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ABSTRACT

It is well known that the epitaxial strain plays a vital role in tuning the magnetic states in transition metal oxide LaCoOs3 films. Here, we
reported a robust long-range ferromagnetic (FM) ground state in a tensile-strained perovskite LaCoO3 film on a SrTiO3 (STO) substrate,
which has a very significant attenuation when the thickness ranges from 10 to 50 nm. It is speculated that such attenuation may be caused
by the appearance of the cross-hatched grain boundary, which relaxes the tensile strain around the crosshatch, resulting in the local non-
FM phases. Magnetic force microscope observation reveals non-FM patterns correlated with the structural crosshatches in the strain-relaxed
film even down to a temperature of 2 K and up to a magnetic field of 7 T, suggesting the phase separation origin of magnetization attenua-
tion. Furthermore, the investigations of the temperature-dependent inverse magnetic susceptibility show a deviation from the Curie-Weiss
law above the transition temperature in a 50-nm-thick LaCoQO3/STO film but not in the LaCoO3/LaAlO;3 film, which is ascribed to the
Griffiths phase due to the crosshatch-line grain boundaries. These results demonstrated that the local strain effect due to structural defects
is important to affect the ferromagnetism in strain-engineered LaCoOj3 films, which may have potential implications for future oxide-based
spintronics.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157879
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INTRODUCTION

The multivalent cations and strongly correlated d orbital elec-
trons of transition metal oxides (TMOs) are responsible for a
variety of physical characteristics, including metal-insulator tran-
sitions, superconductivity, magnetic ordering, ferroelectric polar-
ization, and even magnetic phase separation.'” It is well known
that lattice strain plays a key role in determining the structure
evolution and property optimization of TMOs with perovskite

structures. Furthermore, strain engineering presents a promising
route for creating novel physical phenomena, an exciting exam-
ple is the recent demonstration of biaxial tensile strain tuning
magnetism in cobaltites.”’ Perovskite cobaltite has attracted con-
siderable attention due to its useful magnetic properties and novel
physical behavior. Their intriguing physical properties are attributed
to various spin states of cobalt ions determined by the delicate com-
petition between Hund’s exchange energy and crystal field splitting.
Moreover, regulating the magnetism of cobalt ions is also useful for
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an extensive range of technological applications, including batter-
ies and solid-oxide fuel cells.”'' Therefore, studying the influence
of lattice strain on its physical behavior is a positive sign for the
realization of technological applications.

It has been reported that bulk perovskite LaCoO3 (PV-LCO)
exhibits a nonmagnetic insulator and low spin (LS) state at low tem-
peratures, which transfers to an intermediate or high spin (IS or
HS) state as the temperature increases, showing an interesting evo-
lution of physical properties. Recent experiments have proved that
the Co®* ions in bulk exhibit a low spin state (LS, tzg6eg0, S =0) at
the lowest temperature, which gradually changes to an intermediate
spin state (IS, tzgsegl, S =1) in a temperature range of 35 K< T <
100 K, and present a mixture of medium and high spin states (HS,
t2g4eg2, S =2)inan interval of 300 K < T < 600 K, indicating the evo-
lution of magnetic properties.”'® A particularly intriguing example
is the observation of ferromagnetism in an epitaxial LaCoOs3 thin
film, which provides a good platform to study strain-induced ground
states in TMO thin films. It has been proposed that tensile strain
is conducive to increasing the bandwidth of the energy band (eg)
and reducing the crystal field splitting effect (Acg), which favors the
occupation of the medium spin state and the high spin state. Numer-
ous studies in theory and experimentation have attempted to explain
the phenomena.'”** However, the microscopic origin of the ferro-
magnetic (FM) state is still not clear enough. Further research is still
needed to fully understand the impact of local inhomogeneity on
ferromagnetism in strained PV-LCO thin films.

Here, we conducted investigations into the combined effects
of tensile and compressive strain on the magnetism in epitaxial
LaCoO;3 thin films. High-quality epitaxial LaCoOs films have been
grown on (001)-oriented SrTiOs (STO) and LaAlO3 (LAO) sub-
strates. Our results show that PV-LCO/STO thin films under tensile
strain exhibit clearly long-range FM orders, whereas those under
compressive strain exhibit only faint ferromagnetic behavior due to
strain relaxation and defects. Furthermore, the magnetism of the
50-nm-thick PV-LCO/STO film has a very significant attenuation
compared to the 10-nm-thick film, which is speculated to be the
appearance of the cross-hatched grain boundary. In addition, the
magnetic force microscope (MFM) experiments under high mag-
netic fields revealed crosshatch-correlated non-FM phases down to
a measured temperature of 2 K in tensile-strained LaCoOs films,
showing submicrometer-level magnetic phase separation. Mean-
while, in compressive-strained PV-LCO/LAO films of the same
thickness, this phenomenon has not been seen. Furthermore, the
measurements of the temperature-dependent inverse magnetic sus-
ceptibility show a non-linear temperature dependence and deviation
from the Curie-Weiss law around the transition temperature in a
50-nm-thick LaCoQO3/STO film, indicating the existence of the Grif-
fiths phase (GP) in the film containing local cross-hatched grain
boundaries. Our findings provide new information for understand-
ing the magnetic phase separation due to the local strain effect in
strain-engineered LaCoOj films, which has positive significance for
promoting the research and application of cobaltite thin films.

