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Electronic structure of the double-perovskite BgFeMoOg using photoemission spectroscopy
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The electronic structure of BEeMoQ; (BFMO) has been investigated by using photoemission spectroscopy
(PES. By varyinghv across the Mo @ Cooper minimum, it is found that the states close to the Fermi level
Er are predominantly of the Mb,q | and Fet,4 | character. The measured PES spectrum is compared to the
calculated electronic structure obtained in the local spin-density approxin{a®i»A) and LSDA+U meth-
ods. The LSDA-U calculation yields better agreement with experiment in the peak positions than does the
LSDA calculation. The present study supports the double exchange mechanism for the half-metallic ferrimag-
netism in BFMO.
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[. INTRODUCTION Thus the origin of the higi ¢ ferrimagnetism and the low
field MR in double perovskites remains to be determined.
Since the discovery of the colossal magnetoresistance Therefore it is essential to know the valence state# of
(CMR) phenomenon in the doped perovskite Mn oxidesand Fe ions inA,FeMoQ; to understand the underlying
R;_«AMnO; (RAMO; Ris a rare earth, and a divalent  Pphysics properly. In particular, the valence states of Fe and
Catior»,l even room-tempera’[ure magnetoresistamW) Mo ions and the half-metallic electronic structure of
has been observed in ordered double perovskite oxide82FeMoQs have not been confirmed experimentally. Despite
with very high magnetic transition temperatures €Xensive photoemission spectroscdfES studies on the
Tc (=330-450 K):A,FeMoQ, (A=Ca,Sr,Ba2~*Much of manganites no PES stud)_/ has been reported on
the current interest in double perovskites is focused on th&2FeMoQs-type double perovskites yet except for the Mo
high T¢ and the low field MR, which suggest high spin po- 3d core-!evgl PES of SFMG: In this paper, we report a
larization of conduction electrons and a half-metallic groundphotoelmlssml)n Spectroscopy study k?fZBa'IVIOIQi' Explerl- :
state? The question arises whether the essential physics o'?“e”ta results are compared to the calculated electronic
A,FeMoQ, is similar to that of RAMO manganites. The me- structurg. Note that the reported room-temperature MR in
2 = N BFMO is larger than that in SFMO, even thoudh. of
tallic conductivity and ferromagnetism in doped RAMO sys- SEMO is much highet:
. gher.
tems have been explained by the double excha(ife)
mechanism between spin-aligned Mi (t3,e5) and Mrf*
(tgg) ions. Further, the strong electron-phonon interaction
due to the Jahn-Teller effect at the Rinion is invoked to A polycrystalline BFMO sample was prepared by the
elucidate the metal-insulat¢M-1) transition in RAMO's>™®  standard solid-state reaction method. A stoichiometric mix-
In the DE model, there should exist mixed-valent ions toture of high purity(99.99% or bettérBaCQ;, Fe,0;, and
maintain the correlation between magnetism and conductivvoO, powders was fired at 900 °C in air with several inter-
ity. mediate grindings, followed by a final grinding before the
The lattice ofA,FeMoQ; consists of alternating Fe@nd  powder was pressed into pellets. The pellet was sintered in a
MoOs octahedra. Magnetization data for ,BeMoQ;  stream of 5% H in Ar at 1100 °C for 24 h. The x-ray dif-
(SFMO) indicate ferrimagnetic coupling between *Fe  fraction peaks were indexed with respect to cubic symmetry
(3d5;t§geé,5= 5/2) and MG* (4d1;t%g,3= 1/2) ions} and  (Fm3m). Superlattice lines such &&11) and (311 arising
the MR was interpreted as due to intergrain tunneling withfrom the alternate ordering of Fe and Mo sites were observed
the half-metallic electronic structufé®~*?>Neutron diffrac-  in the x-ray diffraction pattern. Resistivity and magnetization
tion and Massbauer spectroscopy 8aFeMoQ; indicated an  measurements for BFMO showed very similar behaviors as
Fe moment of (4.0—4.1)g but negligible localized moment in Refs. 3 and 11. The temperature dependent resistivity
on Mo, about—0.2ug.>* The ferrimagnetic coupling be- p(T) exhibited a metallic behaviorp/dT>0) in the ferri-
tween Fé" and M@" can be understood in terms of super- magnetic state, with the residual resistivity o,
exchange through the Fe-O-Mpbonding****The highTo ~ ~0.002 Q cm atT=<15 K.
suggests a large interatomic exchange coupling between Fe PES experiments were carried out at the Ames/Montana
and Mo ions. The superexchange model, however, is ndbeamline at the Synchrotron Radiation CentSRO.
compatible with the metallic nature of BReMoQ; (BFMO). Samples were fractured and measured in vacuum with a base
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0163-1829/2001/62)/0244296)/$20.00 64 024429-1 ©2001 The American Physical Society



