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We have investigated the electronic structure of polycrystalling=€ReQ using photoemission spectros-
copy and band-structure calculations within the local-density approximatiofitDA+ U) 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 (Eygl although it is less distinct compared to the
Sr,FeMoQ; case. The leading ne&r structure has a very weak spectral weightEgat above the metal-
insulator transitionfMIT) temperaturél,, of ~140 K, and it loses th&g weight belowT,,,, forming a small
energy gap. To reproduce this small energy gap in the calculation, we require a very large effdtiiyg for
Re (4 eV) in addition to a relatively larg& for Fe (4 eV). 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 £&MoQ;, which can explain both the MIT and very high ferrimagnetic
transition temperature.
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I. INTRODUCTION temperaturgT,) of 540 K820 which is the second highest

Ordered double-perovskite-type oxid&sBB'O, have a N the known ordered double perovskitéKato et al ' have
natural super lattice structure in which the transition-metaftudied the temperature- and compositi¢y-) dependent
sitesB and B’ are alternatively located at @ site of the ~ MIT in (Sr_,Ca),FeReQ; the ground state changes from
simple perovskite structurABOs. Pioneering studies of or- metallic to insulating aty~0.4 with increasingy, and the
dered double perovskites have been already done in tH&ansition temperatur€Ty,) rises up to~150 K at the Ca
1960s!5 Several decades after, the discovery of a largeend. They have also reported that this MIT accompanies a
room-temperaturéRT) tunneling magnetoresistan¢EMR)  structural phase transition. Since £aReQ and SgFeReQ
in a low magnetic field in SFeMoQ; and SgFeReQ trig-  (or BaFeReQ) have the same electronic configuration
gered revived interest in such ordered double perovskites if€*"(3d%;t5;,€2) ~Re*(5d%;t5,) within the simple ionic
view of the possibility of industrial applications for spin- picture, the variation of the bond-angle distortion from
electronic device&® These materials were predicted to have~180° to ~152° due to Ca substitution for $or Ba) alone
half-metallic density of state®O9) like the manganite®  seems to be able to account for the insulating ground state of
Several band-structure calculations have shown that metalliaFeReQ at first glance?? It is of course true that the ef-
ordered double perovskites are generally half-met#liits  fective transfer integral between Fe and Re via oxygen and
and the half metallic DOS has been confirmed by optical andience the one-electron bandwidth are expected to decrease

valence-band photoemission studi&$>1’ with increasing bond-angle distortion. However,EaMoQ;
Among the broad class of the ordered double perovskitesind SgFeMoQ;, which have the same F*é3d5;t§me;)
(Sr_yCa),FeReQq is known as an exceptional systépi? —M05+(4d1;t§gl) configuration, are both metallic although

In particular, CaFeReQ shows a metal-insulator transition the Fe-O-Mo angles are ~153° and ~180°,
(MIT) as well as has a very high ferrimagnetic transitionrespectively324 It is, therefore, difficult to attribute the in-
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sulating nature of G&eReQ solely to the bond-angle dis- SES-200 electron analyzer. Surface preparation is important
tortion. in photoemission measuremefts’ Because the samples

Recently, Oikaweet al. have studied the crystal structure are polycrystals, fracturing the sample in ultrahigh vacuum
and magnetic properties of gfeReQ using neutron powder (UHV) to expose a new surfade situ may not be always the
diffraction (NPD) at RT and 7 K2° They have observed a best way to ensure a clean and representative surface, par-
distinct change of the crystal structure from a monoclinicticularly at high temperatures. Hence we have done the mea-
structure in the ferrimagnetic metalliM) phase above surements using both surface treatments. For low-
140 K—namely,T,;,—to another monoclinic structure with temperature measurements at 20 K, the spectra from a
different monoclinic angles in the ferrimagnetic insulating fractured surface have shown better quality with respect to
(FI) phase belovily,. CrossingTy,, FeQ; and ReQ octahe-  the intensity around -10 eV than those from a scraped sur-
dra got slightly distorted and they attributed this distortion toface, as is usually expectéshown in Fig. 2; we use those
an orbital ordering of Re,, electrons. Also by NPD mea- spectra to compare experiment and band theory. For
surement, Granadet al. have concluded that the Rel Blec- temperature-dependent measurements, on the other hand, a
trons in CaFeReQ are strongly correlatetf. comparison between the two surfaces at 200skown in

