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Electronic structure of La,;3Sr;,;3MnQj3: Interplay of oxygen octahedra rotations and epitaxial strain
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Influence of epitaxial strain and oxygen octahedra rotations on electronic structure of Las;;Sr;3MnO3
ultrathin films was systematically studied. The investigated films were grown by pulsed laser deposition on
four different substrates: cubic (001)-oriented LaAlO3, (001) (LaAlOs3);,3(Sr,AlTaOg),/3, (001) SrTiO3, and
orthorhombic (110) DyScO;, providing a broad range of induced epitaxial strains. Magnetic properties were
found to deteriorate with increasing value of the epitaxial strain, as expected due to unit cell distortion
increasingly deviating from the bulk and effect of the magnetically inert layer. A combination of spectroscopic
ellipsometry and magneto-optical Kerr effect spectroscopy was used to determine spectra of the diagonal and off-
diagonal elements of permittivity tensor. The off-diagonal elements at room temperature confirmed the presence
of two previously reported electronic transitions in the spectra of all films. Moreover they revealed another
electronic transition around 4.3 eV only in the spectra of films grown under compressive strain. We proposed
classification of this transition as a crystal field paramagnetic Mn f,, — e, transition. Ab initio calculations
were employed to distinguish between the potential influence of oxygen octahedra rotations and distortions.
The ab initio calculations indicated a negligible influence of oxygen octahedra rotations on magneto-optical
properties of La,;3Sr;;3MnQs. They further supported the proposed classification of the additional electronic

transition, showing a key role of strain in controlling the electronic structure of ultrathin perovskite films.
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I. INTRODUCTION

Hole-doped manganites La;_,M,MnO3; (M = Ca, Sr, Ba)
with perovskite-type structure possess unique physical proper-
ties. The colossal magnetoresistance [1] combined with a high
degree of spin polarization is common for the whole family of
hole-doped manganites. High scientific interest is focused on a
particular case of Lay;3Sr;,3MnO3 (LSMO), which possesses
the highest Curie temperature (7¢ ~ 370 K) [2] and almost
100% spin polarization [3]. The presence of mixed valence
manganese ions Mn** and Mn** leads to metallic conductiv-
ity and ferromagnetic ordering. Such a combination of physi-
cal properties makes LSMO an interesting candidate to study
physical phenomena with important spintronics applications.

The ferromagnetism of LSMO is mainly driven by double-
exchange (DE) interaction [4]. It originates from e, electron
transfer between Mn** and Mn** ions via 0%~ 2p state.
The DE electron-transfer probability strongly depends on
Mn-O-Mn geometry, i.e., on Mn-O bond length and Mn-O-
Mn bond angle. Therefore, the main factors influencing the
magnetic properties are rotations and distortions of MnOg
octahedra, which are induced in the LSMO films either by
an epitaxial strain coming from lattice mismatched substrates
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or by coupling of octahedral rotations at the LSMO/substrate
interface [5]. The distortions are characterized by changes of
Mn-O bond lengths, while the rotations imply a tilt of the
whole MnOg octahedron around the central manganese atom,
keeping all Mn-O bond lengths constant.

The rotations of MnQOg octahedra, or, generally, in mag-
netic oxides so-called oxygen octahedra rotations (OOR),
have been revealed to have significant impact on resulting
physical properties of these materials. There have been nu-
merous studies trying to understand the physical mechanisms
related to OOR. The fundamental research investigates origin
and possible control of the OOR and its relation to epitaxial
strain and crystallographic structure of the substrates [6-8].
More complex studies are trying to explain the exact impact
of OOR on resulting magnetic and transport properties and to
suggest possibilities of direct tuning of the physical properties
by OOR engineering [9-14].

Despite all the research which points out the importance
of OOR on resulting physical properties, the role of MnOg
distortions should not be forgotten, as shown, for example,
by Souza-Neto et al. [15,16] who presented x-ray absorp-
tion spectroscopy studies of LSMO films on SrTiO; (STO)
and LaAlOz (LAO) substrates, in which they emphasized
the importance of MnOg octahedra distortions on resulting
transport and magnetic properties of the LSMO films. There-
fore, we can see that although the impact of OOR and oxygen
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octahedra distortions is unequivocal, the exact nature of these
phenomena and their relation to the expitaxial strain and
substrate symmetry still remain unclear.

In this paper, we try to elucidate the impact of epitaxial
strain on electronic structure of LSMO by means of spectro-
scopic ellipsometry and magneto-optical spectroscopy, which
allows us to calculate spectra of both the diagonal and off-
diagonal permittivity tensor elements. We investigate four
ultrathin LSMO films grown on four different substrates. They
induce a variety of strains in the LSMO films, ranging from
large compressive strain on LAO, through small compres-
sive strain on (LaAlO3);,3(SrpAlTaOg),/3 (LSAT) and small
tensile strain on STO, up to large tensile strain on DyScO;
(DSO). With the help of ab initio calculations, we were
able to describe changes in electronic structure of LSMO.
These changes are likely to originate from the combination
of epitaxial strain and OOR.