J.-S. KANGet al. PHYSICAL REVIEW B 64 024429

BazFéMoOs BaFeMoO, CcIs
E(eV)
w hv (eV) 0 00
= =
E . 150 3 L |
g 5
s 110 >
E. g 4.5
[} Mo 90 2
€ = L ]
£ b - 33
£ D :
C — 60 13 W
30 x2)
03
E Iy - ;
B A“—. 22 | Y Y W N TR TR SO N [T ST SO AT S N T S SN
45 50 55 60
M R B Photon Energy (eV)
10 5 ]

FIG. 2. Constant-initial-stat€CIS) spectra of BFMO for several
initial-state energies, taken across the Fp—33d absorption
FIG. 1. Valence-band energy distribution curves ofBeMoQ,  threshold.
(BFMO) over a photon energy h) range of 22eV<hwv
<150 ev. filled O 2p bands (D°) in BFMO, then the cross-section
ratio of Fe 31:Mo 4d:0 2p per unit cell of BFMO is about
pressure better than>@10™ ™ Torr and atT<15 K. The = 494:596:91% athv~20 eV, and about 25%=0%:75% at
Fermi levelEr of the system was determined from the va-hy~90 eV according to an atomic photoionization cross-
lence band spectrum of a sputtered Pt foil. The total instrusection calculatio”’ A broad Cooper minimuis in the Mo
mental resolution(full width at half maximum was about 4d cross section occurs arouh#~90 eV, arising from the
100-250 meV athr=20-120 eV. All the spectra were vanishing matrix elements for electron transitions to final
normalized to the mesh current. states. Consequently the Mad4emission is negligible at
The electronic structure of BFMO was calculated by us-hy~90 eV.
ing a density-functional calculation within the local spin- A metallic Fermi edge is observed in the valence-band
density approximatiorfLSDA) and the LSDA-U (LSDA  spectrum of BFMO obtained @t~15 K, which confirms its
incorporating the on-site Coulomb interactib) method$®  metallic behavior at lowT. The valence-band spectra of
on the basis of the linearized muffin-tin orbital band method BFMO reveal several structures, labelad0.3 e\), B (1.3
The von Barth—Hedin form of the exchange-correlation po-eV), C (3.5 eV), D (5 eV), andE (8 eV). Even though the
tential was utilized. The angular-momentum-projected localariation in the valence-band line shape is very weak, the
densities of statePLDOS’y for BFMO were obtained for intensity of the peald (0.3 e\) relative to the pealB (1.3
both LSDA and LSDA-U calculations by using 5k eV) decreases akv increases from 30 eV to 90 eV. We
points inside the irreducible Brillouin zone for integration. interpret this behavior as due to the decreasing Maelec-
tron contribution to the peak with increasinghv toward the
Mo 4d Cooper minimum. In fact, the peak (0.3 eV) has
strongly mixed electron character, i.e., it is predominantly of
Figure 1 shows the valence-band spectra of BFMO foiMo 4d and Fe & electron character. This assignment will be
22 eV=hp=<150 eV. Each valence-band spectrum isfurther discussed in Figs. 2, 4, and 5 below. The pR&k.3
scaled at the peak maximum, and presented on the bindirnglV) has Fe 8 electron character, strongly hybridized to the
energy(BE) scale. In principle, the different line shape with O 2p electrons. The relative intensities of the high BE peaks
varying hv reflects the matrix element effect, namely, theof C, D, and E (3.5-8 eVJ remain nearly unchanged with
change in the relative strengths of the photoionization crosshanginghv, suggesting that they have predominantly @ 2
sections of the different electronic states with varyimg In  electron character.
Fig. 1, however, the line shape of the valence-band spectrum Figure 2 shows the constant-initial-stdt@lS) spectra of
of BFMO changes very little with varyingv. This is be- BFMO for several initial-state binding energigs, taken in
cause the O @ electron emission is dominant among the Fethe Fe $—3d RPES(resonant PESregion. In this figure,
3d, Mo 4d, and O 2 valence electrons in BFMO for the vertical scale is the same for all the curves. CIS spectra
22 eV=hvr=<150 eV. Ashv increases, the O2electron are obtained by varyingr and Ex simultaneously so as to
emission decreases slightly with respect to the other electromaintainE;=hv— ¢—Ey constant ¢ is the work function,
emissions. If one assumes®F¢3d®), Mo®*(4d?), and the  E the kinetic energy Thus the CIS spectrum measures the

