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Bulk-sensitive photoemission spectroscopy dk,FeMoOg double perovskites(A=Sr, Ba)
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The electronic structures of SfeMoQ; (SFMO) and BaFeMoQ; (BFMO) double perovskites have been
investigated using Fe®— 3d resonant photoemission spectroscOPiS and the Cooper minimum in the Mo
4d photoionization cross section. The states close to the Fermi level are found to have a strongly mixed Mo—Fe
t,4 character, indicating that the Fe valence is far from pute 3he Fe 3, x-ray absorption spectroscopy
spectra reveal the mixed-valent®e-F&* configurations, and a larger e component for BFMO than for
SFMO, suggesting an operative double exchange interaction. The valence-band PES spectra reveal good
agreement with the local-spin-density-approximatibBDA)+U calculation.
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Room-temperature magnetoresistaii®tR) has recently 2p—3d RPES experiments were performed at the twin-
been observed in the double-perovskite oxides ohelical undulator beam line BL25SU of SPring-8 equipped
A,BB'M0oO; (A=Sr,Ba;B=FeB’=Mo) with very high  with a SCIENTA SES200 analyz&tSamples were fractured
magnetic transition temperaturdg (=330-450 K)*> A and measured in vacuum better thax B0~ 1° Torr at T
fundamental question in the double perovskites is the originc20 K. PES data were obtained in the angle-integrated
of the highT¢ ferrimagnetism and the low field MR. Mag- mode, and the Fermi levé@: and overall energy resolution
netization data for $FeMoQ; (SFMO) indicated ferrimag-  of the system were determined from the Fermi-edge spec-
netic coupling between Pé and MJ&™* ions' and the MR m of Pd metal. The total instrumental resoluti&WHM:
was mterpreted as due to |nt5eggra|n tunnell_ng W|_th the haIfTu" width at half maximum was about 130 meV ahv
metallic electronic_structure>® Neutron diffraction and _76y"ay Al the spectra were normalized to the photon flux
mgifz?t(jiros_pfizosggtp;’ rzl?r?:rlvsl?n(ilIlrllgé(;ﬁtzeedd?rr:o?err?toc;n estimated from the mirror current. Both samples showed a

X 7B clean single peak in the Oslcore-level spectrum, and no

Mo, (—0.2—0.5)ug.>"® The ferrimagnetic coupling be- (5" > = ) ]
tween Fé" and Mo can be understood in terms of the 9-ev b!ndmg energyBE) peak in the yalence band spgctrum
(see Fig. 2 Low energy PES experiments were carried out

superexchange through the Fe-O-Mdonding. The super- : o
eighan);e mc?del hoL\J/\?ever is not compatillj)lg with thgpmetal‘-"‘t the Ames/Montana beamline at the Synchrotron Radiation

lic nature of SFMO and B&eMoQ; (BFMO). Further, the CENter in a vacuum better tharxa0 ! Torr!? The frac-
valence states of Fe and Mo ions are still controversial; somi/red surfaces were rough and the measured spectra showed
works were interpreted the value of ¥el® while other O ar_lgle dependr—__\nce, suggesting that our PES data could be
works favored the mixed valence of Fe- Fg?™."10:11 considered as being angle integrated.

Photoemission spectroscop§ES can provide direct in- Figure 1 shows the RPES valence-band spectra of SFMO
formation on the electronic structures of the double perovsand BFMO near the Ferf, absorption edge. The top panels
kites, but no valence-band PES study on SFMO has bee$how the measured Fepg, XAS spectra(left) and the cal-
reported so fadf*3to our knowledge. In this paper, we report culated XAS spectréright). The arrows in the XAS spectra
a bulk-sensitiv¥® high-resolution valence-band PES study representhy’'s where the spectra are obtained. For both
for SFMO and BFMO, including resonant photoemissionSFMO and BFMO, the features nekg (~—0.3 eV), at

spectroscopyRPES near the Fe @ absorption edge and the ~—1.5, =3, and—4 eV in the valence-band spectra are
O 1s and Fe D x-ray absorption spectrosco}AS) mea- €nhanced greatly across the Fe @bsorption edge, indicat-
surements. ing that these states have large F& ¢haracter. As to the

