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Bulk-sensitive photoemission spectroscopy ofA2FeMoO6 double perovskites„AÄSr, Ba…
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The electronic structures of Sr2FeMoO6 ~SFMO! and Ba2FeMoO6 ~BFMO! double perovskites have been
investigated using Fe 2p→3d resonant photoemission spectroscopy~PES! and the Cooper minimum in the Mo
4d photoionization cross section. The states close to the Fermi level are found to have a strongly mixed Mo–Fe
t2g character, indicating that the Fe valence is far from pure 31. The Fe 2p3/2 x-ray absorption spectroscopy
spectra reveal the mixed-valent Fe31 –Fe21 configurations, and a larger Fe21 component for BFMO than for
SFMO, suggesting an operative double exchange interaction. The valence-band PES spectra reveal good
agreement with the local-spin-density-approximation~LSDA!1U calculation.
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Room-temperature magnetoresistance~MR! has recently
been observed in the double-perovskite oxides
A2BB8MoO6 (A5Sr,Ba; B5Fe,B85Mo) with very high
magnetic transition temperaturesTC (.330–450 K).1–3 A
fundamental question in the double perovskites is the or
of the high-TC ferrimagnetism and the low field MR. Mag
netization data for Sr2FeMoO6 ~SFMO! indicated ferrimag-
netic coupling between Fe31 and Mo51 ions,4 and the MR
was interpreted as due to intergrain tunneling with the h
metallic electronic structure.1,5,6 Neutron diffraction and
Mössbauer spectroscopy on A2FeMoO6 indicated an Fe mo-
ment of (4.0–4.1)mB but a rather small localized moment o
Mo, (20.2–20.5)mB .2,7,8 The ferrimagnetic coupling be
tween Fe31 and Mo51 can be understood in terms of th
superexchange through the Fe-O-Mop bonding. The super-
exchange model, however, is not compatible with the me
lic nature of SFMO and Ba2FeMoO6 ~BFMO!. Further, the
valence states of Fe and Mo ions are still controversial; so
works were interpreted the value of Fe31,1,9 while other
works favored the mixed valence of Fe312Fe21.7,10,11

Photoemission spectroscopy~PES! can provide direct in-
formation on the electronic structures of the double pero
kites, but no valence-band PES study on SFMO has b
reported so far12,13to our knowledge. In this paper, we repo
a bulk-sensitive14 high-resolution valence-band PES stu
for SFMO and BFMO, including resonant photoemissi
spectroscopy~RPES! near the Fe 2p absorption edge and th
O 1s and Fe 2p x-ray absorption spectroscopy~XAS! mea-
surements.

Polycrystalline SFMO and BFMO samples were prepa
by the standard solid-state reaction method.12 The measured
saturation magnetic moments are larger than 3.8mB ~BFMO!
and 3.4mB ~SFMO! per formula unit~f.u.!, reflecting the well
ordered Fe and Mo ions atB andB8 sites. High-resolution Fe
0163-1829/2002/66~11!/113105~4!/$20.00 66 1131
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2p→3d RPES experiments were performed at the tw
helical undulator beam line BL25SU of SPring-8 equipp
with a SCIENTA SES200 analyzer.15 Samples were fractured
and measured in vacuum better than 3310210 Torr at T
&20 K. PES data were obtained in the angle-integra
mode, and the Fermi levelEF and overall energy resolution
of the system were determined from the Fermi-edge sp
trum of Pd metal. The total instrumental resolution~FWHM:
full width at half maximum! was about 130 meV athn
;700 eV. All the spectra were normalized to the photon fl
estimated from the mirror current. Both samples showe
clean single peak in the O 1s core-level spectrum, and n
9-eV binding energy~BE! peak in the valence-band spectru
~see Fig. 2!. Low energy PES experiments were carried o
at the Ames/Montana beamline at the Synchrotron Radia
Center in a vacuum better than 3310211 Torr.12 The frac-
tured surfaces were rough and the measured spectra sh
no angle dependence, suggesting that our PES data cou
considered as being angle integrated.

