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Abstract. The electronic structure of LiMnO2 and Li2MnO3 was studied by means of X-ray photoelectron
and soft X-ray emission spectroscopy. For LiMnO2, LSDA and LSDA+U calculations were carried out.
The LSDA+U calculations are in rather good agreement with the measured valence-band structure as well
as with the magnetic and electrical properties of LiMnOs. It is shown that the band gap in LiMnOa is

determined by the charge-transfer effect.

PACS. 71.20.-b Electron density of states and band structure of crystalline solids — 78.70.En X-ray
emission spectra and fluorescence — 79.60.-i Photoemission and photoelectron spectra

1 Introduction

Interest in the electronic structure of manganites was ini-
tiated by the discovery of colossal magnetoresistance ef-
fects in Ry1_,A,MnOQOs3, where R and A are rare-earth and
alkaline-earth ions, respectively [1,2]. The most important
application of LiMnQOs is the usage for Li-batteries.

Pure LaMnOgs is an antiferromagnetic insulator and
exhibits a strongly Jahn-Teller (JT) distorted orthorhom-
bic structure with an additional rotation of the oxygen
octahedra. The doped compounds are typically ferromag-
netic metals below the Curie temperature and show semi-
conducting behavior above it.

The Mn ions in LiMnOg have a formal valence of 3+,
as in LaMnOs. In this respect LiMnOs and LaMnOj3 can
be considered as related compounds.

LiMnO; belongs to the space group Pmmn (No 59)
with the structural parameters a = 2.8043 + 0.0006 A,
b =4.579340.0012 A and ¢ = 5.7510+0.0011 A [3-5]. Tts
structure consists of three layers of MnOg separated by
sheets of Li ions (see Fig. 1). Antiferromagnetic behavior
was observed below Ty = 300 K with § = —660 K, and a
Curie-Weiss moment of 4.91 up, consistent with high-spin
Mn3* ions (tggeé) [6].

The oxide LioaMnOg has the space group C2/m with
a=4.937(1) A, b=8.532(1) A, ¢ = 5.030(2) A and 8 =
109.46(3)° [7]. Below the Néel temperature of 36.5 K [7]
it shows an antiferromagnetic behavior, and above the
Néel temperature it is paramagnetic with a Curie-Weiss
moment of 3.83 up [8]. The Mn*t ions in LisMnOj3
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Fig. 1. Fragment of the crystal structure of LiMnOs.

should have a 3d3 electron configuration, as in CaMnOs3
or SrMnO3, with 3 electrons in ¢, orbitals.

De Groot [9] studied X-ray Mn 2p and O 1s absorption
spectra of LiMnOy and LisMnOgs. On the basis of the
Mn 2p XAS measurements, de Groot [9] concluded, that in
LaMnOs3 a high-spin °E ground state is realized, whereas
the ground state of LiMnQOs is a mixture of the high-spin
°E and low-spin 3T} configurations. Recently, Singh [10]
reported band structure calculations of LiMnOs using a
local spin density approximation (LSDA).

Saitoh et al. [11,12] have analyzed Mn 2p XPS spectra
of LaMnOg3 and SrMnOj3 on the basis of a configuration-
interaction cluster model using the parameters of the d—d
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Coulomb interaction U.g equal to 6.8 and 7.1 eV for
LaMnOgs and SrMnOQOj, respectively. The ligand p — tran-
sition metal d charge-transfer energies A.g were equal
to 1.8 eV for LaMnO3z and —0.2 eV for SrMnOgs. For
both LaMnOg3 and StMnOg3 U,g is larger than Aeg, which
means that these compounds should be charge-transfer
insulators. On the other hand, Chainani, Mathew, and
Sarma [13] obtained for LaMnO3z A = 5.0 ¢V and U =
4.0 eV, and suggested that LaMnOg shows Mott-Hubbard
rather than charge-transfer behavior. Note, that band-
structure calculations of LaMnOgs show a small gap at
the Fermi level due to a Jahn-Teller splitting of the eq
band [14-17]. So, LaMnOg should be classified as a Bloch—
Wilson insulator.

