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Half-metallic density of states in Sr2FeMoO6 due to Hund’s rule coupling
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We have investigated the electronic structure of Sr2FeMoO6 by photoemission spectroscopy and band-
structure calculations within the local-density approximation1U (LDA1U) scheme. In valence-band photo-
emission spectra, a distinct double-peak feature has been observed near the Fermi level (EF). A photon-energy
dependence of the spectra and the LDA1U band-structure calculation have revealed that the first peak cross-
ing EF consists of the~Fe1Mo! t2g↓ states and the second peak well belowEF is dominated by the Feeg↑
states. This clearly shows that only the down-spin states contribute to theEF intensity, thus the half-metallic
density of states~DOS! is realized. We point out that the observed half-metallic DOS can be attributed to the
strong Hund’s rule energy stabilization due to the high-spin 3d5 configuration at the Fe site.

DOI: 10.1103/PhysRevB.66.035112 PACS number~s!: 71.20.Ps, 71.70.Gm, 75.30.Vn
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I. INTRODUCTION

Colossal magnetoresistance~CMR! phenomena have bee
stimulating a large amount of research on the mangan
oxides because of their potential applications to magn
transport devices as well as their profound physics.1 For in-
dustrial applications, however, one of the ideal propertie
to work in a low magnetic field at room temperature~RT!. In
this sense, tunneling magnetoresistance~TMR! has been get-
ting more attention than CMR. To realize such properties,
electronic structure should ideally have a half-metallic d
sity of states~DOS! with a high Curie temperature (Tc).
Although some of the manganites are half metallic,2 many of
them have lowTc and need a high magnetic field.

Recently, Kobayashiet al. reported that an ordered doub
perovskite Sr2FeMoO6 showed a large TMR, and they als
predicted its half-metallic DOS like the manganites.3 There
have already been many studies on the family of the orde
double perovskitesABB8O6 since the 1950’s. Among them
iron-based compounds~Fe-Mo and Fe-Re! are special be-
cause they show metallic behavior with high ferrimagne
Tc .3–5 The ferrimagnetism~or G-type antiferromagnetism o
Fe and Mo sites! of Sr2FeMoO6 has been proposed by Na
kayama, Nakagawa, and Nomura using neutron diffractio6

Also, Nakagawa has confirmed the Fe31(3d5;t2g↑
3 eg↑

2 ) con-
figuration by Mössbauer spectroscopy.7 Consequently, it is
believed that this ferrimagnetism originates from t
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Fe31(3d5;t2g↑
3 eg↑

2 ) –Mo51(4d1;t2g↑
1 ) configuration, which

produces 52154mB .3,4,6 However, the observed saturatio
moment by several groups has been alwa
3.123.2mB .3,4,7–9This low saturation moment has been a
tributed to a slight disorder of Fe-Mo ordering.9,10

On the other hand, Garcı´a-Landaet al. have reported tha
mFe54.1mB and mMo50.0mB .11 This implies that the elec-
tron configuration may be close to th
Fe21(3d6,t2g↑

3 t2g↓
1 eg↑

2 ) –Mo61(4d0) configuration within a
simple ionic model, although it is probably incompatib
with the metallic behavior of this compound. From a rece
Mössbauer measurement, Linde´n et al. have claimed a
valence-fluctuation state of Fe2.51.12 Their result is supported
by Chmaissemet al. who have obtainedmFe54.324.4mB
from a neutron diffraction and a Mo¨ssbauer measurement.13

Thus the major problems on the electronic structure
Sr2FeMoO6 are~1! the half metallic DOS and~2! the valence
of Fe and Mo ions~the origin of ferrimagnetism, in othe
words!. Actually, those are closely related to each other
cause the calculated Fermi weight originates fairly in the M
4d t2g↓ states.3,4,14,15

Photoemission spectroscopy is suitable to investig
these issues; valence-band photoemission spectroscopy
reveal the valence-band electronic structure, and core-l
photoemission spectroscopy can also provide important
formation about the valence states by observing chem
shifts of core levels. In particular, a Mo ion is known as
©2002 The American Physical Society12-1
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ion which shows large chemical shifts with different v
lences. The direct method to confirm half-metallic DOS
spin-resolved photoemission~SRPES!. However, it is very
difficult to perform on bulk compounds. So far, there ha
been only two successful SPRES measurements on bulk
ides by Kämper et al. (CrO2) ~Ref. 16! and by Parket al.
(La0.7Sr0.3MnO3).2

