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The electronic structure and optical and magneto-optical Kerr (MOKE) spectra of La,Sr;,MnO; (x = 0.0,
0.25) perovskites have been investigated experimentally and theoretically from first principles, using the fully
relativistic Dirac linear MT-orbital band structure method in the local spin density approximation (LSDA) as well
as within the LSDA 4 U approach. It is shown that the ab initio calculations reproduce well the experimental
spectra and make it possible to explain the microscopic origin of the LaMnOj; and Lag 75Srg 25 MnO; optical and
magneto-optical response in terms of interband transitions. We found that the electrons in close vicinity to the
Fermi level are strongly correlated. To produce the correct energy gap in the LaMnOs or right value of electron
polarization at the Fermi level in ferromagnetic metallic La,., Sr, MnO; doped alloys one has to take into account
strong Coulomb correlations. On the other hand, the electronic structure and optical and MOKE spectra can be
described satisfactorily in terms of LSDA energy bands in a wide energy range beyond close vicinity of the Fermi

level. The Coulomb correlations are reduced in transition from the LaMnQOj to the La;_, Sr,MnOs.
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I. INTRODUCTION

Transition-metal perovskites have been studied for half
a century, and most intensively during the last decade, for
their fascinating electronic and magnetic properties arising
from narrow 3d bands and strong Coulomb correlations.!'~
Recently, considerable experimental and theoretical efforts
have been devoted to the study of perovskite manganites
with general formula R, A;,MnO3 (0 < x < 1), where Risa
rare-earth atom (e.g., La, Pr, Nd) and A is an alkali-metal
atom (e.g., Ca, Sr, Ba).% These materials exhibit puzzling
physical properties related to a complex interplay between
orbital, magnetic, charge, and structural degrees of freedom.
They include colossal-magnetoresistance (CMR) effect and a
large variety of phases with remarkably different structural,
magnetic, and transport properties.’

Among the manganese oxides, LaMnO3; (LMO) is impor-
tant because it is the parent system in the family of manganites
that show the CMR effect. At ambient conditions LMO is an
insulator with orthorhombic perovskite structure (space group
Pbnm).''2 Alternating long and short Mn-O distances in
the ac plane of the structure is a sign of orbital ordering
which arises from a cooperative Jahn-Teller (JT) distortion.
The latter removes the degeneracy of the e, orbitals in the
tfge;, electron configuration of the Mn>* ions and stabilizes
the 3ds,>.,» with respect to the 3d,_,» orbitals. It is the origin
of so-called A-type antiferromagnetism below Ty = 140 K,
in which spins align parallel in the xy plane and antiparallel
along the z direction.'>!

There has been intense discussion about the primary cause
of the insulating ground state of LMO.!>"!° In one interpre-
tation LMO is regarded, like many insulating transition-metal
oxides, as a Mott-type (or charge-transfer) insulator; that is,
the electrical properties are dominated by electron-electron
interactions leading to a localization of the e, conduction
electrons. On the other hand, Millis et al. concluded that
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the insulating behavior of the paramagnetic phase cannot
be explained by a purely electronic model.'®!7 Strong JT
electron-phonon coupling was proposed as the crucial com-
ponent which localizes the e, electrons as polarons.

Doped LaMnOs3 systems with divalent cations such as Ca,
Sr, or Ba have attracted recent attention since the discovery
of CMR phenomena in La; ,Ca,MnO; (LCMO) near room
temperature.’’ As the nominal hole concentration (x) is
increased, La;,Sr,MnO3; (LSMO) shows a phase change
from an antiferromagnetic to a ferromagnetic state around
x = 0.1, and subsequently the low-temperature ferromagnetic
phase undergoes an insulator-to-metal transition around x =
0.17.522! Such a conducting ferromagnetic state is explained
by the double-exchange mechanism.?>?* In the metallic phase,
the conduction band consists of 3d e, states hybridized
strongly with the O 2p states, while the #,, electrons are still
localized.

In this work we focus our attention on the experimental and
theoretical investigation of the optical and MO properties of
LaMnOj; and La;_,Sr,MnO3s compounds. The optical spectra
of LMO and LSMO were quite well investigated experimen-
tally by several authors;>*>? however, the experimental data
and their interpretations are varied. Tobe et al.>’ investigated
anisotropic optical conductivity spectra over a wide temper-
ature range for a single crystal of LMO. The charge-gap
transition peak around 2 eV shows a clear anisotropy for the
polarizations parallel and perpendicular to the ¢ axis. With the
increase of temperature, the anisotropy and the gap magnitude
are gradually suppressed. Optical conductivity and reflectivity
spectra and their variation with temperature and doping level
x have been investigated for single crystals of La;_, Sr,MnOj3;
(0 < x < 0.3) by Okimoto et al.>® The measured optical
conductivity spectra show that La; Sr,MnO3 with x = 0.1
is insulating even below T, for x = 0.175 is barely metallic
below T, but semiconducting above T, and for x = 0.3 is
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metallic. Kovaleva et al.’? presented a comprehensive ellipso-

metric study of an untwinned, nearly stoichiometric LaMnQOj3
crystal in the spectral range 1.2—6.0 eV at temperatures
20 < T < 300 K. The optical complex dielectric function of
single-crystalline samples of RMnO3; (R = La, Pr, Nd, Sm,
Eu) was measured by Moskvin et al.*° using ellipsometric
technique at room temperature in the spectral range from
1.0 to 5.0 eV for two light polarizations: E || ¢ and E L
c. Starting with a simple cluster model approach authors
addressed both the one-center (p — d) and the two-center
(d — d) charge-transfer (CT) transitions, their polarization
properties, the role played by structural parameters, orbital
mixing, and the spin degree of freedom.

