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Electronic structures of Mo pyrochlore: R2Mo2O7 „RÄNd, Sm…
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The electronic structures of Mo pyrochlore systems ofR2Mo2O7 (R5Nd, Sm! have been investigated using
photoemission spectroscopy~PES!. The electronic states nearEF have mainly Mo 4d character. TheR 4 f
states are located well below the Fermi level and the valence states ofbulk Nd and Sm ions are very close to
31. The local spin density approximation~LSDA! and LSDA1U1spin-orbit ~SO! band calculations incor-
porating the effects of the on-site Coulomb correlationU and the SO interaction of Nd 4f electrons show the
large hybridization between the Mo 4d and O 2p orbitals and the magnetic moment of;1.0mB per Mo atom.
The qualitative features of the measured valence-band PES spectra of Nd2Mo2O7 agree well with the LSDA
1U1SO band structure calculation. The origin of the stable ferromagnetic phase in Nd2Mo2O7 has been
discussed based on the nearly half-metallic electronic structure.

DOI: 10.1103/PhysRevB.65.224422 PACS number~s!: 79.60.2i, 75.70.Pa, 71.30.1h
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I. INTRODUCTION

Most metallic oxides that exhibit interesting correlatio
between magnetism and metallic conductivity containd
transition-metal~TM! elements.1 Typical examples are the
perovskite manganitesR12xAxMnO3 (R5rare earth,A
5divalent cation) that show the colossal magnetoresista
~MR! phenomenon. In these systems, the double excha
~DE! between mixed-valent Mn31 and Mn41 ions through
oxygen ions is considered to give rise to metallic conduc
ity and concomitant ferromagnetism~FM!. Recently a corre-
lation between FM and metallic conductivity has also be
observed in the 4d TM oxides, such asA2FeMoO6 double-
perovskite oxides (A5Sr, Ba! andR2Mo2O7 pyrochlore ox-
ides. A2FeMoO6-type double perovskites show room
temperature MR with very high magnetic transitio
temperaturesTC,2 while R2Mo2O7 pyrochlores show a
phase transition from the spin-glass insulating state to
FM metallic state.3,4 The question arises whether the ess
tial physics of ferromagnetic 4d TM oxides is similar to that
of 3d RAMO manganites.

The pyrochloreA2B2O7 system crystallizes in a face
centered-cubic~fcc! structure.5 TheA site has eightfold oxy-
gen coordination, while the tetravalentB site has sixfold co-
ordination.A andB sites form interpenetrating sublattices
corner-sharing tetrahedra. As the average ionic radius of
R ion r R increases,R2Mo2O7 undergoes a magnetic pha
transition from the spin-glass insulating state to the FM m
tallic state.3,4 The spin-glass phase of this series is expec
from the geometrical frustration of antiferromagnetica
coupled Mo spins.6 If R ions in R2Mo2O7 are trivalent, then
Mo becomes tetravalent with two electrons accommodate
the t2g orbitals of the Mo 4d level. A neutron diffraction
study on Nd2Mo2O7 ~Refs. 7 and 8! has revealed that the FM
transition below the Curie temperatureTC;90 K is mainly
due to the ordering of the Mo spins and that the saturated
0163-1829/2002/65~22!/224422~7!/$20.00 65 2244
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spin moment at low temperature is;1.0mB . Unusual behav-
ior has been observed in the anomalous Hall effect
Nd2Mo2O7.9 It has been proposed that the spin-polarized M
d electrons are itinerant, whereas the Ndf electrons are lo-
calized to form the local moments in Nd2Mo2O7, and that
the spin chirality of Nd moments is transmitted to the M
spins via thef -d exchange interactionJf d .9

However, the electronic structures ofR2Mo2O7 have not
been experimentally confirmed yet, in particular the char
ter of Mo 4d electrons and the role ofR 4 f electronic states.
In this paper, we have investigated the electronic structu
of R2Mo2O7 (R5Nd, Sm!, using photoemission spectros
copy ~PES!. By using the photon energy (hn) dependence of
the Mo 4d emission and resonant photoemission spectr
copy ~RPES! near theR 4d→4 f absorption edges, we hav
experimentally determined the partial spectral weight~PSW!
distributions of Mo 4d, O 2p, andR 4 f states. Experimenta
results are compared to band structure calculations.