II. EXPERIMENTAL DETAILS

Investigated LSMO films were prepared by pulsed laser
deposition and their proper crystallinity and surface mor-
phology was verified by x-ray diffraction (XRD) and atomic
force microscopy (AFM), respectively. The XRD measure-
ments were carried out using a PANanalytical X’ Pert PRO
diffractometer in parallel beam configuration. The AFM im-
ages were taken by a Bruker Innova AFM microscope. A
set of four LSMO samples was prepared on four different
substrates: LAO, LSAT, STO, and DSO. The deposition was
carried out under oxygen pressure of 120 mTorr. We used a
KrF laser at a wavelength of 248 nm, with typical growth
rate of 15 pulses per monolayer and 2 Hz pulse-repetition
rate. The substrate was kept at 900 K during the deposition
process. Such parameters lead to single-crystalline growth of
LSMO with low surface roughness. Thicknesses of the films
were determined by XRD using the (002) Bragg reflection
of LSMO fitted by classical interference formula, and these
results were further verified by spectroscopic ellipsometry.
Both methods confirmed that films on all four substrates are of
similar thicknesses of approximately 20 nm. The presence of
crystallographic twins in LAO substrate leads to lower quality
of the LSMO film, resulting in the largest surface roughness
of 1.4 nm. The other three samples exhibit surface roughness
lower than 0.5 nm.

All investigated LSMO samples were found to be ferro-
magnetic at room temperature. Films grown on diamagnetic
substrates of LAO, LSAT, and STO were characterized by
means of SQUID magnetometry. The last substrate of DSO
exhibits paramagnetism with strong magnetic anisotropy [17].
This makes characterization of magnetic properties of films
grown upon its surface by purely magnetic methods nearly
impossible. However magneto-optical Kerr effect (MOKE)
measurements on this sample provided a clear magneto-
optical signal at room temperature, unambiguously demon-
strating its room temperature ferromagnetism. Lower mag-
nitude of the MOKE in comparison to other films indicated
that 7c of LSMO/DSO is close to room temperature. T of
the other three films were determined by SQUID magneto-
metry as 308 K (LSMO/LAO), 361 K (LSMO/LSAT), and

340 K (LSMO/STO). See Supplemental Material [18] for the
SQUID results.

Optical properties of the samples were characterized by
spectroscopic ellipsometry. The measurements were carried
out on a high-precision Woollam VASE ellipsometer at three
angles of incidence (60°, 65°, and 70°). Both the bare sub-
strates and the samples with deposited LSMO layers were
characterized in a spectral range from 0.7 to 6.4 eV. The
data were analyzed assuming a model structure of a homo-
geneous single LSMO layer on the corresponding substrate.
The spectra of diagonal elements of permittivity tensor of the
LSMO layers and their thicknesses were adjusted using the
least-squares method.

Off-diagonal elements of permittivity tensor were deter-
mined by means of MOKE spectroscopy and theoretical cal-
culations based on transfer matrix formalism [28] with use
of the ellipsometric data. Room-temperature MOKE mea-
surements were carried out using generalized magneto-optical
ellipsometry with rotating analyzer in spectral range from 1.5
to 5.0 eV. All the data were recorded in polar configuration
at 1 T of applied magnetic field. Such field was verified to
be sufficient for complete saturation of the films. The MOKE
and diagonal permittivity tensor element spectra served via
transfer matrix formalism for calculations of spectra of off-
diagonal permittivity tensor elements. We assumed a model
of a single layer on semi-infinite substrate, which in our
case is a reasonable approximation due to the unpolished
back side of the substrate, having negligible contribution to
optical reflection at the substrate/sample holder interface. The
off-diagonal elements were then determined in spectral range
between 1.5 and 5.0 eV.

Presented ab initio calculations were performed using the
VIENNA AB INITIO SIMULATION PACKAGE (VASP) [29,30], in
which the electron-ion interaction was described by projector
augmented-wave potentials [31,32]. The electronic orbitals
were expanded in terms of plane waves with maximum kinetic
energy of 520 eV. We used the gradient-corrected exchange-
correlation functional proposed by Perdew et al. [33,34]. We
have tested that the proper account of correlation effects on
Mn sites, e.g., the DFT4+U method [35], does not change
the main conclusions of the present paper. The Brillouin
zone (BZ) was sampled using a 10 x 10 x 3 I'-point-centered
mesh and integration over the BZ used the Gaussian smearing
method with 0.05 eV smearing width for relaxations, while the
density of states (DOS) was calculated using the tetrahedron
method with Blochl corrections [36]. The total energy was
calculated with high precision by convergence to 10~ eV per
computational cell. The frequency-dependent complex dielec-
tric function was calculated with the help of a methodology
described in Ref. [37]. The LSMO unit cell used in ab initio
calculations is described in the Supplemental Material [18]
to avoid confusion with description of real LSMO unit cell,
which follows in the next section.

