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Electronic states of charge-ordering Nd0.5Sr0.5MnO3 probed by photoemission
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Electronic structures of the charge-ordering manganite Nd12xSrxMnO3 (x;0.5) have been studied by reso-
nant and high-resolution photoemission. The Mn 2p ~Nd 3d) resonant photoemission confirmed the Mn 3d
~Nd 4f ) states hybridized with the O 2p states. The high-resolution Mn 3p resonance spectra show a clear
transition from the metal to the charge-ordered insulator forx50.5 upon cooling while a Fermi cutoff is seen
for x50.47 at all temperatures, suggesting that the transition is induced by a subtle competition between the
charge-ordering instability and the double-exchange interaction. Temperature and filling dependence of the
spectra implies that the electronic states change not gradually but suddenly at the phase boundary.
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I. INTRODUCTION

The manganese-based perovskite oxides have attra
great interest due to the recent discovery of colos
magnetoresistance.1,2 As well known, LaMnO3 is anA-type
antiferromagnetic insulator~AFI!,2,3 in which two kinds of
distortion, namely, the GdFeO3-type and the Jahn-Teller~JT!
type, are involved. La12xSrxMnO3

2 undergo a transition
from the AFI to a ferromagnetic metal~FM! by carrier-
doping and a transition from a paramagnetic insulator~PI! to
the FM upon cooling forx.0.15. These magnetic and tran
port properties have been explained by the double-excha
~DE! mechanism.4 Recently, it has been pointed out that t
dynamic JT effect is important in addition to the D
interaction.5 On the other hand, it has been found that so
perovskite manganites with commensurate values ofx, such
as Nd0.5Sr0.5MnO3,6,7 undergo a transition from the FM to
charge-ordered insulator~COI! upon cooling. The FM-COI
transition is accompanied by a spin- and orbital-orderi
and it is also known that a charge-exchange~CE!-type anti-
ferromagnetic structure3 is realized in the COI phase.8 Since
La0.5Sr0.5MnO3 is ferromagnetically metallic below the Curi
temperature (Tc),

2 the COI phase in Nd0.5Sr0.5MnO3 is con-
sidered to be stabilized by the larger GdFeO3-type distortion
~smaller Mn-O-Mn bonding angle! than in La0.5Sr0.5MnO3,
arising from the difference between the ionic radii of t
atoms at theA-sites.7 Although many photoemission studie
on the perovskite manganites have been reported,9–14 a spec-
PRB 590163-1829/99/59~23!/15528~5!/$15.00
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tral change from the FM to the CE-type COI phase have
been observed so far. On the other hand, the magnetic c
lar dichroism of core absorption spectra of manganites
shown the rare-earth 4f and 5d states are hybridized with th
conduction-band states.15 Therefore, the photoemission stud
of the rare-earth 4f contributions in the whole valence-ban
regions is needed to discuss the electronic states in the m
ganites. However, such an experimental study is still lack
for R12xSrxMnO3 (R5Pr, Nd, and Sm!.

In this paper, we report on resonant and high-resolut
photoemission studies on Nd12xSrxMnO3 with x50.47 and
0.5 in order to clarify the electronic structures in the who
valence-band region and near the Fermi level (EF).
Nd0.5Sr0.5MnO3(x50.5) undergoes a PI-FM transition a
Tc;255 K and a FM-COI transition atTCOI; 158 K upon
cooling.6 Nd0.53Sr0.47MnO3(x50.47) is in the FM phase be
low Tc;275 K and does not exhibit any COI transition.16

Resonant photoemission spectra have clearly revealed th
4 f and Mn 3d electronic states. High-resolution photoem
sion spectra have shown clear difference of the electro
states due to a small deviation of composition. Namely,
spectra forx50.5 show spectral change across the FM-C
transition while a Fermi cutoff is seen forx50.47 at all
temperatures. Furthermore, we discuss temperature and
ing dependence of the spectra and the spectral line sha
comparing our results on Nd12xSrxMnO3 with the previously
reported spectra of the other manganites.
15 528 ©1999 The American Physical Society
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II. EXPERIMENT

Single-crystal samples were grown by the floating-zo
method.6 Mn 2p-3d and Nd 3d-4 f resonant photoemissio
was performed at 300 K at beam line BL-2B of the Phot
Factory~PF!,17 High-Energy Accelerator Research Organiz
tion. The energy resolution was,0.8 and;1.0 eV, respec-
tively. In order to obtain clean surfaces, the sample surfa
were repeatedly scrapedin situ with a diamond file. High-
resolution photoemission measurements (hn555 eV! were
done at beam line BL-3B of PF~Ref. 18! at various tempera
tures with the total energy resolution of;45 meV. The
samples were fracturedin situand the high-resolution spectr
were measured within 1 h toavoid surface degradation. Th
fractured surfaces were irregular and the obtained spe
showed no angular dependence.hn555 eV corresponds to
an energy that is a little higher than the Mn 3p absorption
threshold. The base pressure was;3310210 Torr. All mea-
surements were repeated to ensure reproducibility of
spectra.

