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Determination of electronic band structures of CaMnO; and LaMnO 5
using optical-conductivity analyses
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Reflectivity spectra of CaMn@and LaMnO; 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 energyEg, O 2p and Mn 3 (ey,t5g), were studied in detail. It was found that the @ Rand is located
closer toEg than the Mnt,4 band. For LaMnQ, the filled MneéT band is located closer 6, than any other
valence band. Thg4-e, Hund exchange energy was found to be about 3.4 eV and the Jahn-Teller stabilization
energyE, was estimated to be less than 0.5 §80163-1827)04823-4

Recently, a great deal of attention has been paid to the In this paper, we report optical conductivity spectra of
physical properties of the perovskite {8 Ca,MnO; sys- CaMnO; and LaMnQ;. Combining them with earlier results
tem due to its colossal magnetoresistaf@¥R)." For dop-  from numerous spectroscopic measurements, we could estab-
ing levels with 0.2<x=<0.5, the system shows an insulator- |ish detailed electronic structures, especially riéar Based
metal wransition accompanying a paramagnetic tn these findings, we were also able to determine some
ferromagnetic transition ak;.© _ physical quantities, i.e., thg,-e, Hund exchange and the JT

To understand the intriguing properties  of giapjlization energiegAs far as we know, it is the first ex-
La,-CaMnOs, it is important to know electronic Struc- perimental effort to determine values of such important
tures of the end members, i.e., CaMpénd LaMnG;. Elec- quantities)
tronic configurations of the Md electrons in CaMn@ and Polycrystalline samples of CaMnOand LaMnO; were
LaMnO; aret3, andt3e; , respectively. The energy separa- prepared by the standard solid-state reaction method. X-ray
tion between thee; and thet,, levels, caused by a crystal powder diffraction measurements showed that both samples
field splitting, is known to be larger than 1 éVFor \yere single phase with orthorhombic crystal structures.
LaMnQ;, a static Jahn-TellefT) distortion lifts the degen-  Electron-probe microanalysis showed that chemical compo-
eracy in thee, level, splitting it intoeg ande; levels. sitions of the samples were close to the stoichiometric values

In spite of intensive experimenfal and theoretic8™*  within an experimental error of 2%. Details on the sample
efforts to understand the electronic structures of the engreparation were published in earlier papers:
members, there still exist some ambiguities on the valence- Just before the optical measurements, the samples were
band structures. Both x-raXP$S) and ultraviolet photoemis- polished up to 1.Qum using diamond pastes. Near normal
sion spectroscopyUPS experiments showed a double-peakincidence reflectivity spectra of CaMnGnd LaMnO; were
structure between-10 eV and the Fermi energfr.>~"  measured at room temperature. A Fourier transform spectro-
Even though it is widely accepted that the double-peak strucphotometer was used between 5 meV and 0.8 eV, and a
ture arises from O 2 and Mnd bands, an important contro- grating monochromator was used between 0.6 and 7.0 eV.
versy still remains: some have argued that thep®and lies  Above 6.0 eV, we used the synchrotron radiation from the
below the Mnt,q band® while others have suggested the Normal Incidence Monochromator beam line at the Pohang
opposite’> The reported positions of the\séT band in Light Source(PLS). To take surface scattering effects into
LaMnO; are also different.® Moreover, x-ray absorption account, gold films were evaporated on the polished samples
spectroscopyXAS) data showed that several apparent peakgust after the spectra were taken. Then, reflectivities of the
exist up to 5 eV abové&,, but some disputes still remain gold-coated surfaces were measured again and used for sub-
about the origins of those conduction-band pefaks. stracting the scattering effects.
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FIG. 1. Reflectivity spectra o) CaMnO; and (b) LaMnOs at FIG. 3. Detailed optical conductivity spectra, below 10 eV, of
room temperature. (8 CaMnO; and(b) LaMnO;. The solid circles and lines represent

the experimental data and the fitting results, respectively. The dot-

. L. ted lines show contributions of each Lorentz oscillator.
Figure 1 shows the reflectivity spectra of CaMp@nd

