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We have investigated the electronic structure of polycrystalline Ca2FeReO6 using photoemission spectros-
copy and band-structure calculations within the local-density approximation+U sLDA+ Ud scheme. In
valence-band photoemission spectra, a double-peak structure which is characteristic of the metallic double-
perovskite series has been observed near the Fermi levelsEFd, although it is less distinct compared to the
Sr2FeMoO6 case. The leading near-EF structure has a very weak spectral weight atEF above the metal-
insulator transitionsMIT d temperatureTMI of ,140 K, and it loses theEF weight belowTMI, forming a small
energy gap. To reproduce this small energy gap in the calculation, we require a very large effectiveU sUeffd for
Re s4 eVd in addition to a relatively largeUeff for Fe s4 eVd. Although the most of the experimental features
can be interpreted with the help of the band theory, the overall agreement between the theory and experiment
was not satisfactory. We demonstrate that the effective transfer integral between Fe and Re is actually smaller
than that between Fe and Mo in Ca2FeMoO6, which can explain both the MIT and very high ferrimagnetic
transition temperature.

DOI: 10.1103/PhysRevB.71.075106 PACS numberssd: 71.20.Ps, 79.60.2i, 71.30.1h, 75.50.Gg

I. INTRODUCTION

Ordered double-perovskite-type oxidesA2BB8O6 have a
natural super lattice structure in which the transition-metal
sitesB and B8 are alternatively located at theB site of the
simple perovskite structureABO3. Pioneering studies of or-
dered double perovskites have been already done in the
1960s.1–5 Several decades after, the discovery of a large
room-temperaturesRTd tunneling magnetoresistancesTMRd
in a low magnetic field in Sr2FeMoO6 and Sr2FeReO6 trig-
gered revived interest in such ordered double perovskites in
view of the possibility of industrial applications for spin-
electronic devices.6–9 These materials were predicted to have
half-metallic density of statessDOSd like the manganites.6,8

Several band-structure calculations have shown that metallic
ordered double perovskites are generally half-metallic,10–16

and the half metallic DOS has been confirmed by optical and
valence-band photoemission studies.14,15,17

Among the broad class of the ordered double perovskites,
sSr1−yCayd2FeReO6 is known as an exceptional system.18,19

In particular, Ca2FeReO6 shows a metal-insulator transition
sMIT d as well as has a very high ferrimagnetic transition

temperaturesTcd of 540 K,18,20 which is the second highest
in the known ordered double perovskites.21 Kato et al.18 have
studied the temperature- and composition-sy-d dependent
MIT in sSr1−yCayd2FeReO6; the ground state changes from
metallic to insulating aty,0.4 with increasingy, and the
transition temperaturesTMId rises up to,150 K at the Ca
end. They have also reported that this MIT accompanies a
structural phase transition. Since Ca2FeReO6 and Sr2FeReO6
sor Ba2FeReO6d have the same electronic configuration
Fe3+s3d5; t2g↑

3 eg↑
2 d−Re5+s5d2; t2g↓

2 d within the simple ionic
picture, the variation of the bond-angle distortion from
,180° to ,152° due to Ca substitution for Srsor Bad alone
seems to be able to account for the insulating ground state of
Ca2FeReO6 at first glance.22 It is of course true that the ef-
fective transfer integral between Fe and Re via oxygen and
hence the one-electron bandwidth are expected to decrease
with increasing bond-angle distortion. However, Ca2FeMoO6
and Sr2FeMoO6, which have the same Fe3+s3d5; t2g↑

3 eg↑
2 d

−Mo5+s4d1; t2g↓
1 d configuration, are both metallic although

the Fe-O-Mo angles are ,153° and ,180°,
respectively.23,24 It is, therefore, difficult to attribute the in-
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sulating nature of Ca2FeReO6 solely to the bond-angle dis-
tortion.