III. RESULTS AND DISCUSSION

A. Structural characterization

Bulk LSMO possesses a rhombohedral unit cell with
lattice parameters a, = 5.471 A and o, = 60.43°, but it is
often described as pseudocubic with lattice parameter a,. =
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TABLE I. Lattice parameters of La,;3Sr;,3MnOj3 films grown on
four different substrate materials. Calculated from reciprocal space
maps measured by x-ray diffraction.

Substrate  a, [A] b, [A]l ¢, [Al  ab[A] 1y, [deg]
LAO 5.510 5512 7.582 7.581 86.92
LSAT 5.475 5.481 7.743 7.743 89.94
STO 5.474 5.475 7.807 7.808 90.97
DSO 5.474 5.475 7.891 7.890 92.24

3.876 A [38]. The substrates we used are either (001)-oriented
cubic (LAO, LSAT, and STO) with lattice parameters aj a0 =
3.790 A, apsar = 3.868 A, and asro = 3.905 A, or (110)-
oriented orthorhombic (DSO) with pseudocubic lattice pa-
rameter apso = 3.942 A. Due to the lattice mismatch, the
substrates impose epitaxial strain on the deposited LSMO
layers. The compressive or tensile strain leads to distortion
of the LSMO unit cell and can be quantified by the lat-
tice mismatch as (Qiayer — Asubstr)/Asubstr- The LSMO unit cell
under strain can be described as (110)-oriented monoclinic
[39] with lattice parameters a,;, by, Cn» Xy B, and y,,, Where
ay = B = 90°.

Lattice parameters of the samples were determined by
XRD. Reciprocal space maps (RSM) were measured around
the (260), (444), (620), and (44-4) Bragg reflections for each
sample. The RSM for all samples are shown in Supplemental
Figs. S1- S4; they revealed fully strained LSMO films on all
four substrates and allowed us to completely describe the unit
cell of the LSMO films. The extracted lattice parameters are
summarized in Table I and plotted in Fig. 1 as a function of
the in-plane strain along [1-10],, direction.

General behavior of the lattice parameters with strain
corresponds to previously published structural investigations
of LSMO [6]. Distance (ab) = \/a% + b2, — 2a,,by, COS Vi
represents the lateral periodicity in the [1-10],, monoclinic
direction. From Table I, it can be seen that the values of the
ab distance and c,, lattice parameter are almost identical for
all samples, confirming that the LSMO is coherently strained
in both monoclinic in-plane directions [1-10],, and [001],,.
Figure 1 shows the lattice parameters a,, and b,, together
with the so-called orthorhombicity factor defined as b,,/a,,.
In agreement with Vailionis et al. [6], we observe that films
under compressive strain exhibit a unit cell with a,, < b,, and
Ym < 90°, while for films under tensile strain a,, = b,, and
Ym > 90°. In the [001],, direction, both the compressive and
tensile strain are accommodated by change of the c,, lattice
parameter, which is strained accordingly to the respective
substrate. In the [1-10],, direction, the orthorhombicity value,
which is very close to unity for samples grown on STO
and DSO, shows that accommodation of the tensile strain
is reached only by increment of the y,, angle. On the other
hand, the compressive strain accommodates by decrease of
the y,, angle and also by relative change of the a,, and b,
lattice parameters, which can be seen as an increment of
the orthorhombicity. However, the orthorhombicity does not
change proportionally to the strain, in contrast to the y,, angle
and unit cell volume, which both increase almost linearly from
the largest compressive to the largest tensile strain.
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FIG. 1. Structural parameters of La,;3Sr;,3MnOs films as a func-
tion of in-plane strain along [1-10],, direction: a,, and b,, lattice
parameters and orthorhombicity defined as b,,/a,, (top panel), y,,
angle and unit cell volume (bottom panel). Lines represent guides to
the eye. The inset shows monoclinic unit cell, in which the lattice pa-
rameters are defined. The in-plane strain along [1-10],, direction was
calculated from bulk value of LSMO ab distance (ab)p,x = 7.787 A
[6] and measured ab values in Tab. I as (ab — (ab)pu )/ (ab)puk-