Binding Energy (eV)

Ill. RESULTS AND DISCUSSION
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FIG. 4. Top: Comparison of thev=22 eV valence-band spec-
Energy (eV) trum of BFMO (dot9 to the weighted sum of the calculated
PLDOS's (solid lineg obtained from the LSDA calculation. Bot-

FIG. 3. The calculated projected local density of statestom: The same foh»=90 eV.

(PLDOS for BFMO, obtained under the LSDA. The top panel

shows the majority-spin and minority-spin Fel 3’LDOS’s per

atom. The lower two panels show the same for the Maad O 2  the Mo 4d and O 2 states show negligible exchange split-

states, respectively. ting. Most of the O » PLDOS is located between
—2 eV and—8 eV, and its contribution nedt is small,

relative strength of a given initial-state emission as a funcconsistent with the very weak intensity nei¢ in the PES

tion of h».?° The resonant features observed in this figure areépectrum at a lowhv (Fig. 1). The majority-spin Fe 8

due to the Fe B—3d resonancé’ The large features for bands are fully occupied, and the minority-spin Egl
E;=3.3 and 4.5 eV indicate that the Fd 8lectron character bands are occupied by about 0.5-1 electron, implying that
is concentrated predominantly under the main peak of théhe Fe valence is about2—+2.5. As to the Mo 4l bands,
valence band, around 3-5 eV BE. Note, however, that thergbout one electron is occupied in the minority-spyg|

is also Fe 8 electron character around peBK1.3 eV) and  bands, and so the nominal valence corresponds t©"Mbhe
peakA (nearEg), even though their interference features arecharge neutrality in BFMO is satisfied because the © 2
weak. This observation supports the finding of Fig. 1, and idands are not completely occupied, as shown at the bottom
also consistent with the LSDA calculation shown in Fig. 3. of Fig. 3. The region nedEr (—1 eV<=E<Eg) is contrib-

To understand the microscopic origin of the valence-bandited by the Md,,| and Fet,,| states, which are hybridized
electronic structure of BFMO, a LSDA electronic structurewith the O 2 states. The contribution from Mo,g| is
calculation has been performed for BFMO at the experimentarger, 1.0 states/eV &g, as compared to 0.7 states/eV
tal lattice constana=8.063 A2 The results are shown in from Fetyyl.

Fig. 3. The upper and lower curves represent the majority- Figure 4 compares the measured valence-band PES spec-
spin and minority-spin PLDOS'’s per atom, respectively. Thetra to the theoretical spectra, obtained from the LSDA calcu-
calculated electronic structure of BFMO is qualitatively lation. The theoretical spectra were obtained by adding the
similar to that of SFMO, and shows half-metallic natéfé. Fed, Mo d, and Op PLDOS'’s per formula unit after they are
That is, the majority-spin electrons are insulating while themultiplied by the corresponding photoionization cross
minority-spin electrons are metallic, resulting in 100% spin-sections:’ The inelastic backgrounds have been subtracted
polarized conduction electrons Bt . As shown in this fig- from the valence-band spectra by assuming that the amount
ure, the spins of the Fe and Mo ions are polarized antiferroef the background is proportional to the total integrated in-
magnetically. The similarity in the peak positions as well astensity at higherEy’s. The experimental and theoretical

in the intensity distribution of the Fed3 Mo 4d, and O 2  curves are scaled to each other so that the area underneath
PLDOS's reflects the large hybridization between thedFe each curve is roughly the same. As explained in Fig. 1, the O
and Op states and between the Micand Op states. The Fe 2p emission is dominant in thev=22 eV spectrum. In the

