in FeBO3 but lower than that in
Fe3BO6, Hhf = 521 kOe [24]. This region can be
assigned to the vanadium-substituted Fe3BO6 phase.
The broad region of 150–300 kOe can be identified
with the Fe1 – xVxBO3 crystal. The width of the hyper-
fine field distribution for the Fe1 – xVxBO3 crystal is
larger than that for the substituted Fe3BO6 phase. This
may be explained by the fact that the iron in Fe3BO6 has
a larger number of magnetic bonds (6 for the 8d and 8
for 4c sites, symmetry group Pnma) [25] compared to
FeBO3 (6 bonds) and that the number of magnetic
bonds is a factor that stabilizes the hyperfine field.
Moreover, the Néel temperature of FeBO3 (348 K) is
substantially lower than that of Fe3BO6 (508 K) [26].
Note also that the degree of vanadium substitution for
the FeBO3 crystal is larger than that for Fe3BO6. The
hyperfine field probability distribution in the 150- to
300-K region is almost symmetrical, with a slight devi-
ation toward higher fields. The experimental spectrum
is fitted well by a set of sextets, whose parameters are
listed in Table 2. In accordance with the binomial dis-
tribution, their assignment is specified by the number of
Fe and V neighbors. The weak peak in the hyperfine
field probability distribution in the low field region is
due to a paramagnetic doublet, which probably belongs

P
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Fig. 2. Hyperfine field probability distribution for iron
nuclei at 300 K obtained for (a) FeBO3, (b) Fe0.98V0.02BO3,
and (c) Fe0.87V0.13BO3.
P

to superparamagnetic regions in Fe1 – xVxBO3 or to the
substituted Fe3BO6.

The room-temperature spectra of the Fe1 – xVxBO3
solid solutions with vanadium concentrations x = 0.18,
0.3, and 0.95 represent quadrupole doublets with asym-
metry in the intensities of the 3/2  1/2 and 1/2 
1/2 nuclear transitions. This could be assigned to the
crystallite c axes being oriented preferentially parallel
to the γ-ray direction; however, we study here powder
samples and the observed asymmetry is actually a man-
ifestation of the Gol’danskii–Karyagin effect [27]. This
effect is small for monoclinic lattices and, hence, the
asymmetry is due to the rhombohedral lattice of the
Fe1 – xVxBO3 crystal. We may thus conclude that each
doublet can be unfolded into two doublets, symmetric
and asymmetric.

Figures 3 and 4 display the Mössbauer spectra and
the distribution functions of the hyperfine field proba-
bility at iron nucleus sites, respectively, obtained for the
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e
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Fig. 3. Mössbauer spectra of (a) FeBO3, (b) Fe0.98V0.02BO3,
(c) Fe0.87V0.13BO3, (d) Fe0.82V0.18BO3, and (e) Fe0.7V0.3BO3
obtained at T = 130 K.
HYSICS OF THE SOLID STATE      Vol. 46      No. 6      2004
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Table 2.  Hyperfine interaction parameters in Fe1 – xVxBO3 solid solutions obtained at 300 K

Compound δ Hhf ∆EQ Γ34 Γ16/Γ34 S Assignment

FeBO3 0.40 345 0.38 0.29 1 1 “FeBO3”

Fe0.98V0.02BO3 0.40 335 0.39 0.30 1.04 0.76 6Fe

0.39 323 0.36 0.30 1.58 0.24 5Fe1V

Fe0.87V0.13BO3 0.39 278 0.41 0.43 1.72 0.20 6Fe

0.40 251 0.41 0.43 1 0.11 5Fe1V

0.39 231 0.38 0.41 1 0.14 4Fe2V

0.39 212 0.36 0.38 1 0.12 3Fe3V

0.39 189 0.41 0.30 1.91 0.13 2Fe4V

0.38 159 0.30 0.53 1.58 0.13 1Fe5V

0.44 1.31 0.06 –

0.36 375 0.54 0.20 5.26 0.11 “Fe3BO6”

Fe0.82V0.18BO3 0.42 0.40 0.28 0.70 “FeBO3” (GKE = 1.1)

0.38 0.47 0.32 0.30 “Fe3BO6”

Fe0.7V0.3BO3 0.41 0.42 0.32 0.71 “FeBO3” (GKE = 1.09)

0.40 0.45 0.30 0.29 “Fe3BO6”

Fe0.05V0.95BO3 0.42 0.43 0.17 0.43 “FeBO3” (GKE = 1.67)

0.39 0.48 0.39 0.57

Note: δ is the isomer chemical shift relative to metallic iron (αFe), ±0.02 mm/s; Hhf is the hyperfine field at an iron nucleus site, ±5 kOe;
∆EQ is the quadrupole splitting, ±0.04 mm/s; Γ34 is the FWHM of inner sextet lines, ±0.02 mm/s; Γ16/Γ34 is the ratio of the outer to
inner sextet line widths, ±0.04 mm/s; S is the fractional site occupation, ±0.05; and GKE stands for the Gol’danskii–Karyagin effect.
Fe1 – xVxBO3 solid solutions at 130 K. The temperature
dependences of the hyperfine field for FeBO3 and
Fe3BO6 are known to cross in the temperature region
close to 240 K, and the resolution of the sextets
becomes poorer as the temperature is lowered [21]. The
hyperfine field probability distribution function does
not permit identification of the individual iron positions
6Fe and 5Fe1V (Fig. 4b) for the Fe0.98V0.02BO3 crystal.
Deconvolution into two sextets makes it possible to
evaluate the probable occupations of these configura-
tions. For the same reason, one cannot reliably deter-
mine the occupations of the inequivalent positions in
the Fe0.87V0.13BO3 composition (Fig. 4c).

