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Pressure-induced change in the electronic structure of epitaxially strained
La;_,Sr,MnQOj; thin films
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We report the observation of pressure-induced changes in the electronic structures of La;_,Sr,MnOj
(LSMO) by hard x-ray photoemission spectroscopy. Application of compressive and tensile strains results in
the formation of a gap at the Fermi level (Eg) and suppression of spectral weight at Eg, respectively, across
magnetic phase transitions. In contrast, no detectable change is observed in the absence of phase transitions
even upon application of pressure. These results indicate that the change in the electronic structure of LSMO
does not originate from the lattice distortions alone, but is induced by subtle interplay among the lattice,

magnetic, and orbital degrees of freedom.
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Pressure is one of the most crucial parameters for control-
ling the physical properties of solids. It specifically changes
the bandwidth without causing any chemical fluctuations or
disorders concomitant with chemical substitution, i.e.,
chemical pressure. The effects of pressure on the properties
of strongly correlated electron systems (SCESs) are drastic
since the unique physical properties of these systems arise
from strong mutual coupling among the spin, charge, orbital,
and lattice degrees of freedom.'? Therefore, the effects of
pressure on the physical properties of SCESs have been ex-
tensively investigated by using transport measurements and
various spectroscopic methods.

Photoemission spectroscopy (PES) is a unique and pow-
erful experimental technique that enables the direct determi-
nation of density of states (DOS) in condensed matter. How-
ever, the observation of the electronic structure under
physical hydrostatic pressure is very difficult using this tech-
nique. This is because photoelectrons cannot be picked up
from inside of a high-pressure cell owing to a fundamental
limitation of this technique. Therefore, the application of
PES has been limited to the study of the changes in the
electronic structure associated with chemical substitutions.
However, if SCESs are epitaxially grown on single-
crystalline substrates in the form of a thin film,> it will be
possible to effectively perform photoemission measurements
under (anisotropic) high pressure. The effect of anisotropic
pressure on such SCESs should be remarkable particularly
with respect to charge-orbital-related phenomena because the
charge and orbital degrees of freedom are strongly coupled
with lattice distortion.

A particularly promising aspect of such SCESs is the
orbital-state-mediated phase control of manganites using the
epitaxial lattice strain from substrates.>>% Konishi et al.? re-
ported that the physical properties of La;_,Sr,MnO; (LSMO)
thin films are sensitive to tetragonal distortion, and they de-
duced a phase diagram of hole doping (x) vs lattice-constant
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ratio (c¢/a), which is the ratio of the out-of-plane lattice con-
stant to the in-plane lattice constant, as shown in Fig. 1(a).
LSMO bulk crystals with x=0.4 and x=0.5 exhibit ferromag-
netic metallic (FM) properties. These properties of LSMO
can be explained on the basis of a double-exchange mecha-
nism as follows.? In the regular octahedron of MnOj, of the
perovskite LSMO, Mn 3d orbitals split into doubly degener-
ate e, and triply degenerate f,, orbitals because of crystal-
field splitting. Holes doped into the Mn 3d e, orbitals act as
mobile charge carriers and undergo strong Hund’s coupling
with the localized Mn3d t,, spins, resulting in the
stabilization of ferromagnetism in LSMO. The properties of
LSMO thin films with x=04 and x=0.5 grown on
(LaAlO3)o3—(SrAlysTay503)g; (LSAT) substrates are al-
most the same as those of the LSMO bulk crystals because
the lattice constants of LSMO and LSAT (3.870 A) are ap-
proximately the same. When LSMO thin films are grown on
LaAlO; (LAO) substrates, which have a smaller lattice con-
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FIG. 1. (Color online) (a) Phase diagram of LSMO films in the
plane of lattice-constant ratio (¢/a) and doping level (x) (Ref. 3).
The triangles, squares, and circles indicate the HX-PES measure-
ment points of LSMO thin films grown on LAO, LSAT, and STO
substrates, respectively. (b) Schematic illustrations of spin and or-
bital configurations in C-AFI, FM, and A-AFM phases.
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stant (3.792 A) than LSMO, the LSMO thin films experi-
ence compressive strain in the ab plane causing the ¢ axis to
elongate. Therefore, the value of c¢/a becomes 1.05, which
corresponds to a biaxial pressure of ~10 GPa. This distor-
tion stabilizes the d3.2_,2 orbital, and LSMO/LAO films ex-
hibit C-type antiferromagnetic ordering with insulating prop-
erties (C-AFI). On the other hand, when LSMO thin films
are grown on SrTiO; (STO) substrates, which have a larger
lattice constant (3.905 A) than LSMO, the LSMO thin films
experience tensile strain in the ab plane, and the ¢ axis is
compressed. Because of this physical pressure, LSMO thin
films with x=0.5 grown on STO substrates exhibit A-type
antiferromagnetic metallic (A-AFM) properties with d,2_»
orbital ordering. The spin and orbital configurations of the
LSMO thin films in each phase are illustrated in Fig. 1(b).