Polycrystalline SFMO and BFMO samples were preparedesonating behavior, the Fed3lerived states at-0.3 and
by the standard solid-state reaction metho@ihe measured —1.5 eV are due to they,| and eéT states, respectively
saturation magnetic moments are larger thang.@BBFMO) (0<x=1).'> These RPES measurements reveal that the high
and 3.4.5 (SFMO) per formula unit(f.u.), reflecting the well BE features ¢ 3~—8 eV) also have the substantially large
ordered Fe and Mo ions 8tandB’ sites. High-resolution Fe Fe 3d electron character, which is strongly hybridized with
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0% e mo 708 e e FIG. 1. Top: the measured Fepg, XAS
2 ' ' ' ' ' ' spectra(left) and the fitting resultgright) for
& S1 FeMoO Fe 3d RPES SFMO and BFMO. In the calculated XAS spectra
2 2 ¢ Ba,FeMoO, (right), dotted lines, gray lines, and solid lines
£ denote the ¢ and Fé* components, and their
D x0.6 sum, respectively. Bottom: valence-band spectra
D of SFMO and BFMO near the Fep2-3d ab-
sorption edge.
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the O 2 electrons. In the abovhr region, however, the included?>?! In this analysis, we have considered two con-
features forE<—5 eV are obscured by the overlapping figurations,d” and d"**L! (L is a ligand holg since the
broad FeLMM Auger emission, which is evident as the d"*2| 2 configuration gives negligible effect. In the calcula-
non-flat slope folE<—8 eV forhy=708 ev. _ tion of the Fé* (n=6) and F&* (n=>5) XAS spectra, we

Our Fe 25, XAS spectrum f%r SFMO is basically simi- phave used the same parameters as used for FeO and
lar to those of previous reports® But the shoulder around a-Fe,0,, respectively® We have checked that small

hv~707 eV in the lowhv side of the main P/, XAS peak, changes in the parameters do not affect the overall spectral
clearly qbserved In_our XA.S spectra OT both SFM.O andshape including the prominent peak positions. The calculated
BFMO, is not observed in the previous data in thexAS S h -righ | that th d
literature?'® which is due to the better resolution pectra(the top-right panejsreveal that the groun
(~100 meV) employed in our XAS spectra. It is evident st_ates Of+b0th SFMP anql BFMO are stronglly mixed valent,
that the relative intensities between the two peaks of thaith F&" and Fé" configurations. The estimated Fe va-
2D, absorption maximat(v~708 and 710 eYare reversed ences f\re about 2.5 for SF;\/IO ancéi 21.3 for BFMO._ If we use
in SFMO and BFMO; namely, a stronger peak is located at 41€ Fé* component only ¢° andd L"), the experimental
higherhv for SFMO but at a lowehv for BFMO. We be- features of the reversed XAS line shape for BFMO and the
lieve that this difference is intrinsic since both sampleslow-hv shoulders li»~707 eV) cannot be reproduced.
showed a clean single peak in the ®dpectrum, and essen-  Figure 2 compares the valence-band spectra of SFMO and
tially the same XAS spectrum was reproduced with differentBFMO for a widehv range (22 e¥shv=<700 eV). The top
fractures. It has been known that thes absorption edge of two spectra are the differences between the on-resonance
FE" ions in the octahedral symmetry exhibits a main peak afh»~708 eV) and off-resonance spectra in the fe-23d
a lowerhv than that of F&" ions!”*®Thus the difference in RPES, which can be considered as representing thedFe 3
the Fe 23, XAS spectra between SFMO and BFMO sug- partial spectral weightPSW) distributions. If one assumes
gests that Fe ions in BFMO have a larger Zomponent F€" (3d°), Mo>* (4d*), and the filled O p bands (°)
than in SFMO. One possible reason for such a differencé? AFMO, then the cross-section ratio of Fé 3Mo 4d : O
might be the different oxygen relaxation between Fe and M&p per unit cell is about~4%: ~5%: ~91% athv
due to different ion radii of Ba and Sr ions. Indeed, the~20 eV, ~25%:~0%: ~75% athy~90 eV, and~41%:
structural data provide that the relative Fe-O bond length is-9%: ~49% athv~700 eV? The hv=22 eV spectrum
smaller in SFMO, so as to have a higher Fe valence statean be considered as the @ PSW. With increasingv, the
than in BFMO®%®° Fe 3d and Mo 4d emissions increase with respect to the O
In order to estimate the Fe valences of SFMO and BFMQ2p emission, except for thbv region corresponding to the
in the ground states, we have analyzed the XAS spectra dtooper minimum in the Mo & cross section arountdv
SFMO and BFMO within the configuration interaction clus- ~90 eV, and the Fe @ and O 2 emissions become com-
ter model where the effects of the multiplet interaction, theparable athr~700 eV. Consequently, the Mod4emission
crystal field, and the hybridization with the @ligands are is negligible athv~90 eV, and becomes the largest in the Fe
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F FIG. 3. Left: comparison of thev="704 eV valence-band spec-