Recently, Oikawaet al. have studied the crystal structure
and magnetic properties of Ca2FeReO6 using neutron powder
diffraction sNPDd at RT and 7 K.25 They have observed a
distinct change of the crystal structure from a monoclinic
structure in the ferrimagnetic metallicsFMd phase above
140 K—namely,TMI—to another monoclinic structure with
different monoclinic angles in the ferrimagnetic insulating
sFId phase belowTMI. CrossingTMI, FeO6 and ReO6 octahe-
dra got slightly distorted and they attributed this distortion to
an orbital ordering of Ret2g electrons. Also by NPD mea-
surement, Granadoet al.have concluded that the Re 5d elec-
trons in Ca2FeReO6 are strongly correlated.26

The ferrimagnetism accompanied by metallic conductiv-
ity and the half-metallic DOS naturally reminds us of the
colossal magnetoresistivesCMRd manganese oxides and the
double-exchangesDEd mechanism.27 Indeed, a recent theo-
retical study using dynamical mean-field theory has shown
that the DE model can explain the trend ofTc on changing
Mo for Re in Sr- and Ba-based double perovskites although
only the Ca2FeReO6 case could not be explained.28 On the
other hand, a different kind of models for Sr2FeMoO6 has
been proposed by Sarmaet al.11,29 and by Kanamori and
Terakura.12,30 In those models, the hybridization between Fe
3d and Mo 4d states plays an important role in stabilizing the
FM coupling of Fe 3d. A strong hybridization of Fe 3d and
Mo 4d is indeed consistent with the valence-fluctuation state
of Fe2.5+ shown by Mössbauer measurements onA2FeMoO6
sA=Ca,Sr,Bad.31,32 However, the model would not be able
to explain the highTc of Ca2FeReO6 because the reduction
of hybridization strength of Ca2FeReO6 due to bond-angle
distortion expects a lower FM coupling than Sr2FeReO6 or
Ba2FeReO6 in this mechanism.30 To the best of our knowl-
edge, no model can explain the MIT and the high ferrimag-
netic Tc of Ca2FeReO6 at the same time.

There have been several photoemission studies of the
electronic structure ofA2FeMoO6 sA=Sr,Bad, which have
revealed many characteristic aspects of the electronic struc-
ture of the typical metallic double perovskites.11,14,15,33,34

However, Ca2FeReO6 has not been investigated and hence
the origin of the ferrimagnetism with highTc and the MIT of
sSr1−yCayd2FeReO6 are not yet clarified in terms of the elec-
tronic structure. To give insight into the above problems, we
have studied the electronic structure of Ca2FeReO6 by pho-
toemission spectroscopy as well as LDA+U band-structure
calculations. Combining the electronic aspects and the ionic
radius of the Re ion, we propose that the Re 5d electrons are
strongly correlated and therefore the number of Re 5d elec-
tron has an essential importance in the MIT of this com-
pound.

II. EXPERIMENT AND CALCULATION

Polycrystalline samples of Ca2FeReO6 were prepared by
solid-state reaction.18 The site disorder was less than 5%
which would not seriously affect the microscopic electronic
structure.35 The experiments have been performed at the-
beamline BL-11D of the Photon Factory using a Scienta

SES-200 electron analyzer. Surface preparation is important
in photoemission measurements.36,37 Because the samples
are polycrystals, fracturing the sample in ultrahigh vacuum
sUHVd to expose a new surfacein situ may not be always the
best way to ensure a clean and representative surface, par-
ticularly at high temperatures. Hence we have done the mea-
surements using both surface treatments. For low-
temperature measurements at 20 K, the spectra from a
fractured surface have shown better quality with respect to
the intensity around −10 eV than those from a scraped sur-
face, as is usually expectedsshown in Fig. 2d; we use those
spectra to compare experiment and band theory. For
temperature-dependent measurements, on the other hand, a
comparison between the two surfaces at 200 Kfshown in
panelsad of Fig. 5g confirms that the spectra from a scraped
surface are generally more reliable than that from a fractured
surface; we will discuss the temperature dependence of the
spectra mainly using the scraped ones. Nevertheless, we
present both spectra in order to extract essential physics ir-
relevant to the surface treatments, particularly for the near-
Fermi levelsEFd region since there have been a lot of argu-
ments on the near-EF spectral intensity.37 The vacuum of the
measurement chamber was about 1–2310−10 Torr depend-
ing upon the temperatures. The surface treatments in the low-
temperature measurements have been done at 20 K. In the
temperature-dependent measurements, we have scraped or
fractured the samples at 200 K in UHV of about 2
310−10 Torr and then run the measurements to lower tem-
peratures in order to avoid rapid surface degradation due to
outgas at heating. All the spectra have been recorded within
5–6 h after eachsurface treatment. The total energy resolu-
tion was about 50–80 meV full width at half maximum
sFWHMd using 60–150 eV photon energies. We have also
checked the reproducibility of the spectra. The spectral in-
tensity was normalized by the total area of the full valence-
band spectra and the near-EF spectra were scaled according
to this normalization. TheEF position has been calibrated
with Au.

