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First Observation of Nonreciprocal X-Ray Gyrotropy
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We report the first observation of a nonreciprocal x-ray linear dichroism caused by the time-reversal
odd, real part z of the complex gyrotropy tensor z � which is dominated by electric dipole-electric
quadrupole E1E2 interference terms. A nonreciprocal transverse anisotropy was observed in the low
temperature insulating phase of a Cr doped V2O3 Mott crystal when a single antiferromagnetic domain
was grown by magnetoelectric annealing along the hexagonal c axis. This new element (edge) specific
spectroscopy could nicely complement x-ray magnetic circular dichroism which is silent for antiferro-
magnetic materials.

PACS numbers: 78.70.Dm, 75.80.+q, 78.20.Ls
X-ray natural circular dichroism (XNCD), i.e., a differ-
ential absorption of left- and right-handed circularly po-
larized x-ray photons, has long been expected in systems
whose symmetry belongs to a subset of the proper rotation
groups (Cn, Dn) or, under restrictive geometric conditions,
to selected low symmetry groups (C2y , D2d , S4, Cs) con-
taining reflection planes. Very recently, XNCD was finally
observed in various noncentrosymmetrical crystals satis-
fying these symmetry criteria [1–4]. In this Letter, we
are concerned with a nonreciprocal x-ray linear dichro-
ism (XLD), i.e., the differential absorption of the (s, p)
components of linearly polarized x-ray photons: such a
dichroism should show up in crystals in which inversion
symmetry is again broken, but now as a consequence of
some magnetic ordering. Since this magnetic order is
typically antiferromagnetic, such crystals cannot exhibit
any Faraday rotation or any magnetic circular dichroism
in the x-ray range. The link between XNCD and non-
reciprocal XLD is a complex gyrotropy tensor z 2 iz 0

which, in the x-ray range, is dominated by electric dipole-
electric quadrupole (E1E2) interference terms in Fermi’s
golden rule [5]. Natural optical activity refers to its imagi-
nary part z 0 which is required to have an even time-
reversal symmetry to induce differential light absorption
[6]. In contrast, the real part z having odd time-reversal
symmetry [6] is expected to cause nonreciprocal effects
in magnetic crystals of appropriate symmetry. Whereas
nonreciprocal birefringence [7–12] was predicted to be
a small effect at optical wavelengths, we point out below
that nonreciprocal XLD can be easily detected: a nonre-
ciprocal transverse anisotropy was successfully detected in
the insulating, low temperature phase of a Cr doped V2O3
Mott crystal when a single antiferromagnetic domain was
grown by magnetoelectric annealing [13]. The symmetry
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properties of the magnetoelectric tensor of this crystal led
us to apply simultaneously an electric and a magnetic field
both oriented along the hexagonal c axis, whereas the mag-
netic moments are known to be rotated by 71±–75± with
respect to the c axis [14–16]. Even though our experi-
ment bears no direct implication regarding the important
issue of orbital occupancy in filled states [17–19], ab ini-
tio simulations of nonreciprocal XLD spectra should help
to cross-check the validity of existing theoretical models
in noncentrosymmetrical magnetic systems.

For a transverse polarized wave propagating along the
direction n, the complex scattering tensor a�

ab can be ex-
panded as [6,20,21]

a�
ab � a�

ab 1 z �
abg ? ng 1 Q�

aggb ? �n2
g� 1 · · · .

(1)

Here a
�
ab and Q�

aggb (with a, b fi g) are the complex
electric dipole (E1) and electric quadrupole (E2) polariza-
bility tensors. The real and imaginary parts of the
gyrotropy tensor z

�
abg � zabg 2 iz 0

abg are related to
symmetric and antisymmetric combinations of the E1E2
interference terms [6,11,20]:
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Since the amplitude of z� is proportional to v, one
expects the gyrotropy tensor to become quite significant
in x-ray spectroscopy. Near resonance, linear and circular
dichroisms are given by [21]

sp 2 ss ~ �axx 2 ayy� 1 �zxxz 2 zyyz�

1 �Qxzzx 2 Qyzzy� , (3)

sL 2 sR ~ 2�a0
xy 1 z 0

xyz 1 Q0
xzzy� .