Until now, the only photoemission study on Sr2FeMoO6
is by Sarmaet al.17 Surprisingly, they have found a ver
complicated Mo 3d core-level photoemission spectrum
Sr2FeMoO6, and it can never be attributed to a single v
lence such as Fe31 or Fe21. From a cluster-model analysis
they have suggested the possibility of a negativeUeff at the
Mo site.17 In this paper, we present valence-band photoem
sion spectra of single crystals of Sr2FeMoO6 taken with syn-
chrotron radiation light, and compare them with our ban
structure calculations in detail. This is not as direct
SRPES, but it gives us sufficient information on the ha
metallic DOS of this compound because of a double-p
feature which would be characteristic of the family of doub
perovskites.18 Changing incident photon energies (hn), we
extract information on the spectral distribution of the Fed
and Mo 4d states nearEF . Comparing the spectra with
band-structure calculations, we will show that this distrib
tion directly reflects the half-metallic electronic structure
this compound. We will also point out that the Hund’s ru
coupling at the Fe site should play an important role to re
ize the half-metallic electronic structure of this compound

II. EXPERIMENT AND CALCULATION

High quality single crystals of Sr2FeMoO6 were grown by
using the floating-zone method19. The site disorder was a
order of 10% which would not seriously affect the micr
scopic electronic structure.20 The experiments were per
formed at the beamline BL-11D of the Photon Facto
~PF! using a Scienta SES-200 electron analyzer. The t
energy resolution was about 50290 meV FWHM using
652200 eV photon energies. The chamber pressure
typically 2310210 Torr, and the temperature was about
K. The spectral intensity had been normalized by the to
area of the full valence-band spectra and the near-EF spectra
were scaled to them.

Surface treatment is very important in photoemission
periments since the technique is highly surface-sensitive.
common that the best way to obtain a clean surface of a b
sample is to cleave the sample when it is cleavable. H
ever, most three-dimensional samples including ours can
be cleaved. In such a case, a common treatment is to sc
the sample using a diamond file. This is often successful
many compounds. For multinary oxides, however, it som
times occurs that oxygen atoms easily come out dur
scraping due to the ultra-high vacuum, and then the sur
may have a different composition. To obtain the best qua
of surface, we fractured samplesin situ at 20 K. The pre-
pared surface was black and shining like a cleaved surf
but was rough enough to get angle-integrated spectra.
comparison, we also scraped samples with a diamond fi

Band-structure calculations were performed with the fu
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potential linearized augmented plane-wave~FLAPW!
method21 within the LDA1U scheme.22,23For effective Cou-
lomb repulsionsUeff5U2J, relatively small values~2.0 eV
for Fe and 1.0 eV for Mo, respectively! were adopted. The
experimental cubic lattice parameters (dFe-O51.99 Å and
dMo-O51.95 Å) at 300 K~Ref. 4! were used.24 The plane-
wave cutoff energies were 12 Ry for the wave function, a
48 Ry for the charge density and the potentials. We took 1k
points in the irreducible Brillouin zone for the face-centere
cubic lattice.