Band-structure calculations have been performed with the
full-potential linearized augmented plane-wavesFLAPWd
method38 within the local-density approximationsLDA d+U
scheme.39,40 The experimental lattice parameters were those
for the low-temperature insulating phase, taken from Ref. 25.
The plane-wave cutoff energies were 12 Ry for the wave
function and 48 Ry for the charge density and potentials. We
took 56k points in the irreducible Brillouin zone for the
face-centered-cubic lattice. For effective Coulomb repulsions
Ueff=U−J, large valuess4.0 eV for both Fe 3d and Re 5dd
have been adopted.

III. RESULTS

A. Band-structure calculations

We show the result of our LDA+U band-structure calcu-
lations in Fig. 1 first.EF was set to the top of the down-spin
band for simplicity. A finite energy gap can be observed, but
it is only about 30 meV.41 It should be noted that although
we used the experimental lattice parameters of the low-
temperature insulating phase,25 we failed to reproduce a fi-
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nite energy gap using nosnamely, LDAd or smallUeff’s like
the Sr2FeMoO6 case s2.0 eV and 1.0 eV for Fe and Mo,
respectivelyd.15 Only when we adopt a large value of 4.0 eV
for bothFe and Re does a finite energy gap appear. Owing to
the largeUeff, the up-spin band is pulled down away from
EF, and the top of the up-spin band is located at −1.65 eV,
which is quite deep compared with the Sr2FeMoO6 case,
−0.8 eV.15 Besides, a large amount of the Fe 3d up-spin
states are transferred from the near-EF region to the bottom
of the valence band, from −7 to −8.5 eV.

The down-spin band just belowEF is dominated by the Re
5d t2g↓ and the O 2p states. Because of the largeUeff, the Fe
3d t2g↓ states have a much smaller contribution than in the
case of Sr2FeMoO6. On the other hand, the first up-spin band
below EF is mostly due to the Fe 3d eg↑ and O 2p states
without any appreciable Re 5d contribution. The next up-
spin band from −2.5 eV to −4.5 eV has Fe 3d t2g↑ character.
However, because the O 2p states are the most dominant
between −2.5 eV and −7 eV, the Fet2g↑ intensity would not
be obvious in photoemission spectra.

The eV-scale features in our calculation are essentially
consistent with the recent LSDA+U calculation with U
=4.5 eV sFed and 1 eVsRed by Wu.13 A striking difference
is, however, that he has obtained a metallic DOS. Since the
crystal parameters are very similar to each other,22,25 the dif-
ference should come from our largeU for Re. This is sup-
ported by another theoretical calculation by Szoteket al.16

They have adopted the self-interaction-corrected local-spin-
densitysSIC-LSDd scheme for the band-structure and total-
energy calculations. The calculated DOS gives a very sharp
peak of Fe 3d up-spin states at about −13 eV, which is not in
good agreement with ours or Wu’s. They attributed the poor
agreement with Wu’s calculations to a finiteU for Re.16 Con-
sequently, our largeU for Re is a key to understand the
insulating DOS. We will discuss in Sec. IV that the largeU
for Re is not indeed unrealistic in terms of the Re 5d electron
number, the ionic radius of Re ion, and thesdoubled
perovskite-type crystal structure.

B. Low-temperature spectra

Valence-band spectra of Ca2FeReO6 at 20 K taken with
several photon energies are shown in Fig. 2. Corresponding
spectra from Sr2FeMoO6 taken with 100 eV are also shown.
One can observe seven structures denoted asA–G which are
essentially corresponding to the features at similar locations
in the Sr2FeMoO6 spectra except forA at −0.5 eV andG at
−10.3 eV. The intensity ofG is larger in the scraped ones
than in the fractured ones. This difference becomes smaller
in higher photon energies and turns to be negligible at
150 eV. Such photon-energy dependence as well as its loca-
tion indicates thatG is mainly due to surface contaminations
and/or surface aging effects. This is also in good agreement
with the fact that the valence-band spectra of single crystals
of a similar compound Sr2FeMoO6 have no intensity around
−10 eV.

