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Electronic structure of the double-perovskite Ba2FeMoO6 using photoemission spectroscopy
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The electronic structure of Ba2FeMoO6 ~BFMO! has been investigated by using photoemission spectroscopy
~PES!. By varyinghn across the Mo 4d Cooper minimum, it is found that the states close to the Fermi level
EF are predominantly of the Mot2g↓ and Fet2g↓ character. The measured PES spectrum is compared to the
calculated electronic structure obtained in the local spin-density approximation~LSDA! and LSDA1U meth-
ods. The LSDA1U calculation yields better agreement with experiment in the peak positions than does the
LSDA calculation. The present study supports the double exchange mechanism for the half-metallic ferrimag-
netism in BFMO.

DOI: 10.1103/PhysRevB.64.024429 PACS number~s!: 75.70.Pa, 79.60.2i, 71.30.1h
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I. INTRODUCTION

Since the discovery of the colossal magnetoresista
~CMR! phenomenon in the doped perovskite Mn oxid
R12xAxMnO3 ~RAMO; R is a rare earth, andA a divalent
cation!,1 even room-temperature magnetoresistance~MR!
has been observed in ordered double perovskite ox
with very high magnetic transition temperatur
TC (.330–450 K):A2FeMoO6 (A5Ca,Sr,Ba!.2–4 Much of
the current interest in double perovskites is focused on
high TC and the low field MR, which suggest high spin p
larization of conduction electrons and a half-metallic grou
state.2 The question arises whether the essential physic
A2FeMoO6 is similar to that of RAMO manganites. The me
tallic conductivity and ferromagnetism in doped RAMO sy
tems have been explained by the double exchange~DE!
mechanism5 between spin-aligned Mn31 (t2g

3 eg
1) and Mn41

(t2g
3 ) ions. Further, the strong electron-phonon interact

due to the Jahn-Teller effect at the Mn31 ion is invoked to
elucidate the metal-insulator~M-I ! transition in RAMO’s.6–8

In the DE model, there should exist mixed-valent ions
maintain the correlation between magnetism and conduc
ity.

The lattice ofA2FeMoO6 consists of alternating FeO6 and
MoO6 octahedra. Magnetization data for Sr2FeMoO6
~SFMO! indicate ferrimagnetic coupling between Fe31

(3d5;t2g
3 eg

2 ,S55/2) and Mo51 (4d1;t2g
1 ,S51/2) ions,9 and

the MR was interpreted as due to intergrain tunneling w
the half-metallic electronic structure.2,10–12 Neutron diffrac-
tion and Mössbauer spectroscopy onA2FeMoO6 indicated an
Fe moment of (4.0–4.1)mB but negligible localized momen
on Mo, about20.2mB .3,13 The ferrimagnetic coupling be
tween Fe31 and Mo51 can be understood in terms of supe
exchange through the Fe-O-Mop bonding.14,15 The highTC
suggests a large interatomic exchange coupling betwee
and Mo ions. The superexchange model, however, is
compatible with the metallic nature of Ba2FeMoO6 ~BFMO!.
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Thus the origin of the highTC ferrimagnetism and the low
field MR in double perovskites remains to be determined

Therefore it is essential to know the valence states oA
and Fe ions inA2FeMoO6 to understand the underlyin
physics properly. In particular, the valence states of Fe
Mo ions and the half-metallic electronic structure
A2FeMoO6 have not been confirmed experimentally. Desp
extensive photoemission spectroscopy~PES! studies on the
manganites,16–24 no PES study has been reported
A2FeMoO6-type double perovskites yet except for the M
3d core-level PES of SFMO.25 In this paper, we report a
photoemission spectroscopy study of Ba2FeMoO6. Experi-
mental results are compared to the calculated electro
structure. Note that the reported room-temperature MR
BFMO is larger than that in SFMO, even thoughTC of
SFMO is much higher.11

