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The electronic structure of La,_,Sr,MnO; has been studied by photoemission and O 1s x-ray-
absorption spectroscopy. Spectra of the Mn 2p core levels and the valence bands for LaMnO; and
SrMnO; have been analyzed using a configuration-interaction cluster model. The ground state of
LaMnO; is found to be mixed d* and d°L states and that of StMnO; to be heavily mixed d* and d*L
states, reflecting their strong covalency. The character of the band gap of LaMnOs; is of the p-to-d
charge-transfer type while that of StMnO; has considerable p-p character as well as p-d character. Holes
doped into LaMnO; mainly of oxygen p character are coupled antiferromagnetically with the d* local
moments of the Mn>" ions and become itinerant, thus aligning the Mn moments ferromagnetically. The
changes in the electronic structure with carrier doping are not of the rigid band type: By La substitution
for StMnO;, the so-called in-gap spectral weight (of e,y symmetry) appears with its peak located 1-2 eV
below the Fermi level and grows in intensity with increasing La concentration, while the spectral intensi-
ty of the e,; states above the Fermi level decreases, showing a transfer of spectral weight from the unoc-
cupied to the occupied e,y states with electron doping. Meanwhile, the intensity at the Fermi level
remains low even in the metallic phase (0.2<x $0.6). The energy shifts of core-level peaks and
valence-band features with x suggest a downward shift of the Fermi level with hole doping, but the shift
is found to be very small in the metallic phase. The importance of the orbital degeneracy of the e,y band

and possible orbital fluctuations in the ferromagnetic phase are pointed out.

I. INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity in doped Cu oxides, ! interest has been revived in 3d
transition-metal (TM) oxides. Many 3d TM oxides, in-
cluding high-7, Cu oxides, show metallic conductivity
when doped with a sufficient amount of extra holes or
electrons. Since high-T, superconductivity appears in the
vicinity of doping-induced insulator-to-metal transitions,
understanding the nature of the insulator-to-metal transi-
tions and the resulting metallic states in various 3d TM
oxides will provide important knowledge to understand
the high-T, Cu oxides. Photoemission spectroscopy is a
powerful tool to investigate the electronic structures of
3d TM oxides®> and their changes with carrier doping.
Carrier doping in charge-transfer-type La,  Sr,NiO,
(Ref. 4) and Mott-Hubbard-type La, Sr; _,TiO; (Ref. 5)
has been studied by photoemission spectroscopy. It has
been found that hole doping (Sr substitution) in
La,_,Sr,NiO, induces spectral weight above the Fermi
level within the band gap of La,NiO,, and that the Fermi
level is located near the top of the valence band. As for
La,Sr,_,TiO;, electron doping (La substitution) induces
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spectra weight of Ti 3d character below the Fermi level
within the band gap of SrTiO;, and the Fermi level is lo-
cated near the bottom of the conduction band. In either
case, the doping-induced spectral weight is distributed
over a wide energy range of a few eV so that it fills the
band gap of the parent insulator. It is therefore of great
interest to see whether such a highly non-rigid-band-like
behavior is a common feature of carrier doping in 3d TM
oxides, and how it is related to insulator-to-metal transi-
tions and the appearance of superconductivity in Cu ox-
ides.

In the present work, we investigated a perovskite-type
system La;_,Sr,MnO,;, which is intermediate between
typical Mott-Hubbard-type (Ti and V) compounds® and
charge-transfer-type (Cu and Ni) compounds. In this sys-
tem, the valence of the Mn ion can be controlled from
3+ (LaMnO;) to 4+ (SrMnO;), and therefore the system
can be viewed either as a hole-doped LaMnO; or an
electron-doped SrMnOj;. Unlike the Ti, Ni, and Cu com-
pounds, the magnitude of the spin is large (S =2-5/2) in
the Mn and Fe compounds: The end members LaMnO;
and SrMnO; are antiferromagnetic insulators, while the
system becomes a ferromagnetic metal in the intermedi-
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ate composition range 0.2 <x <0.6. The earliest survey
of this system was done by Jonker and van Santen,”® and
several works followed it. LaMnO; has a orthorhombi-
cally or monoclinically distorted perovskite struc-
ture’™ 13, while SrMnO; has a cubic perovskite struc-
ture.'* LaMnO,; is an A-type antiferromagnet, 10,12 4
which ferromagnetic (001) layers with alternating spin
directions are stacked along the ¢ axis. The A-type anti-
ferromagnetism is accompanied by a Jahn-Teller distor-
tion of the Mn3" ion with 3d* configuration. A Néel
temperature Ty of 100-141 K (Refs. 10 and 12) has been
reported. SrMnO; is a G-type antiferromagnet with
Ty =260 K, !5 in which all the nearest-neighbor Mn ions
have opposite spins. Magnetic and electrical measure-
ments have revealed that for 0.2 <x <0.6, the system
shows metallic conductivity below the Curie tempera-
ture.®1® Zener'” and subsequently de Gennes'® explained
it by the so-called double-exchange mechanism. Recently
giant negative magnetoresistance has been reported for
La,_,Sr,MnO;,' indicating a strong coupling between
ferromagnetism and metallic conductivity in this system.