The two shouldersC s−3.8 eVd andD s−4.8 eVd are not
very clear but become obvious enough in higher energies.
The intense peakE s−5.8 eVd is followed by two structures
F s−7.8 eVd andG s−10.3 eVd. Comparing the spectra with
the band-structure calculation in Fig. 1, we can assignC and
D to the Fet2g up-spin states,E and F mainly to the O 2p
states, respectively. The two low-energy structuresA
s−0.5 eVd andB s−1.5 eVd can be interpreted as the double-
peak structure characteristic of the iron-based double
perovskites,14,15 although they are less obvious than in
Sr2FeMoO6. In analogy to the case of Sr2FeMoO6 as well as
with the help of the band-structure results, these two features
should be assigned to the Re 5d s+Fe 3dd t2g↓ band and the
Fe 3d eg↑ band, respectively. This assignment can be tested
by a photon-energy-dependent study as shown in the next
figure.

Panelsad of Fig. 3 shows near-EF spectra of Ca2FeReO6
in comparison with a Sr2FeMoO6 spectrum taken with

FIG. 1. sColor onlined Total and partial densities of states of
insulating Ca2FeReO6 calculated with the LDA+U method.Ueff is
4.0 eV for both Fe 3d and Re 5d.

FIG. 2. Valence-band photoemission spectra of Ca2FeReO6 at
20 K taken with several photon energies. Solidsdottedd lines are
from a fractured sscrapedd surface. Spectra of Sr2FeMoO6

s20 K,100 eVd are also shown for comparison at the bottom.
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100 eV. In this panel, one can see that the featureA actually
consists of two fine structuresA1 s−0.33 eVd and A2

s−0.66 eVd. The location ofB in Ca2FeReO6 is shifted away
from EF by about 0.3 eV compared with that in Sr2FeMoO6.
The near-EF spectral weight of the two featuressA=A1+A2
and Bd estimated from these spectra is shown in panelscd
together with the theoretical spectral weight deduced from
Fig. 1 and panelsbd. Here, panelsbd shows the theoretical
photoionization cross sections of the Fe 3d ssolid lined and
Re 5d sdashed lined atomic states relative to the O 2p atomic
statesper one electron of the each statesd.42 AT andBT denote
the theoretical spectral weights of the featureA sfrom EF to
−1.5 eVd and the featureB sfrom −1.5 eV to −2.2 eVd,
respectively.43 The integration windows for the experimental
curves are from −0.3 to −0.8 eVsAd, from −1.5 to
−1.9 eV sB1d, and from −1.1 to −1.9 eVsB2d. For simplic-
ity, the weight at 60 eV is set to unity for all the curves and
the curves forB are shifted by 0.5. Panelscd demonstrates
that AT essentially reproduces the behavior ofA, which sup-
ports our interpretation. On the other hand, the agreement
betweenBT and B1 is not satisfactory although the high-
energy end is well reproduced; theBT monotonically in-
creases with photon energy, mostly reflecting the increase of
Fe 3d cross sectionfsee panelsbdg while B1 shows a dip

behavior. This is possibly due to a remnant of the Fe 3p-3d
on-resonance enhancement at,58 eV,14,34 and if one sees
the region above 80 eV,B1 almost monotonically increases.
In this high-photon-energy region, the discrepancy between
theory and experiment becomes larger whenB2 is compared.
BecauseB2 includes a lower-binding-energy region, this is
probably a consequence thatB2 has the Re 5d weight to
some extent. In other words, the Re 5d s+Fe 3dd t2g↓ band
and the Fe 3d eg↑ band are overlapping around −1 eV. This
is simply because the edge of the band which accommodates
two Re 5d electrons should be located deeper than the edge
of the band having only one Mo 4d electron. Such an overlap
partly explains why the double-peak structure is unclear in
this compound compared with Sr2FeMoO6.

C. Comparison between experiment and band-structure
calculation

Figure 4 shows a comparison of the valence-band spectra
at 20 K with the LDA+U band theory in Fig. 1. To minimize
the surface-aging effects as well as the signal from surface
states, we use the 150-eV spectra to compare although the
signal from the Re 5d states is minimum around this energy.
For a detailed comparison in the near-EF region, we will
make use of other photon energies, too. In the figure, the
total DOSsgray aread includes only Fed swhite aread, Red
sthick gray aread, and Op sthe other aread states because the
other states have negligibly small contributions. The relative
intensity of the three partial DOS was fixed to that of the
calculated photoionization cross sections of each orbital.15,42

The theoretical curvessolid curved was obtained by broaden-
ing the cross-section-corrected total DOS with a Gaussian
due to the experimental resolution as well as with an energy-
dependent Lorentzian due to the lifetime effect.44 The back-
ground of the experimental spectra was subtracted.

