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Determination of electronic band structures of CaMnO3 and LaMnO 3
using optical-conductivity analyses
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Reflectivity spectra of CaMnO3 and LaMnO3 were measured in a wide photon energy region between 5
meV and 30 eV at room temperature. Using the conductivity spectra obtained from the Kramers-Kronig
analysis, electronic structures of the manganese oxides were investigated. In particular, the states near the
Fermi energyEF , O 2p and Mn 3d (eg ,t2g), were studied in detail. It was found that the O 2p band is located
closer toEF than the Mnt2g band. For LaMnO3, the filled Mneg↑

1 band is located closer toEF than any other
valence band. Thet2g-eg Hund exchange energy was found to be about 3.4 eV and the Jahn-Teller stabilization
energyE0 was estimated to be less than 0.5 eV.@S0163-1829~97!04823-6#
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Recently, a great deal of attention has been paid to
physical properties of the perovskite La12xCaxMnO3 sys-
tem due to its colossal magnetoresistance~CMR!.1 For dop-
ing levels with 0.2<x<0.5, the system shows an insulato
metal transition accompanying a paramagnetic
ferromagnetic transition atTc .

2

To understand the intriguing properties
La12xCaxMnO3, it is important to know electronic struc
tures of the end members, i.e., CaMnO3 and LaMnO3. Elec-
tronic configurations of the Mnd electrons in CaMnO3 and
LaMnO3 aret2g

3 andt2g
3 eg

1 , respectively. The energy separ
tion between theeg and thet2g levels, caused by a crysta
field splitting, is known to be larger than 1 eV.3 For
LaMnO3, a static Jahn-Teller~JT! distortion lifts the degen-
eracy in theeg level, splitting it intoeg

1 andeg
2 levels.

In spite of intensive experimental4–7 and theoretical8–11

efforts to understand the electronic structures of the
members, there still exist some ambiguities on the valen
band structures. Both x-ray~XPS! and ultraviolet photoemis
sion spectroscopy~UPS! experiments showed a double-pe
structure between210 eV and the Fermi energyEF .

5–7

Even though it is widely accepted that the double-peak st
ture arises from O 2p and Mnd bands, an important contro
versy still remains: some have argued that the O 2p band lies
below the Mn t2g band,8 while others have suggested th
opposite.9 The reported positions of theeg↑

1 band in
LaMnO3 are also different.6,9 Moreover, x-ray absorption
spectroscopy~XAS! data showed that several apparent pe
exist up to 5 eV aboveEF , but some disputes still remai
about the origins of those conduction-band peaks.4–6
550163-1829/97/55~23!/15489~5!/$10.00
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In this paper, we report optical conductivity spectra
CaMnO3 and LaMnO3. Combining them with earlier result
from numerous spectroscopic measurements, we could e
lish detailed electronic structures, especially nearEF . Based
on these findings, we were also able to determine so
physical quantities, i.e., thet2g-eg Hund exchange and the J
stabilization energies.~As far as we know, it is the first ex
perimental effort to determine values of such importa
quantities.!

Polycrystalline samples of CaMnO3 and LaMnO3 were
prepared by the standard solid-state reaction method. X
powder diffraction measurements showed that both sam
were single phase with orthorhombic crystal structur
Electron-probe microanalysis showed that chemical com
sitions of the samples were close to the stoichiometric val
within an experimental error of 2%. Details on the samp
preparation were published in earlier papers.12,13

Just before the optical measurements, the samples w
polished up to 1.0mm using diamond pastes. Near norm
incidence reflectivity spectra of CaMnO3 and LaMnO3 were
measured at room temperature. A Fourier transform spec
photometer was used between 5 meV and 0.8 eV, an
grating monochromator was used between 0.6 and 7.0
Above 6.0 eV, we used the synchrotron radiation from
Normal Incidence Monochromator beam line at the Poha
Light Source~PLS!. To take surface scattering effects in
account, gold films were evaporated on the polished sam
just after the spectra were taken. Then, reflectivities of
gold-coated surfaces were measured again and used for
stracting the scattering effects.
15 489 © 1997 The American Physical Society
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Figure 1 shows the reflectivity spectra of CaMnO3 and
LaMnO3. The phonon structures below 100 meV are n
plotted, since we are interested only in the optical excitati
of electronic origins. In order to obtain an optical conduct
ity spectrum,s(v), of each sample, the Kramers-Kron
transformation was used. For this analysis, reflectivity be
5 meV was extrapolated to be constant. For a high-freque
region, reflectivity at 30 eV was extended up to 40 eV, abo
which v24 dependence was assumed. The experime
spectra ofs(v) above 100 meV are shown in Fig. 2. F
CaMnO3, there are four apparent peaks, denoted bya, b,
g, and d, in the energy range up to 30 eV. For LaMnO3,
there are five apparent peaks, denoted byA, B, C, D, and
E.