In this paper, we present results of photoemission and
x-ray-absorption (XAS) studies on La;_,Sr,MnO;. In
order to characterize the electronic structure of the end
members LaMnO; and SrMnO;, a configuration-
interaction (CI) cluster-model analysis was made of the
Mn 2p core-level, valence-band, and O 1s XAS spectra.
The doping dependence of the electronic structure is also
studied, with a particular emphasis on the appearance of
in-gap spectral weight and the shift of the Fermi level
with carrier doping.

II. EXPERIMENTAL

Polycrystalline samples of La; ,Sr,MnO; were
prepared by solid-state reaction. Sintered mixtures of ap-
propriate molar quantities of La,0,, SrCO;, and Mn,0;
were pressed into pellets and prefired in air at 1000 °C for
12 h. Ground again, well mixed, and pressed into pellets,
they are fired on a platinum foil at 1300 °C for 48 h in air.
Subsequent processing for each sample was carried out as
follows. For LaMnO;, the pellet was fired again at
1300°C in air and quenched into liquid N,. For
Lay ¢Sty ;MnO; and SrMnOj;, the pellets were fired at
1500°C for 3 h in air, quenched into liquid N,, and then
annealed in an O, atmosphere at 300°C for 24 h. As for
La, ¢Srg {MnO;, the pellet was further fired at 1300 °C for
6 h in air and quenched into liquid N,. Pellets from
x =0.3-0.7 were fired at 1000°C for 24 h in an O, gas
flow and slowly cooled to room temperature. As for
Lag ;SrgoMnO; and SrMnO,, the pellets were further
fired at 1300°C for 24 h in N, gas flow and quenched into
liquid N,.

X-ray photoemission spectroscopy (XPS) and ultra-
violet photoemission spectroscopy (UPS) measurements
were carried out using a spectrometer equipped with a
Mg Ka source (hv=1253.6 eV), an He discharge lamp
(Hel: hv=21.2 ¢V, Hell: hv=40.8 eV) and a Physical
Electronics double-pass cylindrical mirror analyzer. The
XPS spectra were corrected for the Mg Ka; 4 ghost. The
total-energy resolution was about 1.0, 0.35, and 0.25 eV
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for XPS, HeII UPS, and Hel UPS, respectively. UPS
spectra including 3p-3d resonant-photoemission spectra
were also measured at beamline BL-2 of the Synchrotron
Radiation Laboratory (SRL), Institute for Solid State
Physics, University of Tokyo. In order to obtain fresh,
clean surfaces, the samples were scraped with a diamond
file in the spectrometer chamber at liquid-nitrogen tem-
peratures (~ 80 K). In the case of XPS, the scraping was
made until the O 1s core-level spectrum became a single
peak and did not change with further scrapings. As
shown in Fig. 1, the filing was successful for almost all
samples in reducing the intensity of a shoulder or tail on
the higher binding-energy side of the O ls peak, which is
usually associated with contaminants on, or degradation
of, the surface. In the case of UPS, the scraping was
made until a bump around 9-10 eV disappeared, and the
whole spectrum did not change with further scrapings.
We paid attention to the intensity of this bump and a
structure around 5-6 eV, which increased with time due
to degradation of the surface. We estimated the degrada-
tion time of the surfaces by observing the change of the O
1s spectrum and the valence-band spectrum for XPS and
UPS, respectively, and scraped the samples before the de-
gradation. The degradation time was typically 1-2 h for
XPS and the measurements at SRL, and less than 1 h for
UPS using the He lamp. All the spectra were recorded at
liquid-nitrogen temperatures (~ 80 K) to prevent the re-
moval of oxygen from the surface under ultrahigh-
vacuum conditions. The base pressure in the spectrome-
ter was in the low 107 °-Torr range for all the measure-
ments. The Fermi edges of all measurements were cali-
brated using the Au Fermi edge and, for the XPS spectra,
the Au 4f,,, (84.0 V) and Cu 2p;,, (932.6 €V) core lev-
els were also used for the calibration of the binding ener-
gies. XAS measurements were done at Berliner Elek-
tronen Speicherring-Gesellschaft fiir Synchrotron-

o Is

T T M T
La, ,Sr,MnO; A
i1 xps
.,' .
I
A~
x=0.9 FERAR
2 0.5 A
x=0. FERAR
7o ; ,.\ |
Z. R
= 0.3 N 5
E x=0. s ..-
a0y
x=0.1 ‘. ..' ‘\-‘_.\
X=0.0 z\\
1 N 1 n 1 " 1
536 532 528 524

BINDING ENERGY (eV)

FIG. 1. O 1s core-level XPS spectra of La,_, Sr,MnO;.



