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M. A. Señarı́s-Rodrı´guez,§ and J. Rivas†

Departamento Fı´sica Aplicada and Departamento Quı´mica-Fı́sica, UniVersidade de Santiago de
Compostela, 15782 Santiago de Compostela, Spain, and Departamento Quı´mica Fundamental,

UniVersidade de A Corun˜a, 15071 A Corun˜a, Spain

ReceiVed April 26, 2006. ReVised Manuscript ReceiVed July 10, 2006

From electron spin resonance (ESR), magnetization, and thermoelectric power on the isostructural
Mn2OBO3 and Fe2OBO3, we have been able to establish important differences between the magnetic
properties of these two compounds. These differences are rationalized on the basis of t2g versus eg electronic
interactions, orbital occupancy, and structure. For Mn2OBO3, we propose the possibility of fast electron
transfer between the Mn2+ and Mn3+ cations, in a similar way to the 3+/4+ Zener pairs in manganites.
In the Fe2OBO3 system, our main findings are the observation of a magnetization reversal at low field
and the observation of the spatially inhomogeneous short-range charge-order state that becomes truly
long-range only below the Ne´el temperature. The phase diagram of both compounds is reconsidered on
the basis of these results.

Introduction

Transition metal oxides present an interesting variety of
magnetic and transport properties that arise from the strong
interplay between spin, orbital, lattice, and charge degrees
of freedom. In particular, occupancy and ordering of different
transition-metal orbitals (t2g vs eg) determines the physical
properties of the material to a great extent.1

Manganese perovskites have been extensively studied
during several decades now for this reason.2 In this case,
the active eg orbitals are strongly coupled to the lattice, and
a strong Jahn-Teller distortion normally sets up at much
higher temperature than the magnetic ordering (TOO > TN).
On the other hand, vanadium perovskites are prototypical
t2g systems, in which both Jahn-Teller and crystal field
splitting are weaker than in eg orbitals (TN ≈ TOO). Moreover,
orbital angular momentum is not necessarily quenched for
t2g electrons, which leads to interesting effects related to
spin-orbit coupling.

In principle, a similar approach could be followed in
warwickite A2+A3+OBO3 (A ) Mn, Fe), which represents a
series of materials in which charge, magnetic, and orbital
ordering can be realized at different orbitals in the same
structure. In these compounds, where (both Mn2+/3+ and
Fe2+/3+ are in the high spin state) Fe3+ and Mn2+ cations

present the same electronic configuration (t2g
3eg

2), there is
an extra electron in a t2g orbital of the Fe2+ cation (t2g

4eg
2)

and a hole in the eg orbital of the Mn3+ cation (t2g
3eg

1). This
could be the source of important differences in the physical
properties of the materials.

The warwickite structure is characterized by the presence
of one-dimensional ribbons of edge sharing AO6 octahedra.3,4

The ribbons are connected by corner sharing and the trigonal
planar BO3 groups, defining two inequivalent sites for the
octahedral metal ions, A(1) and A(2), as can be seen in
Figure 1.

In Mn2OBO3, a strong Jahn-Teller distortion with an axial
elongation of the Mn(1)O6 octahedra5 suggests a charge
ordering of the kind Mn3+(1)-Mn2+(2) and dz2 orbital
ordering at the Mn(1) site. Specific heat and magnetization
studies have shown an antiferromagnetic (AF) transition at
TN ) 105 K6 and weak ferromagnetic behavior below 70 K.
Nevertheless, on the basis of more recent neutron diffraction
results, Goff et al.7 argue that long-range AF order occurs
only below 26 K and that the other transitions reported are
due to impurity phases, so that this point remains a
controversial issue.

On the other hand, Fe2OBO3 has been reported to become
charge ordered (electrostatically driven) below 317 K.8 At
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this temperature the compound shows a structural distortion
from orthorhombic (Pmcn) to monoclinic (P21/c) symmetry;
the divalent and trivalent ions are equally distributed over
the two crystallographic sites, giving the chemical formula
Fe2+(1)0.5Fe3+(1)0.5Fe2+(2)0.5Fe3+(2)0.5OBO3. The structural
distortion and a small jump in the resistivity (with a very
small increase in the activation energy) are the main findings
supporting the existence of charge ordering. However,57Fe
Mössbauer spectra9-11 show that only below 270 K fast
electron transfer between Fe2+ and Fe3+ is suppressed.
Moreover, the mean Fe(1)-O and Fe(2)-O distances are
equal, and X-ray and neutron diffraction do not show
evidence of long-range charge ordering.9,12 In agreement with
this scenario, Attfield et al.8 suggested that charge ordering
in this material is short-ranged, extending only≈ 10-100
Å. Below TN ) 155 K Fe2OBO3 orders antiferromagnetically,
with the magnetic moments on the Fe(1) and Fe(2) chains
antiparallel so that a small ferromagnetic moment of 0.06
µB per formula unit results.12

Here we present electron spin resonance (ESR), magne-
tization, and thermoelectric power data for Fe2OBO3 and
Mn2OBO3. On the basis of our results, a complete revision
of the phase diagram of these compounds is presented. The
different phases are rationalized on the basis of the role of
eg electrons in the Mn sample versus that of the t2g electrons
in the Fe sample.

