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Magnetoelectricity in V2O3
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Motivated by the recent theoretical discussions on the implications of x-ray resonant scattering and linear
dichroism data, we have measured the magnetoelectric effect in V2O3 . We were not able to detect any effect
and could fix an upper limit for the magnetoelectric susceptibilitya<0.01 ps/m. Moreover, we could verify
that it is impossible to perform a magnetoelectric annealing on the system at the transition temperature, because
of its small electrical resisitivity. This finding has precise implications on the ground-state properties of the
system.
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I. INTRODUCTION

In the last four years a rich harvest of data has beco
available regarding the phase diagram and the ground-
properties of V2O3. The polarized neutron-scattering expe
ments by Baoet al.,1,2 the resonant x-ray scattering of P
olasini et al.,3,4 the polarization-dependentL2,3-edge absorp-
tion data from Parket al.,5 and theK-edge linear dichroism
experiment performed by Goulonet al.6 give new insight on
the system, contradicting the preexisting theories.7–9

Vanadium sesquioxide has long been considered to be
prototype of the Mott-Hubbard systems, after the intens
experimental and theoretical work of McWhan, Rice, a
Remeika.10,11In Ref. 11 three phases for the system are id
tified by varying the temperature and chromium doping: p
V2O3 at room temperature is a paramagnetic metal~PM!; by
decreasing the temperature a phase transition to an antif
magnetic insulating~AFI! state is found at 150 K, while C
doping (.1%) brings the PM state at room temperature t
paramagnetic insulating one~PI!. The substitution of vana
dium ions with chromium, enlarging the lattice paramete
can be considered as a negative pressure: because of th
PM-PI transition is of the kind predicted by Mott in his fa
mous works.12

The magnetic order found by Moon13 in the AFI phase is
very peculiar: it breaks the trigonal symmetry of the pa
magnetic phases, as each V31 ion is ferromagnetically
coupled with one of the neighbors in the hexagonal pla
and antiferromagnetically with the other two~see Fig. 1!,
even though the V2O3 lattice is not frustrated.

The widely accepted theory before 1999 was that of C
tellani et al.,7 which was able to explain the anomalous ma
netic order of V2O3 through the orbital ordering. The sign o
the spin-exchange couplings depends on the orbital deg
of freedom and there exist some orbital patterns that al
the observed magnetic structure. But this theory was ba
on the assumption that only one of the twod electrons of the
V31 ion was magnetically active, the other being diama
netically coupled in a molecular bond, thus giving an effe
tive spinS5 1

2 for each vanadium ion.
There is now definite evidence from the x-ra

experiments3,5 that each vanadium ion carries a spinS51,
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thus invalidating the old model. Because of this a lot
theoretical work appeared in the last three years,14–18 trying
to explain the new experimental data available, but with v
modest results, as shown in Ref. 18. One of the reas
though not the only one, is the incapability of these mod
to explain the results of Ref. 6. We shall describe this pr
lem more in detail, since the theoretical reasons that led u
perform our experiment are intimately linked to it.

In their paper Goulonet al.6 measured an x-ray linea
dichroism in V2O3, which was interpreted as a nonreciproc
effect and described by the time-reversal odd, real part of
complex gyrotropy tensor. A necessary consequence of
interpretation is that the system should be magnetoelec
~ME!.19 Nonetheless, from x-ray crystallography11,20,21 and
polarized neutron measurements,1,2,13 it is possible to infer
that the magnetic space group of the system should beC2h

^ Q̂, whereC2h is its classical space group andQ̂ is the
time-reversal operator.22 Because of the presence of the tim
reversal symmetry and of an inversion center in the magn
space symmetry group, V2O3 cannot be a magnetoelectr
material.23–25 Moreover, a previous experiment26 to detect
the ME effect in V2O3 gave a negative result. Thus, eith
the x-ray linear dichroism experiment should be interpre
in a different way or there is a reduction of symmetry due
some degrees of freedom, other than the crystallographic
sition and the magnetic moments, that breaks both tim
reversal and inversion symmetries. Note that both symm
tries should be broken for a possible observation of the
effect.