13 944

strahlung (BESSY) in Berlin: The photon energies have
been calibrated using the O 1s absorption peak of TiO, at
530.7 eV. Details are described in Ref. 20.

III. ELECTRONIC STRUCTURE
OF LaMnO; AND SrMnO;

A. Configuration-interaction cluster model

In order to determine the electronic structures of the
end members of the present system, we performed CI
cluster-model calculations for the Mn 2p core-level,
valence-band, and O 1s XAS spectra of LaMnO; and
SrMnOj;. (We compare calculations for SrMnO; with
measured spectra of Lag {Sry MnO;, assuming that the
difference is small between these two compositions.) We
consider that the octahedral clusters [Mn**(027)(]™°
and [Mn**(0%7)¢]7® are good starting points to study
the electronic structure of LaMn3" 0O, and StMn** O, re-
spectively, because we believe that electron-electron in-
teraction and p-d hybridization within the cluster dom-
inate interactions between the clusters. In the present
cluster-model calculations, we neglected the off-diagonal
matrix elements of the Coulomb interaction and retained
only the diagonal part of the d-d Coulomb and exchange
interaction. On the other hand, we have included the an-
isotropy in the metal-ligand hybridization®"?? which were
not included in previous CI cluster-model analyses. >3

The present model has three adjustable parameters,
namely the d-d Coulomb interaction U, the ligand p-to-
TM d charge-transfer energy A, and the ligand p-TM d
transfer integral (pdo). It should be noted that U is
defined with respect to the centers of gravity of the d" !,
d" and d"*! configurations, and A with respect to the
centers of gravity of the d” and d" "L configurations,
where L denotes a ligand hole. We use Kanamori param-
eters,?* u, u’', and Jj, which are given in terms of Racah
parameters A4, B, and C.?> We have fixed the values of B
and C to those of the free ions?® as shown in Table I. The
method of the core-level calculations is the same as in
previous calculations,?"?? and that of the valence-band
calculations is essentially the same as that in Ref. 2 ex-
cept that the present calculations do not include off-
diagonal Coulomb matrix elements. In the calculations
of the O 1s XAS spectra, we have neglected interaction
between the O 1s core hole and the valence electrons, for
simplicity. Details are given in Refs. 2, 21, and 22.

We have also calculated physical quantities, such as
the band gaps, the net d-electron numbers, and the char-

TABLE I. Values for parameters obtained from the CI
cluster-model analyses of the Mn 2p core-level photoemission
spectra (in eV). Errors are +0.5 eV for A and U and 0.1 eV
for (pdo). Racah B and C parameters used in the analysis are
also shown (in eV).

B C A U

0.120 0.552 45 7.8
0.132 0.610 20 7.5

(pdcr ) Aeﬁ' Ueff

—1.8 1.8 638
—15 —02 7.1

LaMnO;
SrMnO,
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acter of doped carriers within the CI cluster model. We
define by U and A4, respectively, the d-d Coulomb en-
ergy and the charge-transfer energy with respect to the
lowest energies of the multiplets. U and A represent the
smooth variation of the electronic structure of the TM
compounds as a function of the TM atomic number and
valence,?! while the actual physical properties are more
directly related to U,z and A g, % which contain the non-
monotonic variation of the multiplet splitting.

The d component of a doped hole and that of a doped
electron are given by Ny(n)—Ny(n—1) and
N4(n +1)—N4(n), respectively, where N (n) is the net
d-electron numbers of the ground state with nominal d-
electron number n. The final states of valence-band pho-
toemission and inverse photoemission that are closest to
the Fermi level are considered to be the ground states of
the hole-doped and electron-doped systems, respectively.
We may then define the d character of the doped hole
and electron as

Cioe =Nyg(n)—Ny(n —1) (1)
and
Cé{lectronENd(n+l)—Nd(n) s (2)

respectively. We can also define the p character of the
doped hole and electron as C{,;,=1—Cf, and
Cloe =1—C8. irons TeSpectively. By this definition,
0=Cf, and C%.... <1; doped carriers are d-like for
Cfe>0.5 or C&.\r0n >0.5 and p like for CZ, <0.5 or
d

Celectron <0.5.