Here we give new experimental results of LiMnOs in
comparison with LiosMnOg obtained by X-ray photoelec-
tron (XPS) and X-ray emission (XES) spectroscopic stud-
ies. For LiMnOs, band-structure calculations in the frame
of the LSDA and LSDA+U approximations have been
carried out. We show that the band gap in LiMnOs is
determined by the charge-transfer effect and not by the
Jahn-Teller effect.

2 Experimental

Polycrystalline samples of LiMnOs and LisMnOs were
prepared by solid-state reaction. Sintered mixtures of ap-
propriate molar quantities of MnoO3 and LisCO3 were
annealed at 750 °C for 20 h in helium. The specimens
were checked by X-ray phase analysis using a DRON-2
diffractometer with Cu K« radiation.

X-ray photoelectron spectra were measured on
an ESCA spectrometer from Physical FElectronics
(PHI 5600 ci) using monochromatic Al Ka radiation.
The specimens were investigated after breaking in vac-
uum. The spectra were calibrated using an Au-foil
(EB(4f7/2)=84.0 eV). The energy resolution as deter-
mined at the Fermi level of the Au-foil was approximately
0.4 eV.

Mn La (3d4s — 2ps/y transitions), and O Ko (2p —
1s transitions) X-ray emission spectra (XES) were mea-
sured on an RSM-500 X-ray spectrometer using electron
excitation. The Mn L, spectra were recorded in the second
reflection order with an energy resolution of about 1 eV.
The O Ko spectra were measured in the first reflection
order with a resolution of 1.3 eV. In order to calibrate the
Mn La and O K« emission spectra we used the Lo spectra
of pure Mn and V (E =637.4 and 511.3 eV, respectively).
The X-ray tube was operated at V=4 keV and i=0.3 mA.
The X-ray emission spectra were brought to the scale of
the binding energies with respect to the Fermi level us-
ing the binding energies of the relevant initial (core-level)
states of the X-ray transitions as measured by the XPS
technique.

3 Computational details

The calculations of the electronic structure of LiMnQOs
were made using the structural data from [3,4]. The po-
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Table 1. Atomic positions and mt-radii in LiMnOa.

site  atom x y z r(a.u.)
2a Mn 0.25 0.25 0.6347 2.32
2a Li 0.25 0.25 0.126 2.64
2b (Of 0.25 0.75 0.144 1.83
2b O2 0.25 0.75 0.602 1.97
de es1 0.25  0.00 0.397 1.64
de es2 0.25 0.01 —0.136 1.44

sitions of atoms and empty spheres (es) added in the cal-
culations, together with the radii of the muffin-tin (mt)
spheres, are presented in Table 1. Each Mn atom is sur-
rounded by a distorted oxygen octahedron in which both
Mn—O distances and O-Mn—O angles are different. The
distances between Mn and O in the octahedron are 1.89,
1.95 and 2.30 A.

Taking into account the simplest antiferromagnetic ar-
rangement of the spins of the nearest (along the “b” crys-
tallographic direction) Mn atoms, the space group be-
comes a Pmm2 one. The number of atoms per unit cell
remains the same. The band structure calculations were
made both in the local spin-density (LSDA) and LSDA+U
approximations in the frame of the tight-binding linear
muffin-tin orbitals scheme in atomic sphere approxima-
tion (TB-LMTO-ASA [18]; modified version 47 of the
Stuttgart codes).

4 Results and discussion

In Table 2, the core-level binding energies and the maxima
of the X-ray emission spectra for LiMnOs and LioaMnOg
are presented. The O 1s binding energy for Li;MnQOj5 is not
expected to be chemically shifted and the shift of about
0.8 eV relative to LiMnOs can be explained as a shift
of the Fermi level in the band gap. It is seen, that for
LiMnO3 with Mn** ions, the Mn 2p binding energies are
1.5 eV higher than for LiMnO, which contains Mn3* ions.
The Mn 2p core-level shift for LioMnOs in comparison
with LiMnOs cannot be explained only by the shift of the
Fermi level and but also by a “chemical shift” of 0.7 eV.

Figure 2a shows Mn 2p spectra of MnO, LiMnO, and
LioMnOs. The analysis of the spectrum of MnO is pre-
sented elsewhere (see, for example [19]).