The ferrimagnetism accompanied by metallic conductiv-panel(a) of Fig. 5] confirms that the spectra from a scraped
ity and the half-metallic DOS naturally reminds us of the surface are generally more reliable than that from a fractured
colossal magnetoresistit€ MR) manganese oxides and the surface; we will discuss the temperature dependence of the
double-exchang¢DE) mechanisn?’ Indeed, a recent theo- spectra mainly using the scraped ones. Nevertheless, we
retical study using dynamical mean-field theory has showmresent both spectra in order to extract essential physics ir-
that the DE model can explain the trend f on changing relevant to the surface treatments, particularly for the near-
Mo for Re in Sr- and Ba-based double perovskites althouglirermi level(Eg) region since there have been a lot of argu-
only the CaFeReQ case could not be explainéOn the  ments on the nedfx spectral intensit§? The vacuum of the
other hand, a different kind of models for,65eMoQ; has  measurement chamber was about *101° Torr depend-
been proposed by Sarnet al!l2° and by Kanamori and ing upon the temperatures. The surface treatments in the low-
Terakurat?3°In those models, the hybridization between Fetemperature measurements have been done at 20 K. In the
3d and Mo 4 states plays an important role in stabilizing the temperature-dependent measurements, we have scraped or
FM coupling of Fe 8. A strong hybridization of Fe@and  fractured the samples at 200 K in UHV of about 2
Mo 4d is indeed consistent with the valence-fluctuation statex 1071 Torr and then run the measurements to lower tem-
of F&>* shown by M@ssbauer measurementsigheMoQ;  peratures in order to avoid rapid surface degradation due to
(A=Ca, Sr,Ba.31%2 However, the model would not be able outgas at heating. All the spectra have been recorded within
to explain the highr, of CaFeReQ because the reduction 5-6 h after eachsurface treatment. The total energy resolu-
of hybridization strength of G&keReQ due to bond-angle tion was about 50—80 meV full width at half maximum
distortion expects a lower FM coupling than,BeReQ or  (FWHM) using 60—150 eV photon energies. We have also
Ba,FeReQ in this mechanism® To the best of our knowl- checked the reproducibility of the spectra. The spectral in-
edge, no model can explain the MIT and the high ferrimagtensity was normalized by the total area of the full valence-
netic T, of CaFeReQ at the same time. band spectra and the neg-spectra were scaled according

There have been several photoemission studies of th# this normalization. Theeg position has been calibrated
electronic structure oA,FeMoQ; (A=Sr,Ba, which have with Au.
revealed many characteristic aspects of the electronic struc- Band-structure calculations have been performed with the
ture of the typical metallic double perovskites#1533.34  full-potential linearized augmented plane-wadeLAPW)
However, CaFeReQ has not been investigated and hencemethod?® within the local-density approximatiofLDA)+U
the origin of the ferrimagnetism with high, and the MIT of  scheme®*° The experimental lattice parameters were those
(Sr,Ca),FeReQ are not yet clarified in terms of the elec- for the low-temperature insulating phase, taken from Ref. 25.
tronic structure. To give insight into the above problems, weThe plane-wave cutoff energies were 12 Ry for the wave
have studied the electronic structure of,EeReQ by pho-  function and 48 Ry for the charge density and potentials. We
toemission spectroscopy as well as LDB+band-structure took 56k points in the irreducible Brillouin zone for the
calculations. Combining the electronic aspects and the ionitace-centered-cubic lattice. For effective Coulomb repulsions
radius of the Re ion, we propose that the Rieetectrons are  Ug=U-J, large valueg4.0 eV for both Fe 8 and Re §)
strongly correlated and therefore the number of Reelec-  have been adopted.
tron has an essential importance in the MIT of this com-