III. RESULTS AND DISCUSSION

A. Resonant photoemission spectra in the entire valence-band
region

Photoemission spectra of Nd0.5Sr0.5MnO3 in the entire
valence-band region are shown in Fig. 1. The spectra ta
at hn5978 ~642! and 964 eV~636 eV! correspond to the Nd
3d-4 f ~Mn 2p-3d) resonance maximum and minimum, r
spectively. The spectra are normalized to the photon

FIG. 1. Comparison of the valence-band spectra
Nd0.5Sr0.5MnO3 taken at various photon energies including the M
2p and Nd 3d resonant spectra.
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estimated from the mirror current of the monochromator
each set of the resonant photoemission spectra. A two-p
structure is observed at;3.5 and;7 eV in the Nd 3d-4 f
resonance-maximum spectrum, which is characteristic o
localized 4f 3 ground state and similar to that in the prev
ously reported Nd 4d-4 f resonant spectrum o
Nd1.8Ce0.2CuO4.19 From a cluster model analysis,20 the un-
hybridized f-hole (2« f) and ligand-hole (2«L) energies,
and the effective transfer integralA12V have been estimate
as 4.760.2, 5.160.4, and 1.3560.05 eV, respectively.
These results indicate that the O 2p states that can be hy
bridized with the Nd 4f orbitals are located near the bare N
4 f levels and hence the Nd 4f -O 2p hybridization effect in
the final states is strong. In the Mn 2p-3d resonant spectra
(hn5640 and 642 eV!, Mn 3d-derived spectral features ap
pear at;0.6, 2.3, and 6.7 eV. The spectral line shape
qualitatively similar to those reported by Parket al.12 The
0.6 eV shoulder and 2.3 eV peak, which are also clarified
the spectrum taken athn555 eV, are ascribed to theeg and
t2g states, respectively. These results are fairly consis
with the band-structure calculation of LaMnO3 ~Ref. 21!
done using the local-spin density approximation~LSDA! if
we assume that the structure of the Mn 3d band does not
change much by the hole doping. The 6.7 eV peak co
sponds to thet2g states strongly hybridized with the O 2p
states, which has been suggested from the cluster-m
analysis9 as well as the LSDA calculation. The ratio given
Fig. 1 represents the relative photoionization cross sectio
the Nd 4f , Mn 3d, and O 2p states22 at the respective photon
energy. The intensity around 13 eV is also enhanced in
spectrum athn5640 eV, which is ascribed to theeg-derived
satellites.9 However, the hump around 10 eV in the spectru
at hn5642 eV is considered as an Auger emission. It
noticed that the Nd 4f components are seen in the of
resonance spectrum taken athn5636 eV, reflecting the rela-
tive photoionization cross section of the Nd 4f states. The
weakness of the photoemission intensity near 7 eV athn
555 eV is surely due to the reduction of its relative cro
section. In this way, the contribution of the rare-earthf
states should be really taken into account for interpreting
valence-band structures.

Figure 2 shows the temperature-dependent spectra o
x50.47 and 0.5 samples taken athn555 eV. There are struc
tures at 0.6, 2.3, 3.0, and 5.6 eV in all the spectra. Comp
ing the spectra with those in Fig. 1, we conclude that
structures at 3.0 and 5.6 eV mainly originate from the Op
states, which are not prominent in the spectra at the hig
photon-energy excitations. Forx50.47, there is no remark
able difference in the spectra between 140 and 170 K, b
in the FM phase. As forx50.5, the gross feature of th
spectrum at 140 K is similar to that at 170 K. However, t
2.3 eV structure at 140 K~indicated by an arrow in Fig. 2! is
narrower particularly on the lower binding-energy side (2
21.6 eV! as revealed in the inset. Furthermore, the narro
ing of the 2.3 eV structure itself is more distinct forx50.5
than for x50.47. We consider that the narrowing is caus
by the localization of thet2g states due to the FM-COI tran
sition. It is known that thet2g levels are split into two levels
by the JT distortion, which is thought to become larger in t
COI phase as suggested from the temperature dependen
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the lattice parameters.6 If the energy splitting in thet2g levels
is remarkably larger in the COI phase than in the FM pha
the 2.3 eV structure would broaden at 140 K. In fact, suc
broadening is not observed. Nd0.5Sr0.5MnO3 has the ortho-
rhombicO8 structure even in the FM phase,6 suggesting that
t2g levels are split in contrast to the case of the FM phase
rhombohedral La0.5Sr0.5MnO3. Therefore, it is reasonable t
conclude that thet2g levels are already split in the FM phas
and that the energy splitting does not change much betw
the two phases.