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

We have grownR2Mo2O7 single crystals (R5Nd, Sm! by
the floating-zone technique in an Ar atmosphere.4 Synchro-
tron radiation x-ray powder diffraction measurements in
cate that all the samples investigated are single phase
cubic (Fd3̄m,Z58) symmetry. Thermogravimetric analys
showed that the samples are stoichiometric within a res
tion of 1%. PES experiments were carried out at the Am
Montana beamline at the Synchrotron Radiation Cen
~SRC!. Samples were fractured and measured in vacu
with a base pressure better than 3310211 Torr and atT
&15 K. The total instrumental resolution@full width at half
maximum FWHM# was about 80 meV athn'20 eV and
300 meV athn'130–140 eV.

The linearized muffin-tin orbital~LMTO! band calcula-
tions are performed on the ferromagnetic phase
©2002 The American Physical Society22-1
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FIG. 1. Left: normalized
valence-band spectra o
Nd2Mo2O7, obtained at 4d→4 f
on-resonance~solid line! and at
off-resonance~gray line!, respec-
tively. The difference is denoted
as open circles. Right: similarly
for Sm2Mo2O7 . hn5136 eV and
hn5141 eV correspond to the
resonance energies of the Sm21

and Sm31 valence states, respec
tively.
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Nd2Mo2O7 with the fcc pyrochlore structure~lattice constant
a510.482 Å.4! We have employed the local spin-dens
approximation~LSDA! and the LSDA1U scheme by in-
cluding the effects of the on-site Coulomb correlationU be-
tween Nd 4f electrons and the spin-orbit~SO! interaction of
Nd 4f electrons (LSDA1U1SO).10

III. RESULTS AND DISCUSSION

A. hn-dependent valence-band spectra

Figure 1 compares the normalized valence-band spe
of Nd2Mo2O7 ~left! and Sm2Mo2O7 ~right! at the on- and
off-resonance energies due to the 4d→4 f RPES, respec-
tively. In Nd2Mo2O7,hn5128 eV andhn5121 eV corre-
spond to the on- and off-resonance energies, respecti
Thus the spectral features enhanced athn5128 eV, as com-
pared tohn5121 eV, can be identified as the Nd 4f emis-
sion, and the difference curve~dots! is considered to repre
sent the Nd 4f PSW distribution. Similarly,hn5141 eV
and hn5135 eV in Sm2Mo2O7 correspond to the on
resonance energies of Sm31(4 f 5) and Sm21(4 f 6) valence
states, respectively.11 The off-resonance spectra of bo
Nd2Mo2O7 ~at hn5121 eV) and Sm2Mo2O7 ~at hn
5126 eV) are dominated by the O 2p emission, and these
spectra will be discussed further in Fig. 2.

The Nd 4f PSW shows negligible spectral intensity atEF
and consists of two large-energy-scale features, aro
;5 eV and;8 eV, respectively. These Nd 4f spectral fea-
tures are qualitatively similar to those of other N
oxides,12,13 but quite different from those of Nd metal o
metallic Nd compounds.11,14 As will be explained later in
Fig. 3, the Nd valence in Nd2Mo2O7 is close to 31, imply-
ing that its ground stateuG& corresponds touG&.u4 f 3&
1a0u4 f 4L& (L : a ligand hole,a0

2!1). On the other hand
the analysis of the Nd 4f line shape spectrum reveals15 that
22442
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the 4f spectrum of Nd2Mo2O7 cannot be explained solely b
a simple 4f 3→4 f 2 transition. Therefore we interpret that th
Nd 4f PSW represents the mainly 4f 3 ground state, but with
the large final-state hybridization between Nd 4f and mainly
O 2p orbitals. We assign the high- and low-binding-ener
~BE! peaks in Nd2Mo2O7 as the ionization peak (uG&
→u4 f 2&) and the hybridization peak (uG&→u4 f 3L&), respec-
tively. These assignments are supported by the supe
D-SCF calculations.16

Sm2Mo2O7 also exhibits the large 4f resonance, for
which most of the resonating spectral features are obse
in the 4 –12 eV BE region with a very weak feature betwe
EF and 3 eV BE. In the PES spectra of mixed-valent S
compounds, both the Sm21 and Sm31 states are observed a
the 4f 5 and 4f 4 final-state emissions located around 3 eV B
and 5 –10 eV BE regions belowEF , respectively.11,17Hence
we assign the enhanced structures in the 6 –12 eV BE re
as the 4f 5→4 f 4 transitions due to Sm31 ions and the weak
emission between 3 eV BE andEF is as the 4f 6→4 f 5 tran-
sitions due tosurfaceSm21 ions.18 The latter assignment is
based on the finding in Fig. 4.