pound. . RESULTS

A. Band-structure calculations

II. EXPERIMENT AND CALCULATION
We show the result of our LDAW band-structure calcu-

Polycrystalline samples of GeeReQ were prepared by lations in Fig. 1 firstEg was set to the top of the down-spin
solid-state reactiot The site disorder was less than 5% band for simplicity. A finite energy gap can be observed, but
which would not seriously affect the microscopic electronicit is only about 30 meV*! It should be noted that although
structure’® The experiments have been performed at thewe used the experimental lattice parameters of the low-
beamline BL-11D of the Photon Factory using a Scientaemperature insulating phaewe failed to reproduce a fi-
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FIG. 1. (Color onling Total and partial densities of states of o
insulating CaFeReQ calculated with the LDA+) method.Uy is FIG. 2. Valence-band photoemission spectra ofFfé&keQ at
4.0 eV for both Fe 8 and Re . 20 K taken with several photon energies. Sdlitbtted lines are

from a fractured (scrapedl surface. Spectra of FfeMoQy
nite energy gap using nmamely, LDA or smallU's like (20 K, 100 eV are also shown for comparison at the bottom.
the SpFeMoQ; case(2.0 eV and 1.0 eV for Fe and Mo,
respectively.!> Only when we adopt a large value of 4.0 eV B. Low-temperature spectra
for bothFe and Re does a finite energy gap appear. Owing to
the largeU.g, the up-spin band is pu_IIed down away from  \jglence-band spectra of geeReQ at 20 K taken with
Er, and the top of the up-spin band is located at ~1.65 eVgeyeral photon energies are shown in Fig. 2. Corresponding
which is quite deep compared with the,BeMoQ; case,  gpectra from SFeMoQ; taken with 100 eV are also shown.
~0.8 eV. BeS|dfes, 3 flarge r?mount of the Fdh Bpt))-spm One can observe seven structures denoted-#3 which are
gﬁtﬁs \?;lee:lr?:i:rrlf frcgcr)nm—t7 ?onfgrgeg{?n to the bottom essentially corresponding to the features at similar locations
S - : in the SpFeMoQ; spectra except foA at —0.5 eV ands at
The down-spin band just beloi is dominated by the Re —-10.3 eV. The intensity of5 is larger in the scraped ones

5d tyg, and the O P states. Because of the larbly, the Fe ' O

3d tyg states have a much smaller contribution than in thghan in the fractured ones. This difference becomes smaller

case of SfFeMoQ;. On the other hand, the first up-spin band I higher photon energies and turns to be negligible at
150 eV. Such photon-energy dependence as well as its loca-

below Er is mostly due to the Fed3g; and O J states VY =V - ‘ A 1
without any appreciable RedScontribution. The next up- tion indicates thaG is mainly due to surface contaminations

spin band from —2.5 eV to 4.5 eV has Fe 8, character. al_wd/or surface aging effects. This is also in goqd agreement
However, because the Op2states are the most dominant with the fact that the valence-band spectra of single crystals
between —2.5 eV and -7 eV, the Eg; intensity would not of a similar compound $SFeMoQ; have no intensity around

be obvious in photoemission spectra. -10 eV.

The eV-scale features in our calculation are essentially The two shoulder< (-3.8 eV) andD (-4.8 eV) are not
consistent with the recent LSDAY calculation with U Very clear but become obvious enough in higher energies.
=45 eV (Fe and 1 eV(Re) by Wul3 A striking difference The intense peak (-5.8 eV) is followed by two structures
is, however, that he has obtained a metallic DOS. Since thE (=7.8 €V) andG (-10.3 eVJ. Comparing the spectra with
crystal parameters are very similar to each ofRétthe dif-  the band-structure calculation in Fig. 1, we can as€igand
ference should come from our large for Re. This is sup- D to the Fet,y up-spin statesk and F mainly to the O
ported by another theoretical calculation by Szogtkal!®  states, respectively. The two low-energy structurds
They have adopted the self-interaction-corrected local-spint-0.5 eV) andB (-1.5 e\) can be interpreted as the double-
density (SIC-LSD) scheme for the band-structure and total-peak structure characteristic of the iron-based double
energy calculations. The calculated DOS gives a very sharperovskites#1® although they are less obvious than in
peak of Fe 8 up-spin states at about —13 eV, which is not in SLFeMoG;. In analogy to the case of $feMoQ; as well as
good agreement with ours or Wu's. They attributed the poowith the help of the band-structure results, these two features
agreement with Wu’s calculations to a finltefor Re1® Con-  should be assigned to the Rd &+Fe 3l) t,, band and the
sequently, our largdJ for Re is a key to understand the Fe 3 gy band, respectively. This assignment can be tested
insulating DOS. We will discuss in Sec. IV that the lalde by a photon-energy-dependent study as shown in the next
for Re is not indeed unrealistic in terms of the Rkddectron  figure.
number, the ionic radius of Re ion, and tHeouble Panel(a) of Fig. 3 shows neaE: spectra of C#FeReQ
perovskite-type crystal structure. in comparison with a SFeMoQ; spectrum taken with
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FIG. 3. (a) NearEr photoemission spectra from a fractured sur-
face of CaFeReQ at 20 K taken with several photon energiés.
Theoretical photoionization cross sections of the Besdlid line)
and Re 8 (dashed ling atomic states relative to the QpZatomic
state (Ref. 42. The Re % shows the broad Cooper minimum
around 150 eV(c) Theoretical neaEg spectral weight of the fea-
turesA andB (At and By) compared with the experimeid, B,