III. RESULTS AND DISCUSSIONS

A. Band-structure calculations

First, we show the results of our LDA1U band-structure
calculations in Fig. 1. As is seen in the figure, the top of t
up-spin band is located at20.8 eV while the down-spin
band is crossingEF , resulting in the half-metallic DOS. The
down-spin conduction band crossingEF is dominated by the
Fe 3d2Mo 4d t2g↓ states while the O 2p states have a
smaller contribution. On the other hand, the up-spin ba
just belowEF is mostly due to the Fe 3d eg↑ and the O 2p
states without any appreciable Mo 4d contribution. Hereaf-
ter, we simply denote the down-spin conduction band cro
ing EF and the up-spin band just belowEF as a ‘‘Fe1Mo
t2g↓ band’’ and a ‘‘Feeg↑ band,’’ respectively. The two shar
peaks between22 and24 eV in the Fe 3d up-spin band
are due to the Fet2g↑ states. Since those states overlap w
the O 2p down-spin states, the Fet2g↑ peaks may not be
clear in our spin-integrated photoemission spectra. The m
contribution to the24;25.5 eV region is from the O 2p
states of up- and down-spin bands. There are considerab
3d states between25.5 eV and the bottom of the valenc
band in the up-spin band, too. This is due to the Fet2g↑ and
the Feeg↑ bonding states which hybridize with the O 2p
states. However, this Fe 3d weight would become relatively
smaller in our spin-integrated spectra due to the large Op
down-spin weight in the region, although the Fe weight h
been observed in a similar compound by a Fe 3p-3d reso-
nant photoemission measurement.18

Those generic features are consistent with the calcula
using the generalized gradient approximation~GGA! by
Kobayashiet al.3 However, the top of the Feeg↑ band in
their calculation is quite close ('20.2 eV) toEF compared
with the present calculation. A calculation based on the lin
muffin-tin orbital method using GGA was very similar to th
of Kobayashiet al.17,25 Since Kobayashiet al. used the al-
most identical lattice parameters to the present calculatio24

the difference in our and their calculations should origin
in a finiteU first. In fact, before introducingU, the top of the
Fe eg↑ band was very close toEF in our calculation, too.
This fact has been confirmed by other groups. For exam
using the same lattice parameters as Kobayashiet al., Fang,
Terakura, and Kanamori obtained basically the same G
DOS as Kobayashiet al.14 In their LDA1U calculation,
they adoptedUeff of 4 eV and 0 eV for Fed and Mo d
orbitals, respectively. Here, theUeff of 4 eV for Fe is signifi-
cantly larger than ours, and 0 eV for Mo in comparison
2-2



,

n

ca

-

nd

-
al-
e

of

ra
ruc-

the

ore-
s

-
faces.

HALF-METALLIC DENSITY OF STATES IN . . . PHYSICAL REVIEW B66, 035112 ~2002!
our 1 eV enhances the effects ofU on Fe sites. As a result
the top of the Feeg↑ band moved to21.2 eV. In addition, a
large part of the Fe↑ spectral weight is strongly pulled dow
to 27.5 eV due to the largeUeff , forming a sharp and large
peak at the bottom of the valence band. Wu compared lo
spin-density approximation~LSDA! and LSDA1U with U
54.5 eV~Fe! and 1 eV~Mo!, and obtained qualitatively the
same results as Fanget al.15 Kang et al. compared valence
band photoemission spectra of Ba2FeMoO6 with LSDA and
LSDA1U calculations. The differences between LSDA a
LSDA1U were very similar to the Sr2FeMoO6 case, and the
LSDA1U calculation accounted for their Ba2FeMoO6 spec-
tra being better than their LSDA.18

FIG. 1. Total and partial density of states of Sr2FeMoO6 calcu-
lated with LDA1U method.Ueff is 2.0 eV~Fe! and 1.0 eV~Mo!.
dFe-O51.99 Å anddMo-O51.95 Å.
03511
l-

The energy position of the Feeg↑ band is a key to under
standing near-EF valence-band photoemission and optic
conductivity spectra. We will show later that neither th
GGA/LDA nor the LDA1U with a largeU calculation can
reproduce the near-EF spectra.

B. Photoemission spectra

Figure 2 shows valence-band photoemission spectra
Sr2FeMoO6 from a fractured surface~solid lines! and
scraped~dotted lines! surfaces taken at 20 K. In the spect
of the fractured surface, one can easily observe four st
tures A (20.20 eV), B (21.30 eV), E (25.0 eV),
and F (27.5 eV). Two shouldersC (23.2 eV) and
D(24.1 eV), which are clearer in higherhn (120
2200 eV), can also be observed. On the other hand,
spectra of scraped surfaces look rather different.A andB still
can be seen but their intensity is quite suppressed. M
over, D and E are not very clear while two structure
a (25.6 eV) andb (28.2 eV) are enhanced instead.a is