Mn 2p core-level spectra of LiMnOy and LioMnOsg,
were not studied before. The spectra exhibit satellites at
energies of about 663 eV for LiMnOy and of 667 eV for
LioMnOs. In order to explain the satellite structure, let
us use the interpretation of the Mn 2p spectra of LaMnOj3
and SrMnOs which have also Mn3t and Mn*t ions and
may be considered as analogs of LiMnOs and LioMnOsg,
respectively. The distances between the main peaks and
the satellites for LiMnOs and LisMnO3 are the same as
for LaMnOg and for StMnOs, respectively (see Ref. [20]).
According to the estimation of the Mn 2p spectra for
LaMnOg [11], the main peaks of the spectrum of LiMnOq
should arise from pd® L states whereas the satellites should
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Table 2. Binding energies, values of the XPS Mn 3s splitting and energies of the maxima of the X-ray emission spectra (eV).

All values are given with an accuracy of £0.1 eV.

Oxide Mn 2p3;2 O1ls AEmn3s MnLa O Ka Mn3d (XES) O 2p (XES)
LiMnOa 641.5 529.4 5.4 638.2 525.2 3.3 4.2
Li2MnO3 643.0 530.2 4.5 638.8 525.9 4.2 4.3
R V1A 2;) ' count. For Cu-oxides, the charge-transfer effect dominates
() Mn 2p 32 the multiplet effect in the 3s spectra [21]. As the num-
satellite 172 ber of d electrons decreases, the role of charge-transfer
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Fig. 2. (a) Mn 2ps,, and 2p;/, X-ray photoelectron spectra of
MnO, LiMnO2 and LiaMnOs3;. Arrows mark positions of satel-
lites. For MnO, both the satellites for Mn 2p3,5 and 2p; /2 lines
are shown. (b) Mn 3s X-ray photoelectron spectra of MnO,
LiMnOsz and LiaMnOs. Spin states for each oxide are shown.
Arrows mark positions of satellites for MnO and LiMnOs.

originate from Qd4 and Qdf’LQ states. The oxide LisMnOs;
is an analog of SrMnOj3 and, similar to StMnOs [11], the
main peak consists of mixed Qd4Lde5L2 states, while the

satellite structure should be primarily due to pd® L? states.
Here, L denotes a ligand hole arising after the transfer of
an electron from a 2p ligand level to a metal 3d level and
p is a metal 2p hole in the final state of the photoemission
process. Note, that the satellite structure accompanying
the Mn 2p3 /5 peak overlaps somewhat the Mn 2p, /5 peak.

The 3s core-level spectra of the 3d transition metals
are known to exhibit exchange splitting. The magnitude
of the splitting is proportional to (25 + 1), where S is
the local spin of the 3d electrons in the ground state. In
addition to the exchange interaction between the 3d and
3s states, a charge-transfer process must be taken into ac-

processes becomes less important and in Mn compounds
the 3s splitting is determined mainly by exchange
processes [22,23].

Figure 2b shows the Mn 3s X-ray photoelectron spec-
tra of MnO, LiMnOs, and LioMnQO3s. All the spectra ex-
hibit two sharp peaks which originate from the exchange
interaction of the Mn 3s and Mn 3d electrons. The weak
satellites, which have a charge-transfer character as in the
case of the Mn 2p spectra are also present at the bind-
ing energy of about 94.5 eV for MnO and at 94 eV for
LiMnOs. The satellite is absent in the case of LioMnOs3.
The satellite structure in the 3s spectra must be inter-
preted as for the 2p spectra. Note, that the distance “main
line—satellite” for the 3s spectra is not the same as for
the 2p spectra since the parameter U.q (the core-hole d
electron Coulomb attraction energy) in the case of the 3s
spectra is about 1 eV less than the parameter for the 2p
spectra [24].

The value of the Mn 3s splitting for LiMnOs is in be-
tween the values for compounds with Mn?* and Mn**
ions: MnO and LisMnQOj3. The parameter of the exchange
splitting is well correlated to the spin magnetic moment
predicted for Mn3t. Our measurements of the Mn 3s ex-
change splitting of LiMnOs indicate, that the ground state
configuration of LiMnOs is the high-spin 3d* one. No con-
tribution of the low-spin configuration is detectable.