A physical possibility toward a reduction of the symmet
was suggested in Ref. 18, through the setup of an orb
order that breaks the inversion and time-reversal symmet
But since none of the present theories~Refs. 14, 15, and 18!
obtained such a ground state, this possibility is still cont
versial. Thus, the only way to check the validity of the inte
pretation given in Ref. 6, and also to obtain an argumen
discriminate among the various theories, is to perform a
rect measurement of the magnetoelectric effect on V2O3. In
this way we would be able to give independent informati
about the discrepancy between the magnetic space symm
of this compound as detected by neutron13 and x-ray
©2002 The American Physical Society02-1
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diffraction20,21 or by x-ray linear dichroism.6

There are only two subgroups of the magnetic spa
groupC2h^ Q̂ that allow a ME tensor different from zero:25

the groups2/m and 2/m, in international notation. Othe
possible lower-symmetry groups, made by two elemen
cannot explain the data of Paolasiniet al.3 as shown in Con-
clusion. The ME tensorsa relative to these two groups hav
different forms that allow their experimental determinatio
In a reference frame where thebm axis is directed along the
y direction, as in Fig. 1, the two tensors can be expresse

a2/m[S 0 axy 0

ayx 0 ayz

0 azy 0
D ; a2/m[S axx 0 axz

0 ayy 0

azx 0 azz

D .

II. EXPERIMENTAL SETUP

In order to mitigate the consequences of the destruc
first-order phase transition,3,11 a Cr-doped sample was se
lected. The (V12xCrx)2O3 crystal used for the measureme
(x52.8%) was a single crystal cut from the same specim

FIG. 1. Corundum and monoclinic cells for the paramagne
and the antiferromagnetic phases of V2O3 , respectively. The distor-
tion and increase in volume due to the monoclinic transition are
shown.
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as those used in Refs. 3 and 6. It was cubic shaped,
dimensions 2.2032.2532.50 mm3, where the edges coin
cided, within less than 2°, with the hexagonal crystal
graphic axeŝ 00.1&H , ^11.0&H , and ^1̄1.0&H . Electrodes
were deposited by silver paint on the^1̄1.0&H faces and then
the sample was fixed to the sample holder by varnish.

The polarization of the sample was measured by a
technique, where the current between the electrodes is m
sured and integrated by a Keithley 617 electrometer. T
integrated value is scaled and displayed as a charge. In
way charges as low as 0.01 pC could be, in principle,
tected. The measurements were performed in a supercon
tive magnet providing magnetic fields up to 10 T. The te
perature was varied in a helium flow cryostat and measu
by a calibrated Cernox resistance thermometer. The s
experimental setup has been already used to detect the
effect in the spin-flop phase of Cr2O3 .27

We investigated only the presence of diagonal or o
diagonal components in thexy plane, so as to uniquely de
termine the symmetry of the ME tensor between the t
shown above. The data were collected at two different te
peratures~8 K and 14 K!, in order to avoid accidental zero
of the magnetoelectric susceptibility.28 Moreover, we
searched for the ME effect at the lowest temperatures
cause the method of polarization measurements used ne
very high electrical resistivity of the sample~see Ref. 11 for
the behavior of the resistivity vs temperature!. At each tem-
perature we performed a measurement with the magn
field along thê 11.0&H direction and one along thê1̄1.0&H
direction. It is easy to demonstrate that in this way it is,
principle, possible to determine the nature of the ME ten
and, thus, of the magnetic space group, for any of the th
monoclinic domain transitions.

After a first series of measurements without ME anne
ing, the whole procedure was repeated with ME annea
while cooling the system through the Ne´el temperature. For
Cr2O3 , on which this procedure was first tested,29,30 the ME
annealing is usually performed by cooling the sam
through the transition temperature in a magnetic induct
B.0.541.5 T and in an electric fieldE.5410 kV/cm. In
this way it is possible to select one of the two ME doma
by applyingEW either parallel or antiparallel toBW . Which of
the two domains is selected is nicely described in the pa
by Brown et al.31 where the effect of simple magnetic an
nealing is also shown: while the ME annealing selects a
monodomain, magnetic annealing gives a sample domain
balance between 30% and 80%.

III. RESULTS

The results for both procedures~with and without ME
annealing! did not show any detectable polarization when t
magnetic field was increased. In all the cases an expon
tially decaying drift of the charge had to be substracted,
we could easily check that it was a spurious effect, as it
not change when the magnetic field was stopped or, e
reversed. The origin of this decay is due to the coupling
the finite resistance of the sample (R.100 GV at 8 K! with
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FIG. 2. The residual signal is
shown, for both the longitudina
and the transversal cases, aft
ME annealing. It is compared with
the case of Cr2O3 , as in Ref. 27,
Pz(Hz) ~i.e., azz) and Py(Hy)
~i.e., ayy). The two lines are
drawn just to give the order o
magnitude, neglecting the change
due to the spin-flop transition
above 6 T. In the window the re
sidual signal is shown with an ex
panded scale.
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the amplified capacitor of the electrometer (CE.10 nF) giv-
ing a time constantt.103 s compatible with the measure
one (tm5199564 s). Once this substraction was done,
were left with a residual signal, shown in Fig. 2, who
analysis allowed us to determine an upper limit for the M
susceptibility:a<0.01 ps/m (331026 in cgs units!. This es-
timate was based on the angular coefficient of the linear fi
the residual signal shown in the window of Fig. 2. The res
wasa50.009760.0005 ps/m. But at the same time the li
ear regression parameterr was r 50.54, showing very poor
agreement with a linear behavior, as expected by direct
spection of the figure. Moreover, since a similar drift w
present also when the magnetic field was reversed, we
lieve that it was not linked to the ME susceptibility.