Experimental Section

Polycrystalline Mn2OBO3 was synthesized by heating in air
pressed pellets of stoichiometric amounts of MnCO3 and H3BO3

at 700 °C for 60 h and at 800°C for 24 h, with intermediate
grindings.5

Fe2OBO3 was synthesized by heating pressed pellets of a
stoichiometric mixture of FeBO3, Fe2O3, and Fe in a sealed
evacuated silica tube at 800°C for 110 h with intermediate
grindings. FeBO3 had been previously obtained by firing Fe2O3

and H3BO3 in air at 700°C, following the method reported in ref
12.

In both samples, X-ray powder diffraction (XRPD) confirmed
the formation of the warwickite-type structure. This is the only
phase present in the case of the Fe material, while in the case of
the Mn sample it appears impurified by a small amount (<2%) of
Mn2O3. The XRPD patterns were analyzed by the Rietveld method,
using the Rietica software.13

The Fe sample was refined in the space groupP21/c using the
initial model proposed by Attfield et al.,12 while for the Mn sample
we used the space groupP21/n and the model proposed by
Norrestam et al.5 In both cases the bond lengths obtained are in
good agreement with those reported in the literature.5,9

The temperature dependence of the molar magnetic susceptibility,
øm, was measured from 5 to 300 K in different magnetic fields
(from 9 Oe to 50 kOe) both on heating from low temperature after
cooling in zero magnetic field (ZFC) and after cooling in a field
(FC), in a MMS and in a PPMS magnetometer, both of Quantum
Design.

In the case of Mn2OBO3, additionaløm measurements were also
carried out in a vibrating sample magnetometer (VSM) from 300
to 1000 K (H ) 10 kOe).

ESR spectra were taken in a Bruker EMX EPR spectrometer at
9.4 GHz (X-Band) between 104 and 500 K.

Results and Discussion

Mn2OBO3. In Figure 2, we show the ZFC-FC suscep-
tibility, ø(T), at two different magnetic fields. In agreement
with the literature,6 we observe an increase of the magnetiza-
tion belowT ≈ 105 K. BelowT ≈ 80 K the ZFC-FC curves
split, and the ZFC curve becomes strongly temperature
dependent, suggesting some sort of “glassy” behavior in this
material. The FC data show a maximum around 30 K, which
corresponds with the long-range atomic force microscopy
reported by Goff et al.7 For high fields (50 kOe), the absolute
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Figure 1. A2+A3+OBO3 warwickite structure. The metals cations are
octahedrally coordinated, with the octahedra sharing edges to form ribbons,
linked by corner sharing and the trigonal planar BO3 groups.

Figure 2. ZFC-FC susceptibility of Mn2OBO3 measured at two different
fields H ) 3.3 kOe andH ) 50 kOe. The closed triangles represent the
susceptibility obtained by ESR (as explained in the text). Inset: X-band
ESR lines between 112 and 104 K.
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value of the susceptibility decreases, and the ZFC-FC
splitting disappears. Also, the ZFC and FC curves show a
maximum around 30 K.

The nature of the magnetic phase transition at 105 K and
even its intrinsic character is a matter of debate. On one hand,
Goff et al.7 suggested that long-range AF order occurs below
26 K, and other apparent magnetic transitions are due to
secondary phases. On the other hand, Continentino et al.6

reported a peak at 105 K in the specific heat of Mn2OBO3,
whose magnitude is consistent with a bulk magnetic transi-
tion.