The Mössbauer spectra of Fe0.82V0.18BO3 and
Fe0.7V0.3BO3 samples measured at 130 K are superposi-
tions of several sextets and of a paramagnetic doublet
(Figs. 3d, 3e). This complexity of the hyperfine interac-
tion pattern can originate from the nonuniform mag-
netic state occurring in these crystals. Local deviations
from stoichiometry are capable of affecting magnetic
order in the sample. The temperature dependence of the
magnetization of these solid solutions follows a non-
trivial pattern and exhibits two magnetic transitions in
the temperature range from 30 to 200 K [22]. The broad
hyperfine field distribution observed in the
Fe0.82V0.18BO3 and Fe0.7V0.3BO3 crystals (Figs. 4d, 4e)
allows isolation of a discrete set of the 6Fe, 5Fe1V,
4Fe2V, 3Fe3V, and 2Fe4V configurations, whose
hyperfine parameters are listed in Table 3. The binomial
PHYSICS OF THE SOLID STATE      Vol. 46      No. 6      2004
distribution passes through a maximum at the 5Fe1V
configuration (17%) for the x = 0.18 composition and at
the 6Fe configuration (15%) for the composition with
x = 0.3. The isomer shift is the same for all positions to
within experimental error. The spectra obtained suggest
the existence of a vanadium-diluted superparamagnetic
phase of Fe3BO6.

The Fe0.05V0.95BO3 solid solution remains paramag-
netic down to 130 K. To gain deeper insight into the
hyperfine interactions in this crystal, we performed
Mössbauer studies at temperatures spanning the range
from 4.2 to 300 K. The results of calculations and mea-
surements are listed in Table 4 and presented in graph-
ical form in Fig. 5. The spectrum of the Fe0.05V0.95BO3

composition measured at 4.2 K is a sextet with an
admixture of the paramagnetic phase, which adds up to
not over 10% of the magnetically ordered phase
(Fig. 5a). The relative sextet line intensities are close to
3 : 2 : 1 : 1 : 2 : 3. The hyperfine field Hhf at iron nucleus
sites in this sample is 507 kOe, which is 8.6% lower
than that in the unsubstituted FeBO3 crystal (555 kOe)
measured at the same temperature [14]. The nearest
neighbor contribution to the effective hyperfine field at
iron nucleus sites in FeBO3 is approximately 10% of
the ion-core spin polarization. The lower effective field
Hhf in Fe0.05V0.95BO3 compared to that in FeBO3 can be
assigned to the perturbation introduced by vanadium
impurity atoms.
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The Mössbauer spectra of the sample obtained at 70
and 130 K are asymmetric doublets characteristic of the
paramagnetic state (Figs. 5b, 5c). Each spectrum can be
unfolded into doublets relating to different atomic con-
figurations. According to the binomial distribution, for
a vanadium concentration x = 0.95, the probable occu-
pations of the 6V and 1Fe5V configurations acquire
maximum values of 76 and 25%, respectively. The two
doublets characterizing these configurations are identi-
fied in the figures by solid lines. The isomer shifts for
these configurations are independent of temperature
and are δ = 0.23 mm/s for iron in the 6V position and
δ = 0.29 mm/s for the 1Fe5V environment. These config-
urations have a constant quadrupole splitting (Table 4).
Unfortunately, the poor resolution of the Fe0.05V0.95BO3

spectrum does not allow isolation and identification of
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Fig. 4. Hyperfine field probability distribution for iron nuclei
obtained at T = 130 K for (a) FeBO3, (b) Fe0.98V0.02BO3,
(c) Fe0.87V0.13BO3, (d) Fe0.82V0.18BO3, and (e) Fe0.7V0.3BO3.
P

the inequivalent iron positions at room temperature
(Fig. 5d).