B. Photoemission spectra and the results

of cluster-model analyses

In the calculations of the spectra, we varied the param-
eters U, A, and (pdo ) so that we could obtain the best fit
to the experimental data of the Mn 2p core-level,
valence-band, and O 1s XAS spectra using a single set of
parameters. We have assumed a high-spin state in our
calculations. It will be shown below (Sec. IV A) that the
Mn d electrons in LaMnO; are indeed in the high-spin
state.

In Fig. 2, the Mn 2p core-level spectra are shown. All
the spectra display 2p;,, and 2p,,, spin-obit doublet
peaks located at ~642 and ~ 654 eV, respectively. Since
we used a Mg Ka source, emission due to the Mn LMV
Auger peak is observed on the higher binding-energy side
of the 2p, ,, peak. This Auger peak partially obscures the
2p, ,, satellite structure, while the satellite is clearly ob-
served in the spectra taken with an Al K a light source by
Lam and Veal.?” In the latter spectra, the satellite is lo-
cated at binding energies about 11 eV higher than the
main peak. This means that the satellite accompanying
the Mn 2p;,, peak overlaps the Mn 2p,,, main peak.
Indeed, the satellite structure was clearly observed in the
Mn 3p peak as well.

The calculated Mn 2p spectra for LaMnO; and
SrMnOj; are compared with experiment in Figs. 3(a) and
3(b), respectively. The calculated spectra have been
broadened with a Lorentzian function whose width is en-
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FIG. 2. Mn 2p core-level XPS spectra of La,;_, Sr, MnO;.

ergy dependent, and a Gaussian function.?® Good agree-
ment with experiment was obtained for parameters listed
in Table I. For LaMnO,, the main peaks arise largely
from 2pd°L states, whereas the satellites are due to 2pd*
and 2pd 6L2 states. In the case of SrMnO;, good agree-
ment with experiment was obtained for smaller A (see
Table 1I); the main peak has heavily mixed
2pd L — —2pd 5L? character, while the satellite structure is
prlmarlly due to 2pd SL? states.

One can see from Table I that for both LaMnO; and
SrMnO;, U > A and U> A4 which means that these
compounds are charge-transfer-type insulators. It has
been thought that Mn oxides are intermediate between
the typical Mott-Hubbard-type compounds (such as Ti
oxides) and charge-transfer-type compounds (such as Cu
and Ni oxides). In the present case, A’s are small due to
the high valences of Mn, and therefore the compounds
are located in the charge-transfer regime. It is noted,
however, that the A or StMnO; is nearly 0 eV, and
hence the band gap will have considerable p-p character®
in addition to the p-d character. The calculated band
gaps E,,, the net d-electron numbers N, and the char-
acter of doped carriers for LaMnO; and SrMnO; are list-
ed in Table II. The band gap of SrMnO; is a little larger
than that of LaMnO;, which may be related to the exper-
imental fact that the metallic range is located closer to

TABLE II. Band gaps (E,,;), net d-electron numbers (N,),
and d characters of doped carriers (C{;. and C%.ciron)-

g ap eV) N, d C gole C edlectron
LaMnO, 1.7 45 0.23
SrMnO, 2.3 3.8 0.43
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the LaMnO; end rather than the StMnO; end. The N,’s
of both systems, especially that of StMnOs, considerably
deviate from the nominal values (4 for LaMnO; and 3 for
SrMnOQ3), indicating that their ground states are strongly
hybridized. The ground state of LaMnO; consists of
~50% d*, ~40% d°L, and ~10% d°L? states, and the
ground state of SrMnO3 consists of ~40% d3, ~50%
d*L, and ~10% d°L? states. Table II shows that doped
holes in LaMnO; have predominant p character, while
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FIG. 3. Cluster-model analyses of the Mn 2p core-level spec-
tra of LaMnOj; (a) and Lag ;Sry ¢MnO; (b). Upper panels: Cal-
culated Mn 2p spectra (solid lines) are compared with the exper-
imental spectra (dots). Lower panels: Decomposition of the line
spectra into final-state configurations. For LaMnO,;, the calcu-
lated spectrum (solid line) is also compared with the experimen-
tal spectrum by Lam and Veal (Ref. 27) (dots) which was taken
with an Al Ka source and therefore shows no Mn LMV Auger
peak.
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doped electrons in SrMnO; have both p and d character
to a comparable extent.