tra (dotg to the weighted sum of the PLDOS'solid lineg obtained
from the LSDA+U calculation.a: Mo t,q] —Fetyq] hybridized
states;3: FeegT, y: Fetyl; e Mo 4d—Fe 3O p hybridized
3d off-resonance spectrumh{=704 eV). Thus the pro- bonding states. Right: comparison of the ® XAS spectra to the
nounced feature & athy=704 eV is due to the larger Mo SU™ Of the Fe 8, Mo 4d, O 2p, and S(Ba) s/p PLDOS's.«": Mo
4d contribution, and may also represent the intrinsic bulkize! a1d Fetzgl characters”: Feegl; y': Mo &l; &': Mo
feature, compared to the cases at lows.'*%3 tagl-

The valence-band spectra of SFMO and BFMO share
very common features. First, metallic Fermi edges are ob- The left panel of Fig. 3 compares thev=704 eV
served in both systems @t~20 K, which confirms the me- valence-band spectré&doty to the weighted sum of the
tallic behavior at lowT. Second, several structures appear alPLDOS’s (projected local densities of stajesf Fe 3d, Mo
similar energies, labeled as (—0.3 eV), B (—1.5eV),y 4d, and O 2 states(solid lineg. The PLDOS’s have been
(—3.5¢eV), 5 (—4 eV), ande (~—8 eV). Based on the obtained from the LSDAU calculationt? The parameters
finding in Fig. 1, the features af,3,y, andé§ are identified used in this calculation ald =3.0 eV and]=0.97 eV ( is
to have a large Fe ®derived electron character. Note that the exchange correlation parametéor Fe 3d electrons’*
the peaka is much larger ath»=704 eV than athv For the comparison to the valence-band spectra, the summed
=90 eV (Cooper minimuny, showing that the peak has PLDOS’s belowEg have been convoluted with a Gaussian
predominant Mo 4 electron character. Therefore, the peakfunction of 0.2 eV at the FWHM to simulate the instrumental
a has both Mo 4l and Fe 3 electron character. resolution. The right panel compares the ® XAS spectra

We now discuss the differences in the valence-band spec¢e the sum of the unoccupied part of the F&, 3vio 4d, O
tra between SFMO and BFMO. First, tkepeak at E for  2p, and Sr(Ba) s/p PLDOS’s. The O § XAS spectrum
BFMO is weaker than that in SFMO atv=704 eV. Con- reflects the transition from the Gslo the unoccupied O 2
sidering that the intensity of the peakis very similar for  states hybridized to the other electronic states, and so it pro-
SFMO and BFMO in the Fe @ PSW's (top curve$, this  vides a reasonable approximation for representing the unoc-
difference implies that the Mo d! electron occupancy in cupied conduction bands.
BFMO is lower than that in SFMO. Accordingly, this finding ~ The LSDA+U calculations agree quite well with the
indicates larger ¢ —Mo®" character in BFMO than in valence-band spectra, in the peak positions and the band-
SFMO, which is consistent with that of the Fe@g XAS  widths, and also explain the low energy features of the XAS
spectra(Fig. 1). Secondly, the band width of the Qo2 Fe  spectra reasonably well. If we shift the @ XAS spectra by
3d peak in BFMO is narrower than that in SFMO. This referring to the LSDA-U calculations:*?*the energy sepa-
difference is in agreement with the local spin density ap-ations between the lowest energy peaks in the valence-band
proximation (LSDA)+U (U: the Coulomb correlation pa- PES (@) and those in the O XAS (a') spectra become
rametey calculations shown in Fig. 3, and reflects the largerabout ~1 eV. This value is comparable to, but slighter
Fe-O-Mo bond length in BFMO due to its larger lattice larger than, the low energy peak observed in the optical con-
constant® ductivity spectrum for SFM® which was ascribed to the Fe