FIG. 1. Reflectivity spectra of~a! CaMnO3 and~b! LaMnO3 at
room temperature.

FIG. 2. Optical conductivity spectra of CaMnO3 and LaMnO3.
Labeled greek and latin letters represent apparent peaks in the
tra.
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To get a better understanding on the electronic struc
nearEF , we fitted the conductivity data up to 10 eV with
series of the Lorentz oscillator functions:

s~v!5(
i

SiG iv
2

~v22v i
2!21G i

2v2 , ~1!

whereSi , v i , andG i represent the strength, the frequenc
and the damping constant of thei th Lorentz oscillator,
respectively.14 As shown in Fig. 3~a!, s(v) of CaMnO3 be-
low 10 eV can be represented by three Lorentz oscillato
each of whose contribution is shown as a dotted line. T
first two oscillators, corresponding toa andb, are located
around 3.1 and 6.5 eV, respectively, with similar streng
and widths. The third one, corresponding tog, has larger
strength and width. Figure 3~b! shows a detaileds(v) spec-
trum for LaMnO3. The first two oscillators, corresponding t
A andB, are located around 1.9 and 4.6 eV, respectively
was found that the peakC should be represented by at lea
three oscillators. A summary of the values of the fitting p
rameters is given in Table I.

From the Fermi ‘‘golden rule,’’14 an optical transition
rate, which is proportional to the strength of a Lorentz osc
lator, from an initial stateu i & to a final stateu f & can be writ-
ten as

I i→ f; z^ f uM u i & z2r fr i , ~2!

wherer i andr f are densities of states foru i & andu f &, respec-
tively. In the manganese oxides, the Mneg and the Mnt2g
orbitals forms andp bondings with the O 2p orbitals, re-
spectively. Overlap of the corresponding wave function w
the O 2p orbitals should be much smaller fort2g . So, the
optical transitions between O 2p and t2g levels were as-
sumed to be negligible in thes(v) spectra in Fig. 3.
ec-

FIG. 3. Detailed optical conductivity spectra, below 10 eV,
~a! CaMnO3 and~b! LaMnO3. The solid circles and lines represe
the experimental data and the fitting results, respectively. The
ted lines show contributions of each Lorentz oscillator.
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TABLE I. Values of Lorentz oscillator fitting parameters for CaMnO3 and LaMnO3. All frequencies and
damping constants are in units of eV.

Oscillator Si v i G i Assignment

CaMnO3

a ( i51) 3210 3.07 3.12 O 2p→eg↑
b ( i52) 3080 6.49 3.16 O 2p→eg↓
g ( i53) 11200 10.5 4.24 O 2p→Ca 3d

LaMnO3

A ( i51) 470 1.89 1.13 eg↑
1 →eg↑

2

B ( i52) 2030 4.63 2.08 O 2p→eg↑
2

C ( i53) 3290 7.71 2.20 O 2p→eg↓
C ( i54) 13200 9.35 4.18 O 2p→La 5d
C ( i55) 3870 11.1 2.49 eg↑

1 →Mn 4s/4p
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First, let us consider thes(v) spectrum of CaMnO3,
which is shown in Fig. 3~a!. The first and the second Loren
oscillators are assigned to O 2p→eg↑ and O 2p→eg↓ tran-
sitions, respectively. Theeg↓ band should be higher in en
ergy than theeg↑ band due to the Hund coupling with th
t2g↑ core spins. And the third oscillator is assigned mainly
O 2p→Ca 3d transition. Thesep→d transitions are dipole
allowed and have charge-transfer characteristics in nat
Since the first two transitions have the same initial state
similar final states, they should have similar strengths
widths. As shown in Table I, the first and second oscillat
have similar values ofSi andG i . It also can be seen that th
value ofG3 is larger than that ofG1 or G2. This fact is in
good agreement with the XAS result that the Ca 3d band is
more widely spread in energy than any Mn 3d band.5