Having determined the crystallographic structure, we can
characterize OOR in coherently strained LSMO films. The
rotation patterns can be systematically described using the
Glazer tilt notation system [40]. The OOR are expressed as
a combination of three independent rotations around three
pseudocubic axes: [100]p, [010],c, and [001],.. Relative mag-
nitudes of the tilts are denoted by letters a, b, ¢ and + or —
superscripts denote either in-phase or out-of-phase rotations
of two adjacent octahedra, 0 superscript means no rotation
around the respective axis. Rhombohedral structure of bulk
LSMO is described by tilt system #14 (a~a~a~) [40], where
rotations around all three axes are out of phase and they
are all denoted by the same letter a, because they have the
same relative magnitudes. As the epitaxial strain changes
crystal structure of LSMO, it consequently changes the OOR
pattern as well. It can be shown [6] that such distinction of
structural properties of films grown under compressive and
tensile strain, as described in the previous paragraph and
shown in Fig. 1, leads to different OOR behavior. LSMO
films under compressive strain can be described by tilt system
#9 (aTa c¢™), while under tensile strain the OOR correspond
to tilt system #18 (a*a~c"). Both systems include in-phase
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TABLE II. Parameters of the six electron transitions used to describe the optical response of La,;3S5ri,;3MnO;3 films on four different
substrates; A,, E,, and '), for n = 1, ..., 6 stand for the amplitude, energy, and broadening of the oscillators, €, is the nondespersive term and
E} is energy of the pseudo bandgap determined from the third (Cody-Lorentz) oscillator.

E, ry E, I, E; I'; E; E, ry Es Is Es s
Substrate e, A; [eV] [eV] A, [eV] [eV] A; [eV] [eV] [eV] Ay [eV] [eV] As [eV] [eV] Ag [eV] [eV]
LAO 1.5 69 09 16 02 22 04 87 37 20 20 13 46 15 17 59 1.8 09 73 09
LSAT 14 141 06 14 02 22 04 52 38 18 17 18 44 16 06 53 1.0 20 67 1.2
STO 1.5 141 06 17 05 20 14 24 35 12 14 14 43 1.0 20 6.1 31 11 6.6 04
DSO 13 73 12 20 01 23 04 46 38 1.8 1.7 1.8 45 1.7 12 56 1.5 25 67 04

rotations around the a pseudocubic axis and out-of-phase
rotations around the b pseudocubic axis. The difference is
caused by the in-plane elongation under tensile strain. It
results in suppression of rotations around the ¢ pseudocubic
axis, which are initially present in both bulk LSMO and films
under compressive strain.

B. Optical characterization

Optical properties of the samples were characterized by
means of spectroscopic ellipsometry. Measured spectra of
ellipsometric angles were fitted to determine the diagonal
elements €; of permittivity tensor. They were parametrized
as a sum of five damped Lorentz oscillators and one damped
Cody-Lorentz oscillator, which served to determine energy
of the pseudo bandgap E;. Line shapes of the oscillators
are described in detail in the Supplemental Material [18].
Amplitude A,, energy E,, and broadening I',, of each oscillator
(n=1,...,6) as well as the nondispersive term €;, and
pseudo bandgap energy E; were adjusted by least-squares
method. All the resulting parameters are displayed in Table II.
Spectra of real and imaginary parts of the diagonal elements
of permittivity tensor are shown in Fig. 2 for all samples.

The fits revealed six electronic transitions centered around
approximately 0.8, 2.2, 3.7, 4.4, 5.6, and 6.8 eV. The main
spectral features are the two transitions around 3.7 and 4.4 eV.
They have already been reported in bulk LSMO [41] and
polycrystalline films on silicon [42], as well as in single-
crystalline thin films grown on STO [43] and LAO [44,45]
substrates; however, they are most often described as one
transition centered around 4 eV. This description is common
in both optical [45] and magneto-optical [41,43] studies and
the transition is assumed to be a charge transfer between O
2p and Mn 3d states. One magneto-optical study of LSMO
on LAO [44] also supports the presence of two transitions
at approximately 3.6 and 4.1 eV. Our theoretical approach
using two transitions around the critical energy of 4 eV
shows better agreement with experimental ellipsometric data.
In spectra of samples deposited on STO and LAO, the two
transitions can be clearly distinguished (see Supplemental
Fig. S6 [18] for more details). This model is further supported
by our magneto-optical investigation, which follows in the
next section.