The real and imaginary parts of the electric polarizability
tensors a� and Q� have, respectively, even and odd
time-reversal symmetry whereas the real and imaginary
parts of the gyrotropy tensor have again the opposite time-
reversal symmetry. Thus, �a0

xy 1 Q0
xzzy� are easily iden-

tified as the terms which contribute to x-ray magnetic
circular dichroism (XMCD), whereas z 0

xyz contributes
to XNCD. Similarly, the first and last terms in Eq. (3)
contribute to natural linear dichroism if a crystal exhibits
a structural anisotropy in a plane perpendicular to the
wave vector k; in magnetic crystals, the second term
�zxxz 2 zyyz� may also contribute to a transverse nonre-
ciprocal XLD the sign of which will depend whether the
axial ordering magnetic field is parallel or antiparallel
with k. Only 13 noncentrosymmetric crystal classes have
a nonvanishing imaginary part of the x-ray gyrotropy
tensor z 0

xyz and can exhibit XNCD [1–4]. To identify
which crystal may exhibit nonreciprocal XLD, one should
simply remember that nonreciprocal gyrotropy and the
magnetoelectric effect are closely related. This was first
perceived by Birss and Shrubsall [8] and clarified by Horn-
reich and Shtrikman [9] who pointed out the importance of
the E1E2 interference terms. More recently, Graham and
Raab [11] refined the theory of Hornreich and Shtrikman.
There are 58 noncentrosymmetric magnetic crystal classes
that are magnetoelectric [22]. The generic example
is Cr2O3 that has the centrosymmetric corundum struc-
ture (space group R3̄c) but the noncentrosymmetric
3̄m space-time group below the Néel temperature. In
Cr2O3, the easy magnetization direction is along the
trigonal axis and the magnetoelectric effect measured
along the direction of the magnetic moments (ak) is
bigger than in any direction perpendicular to the moments
(a�). Obviously, in such a uniaxial magnetic crystal, a
magnetoelectric effect parallel to the hexagonal c axis
cannot induce any anisotropy in the perpendicular basal
plane. This was confirmed experimentally. The situation
is, however, more propitious in the antiferromagnetic
insulator phase (AFI) of V2O3 below TN : in this crystal,
the magnetic moments (1.2mB per V atom) are rotated by
71± with respect to the hexagonal axis and time-inversion
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symmetry is broken in the magnetic group A2 [15,16]
which, according to Birss [22], is magnetoelectric. Since
the first order phase transition from the trigonal paramag-
netic phase (space group R3̄c) to the monoclinic AFI low
temperature phase (space group I2	a) turns out to be
crystal destructive, Cr-doped crystals �V12xCrx�2O3 are
usually preferred for temperature dependent magnetic and
structural studies [23–26]. Here, we reused the same crys-
tal as for previous resonant x-ray scattering experiments
carried out at the European Synchrotron Radiation Facility
(ESRF) (beam line ID20) [26]: this Cr-doped crystal
(1.0 3 0.8 3 0.05 mm3) was cleaved perpendicular to
the hexagonal c axis. With x � 0.028, not only TN raises
from 150 to ca. 181 K, but also the electric resistivity is
substantially increased in the paramagnetic phase. Magne-
toelectric annealing [14,27] initiated in the paramagnetic
insulating phase was exploited to generate a single antifer-
romagnetic domain: we applied simultaneously along the
direction of the hexagonal c axis a modest electric field
(5 3 103 V	cm) plus a weak magnetic field (60.5 T), the
two fields being either parallel or antiparallel. Next, the
crystal was cooled down below the phase transition and
the electric field was ultimately switched off during the
XLD experiment. Note that the crystal was systematically
heated up to 300 K, i.e., back in the paramagnetic phase,
before we inverted the direction of the magnetic field and
repeated the whole magnetic annealing procedure.