Here we provide a strong experimental support for the
latter scenario. ESR spectra of Mn2OBO3 have been recorded
from 500 K, approaching the magnetic transition at 105 K.
A single Lorentzian line centered atg ) 1.99 is observed at
high temperature (see Figure 2, inset). Between 110 and 107
K, the ESR line becomes severely distorted. The intensity
of the ESR line is proportional to the magnetic susceptibil-
ity,14 so by comparing it with a reference, the absolute value
of øESR(T) can be derived from this experiment. We have
used a polycrystalline sample of La0.67Ca0.33MnO3 as a
reference, in which both Mn3+ and Mn4+ are known to
contribute to the resonance line15 and whose line width is
similar to that of the Mn oxyborate. The intensity was
determined approximating the area by the product∆Hpp(T)2

hpp(T), where∆Hpp(T) is the peak-to-peak line width and
hpp is the peak-to-peak amplitude of the measured derivative
signal.

The results are shown in Figure 2; there is a perfect
agreement betweenø(T) above 110 K determined by ESR
and that determined by conventional direct current (dc)
magnetometry. This indicates that both Mn3+ and Mn2+ are
contributing to the resonance line as a single entity. The
strong distortion of the high-temperature line below 110 K
indicates then the intrinsic character of the transition, in
agreement with the report by Continentino et al.6 On the basis
of these results and the glassy behavior observed in the dc
susceptibility, the most probable scenario is an inhomoge-
neous AF ordering below≈ 110 K, in which the Mn3+-
Mn2+ pairs would order antiparallel, as in the magnetic
structure obtained by Goff et al.7

On the other hand, the time scales associated with the
Mn3+-Mn2+ fast electron transfer must be of the order of
ESR, while XRPD can only see the average distorted
structure. This is an important result, as it points toward the
possibility of a fast electron transfer between Mn2+-Mn3+

pairs, in a manner similar to that of the Mn3+-Mn4+ Zener
polarons in manganites, in spite of the larger Coulomb
repulsion.

From the fitting to a Curie-Weiss law up to 1000 K we
derived a value ofµeff ) 6.6(4)µB. This is much larger than
the free-ion value, which supports the hypothesis of pair
correlations in the paramagnetic state.

Looking at the crystallographic structure of Mn2OBO3,
there are two Mn-Mn distances inside the ribbons: a shorter
A3+(1)-A3+(1) distance and a longer A3+(1)-A2+(2) dis-

tance. At room temperature these distances are≈2.86 Å and
≈3.32 Å, respectively, too long for a direct t2g-t2g orbital
overlap.16 On the other hand, indirect Mn2+-O-Mn3+

exchange between the Mn3+ of one ribbon and the Mn2+ of
the other ribbon must be possible as Mn3+-O2--Mn2+ ions
lie in a plane parallel to theab plane and the angle between
these cations is≈125°.

As a result of the crystallographic structure and the
presence of the dz2 orbital ordering in the Mn3+ cation, the
shared electron can only move inside the pair (see Figure
3), and as consequence, Mn2OBO3 is an insulator with an
extremely large Seebeck coefficient (Figure 4).

Fe2OBO3. The thermal evolution of the ZFC-FC sus-
ceptibility for Fe2OBO3 is shown in Figure 5. The increase
in the magnetization belowTN ) 155 K marks the onset of
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Figure 3. Schematic representation of the Mn3+-O2--Mn2+ Zener Pairs
in the Mn2OBO3. It is important to note that the two pairs are in different
planes.

Figure 4. Thermoelectric power of Mn2OBO3 (open triangles) and Fe2-
OBO3 (closed circles). Inset: effective doping from thermopower in Fe2-
OBO3.
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long-range ferrimagnetic ordering, as previously reported.6

Also the strong irreversibility between the ZFC-FC curves
point to an inhomogeneous magnetic state (cluster-glass)
below TN.

The most unexpected result comes from the low field study
of the magnetic susceptibility. After carefully measuring and
removing the remnant field in the magnetometer, we have
the ZFC Fe2OBO3 sample and measured the temperature
dependence of its susceptibility under different fields from
9 to 100 Oe. The ZFC curve forH ) 50 Oe is shown in
Figure 5. The ZFC curve shows negative susceptibility below
155 K. Below this temperature and for fields smaller than
25 Oe, a remarkable magnetization reversal occurs, both in
the ZFC and in the FC curves. For larger fields (up to 1-2
kOe) only the ZFC curve remains negative up to 155 K. We
have verified this result by measuring again the magnetic
properties of this sample after having first heated it in a
furnace at 373 K (above the ordering temperature) for 1 h
followed by a cooling in a PPMS magnetometer with the
ultralow field option, which removes the residual field in
the superconducting magnets and cools the sample in a field
of less than 1 Oe.

We have to note that the results on the magnetic
susceptibility of the Fe2OBO3 are in contradiction with those
reported in ref 6. It could be due to two reasons: their sample
could have been cooled in presence of remnant in the
magnetometer, and/or another possible factor could be the
presence of magnetite (around 5%); see experimental section
of ref 6. This secondary phase is also contributing to the
global magnetic signal, and this could hinder the observation
of the true behavior of the oxyborate.