LaMnOgs. The phonon structures below 100 meV are not T t a bett derstandi the electronic struct
plotted, since we are interested only in the optical excitations 0 get a better understanding on the electronic structure
of electronic origins. In order to obtain an optical conductiv- nea_trEF, we fitted the conductmty data l_Jp to 10 eV with a
ity spectrum,o(w), of each sample, the Kramers-Kronig series of the Lorentz oscillator functions:

transformation was used. For this analysis, reflectivity below

5 meV was extrapolated to be constant. For a high-frequency STiw?

region, reflectivity at 30 eV was extended up to 40 eV, above o(w)= Z (02— 02)2+T 202’ @)
which @~ * dependence was assumed. The experimental ' '

spectra ofo(w) above 100 meV are shown in Fig. 2. For
CaMnQ;, there are four apparent peaks, denotedahys,

v, and é, in the energy range up to 30 eV. For LaMgO
there are five apparent peaks, denotedfhyB, C, D, and
E.

whereS,, w;, andI’; represent the strength, the frequency,
and the damping constant of theéh Lorentz oscillator,
respectively:* As shown in Fig. 83), o(w) of CaMnQ; be-
low 10 eV can be represented by three Lorentz oscillators,
each of whose contribution is shown as a dotted line. The
first two oscillators, corresponding #® and 3, are located

8000 around 3.1 and 6.5 eV, respectively, with similar strengths
 CaMnO and widths. The third one, corresponding #o has larger
z 3 D strength and width. Figure(B) shows a detailed(w) spec-
' LaMnO; e trum for LaMnO;. The first two oscillators, corresponding to
6000 |- A andB, are located around 1.9 and 4.6 eV, respectively. It

was found that the peaR should be represented by at least
‘ : three oscillators. A summary of the values of the fitting pa-
¢ 0 rameters is given in Table I.

Optical Conductivity (Q7'em

4000 [ s From the Fermi “golden rule,** an optical transition
rate, which is proportional to the strength of a Lorentz oscil-
: lator, from an initial statéi) to a final statdf) can be writ-
o« ? ten as
2000 [ | e
; I .
% liz i~ fIMID)Ppspi (2
A

0 | | | | | wherep; andp; are densities of states ffily and|f), respec-

0 5 10 15 20 25 30 tively. In the manganese oxides, the Mg and the Mnt,q

Photon Energy (eV) orbitals formo and 7 bondings with the O @ orbitals, re-
spectively. Overlap of the corresponding wave function with
FIG. 2. Optical conductivity spectra of CaMa@nd LaMnQ.  the O 2 orbitals should be much smaller fosy. So, the
Labeled greek and latin letters represent apparent peaks in the speéptical transitions between Op2and t,, levels were as-
tra. sumed to be negligible in the(w) spectra in Fig. 3.
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TABLE I. Values of Lorentz oscillator fitting parameters for CaMyénd LaMnG;. All frequencies and
damping constants are in units of eV.

Oscillator S w; I Assignment
CaMnG,

a (i=1) 3210 3.07 3.12 Op—ey

B (i=2) 3080 6.49 3.16 Op—ey,

y (i=3) 11200 10.5 4.24 op—Cad
LaMnO;

A(i=1) 470 1.89 113 g€l

B (i=2) 2030 4.63 2.08 O 2p—ej,

C (i=3) 3290 7.71 2.20 Op—ey

C (i=4) 13200 9.35 4.18 Of2—La 5d

C (i=5) 3870 11.1 2.49 e5:—Mn 4s/4p

First, let us consider ther(w) spectrum of CaMnQ, characterg. Therefore, the first oscillator will include the
which is shown in Fig. @). The first and the second Lorentz contribution of O ZpeesT dipole transition also.
oscillators are assigned to p2-e4; and O D— gy tran- Based on the above analyses, we modeled band diagrams
sitions, respectively. They, band should be higher in en- for CaMnO; and LaMnG,. The schematic band diagrams,
ergy than theey; band due to the Hund coupling with the determined from our optical spectra_l in_ conjunction with
toq; core spins. And the third oscillator is assigned mainly toother spectroscopic data, are shown in Figs) and 4b).
O 2p—Ca 3 transition. Thes@p—d transitions are dipole ~ The double peaks, which were observed arouid and
allowed and have charge-transfer characteristics in nature; 3 €V in CaMn03,5 are identified as Mrtyg; and O D
Since the first two transitions have the same initial state anf§ands, respectively. If their positions are reversed, some dis-
similar final states, they should have similar strengths an§'€Pancies occur. Assume that thg, band is closer tdee
widths. As shown in Table I, the first and second oscillatord@n the O P band. Then, the first and the second oscillators