Magneto-optical spectroscopy combined with spectro-
scopic ellipsometry offers an opportunity to learn about the
transitions involving the electrons related to Mn3t, Mn*t,
and O®~ ions. There were only a few previous studies of
MO Kerr spectroscopy of La;.,A,MnOs. Fumagalli et al.’?
investigated 150-nm-thick films deposited by laser ablation.
Yamaguchi et al.** and Pompa and Kamminga® investigated
bulk materials. The photoinduced effect in a ferromagnetic
perovskite Lag M 4MnO3 was investigated by femtosecond
spectroscopy by Ogasawara et al. in Ref. 36. Optical ab-
sorption and transverse Kerr effect spectra, resistivity, and
magnetoresistance of La; ,Sr,CoO3 (x = 0.15, 0.25, 0.35)
films have been studied by Loshkareva et al.’” Koubaa et al.3
report on the strain effects upon the magneto-optical properties
of Lay;38r;,3MnOs3 thin films. Rauer et al*® investigate the
ferromagnetic phase of thin epitaxial films of the mangan-
ites Lag7Cap3MnOs and Lap;Srp3MnO;3; by temperature-
dependent spectral generalized magneto-optical ellipsometry
(SGME). The measurements covering a spectral range of 0.5
to 5 eV are performed in the temperature range of 25 to 425 K.
SGME allows a complete magneto-optical characterization
consisting of the determination of the diagonal components
&xx as well as the off-diagonal components &, of the dielectric
tensor within a single measurement. Unfortunately, they do not
present the MO Kerr spectra. Magneto-optical spectroscopy
combined with spectroscopic ellipsometry has been used to
learn about the electronic transitions in Lay/3Sr,3MnO; film
pulse laser deposited onto SrTiO; (STO) substrates.*’ The
dispersion function of LSMO films was parameterized by the
sum of three damped Lorentz oscillators and adjusted together
with the film thickness numerically. With the knowledge
of film optical properties the off-diagonal elements of the
LSMO permittivity tensor (magneto-optical constants) were
calculated from the complex polar Kerr effect measured
on the thickest 60-nm LSMO film considered as optically
thick.

A number of theoretical works on LaMnOs; based on
the density functional theory (DFT) were published during
the last decade.*'%" Roughly speaking, all the calculations
may be divided into two groups. The first group suggests
that the correlation effects are not significant in LMO and
many aspects of the ground-state as well as single-electron
excited-state properties of LMO and related compounds can
be described satisfactorily in terms of local spin density
approximation (LSDA) energy bands.*' ™’ The second group
indicates the dominant importance of the correlation effects in
LMO, arguing that to get the correct experimental ground state
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for LMO one has to take into account strong onsite Coulomb
interactions.*3-60

Pickett and Singh*> have used the linearized augmented
plane-wave (LAPW) method for the distorted LMO caused by
the JT effect and obtained a gap of 0.12 eV for the A-type
antiferromagnet. It seems that the LSDA itself worked well to
account for the antiferromagnetic insulating ground state after
including the JT distortion. Authors indicated that the failure
of the LSDA method generally occurred toward the right end
of the 3d transition-metal series, while for Mn, which is in the
middle of 3d series, no strong correlation interaction would
be expected. Density-functional calculations also show strong
couplings between lattice distortions, magnetic order, and elec-
tronic properties of LMO. In particular, it is found that without
lattice distortions LMO would have a F metallic ground state,
and even if forced to be A-type antiferromagnetic (A — AF),
it would still be metallic.*’ In their band studies of perovskites
LaMO3; (M = Mn, Fe, Co, Ni), Sarma et al *! also found that
the JT distortion around Mn ions was important to account
for a stable A-type antiferromagnetic structure, which is quite
different from the other three compounds (M = Fe, Co, Ni).
They also made the point that the electron-electron correlations
are unimportant due to the relatively large hopping parameter
t and large screening effect. Ravindran et al.** suggest that the
correlation effects are not significant in LMO and the presence
of ferromagnetic coupling within the ab plane as well as the
antiferromagnetic coupling perpendicular to this plane can be
explained through the itinerant band picture. The calculations
based on the generalized-gradient-corrected relativistic full-
potential LAPW method** were able to describe the electronic
structure, magnetism, and the excited-state properties such
as the optical spectra, x-ray photoemission, bremsstrahlung
isochromat, and x-ray absorption near-edge structure spectra
of LMO in good agreement with the experimental data.

On the other hand, several authors stress the dominant
importance of the correlation effects in the LMO. Geng et al.%'!
indicated that although the effects of JT distortion play a
main role in getting the correct ground state in LMO, a
reasonable strong electron correlation correction is necessary
for obtaining the exact band structure and 3.5 eV is a good
choice for the on-site Coulomb parameter U. Hashimoto
et al”’ also show that if internal coordinates and lattice
constants are optimized, generalized gradient approximation
(GGA) calculations fail to predict the experimental ground
state with A-type antiferromagnetic ordering, while GGA + U
calculations reproduce the experimental JT distortion and
the A — AF ground state successfully. The calculations for
LaTiO; by Solovyev et al** showed that the correlation
correction was significant for Ti, V, and Co but less important
for Mn. However, in that study the calculated intensity of the
optical conductivity was found to be much smaller than the
experimental results in the whole energy range. Hu et al.’!
reported that to get the correct experimental ground state
for LMO, it is necessary to take JT distortion, electron-
electron correlation, and AF ordering simultaneously into
consideration. Held and Vollhardt,%? using the dynamical
mean-field theory (DMFT), emphasize the importance of
electronic correlations due to the local Coulomb repulsion
for understanding the properties of manganites. Maezono
et al >® pointed out that the electron correlations remain strong
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even in the metallic state of doped manganites. Ma et al.>?
investigated strain effects in LSMO using full potential linear
augmented plane wave (FPLAPW) method in the GGA + U
approximation. However, they used simplified tetrahedral unit
cell instead of real rhombohedral one.