All spectra were recorded at the ESRF beam line ID12A
[28]. For XLD experiments, the source was a helical
undulator (Helios-II) emitting circularly polarized x-ray
photons: a diamond phase plate located after the Si(111)
double crystal monochromator was used to convert the cir-
cularly polarized photons into (s, p) linearly polarized
photons and to switch quickly from one linear polariza-
tion to the orthogonal one. For XNCD experiments, a new
electromagnetic helical undulator [29] allowed us to flip
the helicity of the x-ray photons several times for each
energy data point. Fluorescence detected dichroism spec-
tra [21] were recorded in the backscattering configuration,
the detector being directly inserted inside the cryomagnet
containing the sample. All x-ray fluorescence spectra were
carefully corrected for reabsorption.

We have reproduced in Fig. 1 the V K-edge x-ray ap-
pearance near-edge structure (XANES) and XLD spectra
recorded in the trigonal phase R3̄c before magnetoelec-
tric annealing. In our deconvolved XANES spectrum, the
pre-edge shoulders labeled “B” and “C” by Bianconi and
Natoli [30] are now nicely resolved peaks separated by
1.65 eV: these resonances were assigned to final states in-
volving the 3d metal orbitals featuring the usual T2g and
Eg symmetry in an octahedral crystal field with 10Dq en-
ergy splitting. The degeneracy of the T2g level is further
lifted by the trigonal ligand field (D3d): the correspond-
ing energy splitting into eg and a1g sublevels is small and
should not be observed in the K-edge XANES spectrum
because transitions to the fully symmetrical a1g sublevel
are forbidden by E1 and E2 selection rules or the crystal
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FIG. 1. Deconvolved XANES and weak XLD spectra in the
paramagnetic phase of �V12xCrx�2O3. The x-ray wave vector k
was collinear with the hexagonal c axis.

orientation. The weak prepeak B should therefore be most
probably assigned to final states involving the eg orbitals
of the metal, such transitions having implicitly a strong E2
character. As expected, there is only a very weak linear
dichroism signal (#3 3 1024) in the pre-edge region: we
cannot exclude yet the fact that it may result from a small
misalignment of the crystal axis with respect to the wave
vector k.

The XLD spectra recorded in the AFI phase after
magnetoelectric annealing are displayed in Fig. 2: their
amplitude is spectacularly increased, the maximum inten-
sity being now of the order of ca. 1%. As expected for a
time-reversal odd effect, the sign of the dichroism is nicely
inverted when the direction of the magnetic field used dur-
ing the magnetoelectric annealing is inverted with respect
to the electric field. Figure 2 thus produces the demonstra-
tion that our experiment is different from a conventional,
uniaxial x-ray magnetic linear dichroism (XMLD) experi-
ment [31–34] in which a magnetic anisotropy is typically
created by a magnetic field rotated by 90± with respect to
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FIG. 2. Nonreciprocal XLD spectra recorded in the monoclinic
phase. Magnetoelectric annealing was performed with paral-
lel (1) and antiparallel (2) electric and magnetic fields. The
XNCD spectrum displayed at the same scale is hardly visible.
The residual signal XLD�H1� 1 XLD�H2� is displayed with an
expanded scale.
the wave vector k: in the latter experiment, the XMLD
signal is proportional to �M2� and remains unchanged
when the direction of the magnetic field is inverted. A
careful comparison of Figs. 1 and 2 would reveal that the
peak locations and the line shapes are quite different in
the XLD spectra recorded at high and low temperature.
Interestingly, the nonreciprocal XLD signal measured at
the pre-edge resonance B is rather small in comparison
with the XLD signal measured at the pre-edge resonance
C: remember that the former resonance was assigned
to transitions towards the partially populated levels eg