EXPERIMENTAL METHODS

In this work, the PV-LCO films were grown on single-
crystalline substrates of STO and LAO, using pulsed-laser deposition
(PLD). During deposition, a KrF excimer laser (A = 248 nm) with

pubs.aip.org/aip/apm

a frequency of 2 Hz and a pulse energy of ~249 m] was used to
ablate the stoichiometric target. The LaCoOs target was prepared
by the conventional solid reaction method. During the deposition,
the oxygen pressure was kept at 30 Pa and the temperature of
the substrate was kept at 700 °C. After deposition, the film was
cooled down to room temperature at oxygen pressure (100 Pa).
The surface morphology of PV-LCO films grown on STO and
LAO substrates was investigated by using an atomic force micro-
scope (AFM). The crystal structure of the films was measured
by x-ray diffraction (XRD), and film thickness was determined
using small-angle x-ray reflectivity (XRR). To better understand
the structure, we compared reciprocal space mappings (RSMs) for
films on STO and LAO substrates. The magnetic properties were
characterized by measuring magnetic hysteresis loops, M(H), and
temperature-dependent magnetization, M(T), via a superconduct-
ing quantum interference device vibrating sample magnetometer
(SQUID-VSM). The magnetization saturation process of the film
at 2 K was revealed using a magnetic force microscope (MFM)
under a magnetic field as high as 7 T. To simulate the elec-
tronic and magnetic properties of LaCoOs films, first-principles
calculations were performed on the tensile- and compressive-
strained films, respectively, using the Vienna ab initio simulation
package (VASP) with a distorted 2 x 2 x 2 supercell (see the
supplementary material).

RESULTS AND DISCUSSION

The PV-LCO films grown on STO (mismatch = agpstrate
— arcolarco) are under in-plane tensile strain, and films grown
on LAO are under in-plane compressive strain, where arco corre-
sponds to the lattice parameters of the bulk LaCoOs. The in-plane
misfit strain of the LaCoO; films varies from —0.74% (compres-
sive) to +2.17% (tensile) depending upon the substrate [Fig. 1(a)],
which indicates that the substrate-induced misfit strain is accommo-
dated by the elastic deformation of the films. Figure 1(b) shows the
schematic crystal structures of the PV-LCO film and the STO/LAO
substrate for a better understanding of the lattice matching, where
the film was subjected to in-plane biaxial strain from the substrate.

In addition, XRD spectra were collected for the lattice planes
parallel to the film plane. The XRD scans of PV-LCO films show
symmetrical peak shapes and Laue fringes, indicating the good film
crystalline quality of the films [Figs. 1(c)-1(e)]. The small angle
x-ray reflectivity (XRR) measurements were performed to verify the
thickness of LaCoO3 by data fitting, and regular oscillation XRR
results indicate the films have sharp interfaces and are highly crys-
talline [Fig. 2(b)]. From XRR fittings, the chemical depth profiles
of those two films were obtained [Fig. 2(c)], and the x-ray scatter-
ing length density (SLD) directly indicates their uniform chemical
distributions. Combined with the rocking curve of each LCO (002)
reflection with a single peak shown in Fig. 2(d), good c-axis ori-
entation can be further affirmed. To evaluate the crystallization
quality of the films, the full width at half maximum (FWHM) of
PV-LCO (002) diffraction peaks were measured from the rocking
curves: 0.03° for LCO/STO and 0.17° for LCO/LAO. The small
FWHM values in both films indicate a high degree of crystallinity
for the PV-LCO films fabricated in our work. Note that the differ-
ence in FWHM between the two films may be due to the twins in the
LAO substrate.
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FIG. 1. (a) Lattice mismatch between the bulk perovskite LaCoO; and various substrates. (b) The crystal structures of PV-LCO film and STO/LAO substrate. (c) XRD 6-26
scans of the PV-LCO films on the STO substrate. (d) Reciprocal space mappings of ( -103) peak reflections for the PV-LCO/STO films. (e) XRD 6-26 scans of the PV-LCO
films on LAO substrate. (f) Reciprocal space mappings of (-103) peak reflections for the PV-LCO/LAO films.

strain [Fig. 1(e)]. Meanwhile, an obvious compressive-strain
relaxation phenomenon is observed in the 50-nm-thick
PV-LCO/LAO film [Figs. 1(e) and 1(f)]. Furthermore, the surface
morphology analysis of films grown on STO and LAO substrates
was checked by atomic force microscopy. The surface roughness of
rms was found to be ~3 A, as shown in Fig. 2(a), indicating a smooth