C. Magneto-optical characterization

MOKE spectroscopy was used to determine the off-
diagonal elements of permittivity tensor &, of the LSMO

films. Room temperature spectra of Kerr rotation and Kerr
ellipticity are displayed in Fig. 3. For clarity, spectra of the
samples deposited on LAO and DSO are magnified by ten.
The strong suppression of ferromagnetic ordering in these
two films is caused by the large value of lattice mismatch
and therefore large epitaxial strain. There are two mechanisms
which are responsible for this behavior. First, the strain, both
compressive and tensile, leads to distortion of the LSMO unit
cell, which increasingly deviates from the bulk structure with
optimized magnetic properties. Second, it has been shown
that, at the LSMO/substrate interface, the DE interaction is
suppressed as a result of preferential orbital ordering under

1 2 3 4 5 6
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9] - —— LSMO/LSAT
gd —-=--LSMO/LAO
21 e LSMO/DSO

= 5

r)

o

- - - LSMO/STO
—— LSMO/LSAT
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gd S\Ww. L LSMO/DSO

Imfe. }

FIG. 2. Spectra of real and imaginary parts of the diagonal
permittivity tensor elements of Lay;3Sr;,3MnO; films on four dif-
ferent substrate materials, extracted from spectroscopic ellipsometry
measurements.
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FIG. 3. Spectra of Kerr rotation and Kerr ellipticity of
Lay;3S8r;3MnO3 films on four different substrate materials. For
clarity, spectra of samples deposited on LAO and DSO are magnified
by ten.

epitaxial strain. This consequently leads to antiferromagnetic
ordering near the interface, known as magnetically inert layer
[46—48]. Combination of these effects further results in 7¢ de-
crease and lower magnetic moment of the films, as confirmed
by both SQUID magnetometry and MOKE spectroscopy.

Electronic transitions, which form spectral dependence of
the off-diagonal part of the permittivity tensor and hence are
magneto-optically active, can be sorted into two types. Type-I
transitions originate in spin-orbit splitting of the final states.
The real part of such transition has a dissipative line shape; the
imaginary part exhibits dispersive behavior. These transitions
are called diamagnetic transitions for historical reasons [49].
On the other hand, type-II transitions arise from a difference in
population of the spin-orbit split ground states. Their real part
has a dispersive line shape while their imaginary part exhibits
dissipative behavior. They are called paramagnetic transitions.
Line shapes and parameters of the transitions are described in
detail in the Supplemental Material [18].

The off-diagonal elements of permittivity tensor of our
samples were calculated from MOKE spectra presented in
Fig. 3 and from diagonal elements of permittivity tensor
presented in Fig. 2 and Table II. The calculations were
based on transfer matrix formalism [28]. Maximum amplitude
(8/2)max or (e;)max, respectively, resonant frequency wg and

broadening I' of employed oscillators were determined by
least-squares method. The spectra were initially modeled as
a sum of two electron transitions, whose presence has already
been reported in LSMO thin films before. The most prominent
spectral feature, which can be observed as a pronounced
minimum around 3.6 eV in the Kerr rotation spectra in Fig. 3,
has already been reported in bulk LSMO [41], polycrystalline
films on silicon [42], as well as in single-crystalline thin films
grown on STO [50,51] and LAO [44] substrates. It is related
to charge transfer diamagnetic transition from O 2p states
into Mn #,, states in the minority spin channel. The second
most prominent spectroscopic feature, visible as a maximum
around 2.4 eV in the Kerr rotation spectra, is represented by
crystal-field paramagnetic transition from Mn t,, states into
Mn e, states in the majority spin channel. It has already been
observed in LSMO grown on silicon [42], STO [50], and LAO
[44] as well. These two transitions were sufficient to describe
the off-diagonal elements of samples grown on STO and DSO
substrates, i.e., grown under tensile strain. However, presence
of a third electron transition was revealed around 4.3 eV in
spectra of LSMO deposited on LAO and LSAT, i.e., under
compressive strain.

It is difficult to identify presence of this transition in Kerr
rotation spectra because the MOKE signal also contains op-
tical response of the whole structure, including substrate. As
amplitude of this transition is relatively small, its contribution
to Kerr rotation spectra is not so evident. In case of the film
grown on DSO, the Kerr rotation spectrum crosses the zero
line at around 4.3 eV (see Fig. 3). In spectra of the films
grown on LAO and LSAT, presence of the additional transition
decreases spectral amplitude so the zero crossing at 4.3 eV
is not visible. However, spectrum of the sample grown on
STO markedly differs from the others due to above-mentioned
complexity of MOKE signal. In this spectral region, a com-
bination of high penetration depth of LSMO and the high
reflectivity change of STO substrate results in strong optical
contribution of the substrate to an overall MOKE signal.
This effect has already been described by previous research
[52]. To correctly interpret the MOKE spectra in terms of
individual transitions, it is therefore necessary to perform a
careful analysis of spectra of the off-diagonal permittivity
tensor elements, which are directly related to the electronic
structure. We present them in Fig. 4. Here the optical con-
tribution of STO substrate is separated and the differences
between compressively and tensilely strained films become
clearer. The differences are commented in more detail in the
Supplemental Material [18] (see Supplemental Figs. S7 and
S8). Parameters of the transitions are given in Table III.