Recently, Chainani, Mathew, and Sarma 3 analyzed
the Mn 2p core-level photoemission spectrum of LaMnO;
using the cluster model, and obtained A=5.0 eV, U =4.0
eV, and (pdo)=—2.2 eV. From this result, they sug-
gested that LaMnO; is more Mott-Hubbard-like than
charge-transfer-like. We consider that the disagreement
between their parameter values and ours comes mainly
from the following reasons: They have not considered
the difference between u and u’, and assumed 10Dg =1.0
eV, and fixed the energy difference between oxygen t,,
and e, states at 1.5 eV. 10Dg is not considered in our
model. They have taken the d-d exchange coupling to be
0.5 eV, while our value is 0.85 eV for LaMnOj;. They
fixed the value of U which they obtained from the com-
parison of the Mn L,; M ,sM,s Auger spectrum with the
self-convolution of the Mn 3d partial DOS. We think that
the latter method of estimating U would need further
theoretical justification. Also, the definition of A is a lit-
tle different. Nevertheless, it is interesting to note that
their ground-state components of LaMnO, (50% d*, 41%
d3L, and 9% dSL? states) are very close to ours in spite
of the different parameter sets. Whatever the parameter
values, both results indicate a heavily mixed ground state.

In Figs. 4(a) and 4(b), using the cluster model we repro-
duced the experimental data for Av=100 eV, which in-
cludes emission from the O 2s and La 5p or Sr 4p core
levels. Note that, in order to simulate the O 2p band, we
used the He I spectra, whose intensity is mostly due to O
2p states.’® Here the Mn 3d-to-O 2p ratio was fixed to
the calculated photoionization cross section®® (including
the empirical multiplication factor of ~3 for the O 2p
states®!). The O 1s XAS spectra?® are compared with the
ligand O 2p component of the unoccupied states of the
calculated spectra. The calculated spectra are broadened
with Lorentzian and Gaussian functions to represent the
lifetime and instrumental broadening. For the Lorentzi-
an broadening, an additional energy-dependent broaden-
ing as employed in the Mn 2p core-level analysis is also
assumed.*® The experimental O 1s XAS spectra are
referenced to the O 1s XPS binding energies. In this way,
the first peak in the XAS spectra is located ~0.3 eV
above the Fermi level.>* The energy scale of the calculat-
ed valence-band spectrum of LaMnOj; has been chose so
that the first ionization state (e, state) coincides with the
peak in the experimental LaMnO;—Lag Sry o MnO;
difference spectrum (see Fig. 11). The energy gap between
the calculated valence-band and O 1s XAS spectra is set
equal to the calculated band gap. For StMnOs, the ener-
gy scale of the calculated spectrum has been chose so that
the first occupied 7,44 states are located closer to the Fer-
mi level by ~0.8 eV than those in LaMnO;, considering
the energy shifts of various features between LaMnO,
and StMnO; (see Sec. IV).

Figures 4(a) and 4(b) show that the calculated spectra
have satellite structures 12—15 eV below the Fermi level.
Such satellites can indeed be identified in the 3p-3d
resonant-photoemission spectra as shown in Fig. 5, where
enhancement is observed at 10-15 eV in the on-

1
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resonance spectra. The apparent decrease in intensity in
the region 1-7 eV in going from off-resonance to on-
resonance spectra is due to the rapid decrease of the pho-
toionization cross section of the O 2p states with photon
energy.°

Figure 4(a) shows that for the valence band of LaMnO,
the main band located at 1-7 eV below the Fermi level
will have mainly d*L character, while the satellite struc-
ture located at 12—14 has heavily mixed d3-d°L? charac-
ter. The structure close to the Fermi level is due to emis-
sion from the e, states and the second structure is due to
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.
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FIG. 4. Cluster-model analyses of the valence-band photo-
emission and O 1s XAS spectra of LaMnO; (a) and
SrMnO;/La, 1Sy oMnO; (b). Upper panels: Calculated
valence-band and O 1s XAS spectra (solid lines) are compared
with the experimental spectra (dots). The energies of the O 1s
XAS spectra were referenced to that of the O 1s binding ener-
gies. The gap between the calculated photoemission and XAS
spectra is set equal to the band gap calculated using the cluster
model. Lower panels: Decomposition of the calculated spectra
into final-state configurations.
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FIG. 5. Mn 3p-3d resonant photoemission spectra of

LaMnO; and StMnO;.

the lye1 States. As for the O 1s XAS spectrum, the first
peak is due to transitions into the e,t states, and the
lower-energy side of the broad second structure is as-
signed to a superposition of the e, states and the 7,,
states, overlapping with the La 5d band. These states
have relatively pure d°> character without strong mixture
of the d 5L configuration.

For the valence-band spectrum of SrMnO; shown in
Fig. 4(b), the main band located at 1-6 eV below the Fer-
mi level will have heavily mixed d 3L-d*L? character,
while the satellite structure located at 11-15 eV has
mainly d 412 character. The first peak is emission due to
the £,,4 states since there are no electrons in the occupied
.1 levels in StMnO;. For the O 1s XAS spectrum, the
first and second structures are due to the e,y and e,
states, respectively, and the I, States are located on the
higher-energy side of the second structure. These states
have mostly d* character. The present assignment for
the O 1s XAS spectra differs somewhat from our previous
assignment® that the first structure was a superposition
of the e,y and t,,; bands and the second structure was
the band of e, | character.