In panel sad, one can assign the structuresa–h in the
theoretical curve toA–G in experiment. The characteristic
double-peak structurefA sactually A1+A2d and Bg is essen-
tially reproduced in the theoretical curve asa sRe-Fet2g↓d
andb sFe eg↑d. It is noted thata has also two componentsa1

anda2. The two structuresg andd are due to the Fet2g↑ and
the O 2p states. The O 2p contribution tog and d is rather
large because a large part of the Fet2g↑ weight is redistrib-
uted to the higher-binding-energy region.« consists mainly
of the Fe 2p nonbonding states. Fet2g↑ and Feeg↑ bonding
states contribute toz and h to some extent, respectively.
Although we can assign the theoreticala-h to the experi-
mentalA–G in this way, the agreement between theory and
experiment is not satisfactory. The main part of the valence
band seems to be shifted towardsEF by about 1 eV like the
Sr2FeMoO6 case.15 Nevertheless, the location ofb is so deep
that it is about to merge intog. Consequently, the theoretical
curve has a large intensity atb, a large portion of which is
actually due to the tail ofg. The high binding energy ofb is
most likely caused by the largeUeff for Fe.

Panelssbd andscd show detailed comparisons in the near-
EF region at 150 and 100 eV, respectively. The two fine
structuresA1 andA2 can be seen at −0.33 and −0.66 eV. The
distance between them is about 0.3 eV, which is close to that

FIG. 3. sad Near-EF photoemission spectra from a fractured sur-
face of Ca2FeReO6 at 20 K taken with several photon energies.sbd
Theoretical photoionization cross sections of the Fe 3d ssolid lined
and Re 5d sdashed lined atomic states relative to the O 2p atomic
state sRef. 42d. The Re 5d shows the broad Cooper minimum
around 150 eV.scd Theoretical near-EF spectral weight of the fea-
turesA and B sAT and BTd compared with the experimentsA, B1,
andB2d as functions of photon energy. Photoionization cross section
of the Fe 3d, Re 5d, and O 2p statessRef. 42d are taken into
accounted inAT andBT. The integration windows are given in the
text.
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betweena1 s−0.26 eVd and a2 s−0.54 eVd. In addition, the
intensity of a1 relative to that ofa2 decreases with photon
energy becausea1 has more Re 5d weight thana2. This
behavior is accordant with our observation thatA1 becomes
less clear with increasing photon energyssee also Fig. 3d.
Therefore,A1 andA2 can be assigned toa1 anda2, respec-
tively. It is obvious that even in panelscd the intensity ofa is
much larger than that ofA in spite of the fact that its location
is in good agreement withA. This sharply contrasts with the
metallic Sr2FeMoO6 case, in which the experimental inten-
sity of A is comparable to the theoretical one.15 Conse-
quently, such a difference should be related to a strong sup-
pression of the near-EF spectral weightsparticularlyA1d due
to its insulating ground state although it would be partly
because the present samples are polycrystals. In fact, the
small near-EF intensity even aboveTMI is consistent with
what would be expected from the optical conductivity data
which exhibited a very small Drude weight aboveTMI.

18

D. Observation of the MIT in near-EF spectra

Temperature-dependent valence-band spectra of
Ca2FeReO6 taken with 100 eV are shown in panelsad of Fig.
5. The seven structuresA–G identified in Fig. 2 can be ob-
served. Unlike the low-temperature spectra in Fig. 2, how-
ever, the comparison between the scraped and fractured sur-
faces at 200 K shows that the intensity of the featureG is
considerably higher in the fractured one, indicating that a
scraped surface is basically more reliable than a fractured
one for the temperature-dependent measurement of this com-
pound.