The conventional LSDA calculations of the antiferro-
magnetic LiMnOs compound predict a metallic ground
state with a low value of the density of states (DOS) at the
Fermi level: 0.61 states/(Ryxcell) and a Mn d-magnetic
moment equal to 3.45 up. The total and partial DOS’s
are shown in Figure 3a. Two positions of oxygen atoms
are presented: O(1) and O(2). The inclusion of electron-
electron correlations into the calculations in the frame of
the LSDA+U calculations [25] with the parameters U and
J, equal to 3.5 and 0.8 eV, respectively, leads to an insu-
lating ground state with an energy gap of 1.31 eV and a
Mn 3d-magnetic moment of 3.67 up. The corresponding
DOS curves are also presented in Figure 3b.

Singh [10] carried out band-structure calculations for
LiMnOs using the LSDA approximation and received
band gaps of 35 meV and 0.6 eV for ferromagnetically and
antiferromagnetically ordered LiMnOs, respectively. Ac-
cording to his calculations, in antiferromagnetic LiMnOq
the O 2p and Mn 3d states are separated from each other.
The Mn 3d states are narrow and are weakly hybridized
with the O 2p states.
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Fig. 3. (a) Total and partial (in the local coordinate system) densities of states obtained in the LSDA calculations. (b) Total
and partial (in the local coordinate system) densities of states obtained in the LSDA+U calculations.

This discrepancy between the results of our calcula-
tions and those made by Singh can be explained by the
difference in the crystal structure of LiMnO; used in the
calculations. Singh has used a monoclinic modification of
LiMnO; (space group C2/m, No 12). This structure repre-
sents a monoclinic deformation of a-NaFeOs [26]. Our cal-
culations were carried out for LiMnQOs in the orthorhombic
structure (space group Pmmn).

It is known, that the band gap in the oxide LaMnOj;
is caused by the Jahn- Teller effect, and without the Jahn-
Teller distortion (i.e. for a cubic cell), LaMnOg would be
a ferromagnetic metal rather than an antiferromagnetic
insulator. The splitting of the e; bands due to the
Jahn-Teller distortion leads to a small gap of the order
of 0.1 eV. The electronic structure of LaMnOs can

be rather well described by band-structure calculations,
without  taking into  account  electron-electron
correlations [14-17]. For LiMnOs, the value of the
Jahn-Teller distortion is smaller than in LaMnOj3; and
cannot split the e, states and open the band gap. The
dominant process of the formation of the band gap is the
charge-transfer process.

Let us compare the band-structure calculations with
the experimental X-ray photoelectron and emission spec-
tra. Figure 4a shows the valence band X-ray photoelectron
spectrum, the Mn La and O Ka X-ray emission spectra,
and the partial densities of occupied (spin-up and spin
down) states calculated in the LSDA+U approximation.
The X-ray emission spectra are arranged with respect to
the Fermi level, taking into account the Mn 2ps,, and
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Fig. 4. (a) X-ray photoelectron spectrum of the valence band
and Mn La and O K« X-ray emission spectra of LiMnO2, com-
pared with the partial densities of states calculated using the
LSDA + U approximation. (b) X-ray photoelectron spectrum
of the valence band and Mn La and O Ka X-ray emission
spectra of LioMnQO3. X-ray emission spectra are brought to a
common energy scale using the core-level binding energies.

O 1s core-level binding energies measured by means of
X-ray photoelectron spectroscopy (see Tab. 2).

According to the cluster-model analysis of LaMnOs,
the XPS region from 0 to 10 eV (features “A-D”) of
LiMnO; corresponds to the Mn 3d*L final-state configu-
ration, while the satellite “E” at about 13 eV has strongly
mixed d®~d°L? character [11].