IV. EFFECTS OF CARRIER DOPING

A. Mn 3s core levels

The 3s core level of the 3d TM ion is known to exhibit
an exchange splitting. The magnitude of the splitting is
given by (2S +1)G?*(3s,3d) /5, where S is the local 3d
spin and G?%(3s,3d) is the Slater exchange integral be-
tween the 3s and the 3d electrons.3* Although such a
simple ionic picture is not strictly valid in the present
case because of the strong hybridization between the Mn
3d and O 2p ligand orbitals and charge transfer induced
by the core-hole potential, 3 we expect that it is useful for
qualitative argument. In Fig. 6, the Mn 3s core levels of
La,_,Sr,MnO; are shown for various values of x. First
of all, the magnitude of the splitting is large, consistent
with the high-spin configurations. One can see that the
exchange splitting monotonically increases with decreas-
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FIG. 6. Mn 3s core-level XPS spectra of La,_,Sr,MnO; for
various compositions.

ing x. This indicates that the extra electrons (of mixed
p-d character) doped into SrtMnO; are ferromagnetically
coupled with the high-spin d> configuration of the Mn**
ions. Conversely, the extra holes (of predominant p char-
acter) doped into LaMnQO; are antiferromagnetically cou-
pled to the high-spin d* configuration of the Mn** ions.

The doped holes in La;_,Sr,MnO; are analogous to
those in the high-T, cuprates, where the hole forms a so-
called Zhang-Rice singlet3® through the antiferromagnet-
ic interaction with the Cu 3d° spin. In the case of the cu-
prates, increased hole concentration leads to the forma-
tion of a paramagnetic metal, whereas in La,;_,Sr, MnO,
the itinerant doped holes of p character align the local-
ized Mn spins ferromagnetically as in Zener’s s-d model
for ferromagnetic metals. 3’

B. Occupied and unoccupied valence states

The XPS and He Il UPS spectra of the valence bands
of La;_, Sr,MnO; are shown in Figs. 7 and 8, respective-
ly. According to the photoionization cross sections,*° the
emission intensity is due mostly to O 2p states in the
He Il spectra, while the Mn 3d component amounts to
about 30% of the total valence-band intensity in the XPS
spectra. The two structures located at 2—4 and ~6 eV
are largely due to the O 2p band characteristic of
perovskite-type oxides.

In Fig. 8, the UPS spectra are normalized so that the
integrated intensity of the valence band is roughly pro-
portional to that expected from the photoionization cross
sections of the Mn 3d and O 2p atomic orbitals. The
figure shows that in the spectra for x =0.3 and 0.6, the
steep edge located around 1.0-2.5 eV (denoted edge A) is
~0.4 eV closer to the Fermi level than that for x =0.0,
and that it is ~0.8 eV closer to the Fermi level in the
x =0.9 spectrum. On the other hand, the steep edge lo-
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FIG. 7. Valence-band XPS spectra of La;_,Sr,MnOj; for
various compositions.

cated at 6.5-7.5 eV (denoted edge B) shows little shift
with x. This energy shift is clearly seen in Fig. 9, where
the backgrounds due to secondary electrons have been
subtracted. This indicates that the valence-band width
increases with increasing Sr concentration, possibly be-
cause the GdFeO;-type distortion diminishes with x. It
should be noted that although edge A shifts toward the
Fermi level in going from x =0 to 0.3, there is no detect-
able shift within the metallic range, i.e., between x =0.3

T T T T T T

La, , Sr,MnO;, Valence Band
hv=408¢eV
.“
Edge B\.;',’ \\\
-" . }dge A
W 3

INTENSITY

x=0.0

12 110 8 6 4 2 0 -2
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FIG. 8. Valence-band UPS spectra of La;_,Sr,MnO; for
various compositions. The spectra have been normalized as de-
scribed in the text.
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FIG. 9. Valence-band UPS spectra of La,_,Sr,MnO; for
various compositions, normalized in the same way as in Fig. 8.
The backgrounds due to secondary electrons have been sub-
tracted.

and 0.6.

Although edge A is shifted toward the Fermi level
with x, the emission intensity between the Fermi level
and ~2 eV below it (denoted tail C) decreases with x; for
x =0.9, the tail almost disappears, see Fig. 10. There-
fore, tail C (or the shaded region in Fig. 10) is considered
to be due to emission from the g1 band, which accommo-
dates one electron per Mn in LaMnO, (d*) and is empty
in StMnO; (d?).