This method of applying physical pressure on a crystal
system without the use of a high-pressure cell enables the
direct observation of the electronic structure under physical
pressure.”!0 In this Brief Report, we report the observation
of changes in the electronic structures of LSMO thin films
induced by physical pressure using hard x-ray PES
(HX-PES).!"12 We found that the application of compressive
(c/a=1.05) and tensile (¢/a=0.98) strain results in the for-
mation of a gap at the Fermi level (Eg) and suppression of
spectral weight at Eg, respectively, across the phase transi-
tions. By comparing the present HX-PES results with the
physical properties and band-structure calculations, we dis-
cuss the physical nature of the orbital-state-mediated phase
transitions of manganites.

LSMO thin films were epitaxially grown on atomically
flat surfaces of LAO, LSAT, and Nb-doped STO substrates
by using laser molecular-beam epitaxy.'>!* LSMO thin films
were deposited on the LSAT and STO substrates at a sub-
strate temperature of 1050 °C and on the LAO substrates at
a substrate temperature of 400 °C, under oxygen pressure of
1 X107 Torr. The thickness of the films was accurately de-
termined by reflection high-energy electron-diffraction inten-
sity oscillations; it was found to be 100 monolayers
(=400 A). The LSMO thin films were subsequently an-
nealed at 400 °C for 45 min in atmospheric pressure of oxy-
gen in order to remove oxygen vacancies. The crystal struc-
ture of the prepared thin films was characterized by four-
circle x-ray diffraction measurements. We confirmed that the
in-plane lattice constants of all LSMO films match with
those of the substrates. The electrical resistivity was mea-
sured by the four-probe method. Magnetization was mea-
sured by using a superconducting quantum interference de-
vice magnetometer with the magnetic field applied along the
[100] axis parallel to the surface. We confirmed that all the
films exhibit the same electrical and magnetic properties as
those reported in the previous studies.>®

HX-PES experiments were carried out at undulator beam-
lines BL15XU and BL47XU of SPring-8. X-rays were
monochromatized at 5.95 keV by using a Si(111) double-
crystal monochromator. A channel-cut monochromator with
Si(333) reflection placed downstream of the double-crystal
monochromator reduced the energy bandwidth to 50 meV.
The total energy-resolution was set to 250 meV for core-
level and valence-band measurements and 150 meV for high-
resolution measurements near Eg. The energy position was
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FIG. 2. (Color online) Valence-band HX-PES spectra of LSMO
thin films with (a) x=0.4 and (b) x=0.5, grown on LAO, LSAT, and
STO substrates.

calibrated by measuring the Fermi-edge profile of a gold
plate. The PES spectra of LSMO films grown on LSAT sub-
strates (LSMO/LSAT) and LSMO films grown on STO sub-
strates (LSMO/STO) were measured at 40 K, while the PES
spectra of LSMO films grown on LAO substrates (LSMO/
LAO) were measured at 120 K to avoid the charging effect.
We confirmed that the spectra of LSMO/LSAT and LSMO/
STO measured at 40 K were not significantly different from
their corresponding spectra measured at 120 K.