(possibly involved in orbital ordering models [17–19])
whereas resonance C was assigned to transitions towards
final states involving metal orbitals of symmetry Eg. It
should also be kept in mind that the observation of an
E1E2 gyrotropy signal implies a substantial parity mixing
between 3d and 4p metal orbitals: this is most favorable
in the case of the empty Eg orbitals which are strongly
hybridized with the ligand orbitals. This is not the case
for the eg orbitals which are more sensitive to metal-metal
exchange interactions and we expect the peak B to keep a
strong E2 character. Nevertheless, even peak B exhibits a
marked anisotropy and this could perhaps give indirectly
some quantitative information about the orbital occupancy
problem. At this stage, it is not obvious why the sign of
the nonreciprocal anisotropy is inverted for bands B and C,
respectively. On the other hand, we observe a strong non-
reciprocal XLD signal at all resonance involving the 4p-5p
metal orbitals: this is in full agreement with the magnetic
scattering experiments reported in Ref. [26]. In contrast
with the erroneous idea that the electric quadrupole E2
transition would exist only in the pre-edge region, it
clearly appears that the nonreciprocal gyrotropy spectrum
extends (at least) over the whole XANES region. Whether
or not the signal could extend further into the extended
x-ray-absorption fine structure regime is still an open ques-
tion. Note that there are small but significant differences
between the XLD1 and XLD2 spectra: the weak residual
signal associated with their half sum (see Fig. 2) could
perhaps be assigned to a (time-even) linear dichroism
due to the slightly distorted monoclinic structure (space
group I2	a).

Although the local point group C3 at each metal center is
chiral, the space group I2	a belongs to a centrosymmetric
crystal class (2	m) for which no XNCD should ever be ob-
served (point group C2h). We tried nevertheless to record
the XNCD spectrum (without any magnetic/electric field):
as illustrated by Fig. 2 there is only an extremely weak
residual signal (#1.5 3 1024). Its fairly low intensity
calls for the conclusion that the monoclinic structure does
not exhibit any marked deviation from a centrosymmetric
structure, even after magnetoelectric annealing. In con-
trast, the huge nonreciprocal gyrotropy signals of Fig. 2
confirm that the noncentrosymmetry has only a magnetic
origin.

In the one-electron transition picture, the photoionized
1s level has no spin-orbit coupling and a spin dependence
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of the absorption process can be induced only by spin-orbit
coupling in the final state, the spectra becoming sensitive
to spin-polarization effects by exchange interactions. As
in the case of XMCD spectra of ferromagnetic systems,
we expect the orbital angular momentum �L� to play a key
role in nonreciprocal XLD spectra. One may hope to learn
more about orbital occupancy in filled states by exploit-
ing sum rules as this is classically done for XMCD spectra
[35]. Recall that sum rules have already been derived for
XNCD, i.e., for the imaginary part of the gyrotropy ten-
sor [5] and their extension to the real part was recently
attempted [36]. An important outcome of this new the-
ory was to show that �L� is not a suitable operator for
describing the electronic and magnetic properties of non-
centrosymmetric antiferromagnetic crystals: more sophis-
ticated operators are needed.

Nonreciprocal XLD should indeed nicely complement
nonreciprocal second harmonic generation (SHG) which
emerged recently as a valuable method to characterize
antiferromagnetic materials at optical wavelengths [37].
Note that nonreciprocal XLD is probing E1E2 interfer-
ence terms which becomes quite significant in the x-ray
range, whereas nonreciprocal SHG is still probing electric
dipole-magnetic dipole (E1M1) interference terms. More-
over, nonreciprocal XLD benefits of the advantage to be
element and edge specific as any x-ray spectroscopy.

The authors are grateful to C. R. Natoli, P. Carra, and
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crystal was grown in the Chemistry Department of Purdue
University.
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