Panelsad shows that no spectral-weight redistribution is
observed in a larges,eVd energy scale. Hence the effects of
the MIT on the spectra would be observed only in the vicin-
ity of EF. Near-EF spectra taken with 100 eV are shown in
panelssbd sscrapedd and scd sfracturedd. In both panels, a
small but finite Fermi cutoff can be observed at 200 K. The
Fermi cutoff gradually fades away with a decrease in tem-
perature and completely disappears below 100 K. This tem-
perature is somewhat lower than the reportedTMI of
140–150 K.18 The energy gap in the low-temperature insu-
lating phase is very small even at the lowest temperature.
Taking into account the broadening due to the Fermi-Dirac
distribution at 20 K as well as the experimental resolution,
we estimate that the energy gapsbelow EFd is about or less
than 50 meV. This is comparable to the theoretical value, but
the theory still gives a smaller number inspite of the largeU
for Re 5d.

In panelssdd and sed, the near-EF spectral weight is plot-
ted as a function of temperature. The plots show the same
behavior in spite of the fact that the typical spectral line
shapes insad andsbd are a little different due to the different
surface treatments; the near-EF weight starts decreasing from
,175 K down to 100–125 K and remains nearly constant
below this temperature. Note that the finite weight at low
temperatures is due to the finite integration window. The
rather gradual decrease of the near-EF spectral weight may
be an indication of two-phase coexistence.26 However, be-
cause of the very small depletion of theEF weight across the
MIT as well as the limited energy resolution, the precise
determination ofTMI or an observation of the possible two-
phase coexistence was beyond our experimental accuracy.

IV. DISCUSSION

To elucidate the origin of the temperature-induced MIT in
the Ca2FeReO6, we compare Sr2FeReO6 and Ca2FeReO6
first. As we have briefly reviewed in Sec. I, the only differ-
ence between the two compounds is the bond angle of
Fe-O-Re. Hence the most naive scenario will be that the
bond-angle distortion due to Ca substitution reduces the one-
electron bandwidth and leads to electron localization. In re-
ality, however, the origin of the MIT would not be only the
bond-angle distortion, because Ca2FeMoO6, having almost
the same bond-angle distortion and crystal structure as
Ca2FeReO6, does not show a MIT.23 The two important dif-
ferences between Ca2FeReO6 and Ca2FeMoO6 ares1d a MIT
occurs in Ca2FeReO6, while it does not in Ca2FeMoO6, and
s2d Tc is far different from each otherfCa2FeReO6, 540 K;

FIG. 4. sad Valence-band photoemission spectra of Ca2FeReO6

at 20 K scirclesd taken with 150 eV compared with the theoretical
curvessolid curved. sbd andscd Near-EF spectra at 20 K taken with
150 eVfpanelsbdg and 100 eVfpanelscdg compared with the band
theory. All the experimental backgrounds have been subtracted.
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Ca2FeMoO6, 380 K sRef. 23dg. Because the crystal structure
and the octahedral bond-angle distortion are almost the same,
the origin of those differences cannot be attributed to crys-
tallographic reasons.

Here, we focus on the ionic radius of the Re and Mo ions
in stead ofA-site cation size, which has been investigated
more.45 Since the valence of Fe is known as about 2.5+ from
Mössbauer measurements,31,32 we use the average ionic ra-
dius of Re5.5+ and Mo5.5+ to estimate the Re and Mo ionic
radii, which are calculated to be 0.565 Å and 0.600 Å,
respectively.46 Thus, the average ionic radius of the Re ion is
actually even smaller than that of the Mo ion in spite of the
difference of the 5d and 4d orbitals. We have also calculated
the one-electron bandwidth of the hybridized Re-O or
Mo-O states using Harrison’s formula.47 The result is ap-
proximately the same in both systems as expected from the
above consideration. Therefore, the Coulomb repulsion at the
Re sites can be substantially large in Ca2FeReO6.

The key to understanding this surprising consequence is
the mismatch of the ionic radius of the Re ion and the
sdouble-dperovskite-type crystal structure; roughly speaking,
the crystal structure ofA2BB8O6 is like a rather firm “cage”
constructed byA sCa in this cased and O in whichB andB8
sFe and Re in this cased is located. Hence the Re ion can be
smaller than the “appropriate” ionic radius which is deter-
mined by the ionic radius ratio of Ca and O, and the Re-O
distance is substantially larger than what is expected from a
binary compound ReO3. In ReO3, the Re-O distance can be
the “appropriate” one simply because there is no other ele-
ment. Thus the Re 5d–O 2p-hybridized bands become wide
as expected, resulting in a good metallic behavior of ReO3.
By contrast, the large Re-O distance in Ca2FeReO6 can
cause a much smaller electric conductivity although one usu-
ally thinks that a 5d band must be wide.