The exact origin of the third electronic transition around
4.3 eV has not been satisfactorily explained so far. The tran-
sition was observed by the group of Liu et al. [44] in LSMO
films grown on (001) LAO substrates, i.e., under compressive
strain, which is in agreement with our observations. Accord-
ing to Liu et al., this transition occurs around 4.1 eV and
it is assumed to be a charge-transfer diamagnetic transition
from O 2p states into Mn #,, states in the minority spin chan-
nel. This explanation seems unlikely given the temperature-
dependent MOKE spectroscopy investigations performed by
group of Rauer et al. [53]. They studied LSMO grown on
(100) STO substrate, i.e., under tensile strain. They present
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TABLE III. Parameters of the three electron transitions used to describe the magneto-optical response of La,;3Sr;,3MnO; films on four
different substrates; (8,2)max or (s; Jmax> @o and I" stand for the maximum amplitude, resonant frequency, and broadening of the oscillators.
The parameters were fitted from magneto-optical Kerr effect spectra presented in Fig. 3 with use of the diagonal permittivity tensor elements

presented in Table II and Fig. 2.

Substrate LAO LSAT STO DSO
Transition 1 Crystal field transition Mn f,, — e,

(S; Jmax 0.010 0.472 0.069 0.001
wo [eV] 2.45 2.50 2.38 2.49
I [eV] 0.43 0.66 0.38 0.42
Transition 2 Charge transfer transition O 2p — Mn 15,

(&) max 0.04 1.16 0.36 0.01
wy [eV] 3.63 3.51 3.55 3.64
I' [eV] 0.87 1.14 0.97 0.73
Transition 3 Crystal field transition Mn t,, — e,

(83 )max —0.03 —0.69 No such

wp [eV] 4.26 4.25 transition under

I' [eV] 0.56 0.67 tensile strain

off-diagonal elements of permittivity tensor in temperature
range from 75 K to 330 K. The spectra measured at room
temperature are in full agreement with our results, exhibiting
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FIG. 4. Spectra of real and imaginary parts of the off-diagonal
permittivity tensor elements of La,/3Sr;,3MnOj films on four differ-
ent substrate materials, calculated from diagonal permittivity tensor
elements and magneto-optical Kerr effect spectra. For clarity, the
spectra of samples deposited on LAO and DSO are magnified by
ten.

two prominent spectral features around the same respective
energies of 2.3 eV and 3.6 eV. With decreasing temperature,
not only expected overall amplitude increment of the spectra
is observed, but a clear signature of another spectral feature
is revealed around energy of 4.3 eV. The shape and energy
position of this transition is in agreement with the fits of our
spectra measured on compressively strained LSMO, revealing
this transition as paramagnetic. The temperature dependence
of this transition further supports its classification as param-
agnetic, in contradiction to the suggestion of Liu er al. We
therefore assume that this paramagnetic transition originates
in Mn #,, levels in the majority spin channel. Occupation of
these states can be influenced by both temperature or epitaxial
strain, resulting in partial or full suppression of the observed
electronic transition in MOKE spectra.

The work of Rauer er al. also allows us to make an
important conclusion concerning OOR influence on resulting
magneto-optical properties. We have shown that LSMO films
exhibit different OOR behavior when grown under compres-
sive and tensile strain. The presence of the third electronic
transition in low-temperature spectra of films grown under
tensile strain [53] therefore suggests that OOR is not the key
parameter. The temperature change does not induce structural
changes large enough to alter the tilt system. As the OOR
remains the same with temperature while the third transition
is induced, it indicates that OOR does not have a significant
influence on magneto-optical properties of LSMO.

The proposed classification of the third electronic transi-
tion can be further supported in view of a study on LSMO
electronic structure presented by Uba et al. [54]. Although
their results about the exact electronic structure remained
inconclusive in case of LSMO, they reported an optical inter-
band Mn t,; — e, transition around 4.5 eV in the case of the
LSMO parent compound LaMnOs. Even though they did not
find sufficient experimental evidence for this transition in their
MOKE spectra measured on LSMO, they did find presence
of the respective manganese orbitals at energies allowing this
transition in DOS spectra of LSMO obtained by ab initio
calculations. Other previously reported DOS calculations of
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LSMO would support occurrence of this transition as well
[23,24,44].