The combined UPS and O 1s XAS spectra near the
Fermi level are displayed in Fig. 11. Here the O 1s XAS
spectra are normalized at ~20 eV above the Fermi level,
where the absorption intensity would be independent of
x.20 In order to highlight the changes with composition
in the UPS spectra, difference spectra relative to x =0.9
are also shown. To take the difference spectra, the
x =0.9 spectrum was shifted so that the two spectra

T
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FIG. 10. UPS spectra of La,_,Sr,MnOj; near the Fermi level
on an expanded scale. The shaded region is denoted tail C in
Fig. 8 and indicates emission from the e, band.
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FIG. 11. UPS and O 1s XAS spectra near the Fermi level.
The O 1s XAS spectra are references to the O 1s binding ener-
gies. The difference spectra relative to x =0.9 are also shown.
Starting from SrMnO;, the intensity of the e;1 emission in the
UPS spectra gradually increases with decreasing x.

align at edge A. As the difference spectrum would
represent emission of the eg1 electronms, the result shows
that the occupied band of e,y character in LaMnO; is
centered around 1.7 eV below the Fermi level, consistent
with the previous result of the spin-polarized photoemis-
sion on La,_,Pb,MnO;.%® The x dependence of the
difference spectra indicates that if we start from
SrMn**0;, which has the high-spin d* (£3,)
configuration, added electrons occupy the e,y orbitals
and their spectral weight appears within the band gap of
SrMnO;. Correspondingly, in the O 1S XAS spectra, the
intensity of the e,; band just above the Fermi level de-
creases with La substitution. (The result is consistent
with the recent O 1s XAS measurements in the fluores-
cence yield mode.3%) We note that the decrease of the in-
tensity of the unoccupied e, states is not entirely due to
the decrease in the number of unoccupied states but can
also be due to the decrease in covalency between Mn and
O associated with the increase in A.g (see Table I). These
behaviors are quite different from what would be expect-
ed from a rigid-band model, according to which the Fer-
mi level moves downwards with increasing x within the
e,1 band with a fixed line shape: In the rigid-band model,
one would expect to observe a sharp Fermi cutoff with
high spectral intensity at intermediate x’s. A schematic
picture of the spectral weight distribution and its evolu-
tion with x deduced from the present results is shown in
Fig. 12. The present results resemble those of
La,Sr,_,TiO;,° in which additional spectral weight in-
duced by La substitution (electron doping) appears below
the Fermi level within the band gap of SrTiO; and the
peak position of this spectral weight is as deep as ~1.5
eV below the Fermi level.

In analogy with the O 1s XAS spectra of high-T, cu-
prates, one would expect that, in the unoccupied states of
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FIG. 12. Schematic picture for the evolution of the electronic
structure of La,_ , Sr, MnO,.

the hole-doped LaMnOs;, e, ;-like spectral weight will ap-
pear within the band gap of LaMnO;. Indeed, in the O 1s
XAS spectra of La;_, Sr, FeO; additional spectral weight
appears in the band gap of LaFeO; upon Sr doping.?’ In
the O 1s XAS spectra of La;_,Sr,MnO;, however, no
such features are observed. Presumably, the spectral
weight induced by hole doping overlaps the original
d*—d> spectral weight (i.e., the upper Hubbard band) of
LaMnO,; because of the small band gap of LaMnO;
and/or because of the wide energy distribution of the
doping-induced spectral weight.

If we consider the Mn 3d —-O 2p hybridized states near
the Fermi level and the band gap as effective d states and
effective U, respectively, the electronic structure near the
Fermi level of La;_,Sr,MnO; is similar to that of the
Hubbard model and therefore can be mapped onto an
effective Hubbard model with orbital degeneracy. In the
composition range of ferromagnetic metals at low tem-
peratures, the e, band is fully polarized due to Hund’s
rule coupling with the fully polarized #,,; bands, so that
a spinless model becomes relevant for the e,; electrons.
The e,y electrons can then be treated in a modified
single-band Hubbard model, where the spin degrees of
freedom are replaced by the orbital degrees of freedom
(x*-y? and 3z2-r?) of the e, subband. Spin fluctuations
in the single-band Hubbard model may then be replaced
by fluctuations of the electric quadrupole moment of the
degenerate e,y orbitals, which will be coupled with lattice
distortion. Magnetic ordering in the standard Hubbard
model would correspond to the formation of an orbital
superlattice in the present case. Theoretical studies of
Mn oxides from this point of view, and their comparison
with Cu oxides (modeled by a nondegenerate Hubbard



13 950

model) and Ti oxides (modeled by a degenerate Hubbard
model) would be of great interest.