andB,) as functions of photon energy. Photoionization cross section

of the Fe 8, Re &, and O 2 states(Ref. 42 are taken into
accounted inAt and Bt. The integration windows are given in the
text.

100 eV. In this panel, one can see that the featuestually
consists of two fine structured\; (-0.33 eV} and A,
(=0.66 e\j. The location ofB in CaFeReQ is shifted away
from Er by about 0.3 eV compared with that in,5eMoG;.
The nearkg spectral weight of the two featuréd=A;+A,
and B) estimated from these spectra is shown in pdogl
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behavior. This is possibly due to a remnant of the pe38
on-resonance enhancement-as8 eV}43* and if one sees
the region above 80 e\B; almost monotonically increases.

In this high-photon-energy region, the discrepancy between
theory and experiment becomes larger wBgris compared.
BecauseB, includes a lower-binding-energy region, this is
probably a consequence thBy has the Re & weight to
some extent. In other words, the Reé &-Fe 3) t,; band

and the Fe 8 g;; band are overlapping around -1 eV. This
is simply because the edge of the band which accommodates
two Re A electrons should be located deeper than the edge
of the band having only one Mod4electron. Such an overlap
partly explains why the double-peak structure is unclear in
this compound compared with FieMoQ;.

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 & states is minimum around this energy.
For a detailed comparison in the ndar-region, we will
make use of other photon energies, too. In the figure, the
total DOS(gray areaincludes only Fed (white area, Red
(thick gray arep and Op (the other areastates 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 orbit&l.

o he theoretical curvésolid curveg 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 effécThe back-
ground of the experimental spectra was subtracted.

In panel (a), one can assign the structures-» in the
theoretical curve tcA—G in experiment. The characteristic
double-peak structurfA (actually A;+A,) and B] is essen-
tially reproduced in the theoretical curve agRe-Fety,))
andp (Feey). Itis noted thatr has also two componenits
anda,. The two structurey and 6 are due to the Fegy, and

together with the theoretical spectral weight deduced fronthe O 2 states. The O j2 contribution toy and é is rather

Fig. 1 and panel(b). Here, panelb) shows the theoretical
photoionization cross sections of the F& 3olid line) and
Re 5 (dashed lingatomic states relative to the Qo 2tomic
state(per one electron of the each stat&sA; andB; denote
the theoretical spectral weights of the featéréfrom Eg to
-1.5eV) and the featureB (from -1.5eV to -2.2 eV,
respectively’® The integration windows for the experimental
curves are from -0.3to -0.8 eMVA), from -1.5to
-1.9 eV (B,), and from -1.1 to —1.9 eVB,). For simplic-

large because a large part of the tg weight is redistrib-
uted to the higher-binding-energy regianconsists mainly

of the Fe 2 nonbonding states. Rgy and Feey; bonding
states contribute td@ and » to some extent, respectively.
Although we can assign the theoreticaln 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 towars by about 1 eV like the
Sr,FeMoQ; case!® Nevertheless, the location gfis so deep

ity, the weight at 60 eV is set to unity for all the curves andthat it is about to merge intg. Consequently, the theoretical

the curves foB are shifted by 0.5. Panét) demonstrates
that A; essentially reproduces the behaviorAgfwhich sup-
ports our interpretation. On the other hand, the agreeme
betweenB; and B, is not satisfactory although the high-
energy end is well reproduced; tH& monotonically in-

curve has a large intensity & a large portion of which is
actually due to the tail of. The high binding energy g8 is
maost likely caused by the larddy; for Fe.