Some authors®*3 indicate the importance of dynamical
screening effect for the correct description of the ground
state of pure and doped LMO. They used a so-called GW
approximation,®> a novel method beyond the local spin
density approximation. Nohara with coauthors® argue that
it is important to treat large on-site Coulomb interactions as
well as the dynamical screening effects. They used U + GW
approximation to investigate electronic structures of LaM Os.
Transition-metal (TM) ions in perovskite-type lanthanum
oxides are trivalent and their physics is qualitatively different
from that of divalent TM ions in TM mono-oxides. The
localization of wave functions of La 4 f and 3d orbitals of TM
is crucial. On the other hand, the screening effect for 3d orbitals
is strong enough so as to reduce the on-site static-screened
Coulomb interaction in trivalent oxides.

The aim of this work is the detailed experimental and theo-
retical investigations of the electronic structure and optical and
MO properties of LaMnO; and La;_,Sr,MnO3 compounds.
We use in our calculations the fully relativistic Dirac LMTO
band structure method. Some preliminary results of experi-
mentally measured magneto-optical Kerr (MOKE) spectra of
Lag7A403MnO;3 (A = Sr, Ca, and Ce) were published earlier
in our paper.®*

This paper is organized as follows. Section II presents
a description of the La; ,Sr,MnO;3; (x = 0.0, 0.25) crystal
structures and the experimental and the computational details.
Section III is devoted to experimental measurements of the MO
Kerr spectra and theoretical calculations of the electronic struc-
ture and the optical and MO spectra using the fully relativistic
Dirac LMTO band structure method. Theoretically calculated
spectra are compared with those measured experimentally.
Finally, the results are summarized in Sec. IV.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Magneto-optical effects refer to various changes in the
polarization state of light upon interaction with materials
possessing a net magnetic moment, including rotation of
the plane of linearly polarized light (Faraday, Kerr rotation),
and the complementary differential absorption of left and
right circularly polarized light (circular dichroism). In the
visible spectral range these effects result from excitation of
electrons in the conduction band. Near x-ray absorption edges,
or resonances, magneto-optical effects can be enhanced by
transitions from well-defined atomic core levels to transition
symmetry selected valence states. Using straightforward sym-
metry considerations it can be shown that all MO phenom-
ena are caused by the symmetry reduction, in comparison
to the paramagnetic state, caused by magnetic ordering.%’
Concerning optical properties this symmetry reduction only
has consequences when spin-orbit (SO) coupling is considered
in addition. To calculate MO properties one therefore has to
account for magnetism and SO coupling at the same time when
dealing with the electronic structure of the material considered.
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For the polar Kerr magnetization geometry and a crystal
of tetragonal symmetry, where both the fourfold axis and the
magnetization M are perpendicular to the sample surface and
the z axis is chosen to be parallel to them, the dielectric tensor
is composed of the diagonal ¢,, and ¢, and the off-diagonal
&yy components in the form

e=| —&y &x 0 |]. (1)

The various elements £, are composed of real and
imaginary parts as follows: &, = eélﬂ) +i Sfﬂ), where o, =
X,V,2, Exx = (n + ik)?, and n and k are refractive index and
extinction coefficient, respectively. The optical conductivity
tensor G, = o*o([}g) + iao(t? is related to the dielectric tensor &4

through the equation

. 4mi |
80{/3(0)) = 80¢3 + Tgaﬁ(w)~ (2

A complete description of MO effects in this formalism is
given by the four nonzero elements of the dielectric tensor or,
equivalently, by the complex refractive index N (w),

N(w) = &) = n(w) + ik(w), 3)

for several normal modes corresponding to the propagation of
pure polarization states along specific directions in the sample.
The solution of Maxwell’s equations yields these normal
modes.®® One of these modes is for circular components of
opposite (%) helicity with the wave vector q || M having
indexes

Ny =ny +ike = /oo, Tiey,. 4)

The two other cases are for linear polarization with q L
M.% One has the electric vector E || M and index Ny = n +
ikj = \/e.;. The other has E L M and N, =n, +ik, =
V(er, +65,)/6xx-

At normal light incidence the relation between the polar
complex Kerr angle and the dielectric tensor components is
given by%®

I +tann ,, 1+ N, 1-N_
P— = = ~ >
1-Ny 14+ N

1 —tann )
where 6 and n are the polar Kerr rotation and the ellipticity,
respectively. From Eq. (5) it can be seen that the maximal
observable rotation 6 is £90° and maximal achievable Kerr
ellipticity n is £45°.

The Kerr rotation and ellipticity are for most materials less
than 1°. The above exact expression can be approximated for
small @ and 5 by the expression®

—Exy

(sxx - 1)«/% .

The optical conductivity of LMO and LMSO has been
computed from the energy bandstructure by means of the

0+in~ ©6)
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Kubo-Greenwood’’ linear-response expression:’!
Uaﬂ (w)
—ie?
m2hV,,

Z Z Sflen) — flewr) nz’n(k)nfn’(k)
a)nn’(k) w— wnn’(k) + lj/ 7

@)

where f(e,k) is the Fermi function, hw,, (K) = €,x — €,k is
the energy difference of the Kohn-Sham energies, and y is
the lifetime parameter, which is included to describe the finite
lifetime of the excited Bloch electron states. The II7,, are
the dipole optical transition matrix elements, which in a fully
relativistic description are given by

M, (K) = (Vx| cot| k) ®)

with the four-component Bloch electron wave function v,
velocity of light ¢, and Dirac operator «. The combined
correction terms were also taken into account in the optical
matrix element calculations. The detailed description of the
optical matrix elements in the Dirac representation is given
in Refs. 72 and 73. Last, we mention that the absorptive part
of the optical conductivity was calculated in a wide energy
range and than the Kramers-Kronig transformation was used
to calculate the dispersive parts of the optical conductivity from
the absorptive ones. For the interband relaxation parameter we
used the value y = 0.6 eV.