Figure 1 shows the RPES valence-band spectra of SF
and BFMO near the Fe 2p3/2 absorption edge. The top pane
show the measured Fe 2p3/2 XAS spectra~left! and the cal-
culated XAS spectra~right!. The arrows in the XAS spectra
representhn ’s where the spectra are obtained. For bo
SFMO and BFMO, the features nearEF (;20.3 eV), at
;21.5, 23, and 24 eV in the valence-band spectra a
enhanced greatly across the Fe 2p absorption edge, indicat
ing that these states have large Fe 3d character. As to the
resonating behavior, the Fe 3d-derived states at20.3 and
21.5 eV are due to thet2g

x ↓ and eg
2↑ states, respectively

(0,x&1).12 These RPES measurements reveal that the h
BE features (23;28 eV) also have the substantially larg
Fe 3d electron character, which is strongly hybridized wi
©2002 The American Physical Society05-1
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FIG. 1. Top: the measured Fe 2p3/2 XAS
spectra~left! and the fitting results~right! for
SFMO and BFMO. In the calculated XAS spect
~right!, dotted lines, gray lines, and solid line
denote the Fe21 and Fe31 components, and thei
sum, respectively. Bottom: valence-band spec
of SFMO and BFMO near the Fe 2p→3d ab-
sorption edge.
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the O 2p electrons. In the abovehn region, however, the
features forE&25 eV are obscured by the overlappin
broad FeLMM Auger emission, which is evident as th
non-flat slope forE&28 eV for hn*708 eV.

Our Fe 2p3/2 XAS spectrum for SFMO is basically simi
lar to those of previous reports.9,16 But the shoulder around
hn;707 eV in the low-hn side of the main 2p3/2 XAS peak,
clearly observed in our XAS spectra of both SFMO a
BFMO, is not observed in the previous data in t
literature,9,16 which is due to the better resolutio
(;100 meV) employed in our XAS spectra. It is evide
that the relative intensities between the two peaks of
2p3/2 absorption maxima (hn'708 and 710 eV! are reversed
in SFMO and BFMO; namely, a stronger peak is located a
higherhn for SFMO but at a lowerhn for BFMO. We be-
lieve that this difference is intrinsic since both samp
showed a clean single peak in the O 1s spectrum, and essen
tially the same XAS spectrum was reproduced with differ
fractures. It has been known that the 2p3/2 absorption edge o
Fe21 ions in the octahedral symmetry exhibits a main peak
a lowerhn than that of Fe31 ions.17,18Thus the difference in
the Fe 2p3/2 XAS spectra between SFMO and BFMO su
gests that Fe ions in BFMO have a larger 21 component
than in SFMO. One possible reason for such a differe
might be the different oxygen relaxation between Fe and
due to different ion radii of Ba and Sr ions. Indeed, t
structural data provide that the relative Fe-O bond lengt
smaller in SFMO, so as to have a higher Fe valence s
than in BFMO.8,19

In order to estimate the Fe valences of SFMO and BFM
in the ground states, we have analyzed the XAS spectr
SFMO and BFMO within the configuration interaction clu
ter model where the effects of the multiplet interaction, t
crystal field, and the hybridization with the Op ligands are
11310
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included.20,21 In this analysis, we have considered two co
figurations,dn and dn11L1 (L is a ligand hole!, since the
dn12L2 configuration gives negligible effect. In the calcul
tion of the Fe21 (n56) and Fe31 (n55) XAS spectra, we
have used the same parameters as used for FeO
a-Fe2O3, respectively.18 We have checked that sma
changes in the parameters do not affect the overall spe
shape including the prominent peak positions. The calcula
XAS spectra~the top-right panels! reveal that the ground
states of both SFMO and BFMO are strongly mixed vale
with Fe21 and Fe31 configurations. The estimated Fe v
lences are about 2.5 for SFMO and 2.3 for BFMO. If we u
the Fe31 component only (d5 and d6L1), the experimental
features of the reversed XAS line shape for BFMO and
low-hn shoulders (hn;707 eV) cannot be reproduced.