C. Fermi-level shift with carrier doping

In Fig. 13, the energies of several core levels and
valence-band features are plotted as functions of Sr con-
centration. The figure shows that the relative binding en-
ergies of all the core levels decrease with x in going from
the semiconducting phase (x <0.1) to the metallic phase
(x 0.3), implying that the Fermi level is lowered with
hole doping. (The absolute binding energies of the core
levels are listed in Table III.)

For higher Sr concentration x >0.2, the energy shifts
of the various spectral features become rather complicat-
ed. The Mn 2p core level is shifted back toward higher
binding energy in going from the metallic phase
(0.3=x<0.6) to the Sr-rich semiconducting phase
(x 20.8). This can be simply attributed to an ordinary
chemical shift arising from the increase of the Mn
valence. On the other hand, the O 1s core level is shifted
back only slightly and the La 3d and Sr 3d levels are not
shifted back appreciably. Since the A-site ions are not in-
volved in the chemical bonding or the metallic conduc-
tivity, the shifts of the La and Sr core levels would rather
faithfully reflect the shift of the Fermi level if the changes
in the Madelung potential with x are negligibly small.
Since the change in the Madelung potential would lower
the Sr core level with x, the almost constant Sr core-level
binding energy implies that the changes in the Madelung
potential are almost completely screened and that the La
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FIG. 13. Energy shifts of core and valence levels in
La,_,Sr,MnO; as functions of Sr concentration x. Note that
the figure shows the energy shifts as a function of x for each lev-
el, and not the absolute binding energies.
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TABLE III. Core-level binding energies for La;_,Sr,MnO;
(in eV). For the La 3d5,, peaks, the lower binding-energy peaks
are listed. Errors are +0.3 eV for the Mn 3s peaks, and +0.1 eV
otherwise.

x 0.0 0.1 0.3 0.5 0.9
O 1s 529.7 529.6 529.3 529.3 529.4
Mn 2p;,, 641.9 6418 641.6 6418 642.3
Mn 3s 83.5 87.7 83.8 84.3
Mn 3p 49.0 49.0 48.9 49.2 49.8
La 3ds,, 834.2 834.2 833.7 833.7
Sr 3d;,, 132.8 132.4 132.3 132.4

and Sr core-level shifts reflect the real Fermi-level shift.
The shift of edge A, which consists of the 3d t)er and O
2p states, as well as the shift of the top of the e, band,
are parallel to those of the Sr 3d and O 1s core levels up
to x =0.6, giving further support to the downward
Fermi-level shift at x <0.6. However, it should be noted
that the shifts of the La and Sr core levels are not detect-
able within the metallic phase, indicating that the Fermi-
level shift is in fact very small within the metallic phase
(0.3=x <0.6).

The features in the O 1s XAS spectra are also shifted
back toward lower energies in going from the metallic
phase to Sr-rich semiconducting phase like the Mn 2p
core level. This can be understood from the predomi-
nance of Mn 3d character in the unoccupied states. At
x 2 0.6, only edge A4 shows a further shift, unlike the oth-
er levels, which we attribute to the broadening of the O
2p band.

V. CONCLUSION

We have studied the electronic structure of
La,_,Sr,MnO; by photoemission spectroscopy, O 1s x-
ray-absorption spectroscopy, and subsequent cluster-
model analyses. The ground state of LaMnO; is found to
consist of ~50% d* ~40% d°L, and ~10% dSL?
states, and that of SrMnO; of ~40% d3, ~50% d*L,
and ~10% d3L? states. The two end members are
charge-transfer insulators, but the band gap of SrMnO,
also has considerable p-p character. The double-exchange
mechanism in the metallic phase is caused by the
itinerant holes doped into LaMnO; of mainly oxygen p
character with e,; symmetry: These holes are antifer-
romagnetically coupled with the d* local moments of the
Mn3* ions, and align them ferromagnetically. The hole
carriers in the relatively wide eg1-symmetry band are re-
sponsible for the metallic conductivity and both the e,
electrons and the relatively well localized Mn ¢,, elec-
trons are responsible for the ferromagnetism.

The changes in the electronic structure near the Fermi
level with carrier doping are not rigid-band-like: Starting
from SrMnO;, so-called in-gap spectral weight appears in
the valence-band photoemission spectra well (1-2 eV)
below the Fermi level and grows in intensity with elec-
tron doping. The photoemission intensity at the Fermi
level remains low even in the metallic phase. The origin
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of this non-rigid-band behavior as a function of carrier
doping remains unclear at present. We point out the im-
portance of the orbital degeneracy of the e,y band and
the possibility of orbital fluctuations in the ferromagnetic
phase.
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