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Evidence of unquenched Re orbital magnetic moment in AA�FeReO6
double perovskites
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Spin and orbital magnetic moments of rhenium in AA�FeReO6 double perovskites �A ,A�=Ba, Sr,
and Ca� have been directly probed employing x-ray magnetic circular dichroism at the Re L2,3

edges. A considerable orbital magnetic moment is observed in all the compounds studied, which
confirm theoretical predictions of unquenched Re orbital moment despite its octahedral
coordination. Relative orbital-to-spin moment ratio alters with lattice distortion from mL /mS=
−0.285 to −0.337 from Ba2FeReO6 to Ca2FeReO6, respectively. Moreover, the spin moment of Re
ion scales with Curie temperature, the most relevant property in spin electronics application of the
compounds studied. © 2006 American Institute of Physics. �DOI: 10.1063/1.2234292�
Ordered double perovskites have recently attracted great
interest due to their large spin polarization and Curie tem-
perature �TC� much higher than room temperature. These
properties are strongly desired in order to realize reasonable
magnetoresistance effects at room temperature, which is not
only a challenging subject of fundamental science but also an
important phenomenon for potential applications in spin
electronics. Therefore the first observation of substantial
magnetoresistance at room temperature in Sr2FeMoO6
�Ref. 1� quickly led to production of magnetic tunnel junc-
tions and magnetoresistive potentiometers.

Currently, the other ordered double perovskites
AA�BB�O6 �A ,A�=Ca, Sr, Ba, La, etc.; BB�=FeMo, FeRe,
CrRe, CrW, etc.� are being intensively studied in order to
find a material with optimal performance.2–7 Among them
the Re-based double perovskites are the most promising
compounds in terms of high Curie temperature, e.g., 538 and
635 K in Ca2FeReO6 and Sr2CrReO6, respectively.3 More-
over, Re-based double perovskites are magnetically hard4,6,8

and reveal large magnetoelastic effects,9 which can only be
explained by a substantial magnetocrystalline anisotropy due
to the anisotropy of an unquenched orbital moment of Re.6

The aim of the present study was to find out whether a
significant Re orbital moment exists in Re–Fe double perovs-
kites and how the lattice distortion influences its value.
Moreover, our experiments provide the direct quantitative
information about the total magnetic moment of Re ions un-
like previous measurements with neutron diffraction,5

Mössbauer,2,4 and nuclear magnetic resonance �NMR�
spectroscopies,11 as well as band structure calculations.10,12,13

For example, the calculated and measured total magnetic
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moment of Re is always antiparallel to that of Fe, but its
value reported for Sr2FeReO6 ranges from 0.16�B to 1.27�B.
All these issues are addressed by means of the sum rule
analysis of the x-ray magnetic circular dichroism �XMCD�
spectra, which enables an independent derivation of the spin
and orbital contributions to the magnetic moment.14

Experiments were carried out on a series of five
AA�FeReO6 double perovskites �AA�=Ba2, BaSr, Sr2, SrCa,
and Ca2�. A detailed description of the preparation route and
physical properties of the compounds studied are described
in Ref. 6. Rhenium L2,3-edge XMCD spectra were measured
at the beamline A1 in Hasylab/DESY, Hamburg. All the
spectra were recorded at 10 K on polycrystalline samples
using a transmission mode in an applied magnetic field up to
20 kOe, flipped at each energy point.

Rhenium L2,3 near edge absorption spectra of all the
compounds studied have a similar shape to those of
Ba2FeReO6, presented in Fig. 1. The measured edge step
ratio L3 /L2 of 2.17�3� is in agreement with the theoretical
value.15. The only difference observed is a gradual edge shift
revealed by the decrease of the first moment by 0.4 eV from
ReO3 to Ba2FeReO6 and further by 0.15 and 0.3 eV to
Sr2FeReO6 and Ca2FeReO6, respectively. This indicates that
all the compounds studied reveal an effective valence state
lower than Re6+, which decreases with increasing lattice dis-
tortion. This is consistent with the Fe valence evolution ob-
served by the Mössbauer spectroscopy.2,4

Recently, Jeng and Guo, in their theoretical study of
magnetic moments in Sr2FeReO6,10 found that Re 5d orbital
downspin states are highly polarized. Using the orbital occu-
pation numbers, reported in Ref. 10 one can estimate the
relative intensity of the XMCD spectra applying oscillator
strengths for electronic excitation.16 According to such an
analysis the integrated Re L3-edge XMCD spectra ought to

be positive and ten times less intense than the negative
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L2-edge spectra. Moreover, if Re 5d t2g and eg subbands are
considerably split in energy, the L3-edge XMCD ought to
show a differential-like shape due to negative �positive� con-
tribution from excitation to the t2g �eg� orbital, whereas the
L2 edge ought to reveal a single broad peak due to negative
contribution from both kinds of excitation.

FIG. 1. �Color online� X-ray absorption spectra of Ba2FeReO6 �upper panel�
together with normalized and integrated �lower panel� Re L2,3-edge XMCD
spectra of the compounds studied.