Second, let us turn to thes(v) spectrum of LaMnO3,
shown in Fig. 3~b!. Here, theeg↑ band splits into two,eg↑

1

andeg↑
2 bands. Theeg↑

1 band should be overlapped with th
O 2p band due to strong hybridization, while theeg↑

2 band
forms the lowest-lying empty conduction band. SinceS2 and
S3 of this compound are quite comparable toS1 andS2 of
CaMnO3 within a factor of 2, the second and the third o
cillators are assigned to O 2p→eg↑

2 and O 2p→eg↓ transi-
tions, respectively. The former has smaller strength than
latter, because the density of states of theeg↑

2 band is about
half that of theeg↓ band. The fourth and the fifth are attrib
uted to O 2p→La 5d, and Mneg↑

1 →Mn 4s/4p, respec-
tively. Mn 4s and 4p bands are considered to be significan
delocalized, forming an overlapping Mn 4s/4p band.4

Note that, for LaMnO3, S1 is smaller thanS2 or S3 by an
order of magnitude, suggesting that the character of the
transition might be different. The first Lorentz oscillator
assigned to theeg↑

1 →eg↑
2 transition. If it is ad→d transition

between unhybridizedd bands, it should be dipole forbidden
so its strength is expected to be orders of magnitude sm
than the second one. However, the relatively large overla
the O 2p and the Mneg wave functions will hybridize these
bands.~Indeed, hybridization between O 2p and metal 3d
wave functions is a common feature in ABO3-type
transition-metal oxides.15! In LaMnO3, many spectroscopic
studies have confirmed that the band mixing is quite str
and the eg↑

1 band contains O 2p as well as Mn 3d
re.
d
d
s

e

st

ler
of

g

characters.7 Therefore, the first oscillator will include the
contribution of O 2p→eg↑

2 dipole transition also.
Based on the above analyses, we modeled band diag

for CaMnO3 and LaMnO3. The schematic band diagram
determined from our optical spectra in conjunction w
other spectroscopic data, are shown in Figs. 4~a! and 4~b!.

The double peaks, which were observed around27 and
23 eV in CaMnO3,

5 are identified as Mnt2g↑ and O 2p
bands, respectively. If their positions are reversed, some
crepancies occur. Assume that thet2g↑ band is closer toEF
than the O 2p band. Then, the first and the second oscillat
in Fig. 3~a! should come from thet2g↑ band, since any tran
sition originating from the O 2p band to a conduction ban
will make v i ( i51 or 2! larger than 7 eV. However, ther
exists only one transition allowed by the spin selection ru
i.e., t2g↑→eg↑ . This is in contradiction with the experimen
tal fact that two Lorentz oscillators exist below 7 eV

FIG. 4. Schematic band diagrams of~a! CaMnO3 and ~b!
LaMnO3. The solid and the open areas represent valence and
duction bands, respectively. The Mneg and the Mnt2g bands are
abbreviated aseg and t2g , respectively.
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One may argue that there might be some excitonic effe
that will makev i smaller by 1 or 2 eV than the differenc
between the initial and the final energies. Even with su
effects, thet2g↑→eg↑ transition should correspond to the fir
oscillator, if thet2g↑ band is located closer toEF . Then, the
second oscillator should originate from the O 2p→eg↑ tran-
sition. It is a dipole-allowed transition, which should have
much stronger strength than the first oscillator correspond
to a d→d transition. However, our experimental data sho
thatS1 is very close toS2 of CaMnO3. Therefore, it is con-
cluded thatthe Mn t2g↑ band is located at a lower energ
than the O 2p band.