B. Electronic states near the Fermi level

Temperature dependence of the spectra nearEF is shown
in Fig. 3. The base line for photoemission intensity is shif
betweenx50.5 and 0.47. The spectra are normalized by
integrated intensity in the energy region displayed here
all the spectra, spectral intensities decrease towardEF . In
the case ofx50.47, the intensity atEF is finite at all tem-
peratures and furthermore a clear Fermi cutoff is observe
20 K. It should be noted that the spectra forx50.47 have no
essential temperature dependence, which is consistent
that Nd0.53Sr0.47MnO3 is in the same FM phase irrespectiv
of the temperature. Contrary to this, the spectra ofx50.5
have shown distinct temperature dependence between
and 170 K. The spectrum at 140 K is suppressed fromEF to
;0.4 eV and rather enhanced from 0.7 eV to 1.2 eV co
pared to that at 170 K. AtEF , the intensity vanishes at 14
K whereas that at 170 K is weak but finite, clearly indicati
the opening of the charge-ordering~CO! gap. From the me-
tallic behavior forx50.47 and the clear FM-COI transitio
for x50.5, we consider that the transition is induced by
subtle competition between the CO instability, which orig

FIG. 2. Valence-band spectra of Nd12xSrxMnO3 (x50.47,0.5).
The inset: the same spectra on an expanded scale showing the
narrowing across the FM-COI transition forx50.5.
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nates from the commensurate value ofx5 1
2 , and the DE

interaction. Namely, the DE interaction overcomes the C
instability for incommensuratex50.47, making theeg band-
width large enough to become metallic. These spectral
haviors indicate that the electronic states nearEF rather sud-
denly change at the FM-COI phase boundary, which
different from the gradual spectral changes toward the tr
sition in the case of the Verwey transition in Fe3O4.23

Comparing the spectrum forx50.5 at 20 K with that at
140 K, the intensities around 0.2 eV~1.0 eV! seem to be
slightly reduced~enhanced!. We have also taken a spectru
at 110 K ~not shown!, which is identical to that at 20 K
Chainaniet al. have reported that spectra of Pr0.5Sr0.5MnO3
show negligible change within the insulating phase.14 How-
ever, their spectra have weak-temperature dependence w
the insulating phase, whose tendency is similar to our sp
tra. From the fact that the resistivity of Nd0.5Sr0.5MnO3 more
rapidly increases with decreasing temperature at 140 K t
at 20 and 110 K,6 we consider that the gap is not complete
open at 140 K, which has caused the slight difference
tween the spectra at 140 K and at lower temperatures. F
the spectra in the COI phase, the CO gap~the binding energy
of the threshold of finite photoemission intensity! is esti-
mated as about 100 meV at 20 K. This value is smaller th
the CO gap estimated by means of a vacuum tunneling s
troscopy study as;250 meV, which is the threshold energ
of finite dynamic conductance from the zero-bias volta
corresponding toEF .24 This discrepancy may originate from
the methods of the sample preparation, namely, our sin
crystals are prepared by the floating-zone method while t
polycrystalline samples were prepared by the solid-s

ak-FIG. 3. High-resolution photoemission spectra
Nd12xSrxMnO3(x50.47,0.5) taken at 20, 140, and 170 K nearEF .
The inset shows the spectral changes in the vicinity ofEF .
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method. Indeed, the resistivity andTCOI of their samples are
rather different from those of ours.6,24