For the Al Ka excitation, the cross-section ratio
(0 2p):o(Mn 3d) is equal to 0.17:1 [27] and as a conse-
quence, the main contribution to the XPS valence-band
spectrum in the presented energy region results from
Mn 3d states. Therefore we compare the X-ray photoelec-
tron and Mn L« spectra with the Mn 3d partial densities
of states. The densities of states were shifted by hand un-
til a good agreement with the experimental spectra was
obtained. The general width and the shape of the photo-
electron spectrum agree well with the calculated Mn 3d
density of states. The maximum of the Mn La emission
spectrum coincides with the main peak “B” of the XPS
valence-band spectrum at about 3 eV. The shoulder of
the Mn Lo spectrum at the energy of 5-10 eV is
overlapping with the XPS peaks “C” and “D” at 5.5 and
7 eV, respectively.
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According to the band-structure calculations, the
shoulder “A” of the photoelectron spectrum near the
Fermi level originates from e, states. The feature of the
Mn La spectrum in the region from 0 to 2 eV is formed
partly by a satellite which can be explained by multi-
electron processes and partly by the Mn 3d (e4) states.
Peak “B” and feature “C” represent ty, states. Feature
“D” exhibits the sum of the ¢y, and e, states. Mn 3d
states are also presented in the O Ko« spectrum due to
the strong hybridization between the Mn 3d and O 2p
states. Feature “a” of the O K« X-ray emission spectrum
can be attributed to the e, component of the Mn 3d states
hybridized with the O 2p states. Feature “b” is mostly the
O 2pr states bonded to the metal 3d states. Feature “c” is
a result of the mixing of Mn 3d (e4) states to the bonding
O 2po states and of the Mn 3d (t2,) states to the O 2pm
states.

In Figure 4b, the valence-band X-ray photoelectron
spectrum and the Mn La and O K« X-ray emission spec-
tra of the oxide LiosMnQOg3 are shown. The photoelectron
spectrum differs from the one of LiMnQOs. The feature
“A” is absent, and the maximum of the Mn La spectrum
is shifted from the Fermi level by about 1 eV in compari-
son with LiMnQOs. The peak “B” is less intensive than for
LiMnOs, and the shoulders “C” and “D” are now a com-
mon sub-band “C/D”. The changes in the XPS spectrum
are reflected also in the Mn Lo X-ray emission spectrum.
The intensity relation of the main maximum (“B” fea-
ture in the XPS) to the one of the shoulders “C/D” is
decreased. The Mn 3d electrons of LisMnOs should have
occupied zy, yz or xz orbitals (corresponding to taq or-
bitals in the cubic description), and empty 22 — y? and 22
orbitals (e, orbitals in the cubic description).

In the cluster approximation, the features “B-D”
should be presented, probably, as strongly mixed d®L—
d*L? states, as in the case of StMnOj [11]. The satellite
“E” has, probably, mainly d*L? character [11].

The O Ka spectrum shows the main maximum “b”
and the shoulder “c¢” which represent antibonding and
bonding O 2p states, respectively. The O 2p states of
LiosMnOs3 are less hybridized with the Mn 3d states in
comparison with LiMnOs, since the less localized Mn 3d
(ta4) states are bonded to the O 2pr states in LioMnOs.

The difference in the valence-band spectra of LiMnOq
and LisMnOj cannot be explained only by differences in
the Mn 3d ion configurations. The difference in the atomic
structure of these compounds should be taken into ac-
count. In LiMnOs, MnQOg octahedra share corners, and
thus strong 180° Mn—O—Mn interactions are possible, giv-
ing rise to a large d bandwidth. In LisMnOs3, the MnOg
octahedra share edges which leads to 90° Mn—O-Mn in-
teraction and to a reduced d bandwidth.

5 Conclusion

In summary, we have presented X-ray photoelectron and
soft X-ray Mn La and O K« emission spectra of LiMnOq
and LiaMnOg. Binding energies of the Mn 3d and O 2p
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states were determined. For LiMnOs, ab initio LSDA and
LSDA+U calculations were carried out and a strong O 2p—
Mn 3d hybridization is established. It was shown that
LSDA calculations are not able to describe the electronic
properties of LiMnOy and predict a metallic state for it.
The LSDA+U calculations showed that LiMnOs is a semi-
conductor with a band gap of 1.31 eV. In contrast to
LaMnOgs, the band gap is determined not by the Jahn-
Teller effect but by the charge-transfer effect.

Financial supports from the joint DFG/RFBR project “Elec-
tron Structure of Strongly Correlated Oxide Systems” and the
NATO Project (Grant No. HTECH. LG971222) are gratefully
acknowledged.
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