The last arguments in favor of the suggested electronic
model consider magnitudes of the observed transitions and
their optical activity. While the charge transfer diamagnetic
O 2p — Mn ty, transition is the most prominent feature in
observed MOKE spectra, both paramagnetic transitions have
significantly smaller amplitudes, which supports their classi-
fication as Mn d — d transitions. The fact that we observed
the third transition (around 4.3 eV) in optical response of
all LSMO samples, see Table II, Fig. 2, and Supplemental
Fig. S6 [18], regardless of their strain state, indicates that
magneto-optical activity of this transition is governed via
occupation of the spin-orbit split Mn f,, ground states. The
occupation can be influenced by both temperature and epi-
taxial strain, leading either to enhancement or suppression of
its magneto-optical activity. The first paramagnetic transition
(around 2.4 eV) originating in the same ground state exhibits
similar behavior, regarding both the temperature dependence
[53] and the overall amplitude decrease under tensile strain
(see Table III). Even though it is not fully suppressed under
tensile strain, the amplitude is significantly diminished. The
suppression is especially pronounced in the sample grown
on DSO, i.e., under the largest tensile strain, which indi-
cates strong sensitivity of the Mn t,, levels on the epitaxial
strain.

D. Ab initio calculations

To further investigate the influence of OOR and distortions
on electronic structure of LSMO, we employed ab initio
calculations. Bottom panel of Fig. 5 shows a comparison of
total density of states (TDOS) calculated for bulk LSMO
with rigid tilt system #23 (a’a®a’) and bulk LSMO with tilt
system (a~a~c7). This theoretical tilt system only slightly
deviates from the real rhombohedral tilt system #14 (a"a~a™),
concerning the tilt amplitude around [001],. axis, due to
simplified layered structure of LSMO used in the calculation.
There are almost no visible changes in the TDOS spectral
behavior except for the highest energy band located around
3 eV above Fermi level. This band is associated with La 4 f
states, which are not involved in observed magneto-optical
transitions and, therefore, it will be omitted in further dis-
cussion. The negligible change of TDOS spectra suggests
that magneto-optical transitions are not influenced by OOR.
Several studies have pointed out that OOR engineering can be
a successful way for tuning transport and magnetic properties
of thin LSMO layers [9,11,13]. Liao et al. [12] even presented
tuning of magnetic anisotropy by OOR and Kan et al. [10]
achieved similar effect in thin films of SrRuO;. Despite this
clear evidence in favor of importance of OOR engineering,
especially with respect to transport and magnetic properties of
thin LSMO layers, on the other hand, our ab initio calculations
imply that influence of OOR on TDOS spectra is negligible.
This does not indicate an important role of OOR in influencing
the magneto-optical properties, in agreement with previous
observations following from the experimental results of Rauer
etal. [53].

Based on the minor influence of OOR on TDOS spectra,
the effect of strain was further studied in rigid oxygen octahe-
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FIG. 5. Spectra of total density of states obtained by ab initio
calculations. Top panel shows unstrained bulk LSMO and strained
LSMO corresponding to growth on LAO and DSO substrates. Bot-
tom panel shows bulk LSMO with no rotations of oxygen octahedra
and bulk LSMO with quasireal tilt system (a~a"c™).

dra system with no tilts. The top panel of Fig. 5 shows TDOS
for bulk LSMO compared to two cases of LSMO strained
in such a way that the pseudocubic c/a ratio corresponds
to deposition on LAO and DSO substrates. The results are
in agreement with previous findings of Ma et al. [23], i.e.,
there is no significant change of spectral shape; however,
there is a visible shift of the spectrum to higher energies
when going from compressive to tensile strain. Such shift
itself would be insufficient to explain appearance of the third
transition in MOKE spectra of compressively strained LSMO
films. It is nonetheless well known that compressive or tensile
strain leads via consequent octahedra distortions to different
preferential orbital ordering in LSMO thin films [46,55-59].
Even though it is typically described as an interface effect ex-
plaining the DE suppression in LSMO layer near the substrate,
it clearly demonstrates the sensitivity of Mn 3d levels to oc-
tahedra distortions. We therefore assume that the mechanism
responsible for appearance of the third electronic transition
in MOKE spectra of compressively strained LSMO is related
to Mn 3d levels. As Mn 1, levels in majority spin channel
are the closest occupied states near the Fermi level, which
are therefore most likely to be influenced by temperature,
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we expect that the observed transition originates from these
states.

Such findings are in agreement with arguments provided in
the discussion in the previous section. The presented ab initio
calculations therefore further support the suggested electronic
model. They showed that the Mn 1,, level is most likely the
ground state of the third electron transition. Moreover they
confirm previous findings of other groups, which showed that
location of Mn e, bands is such that an interband Mn #,, —
e, transition in the majority spin channel is possible around
energy of 4.3 eV. We do not present here the element-resolved
DOS; however, we indicate position of the Mn ¢, band in the
top panel of Fig. 5. The Mn e, band partially overlaps with
the La 4 f band, but unlike the lanthanum band the manganese
band is not affected by OOR. Therefore, we show that the
observed paramagnetic transitions can unlikely be influenced
by OOR engineering, but they can be suppressed or enhanced
by changes in occupation of the Mn #,, levels in the majority
spin channel, which can be induced by temperature or strain-
induced octahedra distortions.