Figure 2 shows the valence-band HX-PES spectra of
LSMO thin films with different doping levels and under dif-
ferent strain effects. The overall line shapes of the valence-
band spectra of all LSMO films are almost the same. Clear
peak structures observed around 6 eV, 3.5 eV, 2 eV, and near
Eg are assigned to O 2p bonding states, O 2p nonbonding
states, Mn 3d 1,, states, and Mn 3d e, states, respectively.'*
The O 2p bonding states in the spectra of LSMO/LAO
slightly shift to a higher binding energy than those in other
films. Simultaneously, it is observed at around 8 eV, the
high-binding-energy tail of these O 2p bonding states de-
creases, indicating the narrowing of the O 2p band. These
spectroscopic behaviors are commonly observed in HX-PES
spectra across metal-insulator transitions of other transition-
metal oxides."> Therefore, it is suggested that the spectral
changes observed in the case of LSMO/LAO are attributed to
the antiferromagnetic insulating properties of these films.

In contrast to the O 2p states, Mn 3d states near Ep ex-
hibit significant changes. In order to investigate the spectral
changes in the Mn 3d states, which are directly coupled with
the physical properties of LSMO, in further detail, we mea-
sured the HX-PES spectra near Ex with higher energy reso-
lution. The resultant spectra are shown in Fig. 3. In the spec-
tra of both LSMO films with x=0.4 and x=0.5, the electronic
structures of LSMO/LAQO are significantly different from
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FIG. 3. (Color online) High-resolution HX-PES spectra near Eg
of LSMO thin films with (a) x=0.4 and (b) x=0.5, grown on LAO,
LSAT, and STO substrates.

those of other films. The Mn 3d e, states near Eg shift to a
higher binding energy, and energy gaps are formed at Ef,
indicating the insulating properties of LSMO/LAO in the
C-AFI phase. Concurrently, it is observed that the 1,, states
around 2 eV of LSMO/LAO shift slightly to a higher binding
energy than those of LSMO/LSAT and LSMO/STO. A simi-
lar shift in the #,, states to a higher binding energy, accom-
panied by the destabilization of ferromagnetic states, has
been reported in studies on Nd,_.Sr,MnO; bulk crystals'®
and temperature dependence of ferromagnetic LSMO thin
films. !’

When we compare the spectra among the metallic LSMO/
LSAT and LSMO/STO, the suppression of DOS near Ey and
the shift in both Mn 3d e, and 1,, states to a higher binding
energy, are observed only in the spectrum of LSMO/STO
with x=0.5. The suppression of spectral weight at Ep has
also been reported in optical conductivity measurements,®
suggesting that the metallic DOS at Ey is suppressed by the
antiferromagnetic fluctuations in LSMO/STO with x=0.5.
On the other hand, in the case of LSMO films with x=0.4,
the spectrum of LSMO/STO is almost identical to that of
LSMO/LSAT.

The change in the electronic structure of the films is fur-
ther supported by the Mn 2p core-level HX-PES spectra
shown in Fig. 4. The appearance of a sharp peak at the low-
binding-energy side of the Mn 2p5,, main peak has been in-
terpreted as a well-screened feature arising from metallic
DOS at Eg; this is known to be closely related to the FM
phase of LSMO thin films.'®!® The intensity of this peak in
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FIG. 4. (Color online) Mn 2p53, core-level HX-PES spectra of
LSMO thin films with (a) x=0.4 and (b) x=0.5, grown on LAO,
LSAT, and STO substrates.
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the spectra of LSMO/LSAT and LSMO/STO with x=0.4 is
almost the same. In contrast, this sharp peak disappears in
the spectrum of LSMO/LAO with x=0.4, corresponding to
the occurrence of a pressure-induced metal-insulator transi-
tion. Similarly, in the spectra of LSMO films with x=0.5, the
peak attributable to the well-screened feature is observed in
the spectrum of LSMO/LSAT (FM phase), and it disappears
in the spectrum of LSMO/LAO (C-AFI phase), as shown in
Fig. 4(b). The significant difference between the spectra of
the films with x=0.4 and x=0.5 is the decrease in the inten-
sity of the peak in the spectrum of LSMO/STO with x=0.5.
This decrease is consistent with the suppression of the me-
tallic DOS at Ey observed in the valence-band spectra of
these films.!”