FIG. 2. Valence-band photoemission spectra of Sr2FeMoO6 at
20 K taken with severalhn ’s. Solid lines are the spectra of a frac
tured surface and dashed lines show the spectra of scraped sur
2-3
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FIG. 3. ~Color! Photoemission spectra o
Sr2FeMoO6 nearEF region from a fractured sur-
face atT520 K taken with severalhn ’s. Inset:
Integrated intensities of peakA ~at 20.20 eV)
and B ~at 21.30 eV) in the60.1 eV windows
plotted as functions of photon energy. Note th
the curve forB has an offset of22.0 to compare
with A in the samey scale.
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actually observed as a shoulder in the 100, 150, and 200
spectra and as a peak in the 120 eV spectrum of the fract
surface, while it becomes very weak in the lower photo
energy spectra.b is hard to observe in the spectra of th
fractured surface.

g (212.2 eV) has no intensity just after fracturing an
grows with time, clearly indicating that it is related t
surface-aging effects. Also, its intensity decreases from
lower to higher photon energies, and it is almost invisible
the 150 eV and 200 eV spectra. Considering that the inten
of the O 2p states is enhanced in the lower photon-ene
region,g is most probably due to oxygen states of suboxid
on the surface. Here we note that the intensity ofa and b
also increases wheng grows due to surface aging, sugge
ing that they are related to the surface electronic struc
too. In this sense, we can say that the fractured surfac
more reliable than the scraped surface to investigate the
electronic structure of this compound. However,a is still
obvious in the high 1502200 eV photon energy andb will
have its intensity in the spectra from the fractured surfa
because even the high-photon-energy spectra have a
tively long tail in the bottom of the valence band. Hence,
believe thata andb should represent the surface electron
03511
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structure to some extent, but we also have the bulk com
nent or the structures overlapping witha andb.

Comparing the raw calculational results in Fig. 1, we c
immediately assignA andB to the Fe1Mo t2g↓ band and the
Feeg↑ band, respectively.C andD may correspond to the F
t2g↑ states, although their energy positions are deeper t
the theoretical positions by;0.620.9 eV. For detailed
analyses, however, we need to construct a theoretical s
trum and compare it with the experiment. This will be show
in Fig. 5. Before moving to this issue, let us see the nearEF
spectra first to observe the experimental distribution of
Mo 4d spectral weight in the near-EF region.

Figure 3 shows near-EF photoemission spectra of th
fractured surface taken with severalhn ’s. The intensity of
the structuresA andB increases withhn. This indicates that
considerable Fe 3d weight relative to the O 2p weight
should exist in those structures because the photoioniza
cross section of the Fe 3d states relative to the O 2p states
increases withhn as shown in Fig. 4.26 However, the behav-
iors of the spectral weight ofA andB are quite different from
each other. The inset shows the peak area ofA andB vs hn.
One can see that the spectral weight ofA ~red line! has a
minimum at ;80 eV, while such a clear minimum is no
2-4
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HALF-METALLIC DENSITY OF STATES IN . . . PHYSICAL REVIEW B66, 035112 ~2002!
observed inB ~blue line!. In fact, not only the spectral weigh
but also the line shapes ofB at 80 eV and 90 eV are almos
identical. On the other hand, Fig. 4 shows that the photoi
ization cross section ratio Mo 4d/O 2p has a broad mini-
mum near;80290 eV which is the Cooper minimum o
the Mo 4d state. Hence the minimum ofA should be inter-
preted as the Cooper minimum of the Mo 4d states. This is
clearly demonstrating thatA has a contribution from Mo 4d
states whereasB has only an undetectably small contributio
from those. This is in perfect agreement with both our a
other groups’ prediction of the band theories. It is, therefo
experimentally confirmed that the Feeg↑ band and the
Fe1Mo t2g↓ band are distributed from22.2 eV to
20.9 eV and from20.9 eV toEF , respectively.