The last argument that gives strong support for the sug-
gested electronic model follows from direct comparison of
experimental spectra of &, presented in Fig. 4 with spectra
of the off-diagonal elements of permittivity tensor obtained
by ab initio calculations. The spectra were calculated from
joint DOS and they are shown together with the experimental
values in Fig. 6 for the cases of LAO and DSO substrates,
which provide extreme values of the strain. A very good
spectral agreement is clearly visible for both samples, demon-
strating the validity of the approximations made in description
of the LSMO unit cell in the ab initio calculations. All three
discussed transitions can be recognized in the theoretical
spectra at energies corresponding to their experimental values.
The only larger difference can be seen at lower energies in
spectra of LSMO on LAO. This is the region governed mainly
by the first paramagnetic transition, which is therefore likely
to be influenced by temperature. As the experimental spectra
were obtained at room temperature while the ab initio cal-
culations were performed at zero Kelvin, such disagreement
could be expected. Region of the most prominent diamagnetic
transition, which is not influenced by temperature, shows an
excellent agreement with experimental spectra. It is easily
seen on the main minimum in the real part and on the zero
crossing near 3.6 eV in the imaginary part. High energies are
governed by the third paramagnetic transition, which is again
influenced by temperature. While in the experimental spectra
the transition is visible only in LSMO/LAO (suppressed
amplitude of imaginary part maximum, no zero crossing near
4.3 eV in the real part), in the theoretical spectra it is apparent
for LSMO on both LAO and DSO. This clearly demonstrates
that temperature is a key parameter for appearance of the
third electronic transition. In agreement with experimental
observations of Rauer et al. [53], our calculations show that
the transition is visible at low temperatures even in MOKE
spectra of tensilely strained LSMO films.

On the other hand, as OOR were left out in these calcu-
lations, our results in Fig. 6 demonstrate that the parameter
of OOR is not necessary to be considered for description of
magneto-optical response of LSMO, its influence is likely to
be minor compared to the major role of octahedra distortions.
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FIG. 6. Spectra of real and imaginary parts of the off-diagonal
permittivity tensor elements of Lay;;Sr;3sMnO; films deposited
on LAO (top panel) and DSO (bottom panel) substrates. Spectra
obtained experimentally by means of spectroscopic ellipsometry
and magneto-optical spectroscopy are compared to spectra obtained
theoretically by ab initio calculations. The theoretical spectra were
multiplied by factors of 0.065 (LAO) and 0.020 (DSO) to compensate
for the temperature-induced decrease of magnetization. The decrease
is different for both samples, for which the factors also differ.

Such conclusion can be expected given the rotational sym-
metry of MnOg octahedron with respect to the manganese
atoms. As can be seen from the TDOS spectra presented in
Fig. 5, the energy positions of Mn levels in DOS spectra
do not change under OOR. On the contrary, position of, for
example, the La 4 f states significantly changes as the OOR
are not symmetrical with respect to the lanthanum atoms.
As the observed magneto-optical transitions are governed by
crystal field of the Mn atoms, which experience the rotational
symmetry, it is then natural to expect no significant change
of magneto-optical properties under OOR, leaving the octa-
hedra distortions as a substantially more important parame-
ter. The theoretical spectra of the off-diagonal elements of
the permittivity tensor presented in Fig. 6 then fully justify
this expectation, confirming the key role of temperature and
oxygen octahedra distortions in controlling magneto-optical
properties of LSMO.
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IV. CONCLUSIONS

We performed a systematic study of the influence of epi-
taxial strain and OOR on the electronic structure of LSMO ul-
trathin films. SQUID magnetometry and MOKE spectroscopy
confirmed deterioration of magnetic properties with increas-
ing epitaxial strain, which can be explained by a combina-
tion of increasing unit cell distortion of the films and the
magnetically inert layer. By combination of spectroscopic
ellipsometry and MOKE spectroscopy, we determined the
diagonal and off-diagonal elements of permittivity tensor. The
spectra of the off-diagonal elements confirmed the presence
of previously reported electronic transitions around 2.4 and
3.6 eV. A third electronic transition was observed around
4.3 eV only in spectra of films deposited under compres-
sive strain. We proposed classification of this transition as
a crystal-field paramagnetic transition from Mn 1, to Mn
e, levels. Performed ab initio calculations further justified
this classification and manifested a minor influence of OOR
in comparison to the major role of octahedra distortions in
determining magneto-optical properties of LSMO. We there-

fore demonstrated sensitivity of Mn 3d levels to oxygen
octahedra distortions, leading to potential ways of tuning the
magneto-optical properties of ultrathin LSMO films in future
applications.
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