The observed spectral changes are more typical of the
transport and magnetic properties than of the degree of lat-
tice distortions. In the case of LSMO films with x=0.5,
LSMO/LSAT that are almost free from strain exhibit FM
properties, while LSMO/STO with a ¢/a ratio of 0.98 exhibit
A-AFM properties. However, in the case of LSMO films
with x=0.4, both LSMO/LSAT and LSMO/STO show FM
properties irrespective of strain; the ¢/a ratio in LSMO/STO
becomes 0.98 on the application of tensile strain, while
LSMO/LSAT do not experience strain. If the electronic
structure of LSMO was a direct consequence of the lattice
distortions alone, then the changes observed in the spectra of
LSMO/STO with x=0.4 would be similar to those observed
in the spectra of LSMO/STO with x=0.5, since both the
films experience a large amount of tensile strain. Therefore,
this consistency between the spectral observations of LSMO/
LSAT and those of LSMO/STO with x=0.4 indicates that
lattice distortions alone do not considerably affect the elec-
tronic structure of LSMO films. Thus, the magnetic and or-
bital ordering simultaneously induced by the biaxial strain
play a dominant role in changing the electronic structure of
LSMO films. Since the changes in the electronic structure
are not induced by the lattice distortions, but by the quantum
fluctuations of the magnetic nature, one can consider the
phase transitions occurring in epitaxially strained LSMO thin
films as suitable examples of quantum phase transitions in-
duced by physical pressure.

On the basis of band-structure calculations, Fang et al.?’
have demonstrated that orbital ordering is related to not only
the lattice distortion but also magnetic ordering. Under the
same amount of strain, antiferromagnetic ordering occurs
more easily in LSMO with x=0.5 than in LSMO with x
=0.4, because the double-exchange interaction becomes
weak as a results of the reduction in e, spins on hole doping.
In the calculated DOS, degenerated e, orbitals in the FM
phase are split into d,2_2 and d3.2_,2 orbitals in the A-type
antiferromagnetic (A-AF) or C-type antiferromagnetic (C-
AF) phase. This splitting causes the centroid of Mn 3d e,
states in the A-AF and C-AF phases to shift to a higher
binding energy. This shift is consistent with the experimental
spectral observations. The calculations suggest that the con-
tribution of magnetic ordering to splitting of e, orbitals is
more than that of crystal-field splitting caused by tetragonal
distortions. However, the calculations fail to reproduce the
energy gap at Ep. that is clearly observed in HX-PES spectra
of LSMO films in C-AFI phase. Furthermore, the significant
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suppression of the DOS at Ey observed in the HX-PES spec-
tra even in the FM phase cannot be explained by the band
calculations, suggesting the importance of many-body effects
such as strong electron-electron interactions and electron-
phonon coupling.

In conclusion, we have performed HX-PES measurements
on LSMO thin films across phase transitions under the physi-
cal pressure induced by the epitaxial strain from the sub-
strates. In the HX-PES spectra, we observed the suppression
of DOS at Ey for the A-AFM phase in LSMO/STO with x
=0.5 and the gap formation at Ep for the C-AFI phase in
LSMO/LAO. The difference between the electronic struc-
tures of LSMO/STO with x=0.4 and those of LSMO/STO
with x=0.5 indicates that the magnetic and orbital ordering

PHYSICAL REVIEW B 80, 132406 (2009)

induced by the tetragonal lattice distortion plays a dominant
role in changing the electronic structure of strained LSMO
thin films. Thus, we have demonstrated the capability of PES
under physical pressure by using epitaxial strain for investi-
gating the correlation among lattice distortions, magnetic or-
dering, and orbital ordering of SCESs.
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