The details of the computational method are described
in our previous papers,’*’’ and here we only mention
several aspects. The calculations were performed for
the experimentally observed lattice constants using the
spin-polarized fully relativistic linear-muffin-tin-orbital (SPR
LMTO) method’®” in the atomic sphere approximation
(ASA) with the combined correction term taken into
account. The LSDA part of the calculations was based
on the spin-density functional with the von Barth-Hedin
parametrization®® of the exchange-correlation potential.
Brillouin zone (BZ) integrations were performed using the
improved tetrahedron method®' and charge self-consistently
was obtained on a grid of 729 and 417 points in the irreducible
part of the BZ of LMO and LSMO, respectively. To improve
the potential we include an additional empty spheres in the
vacancy sites. The basis consisted of La, Mn, Sr s, p, d, and
f;0Os, p, and d and empty sphere s, and p LMTO’s. The radii
of atomic spheres are equal to 3.194, 2.412, 1.938, and 1.894
a.u. for the La, Mn, Oy, and O,, respectively. We have adopted
the LSDA + U method®? as a different level of approximation
to treat the electron-electron correlations. We used the
rotationally invariant LSDA 4+ U method. This method is
described in detail in our previous paper.®® The effective
on-site Coulomb repulsion U was considered as an adjustable
parameter. For the exchange integral J the value of 0.92 eV
estimated from constrained LSDA calculations was used.

LaMnO3; compound crystallizes in the orthorhombic
GdFeO;-type structure®* containing four formula units (space
group Pbnm, No. 62) as shown in Fig. 1. The structural pa-
rameters used in the calculations are equal to® a = 5.2337 A,
b =5.4044 A, and ¢ = 7.2801 A and atom positions La in 4¢
(—=0.007140.04803 0.25), Mnin4a (0.500), O; in4c (0.42929
0.00975 0.25), and O, in 84 (0.22579 0.1999 —0.03194).

k nn’
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FIG. 1. (Color online) Schematic representation of the or-
thorhombic GdFeOs-type crystal structure of LaMnOj.

Basically, two different types of distortions are included in
the structure shown in Fig. 1. One is a tilting of the MnOg
octahedra around the cubic [110] axis as in GdFeOs3 so that
the Mn-O-Mn angle changes from 180° to ~160°. The second
type of crystal distortion in LaMnOj is the deformation of the
MnOg octahedra caused by the JT effect, viz., originating from
orbital degeneracy. This may be looked upon as a cooperative
shifting of the oxygens within the ab plane away from one of
its two nearest-neighboring Mn atoms toward the others, thus
creating long and short Mn-O bond lengths (modified from
1.958 A for the cubic case to 1.996, 1.917, and 2.138 A for the
orthorhombic variant) perpendicularly arranged with respect
to the Mn atoms. The long bonds can be regarded as rotated
90° within ab on going from one Mn to the neighboring Mn.?

When LaMnOs is in the AF state there are three possible
magnetic arrangements according to interplane and intraplane
couplings within the [001] plane. (i) With interplane AF
coupling and intraplane F coupling the A-A F structure arises.
(ii)) The opposite structure of A-AF, where the interplane
coupling is F and the intraplane coupling AF, is called C-AF
structure. In the C-type cell all atoms have two F and four
AF nearest neighbors, whereas the reverse is true for A-AF.
(iii) If both the inter- and intraplane couplings are AF, the
G-AF structure should arise. In the G-type AF lattice, each
Mn atom is surrounded by six Mn neighbors whose spins are
antiparallel to the chosen central atom. Among the several
possible magnetic orderings, the experimental studies show
that for LaMnO; the A-AF ordering is the ground state with
a Neeel temperature of 140 K.

The total neutron diffraction was used to identify the
crystal structure and lattice parameters of Lag7Srg3MnOs3
as well as Lag7Cagp3MnOs; and LaggCap,MnO; by Hibble
et al.®® as a function of temperature. LSMO crystallizes in
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FIG. 2. (Color online) Schematic representation of the rhombo-
hedral (R3ch)-type crystal structure of LSMO.

the rhombohedral (R3ch, No. 167) crystal structure. The
structural parameters used in the calculations are equal to®
a=5.50421A, b=550421 A, and ¢ = 13.35104 A, and
atom positions La in 6a (0 0 0.25), Mn in 65 (0 0 0), Sr in 6a
(0 0 0.25), and O in 18e (0.458 0 0.25). Figure 2 shows the
unit cell for the LSMO. In our calculations of the electronic
structure of the Lag 75Cag25MnO5 we used a double cell.

The optical and magneto-optical Kerr spectra have
been investigated for perovskite-type hole-doped oxides
La; Sry,MnOj; (x = 0.0, 0.25) in the photon energy range
between 0.92 and 5.8 eV at room temperature. The optical
reflectance and transmittance of the samples were measured
over a broad energy range from the far infrared through the
ultraviolet. To extract the optical constants of the alloys, we
used a Drude-Lorentz model. From the parameters obtained,
we computed the optical constants, such as the frequency-
dependent optical conductivity and the diagonal components
of the dielectric tensor. The polar Kerr rotation 6 and ellipticity
n spectra were measured with a MO spectrometer based on the
polarization modulation technique.®” The angle of incidence
of the light on the sample surface mounted inside the 1.5-T
water-cooled electromagnet was 3°. The setup was also used
to measure 6 and n hysteresis loops at fixed light wavelength.
The sensitivity of the MO spectrometer is the order 10~#-1073
degrees. The off-diagonal components of the dielectric tensor
were calculated by analyzing Kerr rotation, ellipticity, and the
determined diagonal elements of the dielectric tensor.