Panelgb) and(c) show detailed comparisons in the near-
Er region at 150 and 100 eV, respectively. The two fine

creases with photon energy, mostly reflecting the increase aftructuresA; andA, can be seen at —0.33 and —0.66 eV. The
Fe 3 cross sectiorfsee panelb)] while B; shows a dip distance between them is about 0.3 eV, which is close to that
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FIG. 4. (a) Valence-band photoemission spectra ofbkEReQ
at 20 K (circles taken with 150 eV compared with the theoretical
curve(solid curve. (b) and(c) NearEg spectra at 20 K taken with
150 eV[panel(b)] and 100 eV[panel(c)] compared with the band
theory. All the experimental backgrounds have been subtracted.

betweena; (-0.26 eV} and a, (-=0.54 e\}. In addition, the
intensity of o, relative to that ofa, decreases with photon
energy because;, has more Re & weight thana,. This
behavior is accordant with our observation tAatbecomes
less clear with increasing photon enerpee also Fig. B
Therefore,A; and A, can be assigned te; and «,, respec-
tively. It is obvious that even in pané) the intensity ofa is
much larger than that ok in spite of the fact that its location
is in good agreement witA. This sharply contrasts with the
metallic SpFeMoQ; case, in which the experimental inten-
sity of A is comparable to the theoretical offeConse-

PHYSICAL REVIEW B 71, 075106(2005

D. Observation of the MIT in near-Eg spectra

Temperature-dependent  valence-band  spectra  of
CaFeReQ taken with 100 eV are shown in par(@) of Fig.

5. The seven structures—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 featGrés
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.

Panel(a) shows that no spectral-weight redistribution is
observed in a largé~eV) energy scale. Hence the effects of
the MIT on the spectra would be observed only in the vicin-
ity of Eg. NearEg spectra taken with 100 eV are shown in
panels(b) (scraped and (c) (fractured. 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 report&g, of
140-150 K* 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 gépelow Eg) 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 ldthe
for Re H.

In panels(d) and (e), the nearEg 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 i@ and(b) are a little different due to the different
surface treatments; the ndag-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 n&arspectral weight may
be an indication of two-phase coexisteRBadowever, be-
cause of the very small depletion of the weight across the
MIT as well as the limited energy resolution, the precise
determination ofTy, 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 CaFeReQ, we compare SFeReQ and CaFeReQ
first. As we have briefly reviewed in Sec. |, 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-

quently, such a difference should be related to a strong suglity, however, the origin of the MIT would not be only the

pression of the nedfr spectral weightparticularlyA;) due

bond-angle distortion, because ;£aMoQ;, having almost

to its insulating ground state although it would be partlythe same bond-angle distortion and crystal structure as
because the present samples are polycrystals. In fact, ti@a,FeReQ, does not show a MI%S The two important dif-

small nearkg intensity even abovd), is consistent with

ferences between geReQ and CaFeMoG; are(1) a MIT

what would be expected from the optical conductivity dataoccurs in CaFeReQ, while it does not in CgeMoQ;, and