have similar values of; andI’;. It also can be seen that the n .Fig. 3(a)_ Sh.OUId come from the,g; band, since any tran-
value of I'; is larger than that of'; or T',. This fact is in sition originating from the O R band to a conduction band

good agreement with the XAS result that the Galdand is will make w; (=1 or 2 larger than 7 eV. However, there
more widely spread in energy than any Md Band® exists only one transition allowed by the spin selection rule:

i.e.,tog1—€g; . This is in contradiction with the experimen-
Second, let us turn to the(w) spectrum of LaMn(lg, tal fact that two Lorentz oscillators exist below 7 eV.
shown in Fig. 8b). Here, theey; band splits into twogy,

and eST bands. TheeéT band should be overlapped with the
O 2p band due to strong hybridization, while tbéT band (a) CaMnO3
forms the lowest-lying empty conduction band. Siilgeand -y
S; of this compound are quite comparableSp and S, of ——
CaMnO; within a factor of 2, th2e second and the third os-
cillators are assigned to Op2-e5, and O 2—e,, transi- £yt
tions, respectively. The former ﬁlis smaller stregﬁgth than the “S ﬁ el;g\ eﬁ /\M”4s/4p
latter, because the density of states of eﬁp band is about s -;0 _‘15 _'10 50 5 1'0 1'5
half that of theey, band. The fourth and the fifth are attrib-

uted to O »—Labd, and MneéTHMn 4s/4p, respec-

Cod o Ca3d

tively. Mn 4s and 4 bands are considered to be significantly (b) LaMnO;
delocalized, forming an overlapping Mrs/4p band? ;—F

Note that, for LaMnQ, S, is smaller thart, or S; by an .
order of magnitude, suggesting that the character of the first A
transition might be different. The first Lorentz oscillator is LaSp , " bt La5d
assigned to they, —e5, transition. If it is ad—d transition 02 ol o © ey ;‘7\ M 4340
between unhybridized bands, it should be dipole forbidden, _A‘ . v W . |
S0 its strength is expected to be orders of magnitude smaller 25 20 -15 -0 -5 0 5 10 15
than the second one. However, the relatively large overlap of
the O 2 and the Mney wave functions will hybridize these Photon Energy (eV)
bands.(Indeed, hybridization between QpZand metal &
wave functions is a common feature in AB@ype FIG. 4. Schematic band diagrams @) CaMnO; and (b)

transition-metal 0).(ide§5.) In LaMnO3, many Spectroscopic  LamnO,. The solid and the open areas represent valence and con-
studies have confirmed that the band mixing is quite stron@uction bands, respectively. The My and the Mnt,y bands are
and the eéT band contains O 2 as well as Mn 8 abbreviated agy andt,,, respectively.
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One may argue that there might be some excitonic effectsent works by Millis, Littlewood, and Shraim&hsuggested
that will make w; smaller by 1 or 2 eV than the difference that the effect due to the DE alone is not large enough to
between the initial and the final energies. Even with suctexplain the CMR. They proposed that a dynamic JT splitting
effects, thetyy;— €, transition should correspond to the first should be included. From the band diagrams in Fig. 4, we
oscillator, if thet,y; band is located closer . Then, the tried to extract values of thiyg-e4 Hund exchange and the
second oscillator should originate from the @-2 ey, tran- JT stabilization energies. _
sition. It is a dipole-allowed transition, which should have a In CaMnQs;, where thet,y; levels are filled, the energy
much stronger strength than the first oscillator correspondingifference between they; and thee,, bands, both unfilled,
to ad—d transition. However, our experimental data showcorresponds to thig-e; Hund exchange energy. In Table I,
thatS, is very close taS, of CaMnO;. Therefore, it is con- it is found to be 3.4 eV as determined by the energy differ-
cluded thatthe Mn tg; band is located at a lower energy €nce of the second and first oscillators. This value is similar
than the O 2p band to the values of the Mmd-band exchange splitting, i.e.,