III. RESULTS AND DISCUSSION
A. LaMnO;

The energy band structure and total density of states
(DOS) of LaMnOj; obtained from the fully relativistic LSDA
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FIG. 3. (Color online) Fully relativistic spin-polarized LSDA and
LSDA + U energy band structures and total DOS [in states/(cell eV)]
of LaMnOj perovskite for the Pbmn structure.

calculations are presented in Fig. 3 both in the LSDA and
the LSDA + U approximations for the orthorhombic Pbnm
structure and A-AF ordering. The results agree well with
previous band structure calculations.*>#+3%31 The O 2s states
are located mostly between —19.4 and —17.9 eV below the
Fermi level and the 2 p states of the O are found between —7.5
and —2.7 eV and separated from the 2s bands by an energy gap
of about 10.4 eV. The width of the O 2p band is about 4.8 eV.

The Mn3* ions have the tg’ge; electron configuration in LMO.

In cubic LMO crystal structure e, (3z> — r?, x> — y?) orbitals

are degenerated and situated at the Fermi level in the LSDA
calculations. The 1, states due to the crystal field splitting
are situated 2 eV lower in energy and well hybridized with O
2p states. A cooperative JT distortion removes the degeneracy
of the e, orbitals and stabilizes the 3d;.:.,» with respect to
the 3d,:.,» orbitals. The LSDA able to produce correct A-AF
insulating ground state of LMO in agreement with previous
LSDA band structure calculations.*>** The highest region can
be characterized as La 5d bands from 3.3 to 7.0 eV separated
by small energy gap from the La 4 f bands. Above this energy
interval a mixture of the Mn 5s, Mn 5p, O 3p, and O 3d
empty states are situated. The LSDA calculations place the 4 f
states of La in LaMnO;3; at 2.4 to 3.0 eV above the Fermi
level. It is well known that LSDA usually gives a wrong
energy position for the 4 f states in rare-earth compounds.
For nonzero 4 f occupation it places the 4 f states right at
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the Fermi level®®%° in contradiction with various experimental

observations. In the case of La compounds the LSDA places
empty 4 f states too close to the Fermi energy. For example,
the LSDA calculations produce the empty 4 f states in pure La
metal at the 2.7 eV above the Fermi level,”° although according
to the BIS measurements they are situated around 5.5 eV above
the Fermi level.”!-?

To put the La empty 4f energy states in right position
we used the rotationally invariant LSDA + U method®* (see
lower panel of Fig. 3). We used U = 5.0 and J =0.92 eV
for the Mn metal site and U = 6.6 eV and J = 0.6 eV for
the La site. In the LSDA 4 U band structure calculations
occupied on-site Mn 3d levels shifted downward by Ueg/2
and unoccupied levels shifted upward by this amount; for La
4 f empty states are shifted upward by the U.g/2 amount. In
such an approximation the La 4 f empty states are situated
around 6.3 eV above the Fermi level just in the middle of the
La 5d states.

The unusual orbital degree of freedom in the manganites
originates from the singly occupied degenerate e, states (d3,2_|
and d,>.,2) of the Mn3t 3d electrons in the tgge; configuration
due to the ligand-field splitting and strong Hund’s coupling.
This orbital degeneracy makes the Mn* ion JT active: The
degeneracy can be split via biaxial distortion of the surrounding
oxygen octahedron. As can be seen from the LSDA + U
calculations the occupied part of the e, states has the d3,2.
orbital symmetry and empty e, states are of the d,>_,> orbital
symmetry (see bottom panel of Fig. 3).

Loa et al. studied LaMnOj by synchrotron x-ray diffraction,
optical spectroscopies, and transport measurements under
pressures up to 40 GPa.”> The pronounced cooperative Jahn-
Teller distortion and the GdFeOs-type distortion (octahedral
tilting) decrease with increasing pressure. Extrapolation of the
data suggests all Mn-O bond lengths become nearly equal
around 18 GPa. This equalization of the Mn-O distances
means that the cooperative JT effect is reduced with increasing
pressure. They infer that the JT effect and the concomitant
orbital order are completely suppressed at 18 GPa. On the
other hand, the system remains insulating to ~32 GPa where
it undergoes a bandwidth-driven insulator-metal transition.

Figure 4 presents Mn d partial DOSs of LaMnO3 with
different degree of distortion of the MnOg octahedra. There
is almost perfect orbital ordering in real orthorhombic crystal
structure with different Mn-O; and Mn-O, interatomic dis-
tances (top panel of Fig. 4). Mn e, states are split by the
orthorhombic component of the ligand field into occupied
ds2. and empty d,>.,» states. These orbitals correspond to
long (ds21) and short (d,2.,2) Mn-O bond lengths. The
occupation number of the d,2.; states which lie below the
Fermi level reaches the 92% in orthorhombic crystal structure.
With decreasing of the distortion of the MnOg octahedra the
mixing of two the orbitals is increased. For the ideal cubic
crystal structure with equal Mn-O distances of 1.958 A the
orbital ordering is almost vanished in agreement with the
experimental measurements.”>

The band gap estimated from our LSDA DOS studies for
A-AF state is equal to 0.08 eV, this value is smaller than the
value of 0.24 eV obtained from resistivity measurements by
Mahendiran et al.’* and 0.15 eV reported by Jonker.”> On
the other hand, our LSDA + U calculations give an energy
gap equal to 1.15 eV, which is larger than the experimental
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FIG. 4. (Color online) The symmetry separated LSDA + U Mn
d partial density of states [in states/(atom eV)] of LaMnO; for
the orthorhombic GdFeOs-type structure (top panel), artificial cubic
structure (bottom panel) and different distortions of the MnOg
octahedra.