Figure 2 compares the valence-band spectra of SFMO
BFMO for a widehn range (22 eV<hn&700 eV). The top
two spectra are the differences between the on-reson
(hn'708 eV) and off-resonance spectra in the Fe 2p→3d
RPES, which can be considered as representing the Fed
partial spectral weight~PSW! distributions. If one assume
Fe31 (3d5), Mo51 (4d1), and the filled O 2p bands (2p6)
in AFMO, then the cross-section ratio of Fe 3d : Mo 4d : O
2p per unit cell is about;4%: ;5%: ;91% at hn
'20 eV, ;25%: ;0%: ;75% athn'90 eV, and;41%:
;9%: ;49% athn'700 eV.22 The hn522 eV spectrum
can be considered as the O 2p PSW. With increasinghn, the
Fe 3d and Mo 4d emissions increase with respect to the
2p emission, except for thehn region corresponding to the
Cooper minimum in the Mo 4d cross section aroundhn
;90 eV, and the Fe 3d and O 2p emissions become com
parable athn'700 eV. Consequently, the Mo 4d emission
is negligible athn;90 eV, and becomes the largest in the
5-2
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BRIEF REPORTS PHYSICAL REVIEW B66, 113105 ~2002!
3d off-resonance spectrum (hn5704 eV). Thus the pro-
nounced feature atEF at hn5704 eV is due to the larger Mo
4d contribution, and may also represent the intrinsic b
feature, compared to the cases at lowhn ’s.14,23

The valence-band spectra of SFMO and BFMO sh
very common features. First, metallic Fermi edges are
served in both systems atT;20 K, which confirms the me-
tallic behavior at lowT. Second, several structures appear
similar energies, labeled asa (20.3 eV), b (21.5 eV), g
(23.5 eV), d (24 eV), ande (;28 eV). Based on the
finding in Fig. 1, the features ofa,b,g, andd are identified
to have a large Fe 3d-derived electron character. Note th
the peak a is much larger athn5704 eV than athn
590 eV ~Cooper minimum!, showing that the peaka has
predominant Mo 4d electron character. Therefore, the pe
a has both Mo 4d and Fe 3d electron character.

We now discuss the differences in the valence-band s
tra between SFMO and BFMO. First, thea peak at EF for
BFMO is weaker than that in SFMO athn5704 eV. Con-
sidering that the intensity of the peaka is very similar for
SFMO and BFMO in the Fe 3d PSW’s ~top curves!, this
difference implies that the Mo 4d electron occupancy in
BFMO is lower than that in SFMO. Accordingly, this findin
indicates larger Fe212Mo61 character in BFMO than in
SFMO, which is consistent with that of the Fe 2p3/2 XAS
spectra~Fig. 1!. Secondly, the band width of the O 2p2Fe
3d peak in BFMO is narrower than that in SFMO. Th
difference is in agreement with the local spin density a
proximation ~LSDA!1U (U: the Coulomb correlation pa
rameter! calculations shown in Fig. 3, and reflects the larg
Fe-O-Mo bond length in BFMO due to its larger lattic
constant.19

FIG. 2. Comparison of the valence-band spectra of SFMO~dots!
and BFMO~solid lines! for a widehn range.
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The left panel of Fig. 3 compares thehn5704 eV
valence-band spectra~dots! to the weighted sum of the
PLDOS’s ~projected local densities of states! of Fe 3d, Mo
4d, and O 2p states~solid lines!. The PLDOS’s have been
obtained from the LSDA1U calculation.12 The parameters
used in this calculation areU53.0 eV andJ50.97 eV (J is
the exchange correlation parameter! for Fe 3d electrons.24

For the comparison to the valence-band spectra, the sum
PLDOS’s belowEF have been convoluted with a Gaussi
function of 0.2 eV at the FWHM to simulate the instrumen
resolution. The right panel compares the O 1s XAS spectra
to the sum of the unoccupied part of the Fe 3d, Mo 4d, O
2p, and Sr~Ba! s/p PLDOS’s. The O 1s XAS spectrum
reflects the transition from the O 1s to the unoccupied O 2p
states hybridized to the other electronic states, and so it
vides a reasonable approximation for representing the un
cupied conduction bands.