Tomioka et al. found a small peak at;0.5 eV in their
optical conductivity spectrum. Based on their band-struct
calculation, they ascribed this peak to the Feeg↑→ Mo
t2g↑ d-d absorption.9 The above results, however, show th
the Fe eg↑ states should be located far deeper than th
interpretation. Besides, our band-structure calculation can
produce the near-EF photoemission spectrum, as shown b
low. Hence we infer that the 0.5 eV peak in the optical co
ductivity spectrum is not representing the half-metallic DO
unless the Feeg↑ band has a long tail towardsEF .

C. Comparison between experiments
and band-structure calculations

To compare experimental spectra and LDA1U band-
structure calculations, we choose the 200 eV spectra bec
they are most bulk-sensitive. Figure 5 shows a compariso
the 200 eV spectra with the LDA1U calculation. The spin-
integrated total DOS~gray area! includes only Fed ~white

FIG. 4. Calculated photoionization cross section ratios of the
3d ~solid line! and Mo 4d ~broken line! atomic states relative to th
O 2p atomic state~per one electron of each state! after Yeh and
Lindau.26 The Mo 4d shows the Cooper minimum at;80
290 eV.
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area!, Mo d ~black area!, and O p ~the other area! states
because the other states have negligibly small intensity.
relative intensity of the three partial DOS was fixed to t
calculated photoionization cross section.26 A theoretical
curve ~solid line! was obtained by broadening the cros
section-corrected total DOS with a Gaussian due to the
perimental resolution, and an energy-dependent Lorent
due to the lifetime effect.27 The background of the experi
mental spectra was subtracted.

In ~a!, structuresA8-F8, a8, andb8 are observed in the
theoretical curve. Now it is clear that the characteris
double-peak structure,A andB, is essentially reproduced in
the theoretical curve asA8 ~Fe1Mo t2g↓) andB8 ~Fe eg↑).
This double-peak structure cannot be reproduced by
GGA calculation by Kobayashiet al. because the Feeg↑
band is too close toEF in their calculation.28 C8 andD8 are

e

FIG. 5. ~a! 200 eV photoemission spectrum of Sr2FeMoO6 at
T520 K ~circles! compared to a theoretical curve usingdFe-O

51.99 Å ~solid curve!. The experimental background has be
subtracted. Vertical solid lines (A–F, a, b) denote the structures
observed in Fig. 2 and the dotted lines (A8–F8, a8, b8) are the
corresponding features in the band theory.~b! 200 eV near-EF spec-
trum is compared with the same LDA1U calculation. The 150 eV
spectrum is also presented to show the location ofA clearly. The
experimental background of both spectra has been subtracted.
2-5
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due to the Feeg↑ and the O 2p states. The O 2p contribution
to C8 andD8 is rather large because of the overlapping Op
down-spin states. It should be noted thatC8 andD8 form a
prominent~indeed, the largest! peak, and their energy pos
tion is quite different from the experimentalC and D by
;0.6–0.9 eV.E and a consist mainly of the O 2p non-
bonding states which may be assigned to be a single s
tureE8/a8. Fet2g↑ and Feeg↑ bonding states contribute toF
andb to some extent, respectively.

Figure 5~b! shows a comparison in the near-EF region
with a better signal-to-noise ratio. The energy position of
Fe1Mo t2g↓ band is in good agreement with the experime
Moreover, the overall line shape of the band is also rep
duced in the theoretical curve. However, the peak positio
the experiment (A, 20.20 eV) is much closer toEF than
the theoretical position (A8, 20.50 eV). Here, the 150 eV
spectrum is also shown to see this20.20 eV peak more
clearly. Note that the peak at;260 meV in the theoretica
curve is not a real peak but one due to the Fermi ed
Consequently, the different energy position ofA andA8 can
be interpreted as a band narrowing of the Fe1Mo t2g↓ band.
Like the Fe1Mo t2g↓ band, the energy position of the Feeg↑
band is in good agreement with the experiment. As for
line shape, however, only the lower binding-energy side
this band is well explained by the theoretical curve; a la
tail of the Fet2g↑ peaks,C8 andD8, is overlapping with the
higher binding-energy side of the Feeg↑ band, and this band
is not as obvious as in the experiment.