In this situation, another important factor is that
Ca2FeReO6 hastwo Re 5d electrons while Ca2FeMoO6 has

only oneMo 4d electron per one Re/Mo atom. This would
give rise to a considerably larger effective electron-electron
interaction on Re sites in Ca2FeReO6 than on Mo sites in
Ca2FeMoO6, which can explain the largeUeff for Re in our
LDA+ U calculation. The importance of the electron correla-
tion on Re sites in the MIT of this compound has been in-
ferred by Granadoet al.first, although they did not deal with
the origin of a largeUeff on Re sites in detail.26 Here we have
demonstrated that the strong electron correlation on Re sites
is actually realized in terms of the observation of MIT
coupled with the LDA+U band theory with a finite energy
gap. The actual MIT of this compound is probably driven by
this strong electron correlation coupled with the Jahn-Teller
distortion due to the 5d2 configuration, both of which
strongly favor the expected orbital ordering.25 Thus the ori-
gin of the temperature-induced MIT in Ca2FeReO6 is not just
the decreasing one-electron bandwidth, but the major factor
is most likely the strong electron correlation between the
Re 5d t2g electrons, which is caused by the mismatch of the
Re ionicradius and the crystal structure plus the multiple 5d
electrons per one Re site.

Finally, we briefly discuss the striking difference ofTc
between Ca2FeReO6 and Ca2FeMoO6 in terms of the direct
overlap of Re-Re or Mo-Mo. Since the crystal structure and
the bond-angle distortion of both systems are virtually iden-
tical, we can adopt the distance between the twoB8-site at-
oms and the ionic radius as measures of the amount of the
direct overlap. According to the crystal structural parameters,
the Re-Re and Mo-Mo distances are 5.525 Å and 5.522 Å,
respectively.23,25The difference of these distances is negligi-
bly small and indeed smaller than that of the two average
ionic radii by a factor of 1/10. Thus the average ionic radius
primarily determines the amount of direct overlap, and the
smaller average ionic radius of Re leads to a smaller Re
-Re direct overlap than that of Mo-Mo. According to Chat-
topadhyay and Millis, a larger direct overlap decreasesTc

FIG. 5. Temperature-dependent photoemission spectra of Ca2FeReO6 in a very near-EF region taken with 100 eV fromsad a scraped and
sbd a fractured surface.EF spectral weight estimated by an integrated intensity from −0.1 to 0.1 eV is plotted as a function of temperature
in panelscd sscrapedd and sdd sfracturedd. The dashed lines are guides to the eye. The Hatched area shows the temperature range in which
the metallic and insulating phases may coexistsRef. 26d.
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because the ferromagnetic coupling is enhanced under the
reduced direct overlap.28 This is in perfect agreement with
our simple arguments using the ionic radius and hence fur-
ther supports our arguments on the origin of the MIT of this
compound.

V. CONCLUSION

We have investigated the temperature-dependent elec-
tronic structure of Ca2FeReO6 by photoemission spectros-
copy and LDA+U band-structure calculations. In the
valence-band spectra, we have observed the double-peak
structure which is characteristic of metallic double perovs-
kites although it was unclear compared with the Sr2FeMoO6
because of the larger number of Re 5d t2g↓ electrons than
that of Mo 4d t2g↓ ones. AboveTMI, the spectral weight atEF
was found to be small, as expected from the optical conduc-
tivity, and completely disappeared below 100 K, forming an
energy gap. The MIT occurred between 125 K and 100 K,
but a finite weight atEF due to the temperature and instru-
mental broadening decreases the apparentTMI. Employing
largeUeff’s for both Fe and Re, we have reproduced the finite

energy gap in the LDA+U band theory. Although most of
the experimental features were interpreted with the help of
the band theory, the overall agreement between theory and
the valence-band spectra was not satisfactory. Based on the
ionic radii and the lattice parameters, we have pointed out
that the effective transfer integral between Fe and Re is ac-
tually smaller than that between Fe and Mo in Ca2FeMoO6.
This results in a substantially large electron-electron interac-
tion on Re sitesnamely, the Re 5d–Fe 3d t2g↓ bandd, which
should be the major driving force of the MIT in this com-
pound. Finally, the very highTc in Ca2FeReO6 has also been
argued in connection with the Re-Re direct overlap.
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