TABLE I. Orbital �mL�, spin �mS�, and total �mtot� magnetic moments of Re
of 5d holes �nh� derived from the x-ray absorption spectra �first line for each
the Re spin moment values reported in literature for the compounds studie
nuclear magnetic resonance �NMR� as well as calculated using local spin d

AA� mL /mS nh mL mS

Ba2 −0.285�5� 8.2 0.28�2� −0.99�6�
5.5 0.19�2� −0.66�5�

BaSr −0.294�4� 8.2 0.30�2� −1.03�7�

Sr2 −0.308�5� 8.1 0.33�2� −1.07�7�
5.6 0.23�2� −0.74�6�
6.8 0.28�2� −0.90�7�

SrCa −0.327�7� 8.0 0.37�3� −1.13�8�

Ca2 −0.337�9� 7.8 0.39�3� −1.15�9�
5.8 0.29�2� −0.86�7�
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The latter predictions are unambiguously confirmed by
our experimental results, presented in Fig. 1. The Re L3-edge
XMCD spectra show a differential-like shape with a mini-
mum at the edge energy and a positive peak close to the
white line �WL� maximum. The integrated XMCD at the Re
L3 edge is positive for all the compounds studied except for
Ca2FeReO6, whereas all the Re L2-edge XMCD spectra con-
sist of a single broad negative peak. Its amplitude is much
larger than the maximum of the L3-edge signal, as expected
for a system with predominantly occupied m=1 orbitals.
This finding confirms the scenario of an unquenched orbital
moment of the Re 5d electrons. The main difference in the
shape of the spectra between compounds studied is due to a
different contribution from the 5d t2g subband. This is re-
vealed by the enhancement of the negative peak at the low
energy part of L3 and L2 edges and a shift of the latter to-
wards lower energy with increasing lattice distortion. The
effect corresponds to a change of the t2g band polarization
due to the increase of electronic occupation of the spin-down
t2g subband.

Orbital, mL, and spin, mS, magnetic moments of rhenium
were derived from XMCD spectra using the sum rule
method.14 It revealed that the relative orbital-to-spin contri-
bution increases with lattice distortion as presented in Table I
and Fig. 2. Note that the mL /mS ratio is an independent quan-
tity derived directly from integrals of XMCD spectra,
whereas in order to determine absolute values of spin and
orbital magnetic moments the white line intensity must be
extracted and divided by the number of 5d holes, nh. In the
present study the Lorentzian-like WL intensities were de-
rived by subtracting an arctan step function from the absorp-
tion spectra. The nh parameters were obtained from a com-
bined analysis of the WL intensity of the compounds studied
and the gold reference foil, similar to that described in Ref.
17. The results correlate well with the observed shifts of the
first moment of absorption spectra. Note that the obtained
values of nh, shown in Table I, are close to those expected by
an ionic model assuming an iron valence state derived from
Mössbauer spectra,2,4 whereas they are significantly higher
than those reported by band structure calculations10,12 as well
as those used in recent XMCD studies of Sr2CrReO6.18 The
determined spin and orbital moments of Re are antiparallel,

10 K in the AA�FeReO6 series. Values are given in �B /Re for the number
ound� and reported in theoretical calculations. The last four columns present
rences in text�. They were determined using neutron diffraction �ND� and
approximation �LSDA� and generalized gradient approximation �GGA�.

mtot ND NMR LSDA GGA

−0.71 −0.87 −0.99
−0.47 −1.22

−0.73

−0.74 −0.16�7� −0.94 −1.05
−0.51 −1.27
−0.62 −0.74 −0.85

−0.85 −0.96

−0.76

−0.76 −0.81�6� −0.95 −1.07
−0.57 −1.02�7� −1.33

−0.91 −1.12
at T=
comp
d refe
ensity
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as expected from Hund’s third rule. The resulting total Re
moment is antiferromagnetically coupled to the Fe moment
and amounts to mtot�0.75�B in good agreement with the
recent NMR �Ref. 11� and neutron diffraction results.5 Sur-
prisingly, the obtained spin moment is of the order of 1.1�B
which is accidentally similar to the predictions of band struc-
ture calculations.12,13

The total magnetic moment of Re in the AA�FeReO6
series is not significantly modified within the series, similar
to the bulk magnetization,6 whereas the orbital moment
shows a clear correlation with the lattice distortion �Fig. 2�.
Moreover, both the spin and the orbital contributions are in-
creasing with lattice distortion, which indicates a strengthen-
ing of magnetic interactions. A comparison of the local mag-
netic moment evolution with the macroscopic magnetic
properties of the compounds reveals a correlation with Curie
temperature. An approximately linear dependence of TC on
the effective spin moment S�S+1� of Re �see inset of Fig. 2�
is similar to that predicted for Heisenberg-like exchange in-
teractions.

In Fig. 2, the behavior of the coercive field and the
mL /mS ratio is compared. Although the values of both quan-
tities increase with lattice distortion, the relative increase of
the orbital contribution is smaller compared with that of the
coercive field, which could be attributed to a possible aniso-
tropy of an unquenched iron orbital moment. Thus, an
XMCD study of iron orbital moment in these compounds
would be advisable in order to confirm this hypothesis.

In summary, the presented study confirms theoretical
predictions claiming that Re moment is not quenched by
octahedral ligand field in AA�FeReO6 double perovskites.
The derived magnetic moment of Re is of the order of
0.75�B and is antiparallel to that of Fe, which agrees well

FIG. 2. �Color online� The ratio of orbital-to-spin magnetic moment of Re
compared with the coercive field of the AA�FeReO6 compounds plotted vs
the average radius of alkali earth ions. Inset shows the dependence of Curie
temperature vs the effective spin moment of Re ions. Lines are guides for
the eyes.
with bulk magnetization and NMR results. The effective total

Downloaded 28 Mar 2008 to 131.169.95.147. Redistribution subject to
angular momentum of rhenium does not change significantly
within the series, whereas the magnitude of the orbital con-
tribution increases with the lowering of local symmetry of
the compounds. Finally, the effective spin moment of Re
scales linearly with Curie temperature, which suggests its
high importance in the mechanisms leading to high magnetic
ordering temperatures in ferrimagnetic double perovskites.
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