Three characteristicM(H) cycles are shown in Figure 6.
Saturation is never reached even under the highest magnetic
field applied. On the other hand, the hysteresis loop at 5 K
shows a large shift off the coordinates origin along the
magnetization axis, crossing to positive values ofM only
for H > 19 300 Oe.

Nevertheless, this effect is not observed in the curves
obtained atT ) 170 K (see Figure 6), that is, when the
sample is not in the long-range magnetic ordering state.

This remarkable effect of magnetization reversal has been
observed in different materials, in which two different spin-
canting mechanisms tend to align the moments in an opposite
direction.17 For example, in YVO3, the competition between
single ion anisotropy and antisymmetric Dzyaloshinsky-
Moriya interaction reverses the magnetization along different
crystallographic directions.18,19 Although this could be the
source of magnetization reversal in Fe2OBO3, the competition
between inter-ribbon versus intra-ribbon exchange interaction
of different signs (and temperature dependences) cannot be
discarded. In Co2+[Co2+V4+]O4, competition between Co2+-
O-V4+ and direct V4+-V4+ cants the vanadium and cobalt
spins in opposite directions, leading to a compensation point
and magnetization reversal.20 In any case, this point deserves
further study before extracting any definitive conclusion.

On the other hand, between 155 and≈300 K, we have
observed a strong field dependence of the magnetic suscep-
tibility (inset of Figure 5), which points to the presence of
short-ranged magnetic interactions in this temperature in-
terval. In fact, although a monoclinic distortion and an
electrostatically driven charge ordering has been reported at
TCO ) 317 K by Attfield et al.,8 Mössbauer experiments10

showed that charge ordering is not of long-range belowTCO.
In order to understand how the charge carriers localize

across the structural transition atTCO, we have performed
thermoelectric power experiments across this temperature
range (see Figure 4). At high temperature (T > 320 K),R(T)
approaches asymptotically a temperature-independent value
of ≈-12 µV/K, and it decreases only≈ 2 µV/K in 100 K,
so it can be considered practically temperature independent
in this temperature interval. In this situation, thermoelectric
power is reflecting the average entropy per carrier,21 quanti-
fied by a statistical term of the form

wherec ) x/N is the ratio of charge carriers (hole/electron)
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94412.

Figure 5. ZFC-FC susceptibility of Fe2OBO3 measured at two different
fields, H ) 50 Oe andH ) 1 kOe, where the data corresponding toH )
1 kOe have been deliberately increased by a factor of 5 to facilitate their
view. In the case of the ZFC-FC curves atH ) 50 Oe, the sample was
heated in a furnace at 373 K for 1 h followed by a cooling in a PPMS
magnetometer with the ultralow field option. Inset: Detail of FC suscep-
tibility measured at different fields in the high-temperature range.

Figure 6. ZFC magnetization versus applied fieldH of Fe2OBO3 measured
at three different temperatures,T ) 5, 140, and 170 K.

R ) (
kB

|e| ln[â1 - c
c ] (1)
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to the number of sites available. Considering small polarons
(N ) 1) andx ) 0.5, it will give R ) 0 µV/K. The value of
R ) -12 µV/K observed experimentally could be due a
small variation in the Fe3+/Fe2+ ratio (Fe3+/Fe2+ ) 1.13).
This off-stoichiometry could be related to the presence of
defective intergrowths in the structure, as observed in high-
resolution electron microscopy (HREM) images.22 Below
approximately 330 K, the thermoelectric power shows clear
temperature dependence and increases its absolute value.
Trapping out of mobile polarons by condensation into hole-
poor bags which do not contribute to the conductivity
renormalizes the statistics and introduces temperature de-
pendence in eq 1. A simple condensation into localized two-
site pairs (one electron for every pair of Fe2+-Fe3+) will
not change the electron-to-site ratio in the small polaron
matrix, and the thermopower will remain temperature
independent. The hole-poor bags must represent short-range
charge-ordered regions (probably AF ordered), and that is
the most probable origin of the coexistence of delocalized
and localized signals observed by Mo¨ssbauer in this inter-
mediate temperature range. In previous reports the progres-
sive increase in the resistivity below this temperature was
interpreted as a CO transition into distinct Fe3+ and Fe2+

sites. However, in spite of the increase of the resistivity, the
Ea does not change on crossing throughTCO.9 That is because
small polarons remain the charge carriers, although the
number of available carriers is progressively reduced below
what we signaled asTCO.

