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The functional perovskite La; ,Sry,MnOs (LSMO) possesses various exotic phases owing to competing
physical parameters and internal degrees of freedom. In particular, the nature of the ferromagnetic
insulating phase (FMI) has not been adequately explored, resulting in a limited understanding of the
relationship between crystal structure and magnetism. To investigate this structure—property
relationship, epitaxial Lag ggSrg12MnOs thin films were grown on two different substrates, (001) SrTiOs
and (001) (LaAlOs)p3(SroAlTaOg)o7, by pulsed laser deposition. Element-specific and surface-sensitive
techniques were applied in conjunction with bulk magnetometry to investigate the inextricable link
between the structures and magnetic properties of the films and the effects of tuning the strain. The
results unambiguously demonstrate that structure—property relationship of a FMI LSMO tuned by strain
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Introduction

La; ,Sr,MnO; (LSMO) has attracted considerable attention
over recent years due to not only its exotic chemical and
physical properties in various complex phases but also its
great potential for a variety of applications. LSMO is widely
regarded as a useful material in practical areas such as spin-
tronics and energy device materials because the perovskite
manganite structure results in the colossal magnetoresistance
(CMR) effect and half-metal properties with potential appli-
cation to magnetic memory devices."” Furthermore, some
hole-doped LSMO materials exhibit high Curie temperatures
(T.) above room temperature.®* LSMO also possesses a high
conductivity and good thermal expansion coefficient, making
it a suitable cathode material for commercial solid oxide fuel
cells (SOFCs).** In addition, the Jahn-Teller (JT) distortion
forms polarons above the T. (=370 K), as changing the elec-
tronic and atomic structures is associated with the conduc-
tivity of materials.® With respect to physical properties, the
complex phases of hole-doped manganites have numerous
different ground states caused by competing internal degrees
of freedom and applied parameters such as temperature,
electric field, magnetic field, and strain.”® The exotic phases
include various magnetic and electronic phases, a hole-doping
metal-insulator transition, and a Griffiths phase.>**°
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LSMO has complex electronic and magnetic ground states
such as the paramagnetic insulating (PMI) phase, ferromag-
netic metallic (FMM) phase, and ferromagnetic insulating
(FMI) phase.'>** In particular, the nature of the FMI phase is
not well understood compared with that of the FMM phase,
which can be described using the double-exchange model.
Furthermore, the relationships between the applied parame-
ters and the resulting magnetic states are not yet well estab-
lished. To further investigate the FMI phase of La; _,Sr,MnOj,
the low-doping region (x =< 0.15) is interesting since the exotic
FMI phase is stabilized under these conditions. Thus, this
material represents a very attractive model for exploring the
correlation between the crystal structure and magnetism.

In an effort to elucidate the interplay between the crystal
structure and magnetism of perovskite oxides, numerous
studies have investigated the thickness dependence of the
structural, electrical, and magnetic properties of epitaxial thin
films such as BiFeOj3, LiFes0g, and La; _,Sr,MnQOj;."*'* However,
the FMI phase of LaggsSro.1,MnO; has not been adequately
investigated. Few studies were conducted partially with trans-
port measurements.**’

In this work, we report on the exotic magnetic properties
caused by substrate-effected strain from two distinct
substrates with various experimental methods. Since the
applied parameters can be conveniently used to tune the
physical properties such as crystallographic structure and
magnetism of epitaxial LSMO thin films,*” we performed
structural characterization, X-ray spectroscopy, and magnetic
measurements to observe the effects of substrate-effected
strain on the films.
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Experimental
Sample preparation

Lightly doped manganite Lag ggSro.1,MnO; belongs to the space
group Pbnm and its lattice parameters are a = 5.5425 A, b =
5.5346 A, and ¢ = 7.7857 A.'* We grew epitaxial thin films of
(001) orthorhombic Lag ggSry1,MnO; on cubic (001) SrTiOs
(STO, @ =3.905 f\) and (LaAlO3), 3(Sr,AlTa0g), 7 (LSAT, a = 3.868
A) single-crystal substrates by pulsed laser deposition (Q-
switched pulsed Nd:YAG laser with A = 355 nm). The laser flu-
ence was 0.62 ] cm 2. We used a Lag ggSTo 1,MnO; target from
Toshima, Japan. The growth conditions were 600 °C at 100
mTorr of an oxygen partial pressure. We also optimized the
growth process by using a 300 Torr oxygen partial pressure to
remove oxygen vacancies upon cooling.