Figure 2 compares the valence-band spectra ofR2Mo2O7
(R5Nd, Sm! for hn526 eV ~left! and at off-resonance en
ergies of R 4d→4 f RPES process~right!. Here hn
526 eV is chosen because the relative contribution from
Mo 4d emission is larger athn526 eV than at otherhn ’s
among our data. Athn;26 eV the Mo 4d emission should
be observable (;20%), even though the O 2p emission is
still dominant (;80%).19 At R 4 f off-resonance energies
the O 2p emission is dominant over other electron emissio
including R 4 f emissions. Note that, when the Mo 4d emis-
sion is important (hn526 eV), the valence-band spectra
both Nd2Mo2O7 and Sm2Mo2O7 show an increased intensit
only in the region nearEF . This behavior reflects that th
2-2
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FIG. 2. Comparison of the
valence-band line shapes o
R2Mo2O7 (R5Nd, Sm! at hn
526 eV ~left! and at the off-
resonance energies~right!.
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electronic states nearEF have mainly Mo 4d character. Fur-
ther, the overall line shapes of the valence-band spectr
R2Mo2O7 (R5Nd, Sm! are very similar when the Mo 4d
emission is important as well as when the O 2p emission is
dominant. It indicates that theR 4 f electrons do not affec
much the near-EF features of the Mo 4d electronic structures
in R2Mo2O7.

B. CIS and CFS spectra

Figure 3 shows the constant-final-state~CFS! partial yield
spectrum and constant-initial-state~CIS! spectra of
Nd2Mo2O7 for several initial-state energiesEi’s, taken across
the Nd 4d→4 f absorption threshold. A large enhancemen
about hn;128 eV in the CIS spectra reflects the Nd 4f
resonance via the Nd 4d→4 f absorption and the following
Auger process with the Coulomb matrix eleme
^4d,eku(1/r 12)u4 f ,4f &. All the CIS spectra exhibit a Fano
type resonance in the Nd 4f cross section with essentiall
the same line shapes for differentEi values in Nd2Mo2O7,
which indicates that the electronic states in 4 –10 eV
region have a large Nd 4f character with essentially the sam
4 f initial-state configurations.

The CFS partial yield spectrum was taken with a kine
energyEK of ;1.5 eV, corresponding to the electron esca
depth of order of a few tens Å. Thus the spectral feature
the partial yield spectra can be regarded as representing
intrinsic bulk spectrum of the material.20 Indeed, the CFS
corresponds to a measured photoabsorption spectrum21,22

The CFS yield spectrum of Nd2Mo2O7 exhibits fine struc-
tures below the absorption threshold~around 110–122 eV)
and broad giant resonances above the absorption thres
~around 124–140 eV). Both the fine structures and the g
resonance in the 4d→4 f absorption arise from final-stat
multiplet structures with the 4d94 f n11 configuration.23 The
22442
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energy separations and relative strengths among the
structures in the absorption spectra of rare-earth compou
serve as a fingerprint for the valence state of the rare-e
ions.22,24,25

The inset compares the enlarged fine structures
Nd2Mo2O7 to that of NdF3. The latter spectrum has bee
reproduced from Ref. 22 and shifted so that its onset str
tures are aligned to those of Nd2Mo2O7. Here NdF3 is cho-
sen because it is a well-known trivalent compound, with
nearly 4f 3 electron configuration in the ground state. Th
comparison clearly shows that the CFS fine structures
Nd2Mo2O7 are almost identical to those of NdF3, providing
evidence that the valence ofbulk Nd ions in Nd2Mo2O7 is
very close to 31.

Similarly as in Fig. 3, the Sm 4d→4 f CFS partial yield
spectrum and CIS spectra of Sm2Mo2O7 are shown in Fig. 4.
All the CIS spectra exhibit very similar line shapes for d
ferentEi values except forEi51.5 eV. In particular, a large
enhancement is observed athn;141 eV, while no pro-
nounced enhancement is observed athn'135 eV, suggest-
ing thatbulk Sm ions in Sm2Mo2O7 are mostly trivalent (3
1). A slightly different CIS line shape is observed forEi
51.5 eV, for which the maximum energy seems to occur
a lower hn than for higherEi values. Sincehn5135 eV
also corresponds to the resonance energy of the Sm21 (4 f 6)
states, the CIS line shape forEi51.5 eV seems to sugges
the existence of a small amount of Sm21 ions,18 but prob-
ably in the surface region as explained below. The inset co
pares the enlarged fine structures of Sm2Mo2O7 to those of
trivalent SmF3 (4 f 5) and divalent SmF2 (4 f 6).22 The CFS
fine structures of Sm2Mo2O7 are almost identical to those o
SmF3, but are quite different from those of SmF2, providing
evidence that the amount of the divalent Sm21 ions in bulk
Sm2Mo2O7 is negligible. Therefore it is likely that the
above-mentioned Sm21 contribution comes from thesurface
Sm21 ions.
2-3
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C. LSDA¿U¿SO electronic structure calculations