With the identification of the valence bands nearEF , the
schematic diagram for CaMnO3 can be drawn. As shown in
Fig. 4~a!, positions ofeg↑ , eg↓ , and Ca 3d bands can be
marked as the final states ofa, b, andg transitions using the
v i values in Table I. Other valence bands, such as Ca 3p and
O 2s, are positioned according to XPS data.5 And, some
conduction bands, such ast2g↓ and Mn 4s/4p bands, are
positioned according to O 1s XAS data.5 Then, the diagram
becomes consistent with the optical spectrum shown in F
3~a!. The O 2p→Mn 4s/4p andt2g↑→Mn 4s/4p transitions
form a broad background in the excitations above 15 eV
addition, the small peakd might be originated from
O 2s→Mn 3d transition, which was similarly identified in
LaVO3.

16

In LaMnO3, the relative position between thet2g↑ and O
2p bands should be the same as that in CaMnO3. If not,
S2 of LaMnO3 should be much smaller thanS1 of
CaMnO3. For LaMnO3, the eg↑

1 band is located closer to
EF than the other bands, contrary to the band calculat
results of Satpathy, Popovic´, and Vukajlović.9 From UPS
measurements, Saitohet al.6 suggested that theeg↑

1 band
should exist close toEF , however, the existence of theeg↑

1

band was not clear since it was located at the rising edg
the O 2p band. Our optical data indicate the existence of
eg↑
1 band nearEF more clearly.
The schematic diagram for LaMnO3 can be also drawn.

As shown in Fig. 4~b!, positions ofeg↑
2 , eg↓ , and La 5d

bands can be determined from the optical transitions,A, B,
andC. The other valence bands and conduction bands
positioned according to XPS data5,6 and O 1s XAS data,4–6

respectively. Then, the peaksD and E correspond to
O 2s→eg↑

2 and La 5p→La 5d transitions, respectively.
The double exchange~DE! mechanism based on the larg

Hund coupling betweeneg and t2g electrons has been trad
tionally used to explain the coexistence of ferromagnetic
dering and metallic phase in La12xCaxMnO3. However, re-
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cent works by Millis, Littlewood, and Shraiman17 suggested
that the effect due to the DE alone is not large enough
explain the CMR. They proposed that a dynamic JT splitti
should be included. From the band diagrams in Fig. 4,
tried to extract values of thet2g-eg Hund exchange and the
JT stabilization energies.

In CaMnO3, where thet2g↑ levels are filled, the energy
difference between theeg↑ and theeg↓ bands, both unfilled,
corresponds to thet2g-eg Hund exchange energy. In Table
it is found to be 3.4 eV as determined by the energy diff
ence of the second and first oscillators. This value is sim
to the values of the Mnd-band exchange splitting, i.e.
;3.0 eV for CaMnO3 and;3.5 eV for LaMnO3, calculated
by the local spin-density approximation.10 However, it is
larger than the t2g exchange value of;1.5 eV for
LaMnO3, calculated by the local-density approximation plu
on-site Coulomb interaction.11 It is also larger than the on-
site exchange energy of ;2.0 eV for
La0.825Sr0.175MnO3, estimated from its temperature
dependent spectral weight changes.3

In LaMnO3, the energy separation ofE(eg↑
2 )-E(eg↑

1 ), i.e.,
about 1.9 eV, can result from the JT splitting and on-s
Coulomb interaction. The Coulomb interaction will be effe
tive only for theeg↑

1 electrons and move the correspondin
level to a lower energy.11 Neglecting such a correlation ef
fect,E(eg↑

2 )-E(eg↑
1 ) corresponds to the energy separation

the JT split bands, 4E0, whereE0 is the JT energy gain in
forming a local lattice distortion.18 So, E0 should have an
upper bound of about 0.5 eV, in good agreement with
proposed value by Millis, Littlewood, and Shraiman.17 There
are some experimental works that indicate that a pola
plays an important role in La12xCaxMnO3.

12 However,
more investigations are required to decide whether the
laron due to the dynamic JT splitting is essential to expla
the CMR.

In summary, we have investigated the electronic ba
structures of CaMnO3 and LaMnO3 nearEF , using quanti-
tative analyses of optical conductivity spectra. It was fou
that the O 2p band is located closer toEF than the Mn
t2g↑ band. For LaMnO3, theeg↑

1 band is located very close to
EF .
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