Characterization of thin films

To examine the crystal structural properties of the epitaxial
LSMO thin films deposited on single-crystal STO and LSAT
substrates, we performed X-ray reflectivity (XRR) and X-ray
diffraction (XRD) measurements with a wavelength (1) of 1.54
A using a high-resolution X-ray diffractometer (HR-XRD,
SmartLab, Rigaku). Fig. 1(a) and (b) show the XRR patterns
for the epitaxial LSMO/STO and LSMO/LSAT films, respectively.
The results revealed a well-defined film thickness of 17 nm on
STO and 18 nm on LSAT, allowing a reasonable comparison to
be made between the two films owing to their similar thickness.
Fig. 1(c) and (d) show the XRD patterns, which clearly demon-
strated that the films were epitaxial and free from impurities.
Since the crystal structure of LSMO is orthorhombic, based on
a pseudocubic model, the lattice constant for an LSMO thin film
is 3.916 A. As the lattice constants of the substrates are 3.905 A
for STO and 3.868 A for LSAT, the lattice mismatches were
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Fig.1 XRR patterns of the epitaxial thin films of (a) LSMO/STO and (b)
LSMO/LSAT. §—26 XRD patterns of the epitaxial thin films of (c) LSMO/
STO and (d) LSMO/LSAT. These results confirm the successful growth
of uniform thin films.
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Fig. 2 RSM images for the (a) (103) STO substrate and (b) (103) LSAT
substrate. The square box in (a) is a guide to the eye for LSMO. These
contour maps confirm the presence of strain in the films.

—0.28% for LSMO/STO and —1.24% for LSMO/LSAT, where the
negative sign indicates compressive strain.

To confirm the existence of substrate-effected strain in the
LSMO films, we used the reciprocal space mapping (RSM)
method. The RSM measurements were performed for the (103)
STO and (103) LSAT substrates. Fig. 2(a) and (b) show the cor-
responding RSM images. The results clearly confirmed that the
epitaxial LSMO films exhibited the same in-plane lattice
constants for each substrate, indicating the presence of
compressive substrate-effected strain in the epitaxial thin films.

Results and discussion

The temperature and field dependences of the magnetization
were measured using a superconducting quantum interference
device (SQUID) magnetometer. We used an applied magnetic
field of 100 Oe and field cooling to clearly observe the T in the
temperature dependence of magnetization (M-T) curves for the
epitaxial LSMO/LSAT and LSMO/STO thin films. The applied
magnetic field is perpendicularly to the plane of thin films.
Fig. 3(a) shows that the T, values were 170 K and 190 K for the
LSMO/LSAT and LSMO/STO films, respectively. It should be
noted that an anomaly of magnetization was observed for the
LSMO/LSAT film, in that the magnetization initially increased
up to ~106 K and thereafter decreased. The low temperature
behavior of LSMO on LSAT is reminding us of spin glass and/or
cluster glass.' However, in this work, we have focused on
biaxial substrate-induced strain effect on magnetism. This
indicates that charge-orbital ordering (COO) occurred in this
film.* Since the in-plane compressive strain reduces the bond
distance of Mn**-0® -Mn** by stretching the MnOg octahedra
in the out-of-plane direction, the value of 7. decreases owing to
the stronger double exchange.”* Furthermore, elongation of the
MnOg octahedra also stimulate the competition of the internal
degrees of freedom and shift the T, to a lower temperature. This
is caused by the stabilization of the d,_,, with reduced

This journal is © The Royal Society of Chemistry 2019
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ferromagnetic interaction in the ab plane since T, links inex-
tricably to delocalize the e, orbitals.'”**

Fig. 3(b) shows the magnetization as a function of the
applied field (M-H hysteresis loops), which was measured at 80
K in the fully FMI phase for both substrates below their Tt.
These loops revealed distinct differences in the saturated
magnetic moments (M) of the two films. The magnetization of
the epitaxial LSMO thin film grown on STO was smaller than
that of the LSMO film grown on LSAT. This implies that
a greater compressive strain leads to a higher M;. This means
that the in-plane compressive strain can control magnetic
properties. It should also be noted that, as shown in the inset of
Fig. 3(b), the coercive field was higher for LSMO/LSAT than for
LSMO/STO. This may also be the result of the complex compe-
tition between the COO and JT interactions.