measurements. It is also useful to compare our calculated band
gap with other theoretical results. The LSDA and LSDA + U
calculations of Yang et al.,’® who used the LMTO-ASA
method, gave direct band gaps of 0.1 and 1.0 eV, respectively.
The U + GW approach® yielded a band gap of 1.6 eV.
Pickett and Singh* using the LAPW method for the distorted
LMO caused by the JT effect obtained a gap of 0.12 eV for
the A-type antiferromagnet. The FPLAPW calculations by
Ravindran et al.** produced an energy gap of 0.278 eV. Hence,
our LSDA band gap is somewhat smaller than that of other
LSDA calculations; on the other hand, our LSDA + U gap is
larger than gaps arising from other LSDA + U calculations
and smaller than the U + GW results.”
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FIG. 5. (Color online) Comparison between experimental diag-
onal optical conductivity o} spectra (circles) of LaMnO; (Ref. 29)
(in 103Q~' cm™") for E L ¢ (top) and E || ¢ (bottom) and the spectra
calculated by the SPR LMTO method in the LSDA (solid line) and
the LSDA + U (dashed line) approximations. The dotted line in the
top panel presents the theoretically calculated spectrum that occurred
between occupied and empty Mn 3d e, states.

A more precise value of the energy gap may be obtained
from the spectroscopy measurements such as optical absorp-
tion or photoelectron emission. In such experiments a direct
energy gap is measured. The optical”® and photoemission®®
measurements give direct energy gaps equal to 1.2 and 1.5 eV,
respectively. Our calculations produce the corresponding gap
as 0.6 and 1.45 eV for the LSDA and LSDA + U calculations,
respectively. The later result is in good agreement with the
experimental measurements.”®

Let us compare our calculations with optical measurements.
Tobe et al.?® investigated anisotropic optical conductivity and
reflectivity spectra for a single crystal of LMO. Jung et al.?
measured reflectivity spectra of LMO in a wide photon energy
region between 5 meV and 30 eV at room temperature.
Figure 5 shows the comparison between experimentally
measured® and theoretically calculated optical conductivity
spectra for E L ¢ and E|| ¢ light polarization in the ir energy
range. Both spectra show prominent peaks around 2 eV. To
understand the microscopic origin of the prominent peak at
2 eV in LaMnO; we performed the decomposition of the
calculated o spectrum into the contributions arising from
separate interband transitions. As can be seen from Fig. 5
(top panel) the peak around 2 eV is completely determined by
the intra-atomic transitions between JT-split Mn®* e, bands
[(3z2 — r?) = (x% — y?)] (see Fig. 3). The transition around
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FIG. 6. (Color online) Comparison between experimental optical
reflectivity R and diagonal optical conductivity o! (circles) of
LaMnO; (Ref. 25) and the spectra calculated by the LSDA (solid
line) and the LSDA + U (dashed line) approximations.

2 eV shows a clear anisotropy for the polarizations parallel
and perpendicular to the ¢ axis. The theoretical calculations
reproduce well the relative intensity of the prominent peak for
the E L c and E || ¢ polarizations. Due to the underestimation
of the energy gap the LSDA calculations place the peak at
around 1 eV lower than the experimentally measured spectrum.
On the other hand, the LSDA + U approach with U =5 eV
gives excellent agreement in the energy position of the peak.

Figure 6 shows the comparison between experimentally
measured” and theoretically calculated optical conductivity
and reflectivity spectra for LaMnOj in a wide energy interval.
The LSDA + U approach well describes the spectra in the ir
energy range 0 to 3 eV, while the plain LSDA calculations
give slightly better agreement with the experiment for the
energies above 3 eV. We can conclude that the LSDA produces
reasonably well a description of the quasiparticle interaction
in the valence band of LaMnO3 except the small energy range
near the Fermi level where the strong Coulomb interaction has
to be taken into account.

To explain the microscopic origin of the optical and MO
properties of LaMnOs in terms of individual electronic transi-
tions, we performed the decomposition of the calculated o,
spectrum into the contributions arising from separate interband
transitions (Fig. 7). The optical conductivity spectrum consists
of four major peaks labeled as a, b, ¢, and d. The peak
d possesses a high-energy shoulder f. As discussed above,
the first peak @ around 2 eV is completely determined by
the intra-atomic transitions between JT-split Mn*" e, bands
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FIG. 7. (Color online) Contributions of different interband transi-
tions to the absorptive part of the diagonal optical conductivity o of
LaMnOs in the LSDA + U approach compared with the experimental
data® (open circles).

[(3z% — r?) — (x% — y?)]. The next feature at 4.5 eV comes
from interband transitions between the Mn>* Iy, states and the
e, ones [with the (x> — y*) symmetry]. The peak c arises from
the O, and Mn** 1, — Mn>** 1,, transitions with an additional
contribution from the Mn3*t , — La 4 f transitions, which
contribute to the low-energy part of the peak c. The peak d
occupied the wide energy range from 7 to 30 eV and were
mostly determined by the O 2p and Mn** #,, — Mn 4p
and O d transitions as well as the more narrow O 2p — Mn
4 pd transitions. The shoulder f situated at 26 eV originates
from the corresponding peak of the O 2p and Mn3* by —
Mn 4p and O d transitions. The O 2p and — Mn 4p and O
3d transitions contribute to the optical conductivity spectrum
above 25 eV.

B. La;.,Sr,MnO;

After consideration of the electronic structure and opti-
cal spectra of pure LaMnO; we turn to the doped alloys
La; . Sr,MnOjs. Optical and magneto-optical Kerr spectra
have been investigated for perovskite-type hole-doped oxide
La;,Sr,MnOj (x = 0.25) in the photon energy range between
0.92 and 5.8 eV at room temperature. We also calculate
the electronic structure, optical and MO spectra of the alloy
Lag.75S19.2sMnO3 using a double unit cell of the rhombohedral
(R3ch) crystal structure (see Fig. 2). The Mn atoms in a double
unit cell has two nonequivalent positions, Mn; and Mn;,. The
crystal field at the Mn; site (S¢ point symmetry) splits Mn
d states into single a, (3z> — 1) state and two double e,
(xy, yz, xz, and x> — y?) states. The crystal field at the Mn,
site (C; point symmetry) splits Mn d states into five single
ag (xxy, yz, xz, 32> — 1, xz, and x? — y?) states. Figure 8
presents the symmetry separated LSDA partial density of states
of Lag75S1925Mn0O3 for the rhombohedral (R3ch) crystal
structure.