The above comparison can be summarized into
points. ~1! Our LDA1U calculation reproduces the energ
position of the Fe1Mo t2g↓ and Feeg↑ bands well, but the
line shape of the Feeg↑ band is not well reproduced due t
the large Fet2g↑ peaks.~2! Nevertheless, the theoretical F
t2g↑ peaks are much closer toEF ~by ;0.6–0.9 eV) than in
the experiment. All the other states except the nearEF region
are generally closer toEF . As a result, the experimenta
valence-band width is wider by;1 eV. This is quite unique
and unusual in the family of perovskite-type oxides beca
the valence-band width of those compounds is essent
reproduced by band-structure calculations.29

Within the LDA1U scheme, the above 1 eV shift must b
explained by the relatively small value ofUeff for the Fed
states first. Indeed, the Fet2g↑ states in the calculations o
Fanget al.and Wu are located at23;24 eV in agreement
with our experiment.14,15 However, the top of the Feeg↑
band is located at21.2 eV in the calculation of Fanget al.
with Ueff54 eV for Fe.14 This is too deep compared to ou
experiment, and it becomes even worse~at 21.5 eV) in
Wu’s calculation with a similarUeff .

15 In addition, both cal-
culations have a large peak at27.5 eV due to the large
Ueff , which is not observed in the experimental spectra. C
sequently, a largeUeff does not actually improve the band
structure calculations. Another explanation is a largerUeff of
the Fet2g states than the Feeg states. However, this would
again produce an intense peak at the bottom of the vale
band as shown by Solovyevet al. for the LaFeO3 case.30

Moreover, the shift of the whole valence band cannot
explained by this scenario.
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Then, what is the origin of the 1 eV shift? In the crysta
the Fe ~Mo! site is in the same environment as that
SrFeO3 ~nominally 3d4) @SrMoO3 ~nominally 4d2)]. How-
ever, since the effective charge-transfer~CT! energyDeff of
SrFeO3 is negative, the ground state of the Fe site~in
SrFeO3) is actually more liked5L.31,32Here,L andL denote
an O 2p ligand electron and hole, respectively. By contra
it is known that Mo ions are stable in higher oxidation stat
Hence Mo14 strongly tends to lose an electron: 4d2

→4d1L.33 Then 3d5L14d1L naturally turns out to be the
3d514d1 configuration~before the Fe-Mo hybridization is
switched on!. This situation realizes the same electronic co
figuration at the Fe site as in LaFeO3 (3d5) which is a
large-gap insulator.

This d5 configuration under the cubic symmetry is ve
special. Within the Hartree-Fock~HF! approximation, the
d-d energy gap of thed5 configuration is an order ofU
14J while it is much smaller (;U2J) in the other electron
configurations.34 This is the Hund’s rule energy stabilizatio
in thed5 configuration and the major origin of the largeEgap
of d5 compounds.32 However, LaFeO3 is actually a CT-type
insulator whoseEgap is also controlled byDeff .

32 Thus in the
3d5 compounds the largeEgap is determined by both the
strong Hund’s rule coupling andDeff , but not by the simple
Coulomb repulsion. Therefore, just a large Coulomb rep
sion in the Fe states cannot account for the discrepancy
tween the LDA theory and the experiment.

It is worth noting that the local Fe DOS in the calculatio
with a largeUeff are very similar to those of the unrestricte
HF calculations on LaFeO3 by Mizokawa and Fujimori,35 in
which the Fe DOS also have an intense peak at the bottom
the valence band. This similarity suggests that a largeUeff
almost completely corrects the self interaction and hence
covers the effects of the nonlocal exchange potential wh
has been neglected in LDA but is fully taken into account
the HF approximation. In this sense, what is lacked in o
calculation~and LDA! is not a large Coulomb repulsion bu
the appropriate~not just nonlocal! exchange interaction~and
of course the electron correlation effects!. For LaFeO3, an
FeO6

29 cluster-model calculation gives a peak-to-peakEgap

of ;5 eV ~Ref. 32! and optical and photoemission-invers
photoemissionEgap’s of ;2 eV have been reported.36,37

Then, a peak-to-peak gap of;1 –2 eV belowEF should be
expected for the Fe↑ band in Sr2FeMoO6. It is indeed ob-
served as featureB ~located at21.3 eV) in our experimen-
tal spectra. On the other hand, the bottom of the vale
band in self-energy-corrected HF calculations has genera
smaller spectral weight than HF calculations, and a long
appears in the higher-binding energy region instead.38 Hence,
the lack of the large peak at the bottom of the valence b
in our experiment can probably be explained by the ab
electron-correlation effects.