3d states show a large exchange splitting~ed eV, while  hv=90 eV spectrum, the Modlemission is suppressed due
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to the Mo 4d Cooper minimum, and so the Fel &mission is
visible (~25% of the total emission
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BaleeMoOG

This figure provides the following information. First, the
h»=90 eV spectrum still contains the pronounced features
of the peaksA andB, as denoted in Fig. 1. Since most of the
O 2p states are concentrated in the regie2 to —8 eV

(Fig. 3 and the Mo 4 emission is suppressed &ty 3§

=90 eV, this observation indicates that b@trand B have E

substantial Fe @ electron character. In particular, the finding g

that the states just belof have substantial Fed3electron s L I I
character indicates that the Eg| band should be partially -?" ' I v =90 IV
occupied® If the minority-spin Fet,,| band is occupied by < Lsnﬁ;gd =50e
about one electron, then the electronic configuration of the . Mo

Fe ion is 31> (x=1), i.e.,t3;Te51t5, |, implying that the ——o02p

Fe valence is far from- 3, but 3— x. Secondly, the intensity Total

of the peakB relative to the peald ath»y=90 eV becomes
higher than that atv=22 eV. As mentioned above, such a
change is interpreted as due to the decreasing Ml@léc-
tron contribution to the peak with increasinghv toward the
Cooper minimum, indicating that the pe@kcertainly has
Mo 4d electron character. This finding is consistent with that
in Fig. 3 that the Mo 4l (t,4]) states belowEg are located

between—1 eV andEe . FIG. 5. Top: Comparison of they=22 eV valence-band spec-

('jl'(,)wsugmﬁrlze,tthe states i.USt tt;}el;lﬁ/{ydhave b(:th er 8 trum of BFMO (dots to the weighted sum of the PLDOS(solid
an 0 ad character, suggesting that It does not make SensI‘I_:‘nes) obtained from the LSDA U calculation. Bottom: Similarly