We have performed the LSDA1U1SO calculation using
the Coulomb correlation parameterU56.0 eV and the ex-
change parameterJ50.95 eV. The calculated Nd 5d, Nd
4 f , Mo 4d, and O 2p partial densities of states~PDOS! for
Nd2Mo2O7 are shown in Fig. 5. The upper and lower curv
in each panel represent the majority-spin and minority-s
PDOS per formula unit~f.u.!, respectively. There are two O
types in the unit cell, and the Op PDOS in Fig. 5 corre-
sponds to the sum of PDOSs of two O types per f.u. Due
the Coulomb correlation, the occupied Nd 4f states are sepa
rated from the unoccupied Nd 4f states and accordingly th
Nd 4f PDOS nearEF becomes nearly zero. The spin ma
netic moment of Nd is 2.7mB . The account of the spin-orbi
interaction for Nd 4f electrons gives rise to the large orbit
magnetic moment24.9mB . That is, the spin magnetic mo
ment is antiferromagnetically polarized with the orbital ma
netic moment, satisfying the third Hund rule, and so the to
magnetic moment of Nd becomes 2.2mB . The calculated Nd
4 f PDOS, however, does not agree well with the measu
Nd 4f PSW ~Fig. 1!, suggesting that the LSDA1U1SO
calculation is not enough to describe the large on-site C
lomb correlation between Nd 4f electrons for Nd2Mo2O7.
Consequently, the density of states nearEF is contributed

FIG. 3. Constant-initial-state~CIS! spectra of Nd2Mo2O7 for
several initial state energiesEi and the constant-final-state~CFS!
partial yield spectrum~top! taken across the Nd 4d absorption
threshold. Inset: comparison of the enlarged CFS fine structure
Nd2Mo2O7 to those of NdF3.
22442
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mainly from the Mo t2g electrons, in agreement with th
experimental finding in the measured PES spectra~see Fig.
2!. The calculated PDOS show a large hybridization betwe
the Mo 4d and O 2p orbitals in Nd2Mo2O7. It is found that
Mo 4d bands are exchange split to yield a magnetic mom
of ;1.0mB in agreement with the experiment.7 Further, Mo
4d spins are antiferromagnetically polarized with Nd 4f
spins. The calculated Mo 4d PDOS shows that about 3.7d
electrons are occupied. But neglecting the extended hyb
ized states between28 and24 eV, about 1.1 and 0.1 elec
trons are occupied in thet2g↓ and t2g↑ bands nearEF , re-
spectively. Most interestingly, the LSDA1U1SO
calculation predicts a nearly half-metallic electronic structu
for Nd2Mo2O7. The effect of this nature will be discusse
below.

Figure 6 compares the measured spectra to the calcu
PDOS for Nd2Mo2O7. The left panel shows the valence
band PES spectra obtained athn590 eV andhn526 eV.
The hn590 eV spectrum can be considered as the Op
PSW since the Cooper minimum in the Mo 4d cross section
occurs aroundhn;90 eV. On the other hand, thehn
526 eV valence-band spectrum has a relatively large c
tribution from the Mo 4d electron emission. The compariso
in the left panel shows that the Mo 4d states are located
mainly between22 eV andEF , while the O 2p states are
located mainly between23 eV and 28 eV. The right

of

FIG. 4. CIS spectra of Sm2Mo2O7 and the CFS partial yield
spectrum~top! taken across the Sm 4d absorption threshold. Inset
Comparison of the enlarged CFS fine structures of Sm2Mo2O7 to
those of SmF2 and SmF3.
2-4
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FIG. 5. The calculated partial densities o
states~PDOS! for Nd2Mo2O7, obtained from the
LSDA1U1SO calculation. The top panel show
the majority-spin and minority-spin Nd 5d PDOS
per formula unit~f.u.!. The lower three panels
show the Nd 4f , Mo 4d, and O 2p PDOS per
f.u., respectively.
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panel of Fig. 6 compares the weighted PDOS of the Mod,
O 2p, and Nd 5d states of Nd2Mo2O7 below EF , corre-
sponding to the occupied part of the PDOS. The weigh
PDOS are obtained by multiplying the relative photoioniz
tion cross sections forhn590 eV and hn526 eV,
respectively,19 to the calculated PDOS. Each theory curve
then convoluted with a Gaussian function of 0.2 eV
FWHM to simulate the instrumental resolution. The calc
lated electronic states nearEF have mainly Mot2g character,
consistent with the experimental finding.