Just for the sake of comparison, in Fig. 2 are shown
polarization lines for Cr2O3 , corresponding to the longitudi
nal susceptibilitiesazz(270 K)54.17 ps/m~maximum sig-
nal! andayy(4.2 K)50.8 ps/m, as found in Ref. 27. The tw
lines are drawn multiplying these ME susceptibilities and
magnetic field.

There is another result to underline. While cooling a
performing the ME annealing, we realized that this pro
dure could not work. The reason is that V2O3 is not a good
insulator:11 from the point of view of the conductivity, it can
rather be classified as a semiconductor.32,33The resistance o
the sample at the transition temperature, in our experimen
in that of Ref. 6, was of the order of 10V. The application of
an electric field of 5 kV/cm, through a capacitor, is equiv
lent to a voltage of 25 V at the surfaces of the sample.
such a situation the system can be better described as a
ductor rather than as an insulator: the charges move in su
way as to make zero the electric field inside the sam
Consequently the local polarization generated by the exte
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electric field is reduced to zero. A quantitative estimate of
time required to the induced local polarization to decay
zero after the external electric field has been removed is s
ply given by34 tR.e/s, wheree[e re0 is the dielectric con-
stant of the medium ands its conductivity (s
.100–1021V21 m21). Estimating e r.10 we get e
.10210 F/m andtR<10 ns. This means that no local pola
ization can be present at the transition temperature, as
cooling process requires a much longer time.

Thus the whole procedure for V2O3 is no longer a ME
annealing, but rather a simple magnetic annealing. The m
difference with the case of Cr2O3 , where the ME annealing
procedure works well, lies in the fact that the conductivity
Cr2O3 at its Néel temperature is more than 15 orders-o
magnitude less than that of V2O3 at its transition tempera
ture.

IV. CONCLUSIONS

Even though the precision of the experiment should
improved to definitively rule out magnetoelectricity in V2O3,
we believe that important information can be extracted fr
our experiment, regarding the theories on the AFI phase
the system. The main point is related to the determination
the magnetic space group of the system. The absence
ME signal, at our level of sensitivity, indicates that there
no reduction of the symmetry and the magnetic space gr
is still C2h^ Q̂. This is further confirmed by other indirec
evidence coming from the vanadiumK-edge scattering ex
periments of Paolasiniet al.3 The interpretation of the
(221)m reflection as a purely magnetic signal implies that t
time-reversal symmetry associated to the body-cente
translation is still an operation of the space magnetic gro
2-3
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Moreover, the fact that at the 4p energy of the (111)m re-
flection no signal is detected is a clear indication that
glide plane symmetry still exists,18 associated with an inver
sion center, otherwise the structure factor would have give
signal different from zero.

It should be noted, also, that all the experiments p
formed in Grenoble~the present one and those of Refs. 3 a
6! used the same, Cr-doped crystal. This makes m
straightforward the relative comparisons and shows that p
sible incompatibilities in the interpretations should not
attributed to the~low! Cr doping.

The last point to clarify regards the classification
V2O3. Before 1970, because of the behavior of t
resistivity,11,32 which ranges from 1V cm to 100V cm, the
PM-PI transition was called a metal-to-semiconduc
transition.32,33 Only later, after the works of Rice, McWhan
and Remeika,9,11 was it recognized as a transition due to t
strong correlations among the electrons, i.e., a Mott~or
‘‘metal-insulator’’! transition. Nonetheless, not even in th
AFI phase does the resisitivity of V2O3 approach that of a
n
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good insulator ~at 100 K, for 2.8% Cr doping,r
.0.5 MV cm). In particular, at the transition temperatur
the small value of the resistivity (.102V cm) does not allow
the mainteinance of an electric field inside the sample
the ME annealing procedure, contrary to the case of Cr2O3 ,
cannot be used for V2O3.

In conclusion, we could not find any ME signal in V2O3,
in contradiction with the observation of a nonreciproc
x-ray linear dichroism6 and with the theoretical pictures tha
require symmetry-breaking orbital ordering.18 This calls for a
different interpretation of the linear dichroism experime
that does not need a reduction of the symmetry and for
ther experimental investigations.
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