With the identification of the valence bands n&ar, the  ~3.0 eV for CaMnQ and~3.5 eV for LaMnG;, calculated
schematic diagram for CaMnQcan be drawn. As shown in by the local spin-density approximatioh.However, it is
Fig. 4(a), positions ofey;, ey, and Ca 8 bands can be larger than thetp, exchange value of~1.5 eV for
marked as the final states af 8, andy transitions using the LaMnO;, calculated by the local-density approximation plus
w; values in Table I. Other valence bands, such asCargl on-site Coulomb interactiot. It is also larger than the on-

O 2s, are positioned according to XPS daténd, some Sitte  exchange  energy of ~20 ev  for
conduction bands, such as; and Mn 4/4p bands, are L@osg2s5017VINO3, estimated from its temperature-
positioned according to OSIXAS data® Then, the diagram dependent spectral weight changes.

becomes consistent with the optical spectrum shown in Fig. In LaMnO;, the energy separation &f(e5,)-E(e,), i.e.,
3(a). The O 22— Mn 4s/4p andt,5; —Mn 4s/4p transitions ~ about 1.9 eV, can result from the JT splitting and on-site
form a broad background in the excitations above 15 eV. Ifcoulomb interaction. The Coulomb interaction will be effec-
addition, the small peaks might be originated from tive only for theelT electrons and move the corresponding
O 2s—Mn 3d transition, which was similarly identified in level to a lower energ¥* Neglecting such a correlation ef-
LavO,.1 fect, E(egT)—E(eéT) corresponds to the energy separation of

In LaMnQg, the relative position between tiig,, and O  the JT split bands, B,, whereE, is the JT energy gain in
2p bands should be the same as that in CaMn® not,  forming a local lattice distortion® So, E, should have an
S, of LaMnOg should be much smaller thai$; of  upper bound of about 0.5 eV, in good agreement with the
CaMnQ;. For LaMnGQ;, the eéT band is located closer to proposed value by Millis, Littlewood, and ShraimdrThere
Er than the other bands, contrary to the band calculatiore some experimental works that indicate that a polaron
results of Satpathy, Popoviand Vukajlovic® From UPS plays an important role in La ,CaMnO3.*? However,
measurements, Saitoét al® suggested that thegln band more investigations are required to decide whether the po-
should exist close t&, however, the existence of th%T laron due to the dynamic JT splitting is essential to explain
band was not clear since it was located at the rising edge df¢ CMR. _ . _
the O 2 band. Our optical data indicate the existence of the N summary, we have investigated the electronic band
el band neaE; more clearly. structures of CaMn@ qnd LaMnQ.n.earEF, using quanti-
gTThe schematic diagram for LaMnQcan be also drawn tative analyses of optical conductivity spectra. It was found
As shown in Fig. 4b), positions OfeéT- ey, and La " that the O p band is Ioca;[ed cloger t&r than the Mn
bands can be determined from the optical transitidneB, ~ tze1 Pand. For LaMng, theeg,; band is located very close to
and C. The other valence bands and conduction bands argF-

positioned according to XPS dafhand O & XAS data’™® We would like to acknowledge the financial support by
respectively. Then, the peak® and E correspond to Seoul National University Dae Woo Research Fund, by the
0] ZsﬂeéT and La H—La 5d transitions, respectively. Ministry of Education through the Inter-University Center

The double exchang®E) mechanism based on the large for Natural Science Research Faciliti®@SRI-96-7402, and
Hund coupling betweery andt, electrons has been tradi- by the Korea Science and Engineering Foundation through
tionally used to explain the coexistence of ferromagnetic orGrant No. 96-0702-02-01-3. Experiments at PLS were sup-
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