We also measured resistivity as a function of temperature as
shown Fig. 3(c). These curves indicate that the thin films show
indeed insulator behavior. Also, note that there are little humps,
pointed by arrows, around 170 K on LSMO/LSAT and 190 K
around on LSMO/STO. These present that there is the ferro-
magnetic phase transition which agrees well to the result of
magnetization measurements in terms of temperature shown in
Fig. 3(a).

To examine the influence of the substrate-effected strain on
the magnetic properties of the films, we performed X-ray
magnetic circular dichroism (XMCD) with X-ray absorption
spectroscopy (XAS) on the 2A beamline of Pohang Accelerator
Laboratory. The XAS and XMCD spectra were obtained in total
electron yield mode using an elliptically polarized undulator.
XAS and XMCD are very powerful techniques for studying the
electronic and magnetic structures of transition-metal mate-
rials owing to their element-specific excitation.**** XAS provides
direct information concerning the valence states of transition-
metal materials such as Mn ions, because the core electrons
in the 2p orbitals are excited to the 3d orbitals upon absorp-
tion.”> XMCD is a unique tool for separately determining the
spin and orbital magnetic moments for the element-specific
moment.**>°

For these experiments, the base pressure of the experimental
chamber was maintained below 5 x 10~'° Torr during the
measurements. The applied temperature was 80 K for consis-
tency with the M-H measurements. To obtain the XMCD
spectra, an external magnetic field of H = 0.7 T was applied in
the out-of-plane direction of the sample. The applied filed
direction is the same to the SQUID measurement. The field was
flipped to be parallel (u.) and antiparallel (u_) to the circularly
polarized photon helicity.*>*” Then, the dichroism (Au = u, —
w_)was calculated from the difference between the two values at
each data point. The XAS spectra were normalized for compar-
ison of the XMCD results. Fig. 4 presents the obtained Mn L,,;-
edge spectra of the FM1 LSMO thin films on the two substrates,
illustrating the XAS and XMCD spectra of the Mn ions in the
LSMO/STO and LSMO/LSAT thin films. From the XAS results,
Mn L;-edge spectra are roughly 641.95 eV. This confirms that
our samples were well grown as La, ggSr.1,MnO;3 since the x of
Srin the thin films is 0.12 in good agreement with the spectra of
various Sr concentrations studied by Abbate et al.*®

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Magnetization curves as a function of temperature, obtained

at an applied magnetic field of 100 Oe. COO occurred in the epitaxial
LSMO/LSAT thin film, as revealed by the anomalous increase in
magnetization up to ~106 K and subsequent decrease, which was not
observed for the epitaxial LSMO/STO thin film. (b) Magnetic hysteresis
loops of the LSMO films under different in-plane compressive strains
at 80 K. The magnetization of LSMO/LSAT is greater than that of
LSMO/STO, which implies that increased compressive strain reduces
the magnetization. (c) Resistivity vs. temperature curves of LSMO thin
films.
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Fig. 4 Mn L,,3-edge XAS and XMCD spectra of the epitaxial thin films
of (a) LSMO/STO and (b) LSMO/LSAT. The XAS spectra were normal-
ized to allow easier comparison of the XMCD results for the two
samples. The dichroism is Au = u, — u_. Both spectra were recorded
at 80 K in the presence of an external magnetic field of approximately
0.7T.

According to the XMCD sum rules, the spin magnetic
moment Mgy, and orbital magnetic moment M,y can be
expressed as follows:**2¢

6p — 4 TN\ ™
Mgy = —¥ x (10 — n3d)<l + 225 ;) : (1)
4
My, — —3—?>< (10 — n3q). )

where
p= ngAr“dE’ q= jL3+L2AudE, and r = L3+L2(“+ +u_)dE.

L; and L, are the integration range, and n34 is the occupation
number of 3d electrons in a Mn ion. The (T,)/(S,) term can be
neglected in this analysis.>*** Here, we select n3q = 4 since Mn>*
is the dominant ion influencing the magnetic structure in
Lag ggSro.1,MnO; films. For the LSMO/STO film, M, and My,
were estimated to be 1.44 ug/Mn and —1.71 x 102 up/Mn,
respectively. These give Mop/Mgpin = —1.19 x 1072, For the
LSMO/LSAT film, Mg, and M,,;, were estimated to be 1.50 ug/
Mn and —1.51 x 107> ug/Mn, respectively. These give M,/
Mgpin = —1.01 X 107>, The negative sign indicates that the spin
and orbital moments are antiparallel to each other as a result of
Hund's rule. The spin magnetic moments are comparable to the
results of the M-H measurements and in the same order as
expected. The M values were approximately 1.06 ug/Mn for the
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LSMO/STO film and 1.29 ug/Mn for the LSMO/LSAT film. These
are summarized in Table 1.