The LSDA1U calculations agree quite well with th
valence-band spectra, in the peak positions and the b
widths, and also explain the low energy features of the X
spectra reasonably well. If we shift the O 1s XAS spectra by
referring to the LSDA1U calculations,12,25 the energy sepa
rations between the lowest energy peaks in the valence-b
PES (a) and those in the O 1s XAS (a8) spectra become
about ;1 eV. This value is comparable to, but slight
larger than, the low energy peak observed in the optical c
ductivity spectrum for SFMO,6 which was ascribed to the F

FIG. 3. Left: comparison of thehn5704 eV valence-band spec
tra ~dots! to the weighted sum of the PLDOS’s~solid lines! obtained
from the LSDA1U calculation.a: Mo t2g↓2Fe t2g↓ hybridized
states;b: Fe eg↑, g: Fe t2g↑; e: Mo 4d–Fe 3d–O p hybridized
bonding states. Right: comparison of the O 1s XAS spectra to the
sum of the Fe 3d, Mo 4d, O 2p, and Sr~Ba! s/p PLDOS’s.a8: Mo
t2g↑ and Fet2g↓ character;b8: Fe eg↓; g8: Mo eg↑↓; d8: Mo
t2g↓.
5-3
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e2g↑→Mo t2g↑ interband transition. Our finding, howeve
indicates that this energy separation is ascribed to the en
difference between the occupied Mot2g↓2Fe t2g↓ hybrid-
ized state and the unoccupied Fet2g↓ state mixed with O
p2Mo t2g states.

We have found that the Fet2g↓ and Mo t2g↓ bands are
almost degenerate andt2g electrons are itinerant. This sug
gests that two valence states Fe312Mo51 and Fe21

2Mo61 are degenerate, which would then produce a type
double exchange~DE! interaction.26 That is, hopping of itin-
erantt2g↓ electrons between Fe and Mo sites yields a kine
energy gain to induce ferrimagnetism between Fe and
spins and the half-metallicity in SFMO and BFMO. Cons
quently, Fe and Mo ions in SFMO and BFMO do not ha
definite valence states.10,11 The difference from the case o
colossal magnetoresistant~CMR! manganites is that the
spins of itinerant carriers in double perovskites are oppo
to the localized Fe spins (t2g

3 ↑eg
2↑). Sarmaet al.13 and Fang

et al.27 recently proposed alternative models to explain
magnetism in double perovskites. They regarded the do
perovskite system as a ferromagnet not a ferrimagnet. T
is, originally nonmagnetic Mot2g electrons are antiferro
magnetically polarized by the ferromagnetically order
Fe31 spins through the hybridization between Fe 3d and Mo
4d states, thereby the resulting kinetic energy gain stabili
the ferromagnetic state. In view of the role of kinetic ener
optimization, this mechanism seems similar to the D
mechanism. However, using their models, it is hard to
plain the ferrimagnetism observed in the insulating dou
perovskites such as Ca2FeReO6 and Ba2BReO6 (B5Mn,
Co, Ni! which have one mored electron in theB8 site.26

Ferrimagnetism in the insulating double perovskites
A2BB8O6 is better described in terms of the superexcha
.
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interaction throughB-B8-O p orbitals. In the metallic SFMO
and BFMO systems, the DE-like interaction becomes ope
tive due to the degenerate Fe and Mot2g↓ states nearEF . In
the DE mechanism, the magnetic transition temperature TC is
proportional to the hopping strength, i.e., the bandwidth
the itinerantt2g↓ states.28 The observed correlation betwee
TC and the estimated bandwidth in metallic double pero
kites provides evidence for the operation of the DE-li
interaction.19 Noteworthy is that both the superexchange a
the DE interactions induce the ferrimagnetism in double p
ovskites, differently from the case of CMR manganites
which two interactions are competitive. Further, the Ja
Teller effect would be weaker in double perovskites due
relevantt2g orbitals nearEF , as compared toeg orbitals in
manganites. HenceTC can be high for SFMO and BFMO.

In conclusion, using the bulk-sensitive Fe 2p→3d RPES
and O 1s XAS, the states close toEF are found to be pre-
dominantly of Mot2g↓ and Fet2g↓ character, indicating tha
the Fe valence is far from pure 31 (d5). The Fe 2p3/2 XAS
spectra show that the ground states of both SFMO
BFMO consist of the strongly mixed Fe312Fe21 configura-
tions, and that BFMO has the larger Fe21 component. The
measured valence-band spectra agree very well with
LSDA1U calculation. Our findings suggest that a type
DE interaction is operative in SFMO and BFMO to produ
the half metallicity and ferrimagnetism.

Helpful discussions with D.D. Sarma are greatly appre
ated. This work was supported by the KOSEF through
CSCMR at SNU and the eSSC at POSTECH. PES exp
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