to assign definite valences to Fe and Mo ions in BFMOy .\ — g9 av.
Since the Fé,,| and Mot,y| bands are almost degenerate,
it is rather likely that two valence states*FeMo®" and  SFMO and BFMO arises from hopping of itinerapy elec-
F&"-Mo®" are degenerate and produce a type of DEtrons between Mo and Fe sites. This is a kind of DE inter-
interaction®® That is, hopping of itinerant,;| electrons be- action and is consistent with the calculated half-metallic
tween Fe and Mo sites yields a kinetic energy gain so as telectronic structurésee Fig. 3. In the DE mechanism, the
induce ferrimagnetism between Fe and Mo spins. Thisnagnetic transition temperatuf; is proportional to the
mechanism would explain both the half metallicity and thehopping strength, i.e., the bandwidth of itinerafy,|
ferrimagnetism in BFMO. The difference from the case ofstates®® HenceT. can be high for SFMO and BFMO. The
CMR manganites is that the spins of itinerant carriers inobserved correlation betweéh. and the estimated band-
BFMO are opposite to the localized Fe spig,(€51), sat-  width in AA’FeMoQ; (AA’ =BaBa, BaSt, SrSr, CaGaro-
isfying the Hund rule. vides evidence for the operation of the DE interaction in
Before moving to the issue of Coulomb correlation, it metallic double perovskite¥.
might be worthwhile to mention the magnetic mechanisms in  The LSDA calculation shows that the calculated band-
double perovskites: superexchange versus DE interactiowidth is comparable to the measured valence-band width, but
Ferrimagnetism in the double perovskitdsBB'Og has that the peak positions in the LSDA appear at lower BE’s
been understood in terms of the superexchange interactiadhan in the PES spectra. In order to explore the origin of this
betweenB and B’ d electrons through (p electrons. In  disagreement between experiment and theory, the on-site
general, the superexchange interaction works for localize@€oulomb correlation parameter for the Fe 3l electrons is
systems, that is, for systems wherelectrons of botiB and  incorporated in the electronic structure calculation for
B’ atoms are localized. So ferrimagnetism in insulatingBFMO. The parameters used in this calculation are the Cou-
double perovskites such as ,BnMog, Sr,CoMog, lomb correlationd =3.0 eV and the exchangke=0.97 eV.
Ba,MnMog, and BaCoMog can be explained based on the As in the LSDA, the LSDA-U calculation also yields half-
superexchange interaction. In these systems, the valencies mietallic electronic structure for BFMO. The calculated mag-
transition-metal atoms are expected to be integer. In contrashetic moments for Fe and Mo are 324 and — 0.41ug for
SFMO and BFMO are different in the sense that these syshe LSDA and 4.08g and —0.46ug for the LSDA+U, re-
tems are not only ferrimagnetic but also metallic. Thespectively. Note that both methods yield integer total mag-
minority-spint,4 bands of both Fe @ and Mo 4d states are  netic moments (4.00g) per formula unit, which is consis-
itinerant and degenerate neBf (see Fig. 3, resulting in  tent with the half-metallic nature of BFMO.
noninteger valencies of Fe and Mo ions. Indeed, recent Figure 5 compares the LSDAU calculation to the
Mossbauer experiments for SFMO indicate an intermediatealence-band spectra, similarly to Fig. 4. Indeed the on-site
valence state of Fe ions betweerfFand Fé* 3*3°There- Coulomb interaction between the Fed Jorbitals in the
fore it is reasonable to think that magnetism in metallicLSDA+ U calculation induces a larger separation between

Energy Relative to E_({eV)
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Fe rlpajority- ang rlninorityr-]s%pin banddsﬁ IE conseguence, th@ggTesTtéglr corresponding to Fe* (x=0.5-1) but far
peak positions belovieg shift toward higher BE by 0.5-1 T i
eV, resulting in better agreement with experiment for the{\r,\?gn':fz' é\c/oztngf_tge ec\)/ X;nséa}ti sciﬁri(;ﬂ:; ennterlztedisbe
' F

LSDA+LT' thgn for the LSDA. Note that the featui (as small. The calculated PLDOS'’s reveal large hybridization
denoted. n Fig. I which has mam_ly Fe @ electron qharac- between the Fd and Op states and between the Mand O
:ﬁgnev)\(/ﬁf':f‘ebﬁgeDrA?gireeg]e.?Lgvgzstihﬁnl]‘esnﬂtafof('i;]gé gec- p states. The LSDA calculation shows reasonably good

. 9. 2. gni agreement with experiment in the bandwidth, but not in the
tronic states for the pealsandB are similar to those made

in Fig. 4. These findings suggest the importance of thedre 3peak positions. The . LSDAU calculation .y|elds better .

; . A e -~ agreement with experiment in the peak positions, suggesting
on-site Coulomb interaction in determining the electronic_ > ; : 4
structure of BEMO the importance of the large on-site Coulomb interaction be-

tween Fe electrons in the electronic structure of BFMO. This
study suggests that a kind of DE interaction is operative to
produce the half metallicity and ferrimagnetism in BFMO.

We have performed valence-band PES measurements for
BFMO, and calculated the electronic structure of BFMO us-
ing both the LSDA and LSDA- U methods. By varyindiv
across the Mo d Cooper minimum, the different electronic ~ This work was supported by the Center for Strongly Cor-
character of the valence band has been identified. It is okrelated Materials Research at SNU, the electron Spin Science
served that the states closeHq are predominantly of Mo Center at POSTECH, and the KOSEEBrant No. 97-07-02-
t,gl and Fet,q| character. This finding suggests that the04-01-5. The Synchrotron Radiation Center is supported by
configuration of the @ electrons at the Fe ion is NSF(Grant No. DMR-008440R

IV. CONCLUSIONS
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