As demonstrated by the XMCD results, the different spin
magnetic moments of the Mn ions on the two substrates
correspond to the degree of compressive strain effected by the
substrates. These are in good agreement with the SQUID
results. With a bulk measurement of SQUID, the results of
XMCD supports strongly to the structure-property relationship.
Unlike the FMM of LSMO, the FMI cannot be explained simply
by using the double-exchange interaction, as mentioned earlier
in the text. Instead, the situation is more complicated as the
long-range COO must be considered, since an epitaxial Lag gg-
Sro.1,MnO; film on a substrate is a lightly doped manganite with
lattice distortion.'>* Previous studies reported that the COO of
lightly doped La;_,Sr,MnOs; is associated with lattice distortion
and the result of a complex interplay between electron-electron
correlation, double exchange, and JT distortion in the Mn*'-
0” -Mn"*" bond."*22%?8 This can apply to our material model in
this work. The orbital configuration associated with the elec-
tronic structure is related to the competition between these
factors in the FMI phase. This causes a change in the magnetic
structure of the epitaxial thin film. Thus, our results indicate
that a large compressive strain effected by a substrate presents
the COO transition with the JT distortion and the structure
deformation. Like the M-H curves shown in Fig. 3(b), the XMCD
results similarly demonstrated that the M, of the LSMO/LSAT
thin film was larger than that of the LSMO/STO film. In contrast,
the opposite was true for the orbital magnetic moments, where
the My, of LSMO/LSAT was smaller than that of LSMO/STO
(Table 1). A large in-plane compressive strain gives rise to
distortion of the MnOs octahedra, resulting in different
magnetic properties.

Consequently, this implies that a large compressive strain
can afford unconventional properties with the electron config-
uration dependent on the complex interactions between the
COO, JT distortion, and structural deformation. The consistent
experimental results obtained from the bulk measurements and
the surface-sensitive techniques support the idea that lattice
distortion is intrinsically linked to magnetism in the FMI phase
of Lay gsSr9.1,MnO; as a result of the complex interactions dis-
cussed above.

Conclusions

In summary, we have used X-ray spectroscopy and magnetic
measurements to examine the magnetic structures of FMI
Lay ggSTto.1,MnO; thin films, which are a potential model for the

Table1 Comparison of the lattice mismatches, spin magnetic moments, and orbital magnetic moments for the LSMO/STO and LSMO/LSAT thin
films. The spin and orbital magnetic moments were calculated from the XMCD results (Mn®* ions; nszq = 4) for each epitaxial thin film. The
negative sign of the mismatch indicates that the films were subjected to in-plane compressive strain. The M; values were obtained from the

SQUID measurements

Lattice mismatch M (up/Mn) Mgpin (up/Mn) Morp (4p/Mn) Moo/ Mpin
LSMO/STO —0.28% 1.06 1.44 —1.71 x 1072 -1.19 x 102
LSMO/LSAT —1.24% 1.29 1.50 —1.51 x 102 —1.01 x 1072
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FMI phase of LSMO at low temperature. The structural defor-
mation of the epitaxial thin films grown on two different
substrates effected changes in the magnetic properties. Our
results indicate an inextricable link between crystal structure
and physical properties, particularly magnetic properties. In the
epitaxial LSMO thin films, a large compressive strain caused
displacement of the MnOg octahedra in the out-of-plane direc-
tion and suppressed it in the in-plane direction. Distortion of
the MnOg octahedra influenced the double-exchange interac-
tion in Mn**-0*>"-Mn*" via a complex interplay with COO and
JT distortion. This structural deformation links degrees of
freedom such as spin, charge, and orbital in the lightly doped
La;_,Sr,MnO;. The correlation between the structural, elec-
trical, and magnetic properties can be explained by the
competition between the COO, JT distortion, and double-
exchange interaction. This study provides an opportunity to
improve our understanding of the nature of the FMI phase of
lightly doped La; ,Sr,MnO; by exploiting the advantages of
XMCD, a surface-sensitive technique. It suggests that further
intensive study of a FMI LSMO will contribute to enhance our
understanding of exotic physical and chemical properties in the
regime for great potential applications.
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