Our LSDA calculations produce a metallic solution for the
Lay.75S192sMnO; alloy (see Fig. 8). In the metallic phase, the
conduction band consists of 3d e, states near the Fermi level,
while the #,, electrons are hybridized strongly with the O
2 p state and localized well below the Fermi level. One should
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FIG. 8. (Color online) The symmetry-separated LSDA partial
density of states [in states/(atom eV)] of Lag75519,5MnO; for the
rhombohedral (R3ch) crystal structure.

note that the LSDA gives quite small polarization on the Fermi
level in contradiction with the experiment."> To increase the
electron polarization we have to include in our calculation
strong Coulomb repulsion through the LSDA + U approach.
In these calculations we used relatively small value of Hubbard
U =1.85 eV and exchange parameter J = 0.92 eV. The
electron polarization is increased from 0.2 for the LSDA to 0.7
for the LSDA + U calculations. To get a half-metallic solution
with vanishing DOS in the minority spin channel we need to
apply U = 2.2 eV in the case of Lag75Srg5MnO; alloy.
Figure 9 shows the experimentally measured diagonal
optical conductivity o,, spectra of Lag75Srg2sMnO; and
the spectra calculated by the SPR LMTO method in the
LSDA and the LSDA + U (U = 1.85 eV) approximations.

The experimental o, spectrum has low energy minimum at

125124-8



ELECTRONIC STRUCTURE AND MAGNETO-OPTICAL ...

20 F
10 +
) 0
_1 0 b
20 + ——bp
—— LSDA
< 15 LSDA+U
"Dx
10 +
5 £

Energy (eV)

FIG. 9. (Color online) Comparison between the experimental
(circles) diagonal optical conductivity o, spectra (in 10" s!) of
La75S19,sMnO; and the spectra calculated by the SPR LMTO
method in the LSDA (solid lines) and the LSDA + U (dashed lines)
approximations.

around 1.2 eV and maximum at4.6 eV. The LSDA calculations
give reasonable agreement in the energy position of the both
fine structures; however, the high-energy peak has a red shiftin
theory of about 0.5 eV. The LSDA theory also underestimates
the intensity of the high-energy peak. The LSDA 4 U gives
a slightly better description for the energy position of the
high-energy peak and its intensity; however, there is still 0.35
eV disagreement in their position.

The theoretical curve of the o2, demonstrates zero crossing
(i.e., screened plasma frequency) at around 2 eV, while the
experimental curve is expected to have zero crossing at lower
energy. One should mention that the theoretically calculated
plasma frequencies are usually higher than the experimentally
measured ones.”? In real crystals with different kinds of
defects and imperfections the effective masses are larger
than the masses for the ideal crystal without imperfections.
Therefore, using the perfect crystal approximation leads to the
overestimation of the plasma frequency in comparison with
the experiment.

The experimentally measured MOKE spectra of the
Lag 75S192sMnOs3 alloy measured in the magnetic field of
1.5 T (circles) are compared to the corresponding theoretically
calculated spectra in the LSDA (solid lines) and LSDA + U
(dashed lines) approximations in Fig. 10. The characteristic
features of the measured Lag75Srp,sMnOs; Kerr rotation
spectrum are two negative minima at around 1.7 and 3.2 eV,
a prominent peak at ~2.3 eV, and a broad positive maximum
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FIG. 10. (Color online) Comparison between the experimental
(circles) polar Kerr rotation and ellipticity spectra (in degrees) of
Lag75S192,5sMn0O; and the spectra calculated by the SPR LMTO
method in the LSDA (solid lines) and the LSDA + U (U = 1.85¢eV)
(dashed lines) and the LSDA+ U (U =5 eV) (dotted lines)
approximations.

at around 4.9 eV with a low-energy shoulder at 4.4 eV. The
essential points of the experimental Kerr ellipticity spectrum
are the zero crossings at 1.7 and 3.2 eV (that correspond to two
negative peaks positions in the Kerr rotation), with negative
and positive structures between them and a broad negative
minimum at the energy of ~1.4 eV with a high-energy shoulder
at around 4.4 eV. A narrow positive peak is observed in the
Kerr ellipticity at ~1.3 eV that coincides with the Kerr rotation
zero crossing at the same energy. The agreement between the
experimental and calculated polar Kerr rotation and ellipticity
spectra in the vis-uv spectral range is reasonably good. In the
energy region below ~3 eV the experimental Kerr ellipticity
spectrum agrees well with the calculated one using the LSDA
approach both in the shape and the amplitude (Fig. 10).
In particular, the energy position and the magnitude of the
positive peaks at 1.3 and 2.6 eV are very well reproduced.
However, the LSDA as well as the LSDA + U calculations
fail to produce the correct energy position and zero crossing
in the high-energy region above 3.5 eV.

One should mention that the use of the Hubbard U = 5 eV,
which was needed to get the right energy gap in pure LaMnOj3
(see previous section), gives completely an inadequate de-
scription of the MOKE spectra of the Lag75Sr)25sMnO;
alloy. We can conclude that the Coulomb correlations are
reduced in transition from LMO to LSMO. The carriers in
Lag 75S19.2,sMnO3; may be more itinerant than in pure LaMnOj3
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FIG. 11. (Color online) Comparison between the experimental
(circles) off-diagonal optical conductivity woy, spectra (in 10% s72)
of Lay75S1925MnO; and the spectra calculated by the SPR LMTO
method in the LSDA (solid lines) and the LSDA 4+ U (U = 1.85¢eV)
(dashed lines) approximations.

oxide, due to the increased hybridization between the Mn 3d
and O 2p states.