4. DISCUSSION OF THE RESULTS

Thus, deconvolution of solid-solution spectra into
constituent spectra of the components of these solu-
tions, which was made under the assumption of a ran-
dom impurity distribution and of additivity of the con-
tributions due to impurity atoms to Hhf and δ and with
due account of the influence of atoms in the first coor-
dination sphere, has permitted us to evaluate the hyper-
fine parameters for the 6Fe, 5Fe1V, 4Fe2V, 3Fe3V, and

–10 –8 –6 –4 –2 0 2 4 6 8 10
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–4 –3 –2 –1 0 1 2 3 4
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–2 –1 0 1 2

–4 –3 –2 –1 0 1 2 3 4
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Fig. 5. Mössbauer spectra of a Fe0.05V0.95BO3 crystal
obtained at temperatures of (a) 4.2, (b) 70, (c) 130, and
(d) 300 K.
HYSICS OF THE SOLID STATE      Vol. 46      No. 6      2004
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Table 3.  Hyperfine interaction parameters for Fe1 – xVxBO3 solid solutions obtained at 130 K

Compound δ Hhf ∆EQ Γ34 Γ16/Γ34 S Assignment

FeBO3 0.50 540 0.46 0.47 1 1 “FeBO3”

Fe0.98V0.02BO3 0.50 539 0.37 0.44 1 0.87 6Fe

0.49 528 0.33 0.32 1 0.13 5Fe1V

Fe0.87V0.13BO3 0.50 524 0.39 0.46 1.05 0.76 “FeBO3”

0.50 491 0.44 0.51 1.19 0.19 “FeBO3”

0.50 425 0.07 0.87 1.01 0.05 “Fe3BO6”

Fe0.82V0.18BO3 0.51 514 0.41 0.28 2.54 0.10 6Fe

0.51 484 0.44 0.50 1.15 0.17 5Fe1V

0.51 462 0.45 0.44 1.13 0.14 4Fe2V

0.51 436 0.43 0.48 1 0.11 3Fe3V

0.52 403 0.54 0.53 1.11 0.08 2Fe1V

0.52 351 0.41 0.36 12.3 0.30 “Fe3BO6”

0.46 1.31 0.1 “Fe3BO6”

Fe0.7V0.3BO3 0.51 501 0.41 0.41 1.49 0.15 6Fe

0.50 471 0.49 0.45 1.40 0.14 5Fe1V

0.49 430 0.49 0.57 1.94 0.12 4Fe2V

0.50 374 0.45 0.56 1.06 0.13 3Fe3V

0.49 273 0.30 1.77 1.06 0.22 “Fe3BO6”

0.49 0.43 0.51 0.23 “Fe3BO6”

Fe0.05V0.95BO3 0.50 0.44 0.48 1 “FeBO3”

Note: δ, ±0.02 mm/s; Hhf, ±5 kOe; ∆EQ, ±0.04 mm/s; Γ34, ±0.02 mm/s; Γ16/Γ34, ±0.04 mm/s; and S, ±0.05.

Table 4.  Hyperfine interaction parameters for a Fe0.05V0.95BO3 crystal obtained at different temperatures

T, K δ Hhf ∆EQ Γ34 S Assignment

4.2 0.28 ± 0.005 507.2 ± 0.03 0.22 ± 0.01 0.40 ± 0.02

70 0.23 ± 0.01 0.42 ± 0.01 0.29 ± 0.023 0.75 6V

0.29 ± 0.013 0.48 ± 0.016 0.16 ± 0.02 0.25 1Fe5V

130 0.23 ± 0.003 0.42 ± 0.004 0.33 ± 0.007 0.76 6V

0.29 ± 0.002 0.47 ± 0.003 0.14 ± 0.004 0.24 1Fe5V

300 0.27 ± 0.002 0.43 ± 0.003 0.26 ± 0.005

Note: δ, ±0.01 mm/s; Hhf, ±0.03 kOe; ∆EQ, ±0.02 mm/s; Γ34, ±0.02 mm/s; and S, ±0.02.
2Fe4V positions in the Fe0.87V0.13BO3 crystal at room
temperature and in the Fe0.82V0.18BO3 and Fe0.7V0.3BO3

crystals at a temperature of 130 K. The hyperfine fields
at iron nucleus sites decrease monotonically in the
series of these configurations in discrete steps of ∆Hhf =
20–30 kOe, in full agreement with the usual concepts
concerning a dilute magnetic insulator. The chemical
isomer shifts for these configurations are the same to
within experimental error. The isomer shifts at room
temperature, δ = 0.38–0.40 mm/s, and at 130 K, δ =
0.51–0.52 mm/s, indicate that iron in the Fe1 – xVxBO3

system is trivalent. Note that the idea of substitution of
an average-sized ion used in [28] to interpret Möss-
PHYSICS OF THE SOLID STATE      Vol. 46      No. 6      2004
bauer spectra of the (Fe1 – xVx)2O3 system, according to
which low vanadium contents are conducive to the for-
mation of Fe2+–V4+ ion pairs, did not find support in our
studies. This implies that the electronic state of iron
does not depend on substitution by vanadium. The iron
ion resides in an octahedral environment, and the elec-
tric field gradient at iron nucleus sites is directed paral-
lel to the [111] threefold axis. The quadrupole splitting
in the Fe1 – xVxBO3 solid solutions is close in magnitude
to ∆EQ = 0.46 mm/s, the value for the unsubstituted
FeBO3 crystal. The small change in the hyperfine field
for the Fe0.05V0.95BO3 sample at 4.2 K compared to that
in FeBO3 indicates that the Hhf field in these crystals is
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produced primarily by the iron ion itself and depends
only weakly on the environment.
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