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

A polycrystalline BFMO sample was prepared by t
standard solid-state reaction method. A stoichiometric m
ture of high purity~99.99% or better! BaCO3, Fe2O3, and
MoO3 powders was fired at 900 °C in air with several inte
mediate grindings, followed by a final grinding before th
powder was pressed into pellets. The pellet was sintered
stream of 5% H2 in Ar at 1100 °C for 24 h. The x-ray dif-
fraction peaks were indexed with respect to cubic symme
(Fm3m). Superlattice lines such as~111! and ~311! arising
from the alternate ordering of Fe and Mo sites were obser
in the x-ray diffraction pattern. Resistivity and magnetizati
measurements for BFMO showed very similar behaviors
in Refs. 3 and 11. The temperature dependent resisti
r(T) exhibited a metallic behavior (dr/dT.0) in the ferri-
magnetic state, with the residual resistivity ofr0
;0.002 V cm atT&15 K.

PES experiments were carried out at the Ames/Mont
beamline at the Synchrotron Radiation Center~SRC!.
Samples were fractured and measured in vacuum with a
©2001 The American Physical Society29-1
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pressure better than 3310211 Torr and atT&15 K. The
Fermi levelEF of the system was determined from the v
lence band spectrum of a sputtered Pt foil. The total ins
mental resolution~full width at half maximum! was about
100–250 meV athn520–120 eV. All the spectra wer
normalized to the mesh current.

The electronic structure of BFMO was calculated by u
ing a density-functional calculation within the local spi
density approximation~LSDA! and the LSDA1U ~LSDA
incorporating the on-site Coulomb interactionU) methods26

on the basis of the linearized muffin-tin orbital band meth
The von Barth–Hedin form of the exchange-correlation p
tential was utilized. The angular-momentum-projected lo
densities of states~PLDOS’s! for BFMO were obtained for
both LSDA and LSDA1U calculations by using 50kW
points inside the irreducible Brillouin zone for integration

III. RESULTS AND DISCUSSION

Figure 1 shows the valence-band spectra of BFMO
22 eV<hn<150 eV. Each valence-band spectrum
scaled at the peak maximum, and presented on the bin
energy~BE! scale. In principle, the different line shape wi
varying hn reflects the matrix element effect, namely, t
change in the relative strengths of the photoionization cr
sections of the different electronic states with varyinghn. In
Fig. 1, however, the line shape of the valence-band spect
of BFMO changes very little with varyinghn. This is be-
cause the O 2p electron emission is dominant among the
3d, Mo 4d, and O 2p valence electrons in BFMO fo
22 eV<hn<150 eV. Ashn increases, the O 2p electron
emission decreases slightly with respect to the other elec
emissions. If one assumes Fe31(3d5), Mo51(4d1), and the

FIG. 1. Valence-band energy distribution curves of Ba2FeMoO6

~BFMO! over a photon energy (hn) range of 22eV<hn
<150 eV.
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filled O 2p bands (2p6) in BFMO, then the cross-sectio
ratio of Fe 3d:Mo 4d:O 2p per unit cell of BFMO is about
4%:5%:91% athn;20 eV, and about 25%:;0%:75% at
hn;90 eV according to an atomic photoionization cros
section calculation.27 A broad Cooper minimum28 in the Mo
4d cross section occurs aroundhn;90 eV, arising from the
vanishing matrix elements for electron transitions to fin
states. Consequently the Mo 4d emission is negligible at
hn;90 eV.

A metallic Fermi edge is observed in the valence-ba
spectrum of BFMO obtained atT;15 K, which confirms its
metallic behavior at lowT. The valence-band spectra o
BFMO reveal several structures, labeledA ~0.3 eV!, B ~1.3
eV!, C ~3.5 eV!, D ~5 eV!, andE ~8 eV!. Even though the
variation in the valence-band line shape is very weak,
intensity of the peakA ~0.3 eV! relative to the peakB ~1.3
eV! decreases ashn increases from 30 eV to 90 eV. W
interpret this behavior as due to the decreasing Mo 4d elec-
tron contribution to the peakA with increasinghn toward the
Mo 4d Cooper minimum. In fact, the peakA ~0.3 eV! has
strongly mixed electron character, i.e., it is predominantly
Mo 4d and Fe 3d electron character. This assignment will b
further discussed in Figs. 2, 4, and 5 below. The peakB ~1.3
eV! has Fe 3d electron character, strongly hybridized to th
O 2p electrons. The relative intensities of the high BE pea
of C, D, and E ~3.5–8 eV! remain nearly unchanged wit
changinghn, suggesting that they have predominantly O 2p
electron character.