which exhibited a very small Drude weight abovVg,.'®

(2) T, is far different from each othdiCaFeReQ, 540 K;
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CaFeMoQ;, 380 K (Ref. 23]. Because the crystal structure only one Mo 4d electron per one Re/Mo atom. This would
and the octahedral bond-angle distortion are almost the samgive rise to a considerably larger effective electron-electron
the origin of those differences cannot be attributed to crysinteraction on Re sites in GBeReQ than on Mo sites in
tallographic reasons. CaFeMoQ;, which can explain the largges for Re in our
Here, we focus on the ionic radius of the Re and Mo ionsLDA+ U calculation. The importance of the electron correla-
in stead ofA-site cation size, which has been investigatedtion on Re sites in the MIT of this compound has been in-
more?® Since the valence of Fe is known as about 2.5+ fronferred by Granadet al. first, although they did not deal with
Mossbauer measuremerits’? we use the average ionic ra- the origin of a largeJ. on Re sites in detaf® Here we have
dius of R&>* and M@®* to estimate the Re and Mo ionic demonstrated that the strong electron correlation on Re sites
radii, which are calculated to be 0.565 A and 0.600 A,is actually realized in terms of the observation of MIT
respectively’® Thus, the average ionic radius of the Re ion iscoupled with the LDA+J band theory with a finite energy
actually even smaller than that of the Mo ion in spite of thegap. The actual MIT of this compound is probably driven by
difference of the 8 and 4l orbitals. We have also calculated this strong electron correlation coupled with the Jahn-Teller
the one-electron bandwidth of the hybridized Re-O ordistortion due to the & configuration, both of which
Mo-O states using Harrison’s formutd.The result is ap- strongly favor the expected orbital orderitRjThus the ori-
proximately the same in both systems as expected from thgin of the temperature-induced MIT in g&eReQ is not just
above consideration. Therefore, the Coulomb repulsion at théhe decreasing one-electron bandwidth, but the major factor
Re sites can be substantially large in,EaReQ. is most likely the strong electron correlation between the
The key to understanding this surprising consequence iRe & t,4 electrons, which is caused by the mismatch of the
the mismatch of the ionic radius of the Re ion and theRe ionicradius and the crystal structure plus the multigle 5
(doublejperovskite-type crystal structure; roughly speaking,electrons per one Re site.
the crystal structure of,BB’Og is like a rather firm “cage” Finally, we briefly discuss the striking difference of
constructed byA (Ca in this caseand O in whichB andB’ between CgFeReQ and CaFeMoG; in terms of the direct
(Fe and Re in this cagés located. Hence the Re ion can be overlap of Re-Re or Mo-Mo. Since the crystal structure and
smaller than the “appropriate” ionic radius which is deter-the bond-angle distortion of both systems are virtually iden-
mined by the ionic radius ratio of Ca and O, and the Re-CQtical, we can adopt the distance between the Bissite at-
distance is substantially larger than what is expected from ams and the ionic radius as measures of the amount of the
binary compound Re9 In ReQ;, the Re-O distance can be direct overlap. According to the crystal structural parameters,
the “appropriate” one simply because there is no other elethe Re-Re and Mo-Mo distances are 5.525 A and 5.522 A,
ment. Thus the Red-0 2p-hybridized bands become wide respectively32>The difference of these distances is negligi-
as expected, resulting in a good metallic behavior of ReO bly small and indeed smaller than that of the two average
By contrast, the large Re-O distance in,EaReQ can ionic radii by a factor of 1/10. Thus the average ionic radius
cause a much smaller electric conductivity although one ususrimarily determines the amount of direct overlap, and the
ally thinks that a 8 band must be wide. smaller average ionic radius of Re leads to a smaller Re
In this situation, another important factor is that -Re direct overlap than that of Mo-Mo. According to Chat-
CaFeReQ hastwo Re 5 electrons while CaeMoQ; has  topadhyay and Millis, a larger direct overlap decrea$gs

075106-6



STRONG CORRELATION EFFECTS OF THE Ral5. PHYSICAL REVIEW B 71, 075106(2005
because the ferromagnetic coupling is enhanced under trenergy gap in the LDAY band theory. Although most of
reduced direct overlafs. This is in perfect agreement with the experimental features were interpreted with the help of
our simple arguments using the ionic radius and hence futhe band theory, the overall agreement between theory and
ther supports our arguments on the origin of the MIT of thisthe valence-band spectra was not satisfactory. Based on the

compound.

V. CONCLUSION

We have investigated the temperature-dependent ele

tronic structure of C#eReQ by photoemission spectros-
copy and LDA+U band-structure calculations. In the

valence-band spectra, we have observed the double-pe
structure which is characteristic of metallic double perovs-

kites although it was unclear compared with theF&MoQ;
because of the larger number of Reé &g electrons than
that of Mo 4d t,4 ones. AboveTy,, the spectral weight d

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,EaMoQ;.

This results in a substantially large electron-electron interac-

&i_on on Re site(namely, the Re &-Fe 3l t,;, band, which

should be the major driving force of the MIT in this com-
pound. Finally, the very highi. in CaFeReQ has also been

gkgued in connection with the Re-Re direct overlap.
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