The interpretation of the MOKE spectra in terms of elec-
tronic transitions is a nontrivial task because the complex Kerr
rotation is a rather complicated function of both the diagonal
and the off-diagonal components of the optical conductivity
tensor [Eq. (6)]. Figure 11 presents the comparison between
the theoretically calculated and the experimentally estimated
off-diagonal parts of the conductivity tensor. The experimental
spectra have been obtained from the measured MOKE spectra
and the ellipsometry measured complex index of refraction (n
and k). In the energy region below ~3 eV the experimental
woyy(w) spectra agree well with the calculated ones using the
LSDA approach in both the shape and the amplitude (Fig. 11).
There is a small blue shift of around 0.3 eV of the theoretically
calculated spectra in comparison with the experiment for
negative prominent structures at 3 to 3.5 eV in the a)oxlv(a))
and the wo,(w). The LSDA + U approach (U = 1.85 eV)
gives a slightly better agreement in the energy position and
amplitude for these prominent fine structures. The high-energy
part of the theoretically calculated spectra exhibits noticeable
discrepancies from the experiment both in the LSDA + U and
the LSDA calculations. The theoretically calculated spectra
are shifted toward higher energy in comparison with the
experiment. One of the possible reasons for such disagreement
might be the absence of the dynamical screening effects in our
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calculations. The LSDA as well as the LSDA + U methods are
static approaches and miss the effects of dynamical screening.
Such effects can be introduced by GW approximation,®® which
is based on the many-electron perturbation theory and treats
the screening effects by the dynamical polarization. Nohara
et al.>>> show that the inclusion of the dynamical screening
effects may strongly affect the bandwidths, but sometimes in
different ways. For example, they show>> that the width of the
majority Mn d t,, band in the energy region between —2.3
and —0.1 eV becomes narrower but the majority Mn dj,2,2
band in the energy region between —1.0 and 0 eV becomes
broader in U + GWA in comparison with the LSDA + U
results. Therefore, one has to apply the U + GW method for
the direct calculation of the optical and MO spectra of LSMO to
understand the importance of the dynamical screening effects.
Such calculations are highly desired.

IV. SUMMARY

The electronic structure and optical spectra of LaMnOj3
oxide have been investigated using the spin-polarized rela-
tivistic LMTO method within the spin-DFT as well as with the
LSDA + U approach. A cooperative JT distortion removes the
degeneracy of the e, orbitals in the tfg e ;, electron configuration

of the Mn** ions and stabilizes the 3ds..,» with respect
to the 3d,2.,» orbitals. It is the origin of so-called A-type
antiferromagnetism below Ty = 140 K, in which spins align
parallel in the xy plane and antiparallel along the z direction.
The LSDA is able to produce the correct A-AF insulating
ground state in LMO; however, to obtain the correct energy
gap and right position of ir peak in the optical conductivity
spectrum at 2 eV one has to take into account strong on-site
Coulomb correlations through the LSDA + U approach.

The optical and magneto-optical Kerr spectra have
been investigated for perovskite-type hole-doped oxides
La;,Sr,MnOj (x = 0.25) in the photon energy range between
0.92 and 5.8 eV at room temperature. The optical reflectance
and transmittance of the samples were measured over a broad
energy range from the far infrared through the ultraviolet. To
extract the optical constants of the alloys, we used a Drude-
Lorentz model. From the parameters obtained, we computed
the optical constants, such as the frequency-dependent optical
conductivity and the diagonal components of the dielectric
tensor. The off-diagonal components of the dielectric tensor
were calculated by analyzing Kerr rotation, ellipticity, and the
determined diagonal elements of the dielectric tensor.

The band structure and MOKE spectra calculations of
ferromagnetic Lag7551925sMnO3; have been performed by
the SPR LMTO method. The calculations reproduce the
experimentally observed Lag 75519 2sMnO3; MOKE spectra in
areasonable way.

The main conclusion drawn by the comparison between
experimentally measured and theoretically calculated optical
and MOKE spectra s as follows: The electrons in close vicinity
of the Fermi level are strongly correlated. To produce the
correct energy gap in the LaMnOs or right value of electron
polarization at the Fermi level in ferromagnetic metallic
La; ,Sry,MnOj3 doped alloys one has to take into account
strong Coulomb correlations. On the other hand, the electronic
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structure and optical and MOKE spectra can be described
satisfactorily in terms of the LSDA energy bands beyond
close vicinity of the Fermi level. The Coulomb correlations are
reduced in transition from LMO to LSMO (from U = 5.0 eV
to 1.85 eV, respectively). The increased itinerancy of carriers
in LSMO can provide some more screening of the bare
Coulomb interaction; however, it probably cannot change the
Coulomb U so dramatically. We would like to point out that
the LSDA + U method works reasonably well in LaMnOs,
giving a correct insulating, AF, and orbital ordering ground
state solution. However, it works much worse for LSMO (see
Figs. 9-11, where some of the sign changes of the experiment
spectra are barely captured by the LSDA + U approach). The
LSDA + U method which combines LSDA with a basically
static, that is, Hartree-Fock-type, mean-field approximation
for a multiband Anderson lattice model does not contain true
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many-body physics. This method can split the lower Hubbard
band and higher Hubbard band but it cannot describe the band
renormalization resulted from many-body effects. It can be
considered only as the first step toward a better description of
strongly correlated electron systems. Correct description of the
electronic structure and MO properties of the LSMO definitely
requires a treatment that goes beyond a static mean-field
approximation and includes dynamical effects, for example,
the frequency dependence of the self-energy.
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