Figure 2 shows the constant-initial-state~CIS! spectra of
BFMO for several initial-state binding energiesEi , taken in
the Fe 3p→3d RPES~resonant PES! region. In this figure,
the vertical scale is the same for all the curves. CIS spe
are obtained by varyinghn andEK simultaneously so as to
maintainEi5hn2f2EK constant (f is the work function,
EK the kinetic energy!. Thus the CIS spectrum measures t

FIG. 2. Constant-initial-state~CIS! spectra of BFMO for severa
initial-state energies, taken across the Fe 3p→3d absorption
threshold.
9-2
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ELECTRONIC STRUCTURE OF THE DOUBLE- . . . PHYSICAL REVIEW B 64 024429
relative strength of a given initial-state emission as a fu
tion of hn.29 The resonant features observed in this figure
due to the Fe 3p→3d resonance.30 The large features fo
Ei53.3 and 4.5 eV indicate that the Fe 3d electron characte
is concentrated predominantly under the main peak of
valence band, around 3–5 eV BE. Note, however, that th
is also Fe 3d electron character around peakB ~1.3 eV! and
peakA ~nearEF), even though their interference features a
weak. This observation supports the finding of Fig. 1, and
also consistent with the LSDA calculation shown in Fig.

To understand the microscopic origin of the valence-ba
electronic structure of BFMO, a LSDA electronic structu
calculation has been performed for BFMO at the experim
tal lattice constanta58.063 Å.3 The results are shown in
Fig. 3. The upper and lower curves represent the major
spin and minority-spin PLDOS’s per atom, respectively. T
calculated electronic structure of BFMO is qualitative
similar to that of SFMO, and shows half-metallic nature.2,31

That is, the majority-spin electrons are insulating while t
minority-spin electrons are metallic, resulting in 100% sp
polarized conduction electrons atEF . As shown in this fig-
ure, the spins of the Fe and Mo ions are polarized antife
magnetically. The similarity in the peak positions as well
in the intensity distribution of the Fe 3d, Mo 4d, and O 2p
PLDOS’s reflects the large hybridization between the Fd
and Op states and between the Mod and Op states. The Fe
3d states show a large exchange splitting of;4 eV, while

FIG. 3. The calculated projected local density of sta
~PLDOS! for BFMO, obtained under the LSDA. The top pan
shows the majority-spin and minority-spin Fe 3d PLDOS’s per
atom. The lower two panels show the same for the Mo 4d and O 2p
states, respectively.
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the Mo 4d and O 2p states show negligible exchange spl
ting. Most of the O 2p PLDOS is located between
22 eV and28 eV, and its contribution nearEF is small,
consistent with the very weak intensity nearEF in the PES
spectrum at a lowhn ~Fig. 1!. The majority-spin Fe 3d
bands are fully occupied, and the minority-spin Fet2g↓
bands are occupied by about 0.5–1 electron, implying t
the Fe valence is about12 –12.5. As to the Mo 4d bands,
about one electron is occupied in the minority-spint2g↓
bands, and so the nominal valence corresponds to Mo51. The
charge neutrality in BFMO is satisfied because the Op
bands are not completely occupied, as shown at the bot
of Fig. 3. The region nearEF (21 eV&E<EF) is contrib-
uted by the Mot2g↓ and Fet2g↓ states, which are hybridized
with the O 2p states. The contribution from Mot2g↓ is
larger, 1.0 states/eV atEF , as compared to 0.7 states/e
from Fe t2g↓.