The trend in the measured valence-band spectra
Nd2Mo2O7 is qualitatively consistent with that in the calcu
lated PDOS. Nevertheless, there are also some discrepa
between experiment and theory. The calculated bandwidt
the Mo t2g states belowEF (&1 eV) is smaller than the
width in the measured PES spectrum (*2 eV). Further, the
22442
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metallic DOS obtained in the present LSDA1U1SO calcu-
lation does not agree with the negligible spectral weight
EF in the measured spectra. The origin of such discrepan
is not resolved at the moment. A possible origin might be
local Jahn-Teller distortion at the Mo site or a non-negligib
on-site Coulomb interactionUdd between Mo 4d electrons.26

These possibilities need to be checked further.
We now address the origin of the stable FM phase

Nd2Mo2O7 pyrochlore oxides. Applying the simple
Goodenough-Kanamori rule of the superexchan
interaction,27 180° Mo-O-Mo bond would have a neares
neighbor FM exchange via a Mo(t2g)-O(pp)-Mo(t2g) inter-
action, whereas a 90° Mo-O-Mo bond would have an an
ferromagnetic~AFM! exchange. Note that this feature
opposite to the conventional sign assignment of the supe
change interaction. This is because the orbitals participa
2-5
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in the superexchange interaction in this system aret2g and
pp , sincet2g orbitals are not fully occupied. In the conven
tional case—for example, in CaMnO3—the orbitals involved
in the hopping of the superexchange interaction areeg and
ps . Since the Mo-O-Mo bond angleub in Nd2Mo2O7 is
;132° ~close to the middle of 90° and 180°),4 the FM and
AFM superexchange interactions are expected to be com
rable. On the other hand, the nearly half-metallic electro
structure of Nd2Mo2O7 ~see Fig. 5! suggests that the FM
interaction is favorable between Mo atoms, because then

FIG. 6. Left: valence-band PES spectra of Nd2Mo2O7 at the
Cooper minimum (hn590 eV) where the O 2p emission is domi-
nant and athn526 eV where the Mo 4d emission is non-
negligible. Right: the weighted PDOS of the Mod, O p, and Ndd
electrons, obtained from the LSDA1U1SO calculation.
.

Y.

.

og

22442
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kinetic energy gain occurs through hopping of Mo 4d elec-
trons. Therefore the FM phase will be stabilized if the F
interaction, induced by the optimized kinetic energy, is dom
nant over the AFM superexchange interaction. The mec
nism of the FM interaction in Mo pyrochlore oxides is sim
lar to the DE interaction operating in perovskite manganit
even though the mixed-valent nature of Mo has not be
clearly identified inR2Mo2O7. The decreasing trend ofTC
with decreasingr R can be understood in the same context3,4

That is, with decreasingr R, ub decreases to reduce the th
bandwidths and the kinetic energy gain. In addition, due
the decreasedub , the effect of the AFM superexchange in
teraction becomes larger. Consequently,TC is reduced.

IV. CONCLUSIONS

The electronic structures ofR2Mo2O7 (R5Nd, Sm! have
been investigated using photoemission spectroscopy.
electronic states nearEF have mainly Mo 4d character.R
4d→4 f RPES measurements (R5Nd, Sm! reveal thatR 4 f
states are located well belowEF and that the valence ofbulk
Nd and Sm ions is very close to 31. The small Sm21 com-
ponent is also observed in the Sm 4f PSW of Sm2Mo2O7,
which comes from thesurfaceSm21 ions. The Mo 4d elec-
tronic states nearEF are not affected much byR 4 f states.
The LSDA1U1SO band calculation indicates the near
half-metallic electronic structure and the large hybridizati
between the Mo 4d and O 2p orbitals. The qualitative fea-
tures of the measured valence-band spectra are desc
well by the LSDA1U1SO band structure calculation, bu
there are some discrepancies in the bandwidth and the s
tral weight nearEF , which remain to be resolved. The stab
FM phase in Nd2Mo2O7 can be explained by the competitio
between the FM interaction induced by the kinetic ene
optimization and the AFM superexchange interaction.
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