FIG. 2. Comparison of the valence-band spectra of SKultiy
and BFMO(solid lines for a widehv range.
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€,4T—Mo t,41 interband transition. Our finding, however, interaction througtB-B’-O = orbitals. In the metallic SFMO
indicates that this energy separation is ascribed to the energsynd BFMO systems, the DE-like interaction becomes opera-
difference between the occupied Mg,| —Fetyq| hybrid-  tive due to the degenerate Fe and Mg)| states neaEr. In
ized state and the unoccupied Eg| state mixed with O  the DE mechanism, the magnetic transition temperatyrie T
p—Mo t,, states. proportional to the hopping strength, i.e., the bandwidth of
We have found that the Fgy| and Motyg| bands are the jtinerantt,,| states® The observed correlation between
almost degenerate arg, electrons are itinerant. This Sug- T, and the estimated bandwidth in metallic double perovs-
gestsﬁ+that two valence states *Fe-Mo®" and Fé kites provides evidence for the operation of the DE-like
—Mo®" are degenerate, which \é\éould then produce a type ofteraction® Noteworthy is that both the superexchange and
double exchangeDE) interaction™” That is, hopping of itin- 6 DE interactions induce the ferrimagnetism in double per-
eranttyg| electrons between Fe and Mo sites yields a kineticy, qyites  differently from the case of CMR manganites in
energy gain to induce ferrimagnetism between Fe and Mo nich two interactions are competitive. Further, the Jahn-

spins and the half-metallicity in SFMO and BFMO. Conse- : .
quently, Fe and Mo ions in SFMO and BEMO do not haVeTeIIer effect unld be weaker in double perovskl_tes d_ue to
relevantt,y orbitals nearEg, as compared tey orbitals in

definite valence staté&!! The difference from the case of manganites. HencE can be high for SFMO and BFMO.

colossal magnetoresistatCMR) manganites is that the ) : -
spins of itinerant carriers in double perovskites are opposite " conclusion, using the bulk-sensitive Fp-2 3d RPES

to the localized Fe SpinﬂgTegT)- Sarmaet al® and Fang and 'O I XAS, the states close tBg are fou'nd.to pe pre-

et al?” recently proposed alternative models to explain thedominantly of Mot,q| and Fetagl ch?racter, indicating that
magnetism in double perovskites. They regarded the doubl&€ Fe valence is far from pure:3(d®). The Fe Dz, XAS
perovskite system as a ferromagnet not a ferrimagnet. Th&Pectra show that the ground states of both SFMO and
is, originally nonmagnetic Md,, electrons are antiferro- BFMO consist of the strongly mixed Fe—Fe&™ configura-
magnetically polarized by the ferromagnetically orderedtions, and that BFMO has the larger?Fecomponent. The
Fe** spins through the hybridization between Fee@d Mo  measured valence-band spectra agree very well with the
4d states, thereby the resulting kinetic energy gain stabilizeSDA+U calculation. Our findings suggest that a type of
the ferromagnetic state. In view of the role of kinetic energyDE interaction is operative in SFMO and BFMO to produce
optimization, this mechanism seems similar to the DEthe half metallicity and ferrimagnetism.

mechanism. However, using their models, it is hard to ex-

; : : . . : Helpful discussions with D.D. Sarma are greatly appreci-
lain the ferrimagnetism observed in the insulating double .

gerovskites suchg as gEeReQ and BaBReQ, (B=gMn ated. This work was supported by the KOSEF through the

Co, Ni) which have one mord electron in theB’ site2° ' CSCMR at SNU and the eSSC at POSTECH. PES experi-

Ferrimagnetism in the insulating double perovskites ofMents were performed at the SPringJASRI: 2001B0028-
A,BB’O; is better described in terms of the superexchang&S-nP and at the SRANSF: DMR-008440%
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