Figure 4 compares the measured valence-band PES s
tra to the theoretical spectra, obtained from the LSDA cal
lation. The theoretical spectra were obtained by adding
Fed, Mo d, and Op PLDOS’s per formula unit after they ar
multiplied by the corresponding photoionization cro
sections.27 The inelastic backgrounds have been subtrac
from the valence-band spectra by assuming that the am
of the background is proportional to the total integrated
tensity at higherEK’s. The experimental and theoretica
curves are scaled to each other so that the area undern
each curve is roughly the same. As explained in Fig. 1, th
2p emission is dominant in thehn522 eV spectrum. In the
hn590 eV spectrum, the Mo 4d emission is suppressed du

s

FIG. 4. Top: Comparison of thehn522 eV valence-band spec
trum of BFMO ~dots! to the weighted sum of the calculate
PLDOS’s ~solid lines! obtained from the LSDA calculation. Bot
tom: The same forhn590 eV.
9-3
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to the Mo 4d Cooper minimum, and so the Fe 3d emission is
visible (;25% of the total emission!.

This figure provides the following information. First, th
hn590 eV spectrum still contains the pronounced featu
of the peaksA andB, as denoted in Fig. 1. Since most of th
O 2p states are concentrated in the region22 to 28 eV
~Fig. 3! and the Mo 4d emission is suppressed athn
590 eV, this observation indicates that bothA andB have
substantial Fe 3d electron character. In particular, the findin
that the states just belowEF have substantial Fe 3d electron
character indicates that the Fet2g↓ band should be partially
occupied.32 If the minority-spin Fet2g↓ band is occupied by
about one electron, then the electronic configuration of
Fe ion is 3d51x (x.1), i.e., t2g

3 ↑eg
2↑t2g

x ↓, implying that the
Fe valence is far from13, but 32x. Secondly, the intensity
of the peakB relative to the peakA at hn590 eV becomes
higher than that athn522 eV. As mentioned above, such
change is interpreted as due to the decreasing Mo 4d elec-
tron contribution to the peakA with increasinghn toward the
Cooper minimum, indicating that the peakA certainly has
Mo 4d electron character. This finding is consistent with th
in Fig. 3 that the Mo 4d (t2g↓) states belowEF are located
between21 eV andEF .

To summarize, the states just belowEF have both Fe 3d
and Mo 4d character, suggesting that it does not make se
to assign definite valences to Fe and Mo ions in BFM
Since the Fet2g↓ and Mot2g↓ bands are almost degenera
it is rather likely that two valence states Fe31-Mo51 and
Fe21-Mo61 are degenerate and produce a type of
interaction.33 That is, hopping of itinerantt2g↓ electrons be-
tween Fe and Mo sites yields a kinetic energy gain so a
induce ferrimagnetism between Fe and Mo spins. T
mechanism would explain both the half metallicity and t
ferrimagnetism in BFMO. The difference from the case
CMR manganites is that the spins of itinerant carriers
BFMO are opposite to the localized Fe spins (t2g

3 ↑eg
2↑), sat-

isfying the Hund rule.
Before moving to the issue of Coulomb correlation,

might be worthwhile to mention the magnetic mechanisms
double perovskites: superexchange versus DE interac
Ferrimagnetism in the double perovskitesA2BB8O6 has
been understood in terms of the superexchange interac
betweenB and B8 d electrons through Op electrons. In
general, the superexchange interaction works for locali
systems, that is, for systems whered electrons of bothB and
B8 atoms are localized. So ferrimagnetism in insulati
double perovskites such as Sr2MnMo6, Sr2CoMo6,
Ba2MnMo6, and Ba2CoMo6 can be explained based on th
superexchange interaction. In these systems, the valenci
transition-metal atoms are expected to be integer. In cont
SFMO and BFMO are different in the sense that these s
tems are not only ferrimagnetic but also metallic. T
minority-spin t2g bands of both Fe 3d and Mo 4d states are
itinerant and degenerate nearEF ~see Fig. 3!, resulting in
noninteger valencies of Fe and Mo ions. Indeed, rec
Mössbauer experiments for SFMO indicate an intermed
valence state of Fe ions between Fe21 and Fe31.34,35 There-
fore it is reasonable to think that magnetism in meta
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SFMO and BFMO arises from hopping of itinerantt2g elec-
trons between Mo and Fe sites. This is a kind of DE int
action and is consistent with the calculated half-meta
electronic structure~see Fig. 3!. In the DE mechanism, the
magnetic transition temperatureTC is proportional to the
hopping strength, i.e., the bandwidth of itinerantt2g↓
states.36 HenceTC can be high for SFMO and BFMO. Th
observed correlation betweenTC and the estimated band
width in AA8FeMoO6 (AA85BaBa, BaSr, SrSr, CaCa! pro-
vides evidence for the operation of the DE interaction
metallic double perovskites.37