The electronic structure of Sr2FeMoO6 is schematically
summarized in Fig. 6.~a! depicts the DOS of the Fe 3d5

1 Mo 4d1 ionic state without the Fe-Mo hybridization
The Fe up-spin states are already pulled down and form
an energy gap due to the strong Hund’s rule coupling, wh
the Mo t2g states generate the Fermi surface.~b! shows the
2-6
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DOS with the Fe-Mo hybridization via oxygen sites. T
occupied Fe up-spin states are further pushed down du
the hybridization, and the Mot2g up- and down-spin state
split due to different hybridization strength.39 Thus the strong
Hund’s rule coupling of thed5 configuration and the differ
ent hybridization strength between up- and down-spin ch
nels cooperatively work to realize the half-metallic DOS
this compound.

Finally we compare the electronic structure of this co
pound and the magnetoresistive manganites. From ou
sults, as well as the results by other groups, it is shown
the 3d5 Fe up-spin states are well localized and behave
large local spin ofS55/2. Here we note that this spin almo
purely originates from the Fe states because we have
served no appreciable Mo weight in structureB. The Mo-Fe
t2g down-spin electrons move around andantiferromagneti-
cally couple to the local spins. This situation is a~large! local
spin 1 charge carriers, namely the double exchange~DE!
scheme as pointed out by Kanget al.18 The difference from
the manganites is merely that the charge carriers are ine
bly in the down-spin band simply because the up-spin st
are fully occupied. The local spin of this system (S55/2) is
larger than that of the manganites (S53/2). This would ex-

FIG. 6. Schematic electronic structure of Sr2FeMoO6 ~a! in the
ionic state, and~b! in the real Fe-Mo hybridized state~via oxygen!.
Solid and broken lines denote the symmetry of those hybridizati
li
1

g

.

03511
to

n-

-
e-
at
a

b-

ta-
es

plain the higher Tc than the manganites. Nevertheles
Sr2FeMoO6 does not show CMR. The reason is probab
that Sr2FeMoO6 is a very typical DE compound like a
heavily doped manganite, for example La0.6Sr0.4MnO3. The
DE theory predicts a finite Fermi weight even aboveTc and
hence does not predict any metal-insulator transitio
~MIT !.40 In accordance with this, both compounds have
relatively large Fermi weight and do not show MIT either.
contrast, all the CMR manganites show sharp MIT and ha
vanishingly small Fermi weight, or in other words,
pseudogap.41 Therefore, even though the DE can explain t
MR effects to some extent, it cannot explaincolossalmag-
netoresistance. The essence of CMR is MIT and the fi
reason would probably be the pseudogap. In this sense
3d5 ‘‘half-filled’’ Sr 2FeMoO6 is a good reference to examin
how the DE theory appears in real compounds.

IV. CONCLUSIONS

In conclusion, we have investigated the electronic str
ture of bulk Sr2FeMoO6 by photoemission spectroscopy an
LDA1U band-structure calculations. In the photoemissi
spectra, we have observed a double-peak structure neaEF
which is characteristic of metallic double perovskites. T
band-structure calculations have shown that this double-p
structure cannot be reproduced by LDA/GGA nor LDA1U
with a largeU. Making use of the Mo 4d Cooper minimum
and comparing with the LDA1U calculations, we have ex
tracted the distribution of the Fe 3d and Mo 4d states in the
double-peak structure; the first peak crossingEF consists of
~Fe1Mo! t2g↓ states whereas the second peak’s lowe
(;1.3 eV) EF has only Feeg↑ states, demonstrating tha
only the down-spin states contribute to theEF intensity. We
have pointed out that the observed half-metallic DOS can
attributed to the strong Hund’s-rule energy stabilization d
to the high-spin 3d5 configuration at the Fe site.
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