Below 250 K there is a change in the curvature of the
thermopower as the magnetic transition is approached. At
TN ) 155 K the systems order magnetically; the divergence
of R(T) below this temperature reflects a complete charge
localization. The resistivity also increases abruptly belowTN.
In view of this result, it seems that the Fe oxyborate has a
real charge-ordering temperature at the Ne´el temperatureTN

) 155 K, where AF order would prevent electron transfers
through the t2g orbitals. The electrostatic repulsion between
electrons is not strong enough to drive a complete charge-
localized state; spin ordering seems to be necessary for a
complete charge ordering in this system.

As for the Mn2OBO3 compound, in the orthorhombic
structure there are two different Fe-Fe distances inside the
ribbons of Fe2OBO3 : a shorter A2/3+(1)-A2/3+(1) distance
(∼2.98 Å) and a longer A2/3+(1)- A2/3+(2) distance (∼3.25
Å). At the structural transition at∼317 K there is a decrease
in the A(1)-A(1) distance and an increase in the A(1)-
A(2) distance. Comparing these values with the critical
distance for metal-metal bonding16 (2.58 Å for Fe3+-Fe3+

and 2.95 Å for Fe2+-Fe2+), the A(1)-A(1) distance is close
to the critical distances for the Fe2+-Fe2+ bonding so that
in the Fe oxyborate metal-metal interactions are possible.

Therefore, forT > 317 K direct overlapping of t2g-t2g

orbitals would allow polaronic movement of the charge
carriers. AroundT ≈ 317 K, the extra electron begins to

condensate at the iron site and it drives to a crystallographic
transition from orthorhombic (high temperature) to mono-
clinic (low temperature).

Fe2OBO3 shows some similarities with magnetite Fe3O4,
not only from the structural point of view. Fe3O4 shows a
sharp decrease in conductivity23 that is accompanied by a
complex lattice distortion at 120 K. This is the so-called
Verwey transition that has been interpreted as due to charge
ordering of the Fe2+/Fe3+ ions at the octahedral sites.
Nevertheless, recent NMR24 and X-ray resonant scattering
results25 proposed that the Verwey transition may not be a
true charge ordering transition but a bond dimerization
transition.

We think a similar process cannot be ruled out completely
in Fe2OBO3 to explain the monoclinic-orthorhombic transi-
tion and the decrease in the conductivity atT ≈ 317 K. In
the magnetite the bond dimerization would take place directly
through the t2g orbitals, a situation that could be realizable
in the case of the Fe oxyborate.

As a summary, in Figure 7, we show the revised phase
diagrams we propose for Mn2OBO3 and Fe2OBO3 oxybo-
rates.

Conclusions

From ESR, magnetization, and thermoelectric power on
the isostructural Mn2OBO3 and Fe2OBO3, we have been able
to establish important differences between the magnetic
properties of these two compounds. In view of those results,
we propose a revised phase diagram for both compounds.

We have rationalized the different behavior between
Mn2OBO3 and Fe2OBO3 on the basis of their different
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Figure 7. Schematic revised phase diagram proposed for Mn2OBO3 and
Fe2OBO3.
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electronic configurations. The physics of the Mn oxyborate
is dominated by the strong tendency towards orbital ordering
characteristic of a compound with a degenerate eg electronic
configuration.

On the other hand, the Fe oxyborate shows a very close
relationship between CO/OO and magnetic ordering, typical
of systems whose physics is dominated by interactions among
t2g orbitals.

Also, in the Fe sample the main interactions are though
direct t2g-t2g orbitals of neighbor cations. Meanwhile, in the
case of the Mn sample, the Mn-Mn interactions are though
eg orbitals via sharing common O2- anion. As the interactions
in the Fe compound are stronger than in the Mn one, in the
Fe sample the resistance is lower and the long-range magnetic
ordering takes place at higher temperature than in the Mn
compound.

In Mn2OBO3, we propose the possibility of a fast electron
transfer between Mn2+ and Mn3+ cations. This situation is
reminiscent of the formation of Zener polarons in the
paramagnetic state of manganites, and it is certainly interest-
ing to study this possibility in other materials in which
Mn(2+/3+) pairs can exist.26

In the case of Fe2OBO3, we have observed the coexistence
of short-range CO (probably AF ordered) with a paramag-

netic state, below 317 K. AroundT ) 155 K the system
becomes AF and the charge ordering becomes long-ranged.

Finally, the observation of low field magnetization reversal
in Fe2OBO3 is an interesting phenomenon, observed in
several metal oxides, which deserves further attention.
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