The LSDA calculation shows that the calculated ban
width is comparable to the measured valence-band width,
that the peak positions in the LSDA appear at lower BE
than in the PES spectra. In order to explore the origin of t
disagreement between experiment and theory, the on
Coulomb correlation parameterU for the Fe 3d electrons is
incorporated in the electronic structure calculation
BFMO. The parameters used in this calculation are the C
lomb correlationU53.0 eV and the exchangeJ50.97 eV.
As in the LSDA, the LSDA1U calculation also yields half-
metallic electronic structure for BFMO. The calculated ma
netic moments for Fe and Mo are 3.97mB and20.41mB for
the LSDA and 4.03mB and20.46mB for the LSDA1U, re-
spectively. Note that both methods yield integer total ma
netic moments (4.00mB) per formula unit, which is consis
tent with the half-metallic nature of BFMO.

Figure 5 compares the LSDA1U calculation to the
valence-band spectra, similarly to Fig. 4. Indeed the on-
Coulomb interaction between the Fe 3d orbitals in the
LSDA1U calculation induces a larger separation betwe

FIG. 5. Top: Comparison of thehn522 eV valence-band spec
trum of BFMO ~dots! to the weighted sum of the PLDOS’s~solid
lines! obtained from the LSDA1U calculation. Bottom: Similarly
for hn590 eV.
9-4
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Fe majority- and minority-spin bands. In consequence,
peak positions belowEF shift toward higher BE by 0.5–1
eV, resulting in better agreement with experiment for t
LSDA1U than for the LSDA. Note that the featureB ~as
denoted in Fig. 1!, which has mainly Fe 3d electron charac-
ter, exhibits better agreement with the LSDA1U ~Fig. 5!
than with the LSDA~Fig. 4!. The assignments of the elec
tronic states for the peaksA andB are similar to those mad
in Fig. 4. These findings suggest the importance of the Fed
on-site Coulomb interaction in determining the electro
structure of BFMO.

IV. CONCLUSIONS

We have performed valence-band PES measurement
BFMO, and calculated the electronic structure of BFMO u
ing both the LSDA and LSDA1U methods. By varyinghn
across the Mo 4d Cooper minimum, the different electroni
character of the valence band has been identified. It is
served that the states close toEF are predominantly of Mo
t2g↓ and Fet2g↓ character. This finding suggests that t
configuration of the 3d electrons at the Fe ion i
sh
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t2g
3 ↑eg

2↑t2g
x ↓, corresponding to Fe32x (x.0.5–1) but far

from Fe31. Most of the O 2p states are concentrated b
tween 22 eV and28 eV, and its contribution atEF is
small. The calculated PLDOS’s reveal large hybridizati
between the Fed and Op states and between the Mod and O
p states. The LSDA calculation shows reasonably go
agreement with experiment in the bandwidth, but not in
peak positions. The LSDA1U calculation yields better
agreement with experiment in the peak positions, sugges
the importance of the large on-site Coulomb interaction
tween Fe electrons in the electronic structure of BFMO. T
study suggests that a kind of DE interaction is operative
produce the half metallicity and ferrimagnetism in BFMO
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