Figure 4 shows a comparison among the spectra nearEF .
The inset of Fig. 4 shows the filling dependence of the sp
tra, which are normalized to the intensity at the tails of t
t2g spectral weight~from 1.2 to 1.35 eV!. The spectra in the
main frame are normalized to the integrated intensity fr
EF to 1.35 eV. As for the spectra in the FM phase~at 170 K!,
the spectral intensity fromEF to about 1 eV is stronger fo
x50.47 than forx50.5, which does not depend on th
method of normalization. One can also notice that the sp
tral difference nearEF between the twox’s in the FM phase
is smaller than that between the FM and COI phases fox
50.5. The stronger spectral weight fromEF to ;1 eV for
x50.47 itself is reasonable since the meaneg electron num-
ber is larger forx50.47 thanx50.5. If the rigid-band mode
is appropriate, however, theeg band nearEF for x50.5
should be shifted towardEF compared to that forx50.47
due to a shift ofEF within the eg band and the spectra
weight nearEF should be higher forx50.5. Therefore, the
observed filling dependence of the spectra in the FM ph
implies that the electron correlation is important for the
manganites. As for the Mn 2p-3d resonant photoemissio
spectrum (hn5642 eV!, relatively larger spectral weigh
nearEF is observed compared to those athn555 eV. Theeg
contribution is more enhanced in this spectrum than thet2g
and O 2p contributions. Thus, higher-resolution Mn 2p-3d
resonant photoemission study is really worth performing
the near future.

FIG. 4. Filling and photon energy dependence of the spe
nearEF for Nd12xSrxMnO3. The inset shows the comparison b
tween the FM spectra ofx50.47 and 0.5 with using different nor
malization.
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Then we discuss the spectral line shapes nearEF in Fig. 4.
At first sight, the overall spectral line shapes are qualitativ
similar for x50.47 and 0.5. The spectrum forx50.5 at 20 K
is regarded as the contribution from theeg band that is lo-
calized in the COI phase. We, therefore, consider that
spectral weight remains also forx50.47 as well as forx
50.5 in the FM phases as a reminiscence of the localizedeg
band due to the strong electron correlation. Such a remi
cence is interpreted as a large incoherent spectral weight
originates from the spliteg band. Several origins are consid
ered for the large incoherent spectral weight, namely,
electron Coulomb interaction combined with the J
distortion,25 the dynamic JT effect in addition to the D
interaction,5,26,27and so on. We consider that the incohere
part in the FM-phase spectra in Fig. 4 nearx50.5 is strongly
reflected by these effects. In the present stage, however,
difficult to quantitatively elucidate how they affect the ph
toemission spectra nearEF since reliable band-structure ca
culations for Nd12xSrxMnO3 (x50.47,0.5) are lacking. Fur
ther theoretical studies as well as higher-resolut
photoemission studies are required to clarify this problem

Finally, we refer to the temperature dependence of
spectra within the FM phase for the perovskite mangan
oxide. Our spectra forx50.47 and the spectra o
Pr0.5Sr0.5MnO3 ~Ref. 14! have little temperature dependen
while spectra of La12xAxMnO3 (A5Sr or Ca! ~Refs. 10–13!
show remarkable temperature dependence. This experim
tal discrepancy seems to be related to the difference in
crystal structure between theO8 phase (Nd12xSrxMnO3)
and the rhombohedral phase (La12xSrxMnO3). For the
rhombohedral manganites, a neutron diffraction study s
gests a change of polaron networks with temperature.27 In
the case of Nd12xSrxMnO3, however, we consider that th
‘‘intermediate polaron’’ seen in La12xSrxMnO3 cannot be
formed because of the larger GdFeO3-type distortion, and
consequently there is no temperature change of the pol
networks. It is understandable that the ‘‘temperatu
independent’’ spectra of Nd12xSrxMnO3 within the FM
phase are due to the absence of the change of the po
networks in contrast to the La12xAxMnO3.

IV. CONCLUSION

We have performed high-resolution temperatu
dependent photoemission studies for Nd12xSrxMnO3(x
;0.5). By means of the resonant photoemission, the Ndf
and Mn 3d contributions to the spectra have been expe
mentally clarified. By virtue of the high-resolution measur
ments, we have observed the metallic behavior
Nd0.53Sr0.47MnO3 in all the measuring temperatures and t
FM-COI transition for Nd0.5Sr0.5MnO3, where the CO gap
has been estimated as about 100 meV. The observed
perature and filling dependence of the spectra nearEF sug-
gests that the electronic states change rather suddenly a
FM-COI phase boundary and that the electron correlat
effect is strong in Nd12xSrxMnO3 (x50.47,0.5).
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