The 6-20 XRD measurements of the 002 peak [Fig. 1(c)] reveal
that the strain clearly relaxes toward bulk LCO as a function of
increasing thickness; the c-axis lattice parameters of PV-LCO/STO
films are 3.76 A for 10-nm-thick, 3.77 A for 30-nm-thick, and
3.79 A for 50-nm-thick, respectively. To better understand the
overall structural changes as a function of thickness on STO, we

compared reciprocal space maps taken at the (013) peaks for differ-
ent thickness films [Fig. 1(d)]. RSMs show a weak strain relaxation
phenomenon in the 50-nm-thick PV-LCO/STO film, which agrees
with the observed variation of the 6-20 XRD measurements and is in
accordance with the previously reported Matthews-Blakeslee criti-
cal thickness for complete strain relaxation in LaCoOj3 films under
tensile strain (~60 nm).”> ”° While for the films on LAO substrates,
XRD spectra show that all the films are subjected to compressive

surface of all films. In summary, the structure and morphology
characterizations of PV-LCO thin films are chemically uniform,
highly crystalline, and single-phase. Meanwhile, images in Fig. 2(a)
show some topographic lines with the crystallographic orientation
n (110) in the 30-nm-thick PV-LCO/STO film, suggesting the
appearance of cross-hatch-line grain boundaries that are probably
related to local structural defects due to tensile strain relaxation.”’
This phenomenon is more pronounced in 50-nm-thick film, which
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FIG. 2. (a) Surface morphology of the PV-LCO films on STO and LAO substrates. (b) XRR measurements and corresponding data fitting of LaCoOj films grown on STO and
LAO substrates. (c) The chemical depth profiles from XRR fittings. (d) The rocking curves of the LCO (002) peak for the 50 nm films on STO and LAO substrates, respectively.

is similar to those observed in the previous report of the surface
morphology in PV-LCO film with a thickness larger than 90 unit
cells.”

This special morphologic phenomenon raises great interest in
its impact on magnetic properties. To trace the variation of ferro-
magnetism, the temperature (T) and magnetic field (H) dependence
of the magnetization (M) of PV-LCO films on STO substrates was
measured and shown in Figs. 3(a) and 3(b), respectively. Apparent
ferromagnetic behavior with an easy axis lying within the in-plane
is observed in PV-LCO/STO films [Fig. 3(b)]. The spin state of
Co ions is determined by the electronic configuration of the t,
and e, bands. It is believed that the tensile strain can increase the
band length and promote the spin-state transition from the LS state
to the IS or HS state due to the distortion and tilt of the CoOg
octahedron (resulting in a decrease of Acg), which favors the fer-
romagnetic double-exchange between occupied and unoccupied eg
orbitals. Our density functional theory (DFT) using the Vienna ab
initio simulation package (VASP) calculations show that the Co 3d
orbitals include two e; and three t,, orbitals on the LS site, while
the energy level splits to four states (dxy, dy./dxz, dxa—y2, and d.%) at
the HS site tensile-strained LaCoOs film (supplementary material
Fig. S1), resulting in the unoccupied eg orbitals at LS site and
half-occupied ones at neighboring HS site. This leads to the ferro-
magnetic double-exchange between neighboring Co ions and gives
rise to ferromagnetism in the tensile-strained LaCoO3 film.”**>"'
The calculations also show that the LS and HS magnetic moments
are 0.3 ug/Co and 2.9 up/Co, respectively, leading to an average mag-
netic moment of 1.6 yp/Co, which matches well with the result of

1.3 up/Co observed in our experiment. In addition, transport mea-
surements demonstrated that all PV-LCO/STO films with different
thicknesses exhibit insulating behavior [Fig. 3(0)],”°~*” which is also
confirmed by the DFT calculations. Meanwhile, a substantial mag-
netism attenuation was observed in these PV-LCO/STO films. With
the thickness increasing from 10 to 50 nm, the saturation mag-
netic moment decreases from 1.3 pp/Co to 0.7 up/Co [see Fig. 3(b)].
This special magnetization attenuation may be related to the cross-
hatched grain boundary emerging in the thicker film [Fig. 2(a)]. In
our case, as the thickness of PV-LCO/STO films increases, the tensile
strain from the lattice mismatch between the LaCoOj3 film and the
STO substrate relaxes partially [see Fig. 1(d)], few available amounts
of vacancies and local lattice distortions may lead to the appearance
of a cross-hatched grain boundary and the FM regions coexisting
with non-FM regions behaviors. As a result, the saturation mag-
netic moment of the film obviously attenuates with the increase in
thickness.”

To further reveal the magnetic phase distribution in thin
films, the magnetization saturation process of the 50-nm-thick PV-
LCO/STO film was investigated by using a low-temperature mag-
netic force microscope. Obvious evidence of FM regions coexisting
with non-FM regions is observed. The MFM images were recorded
during the field increase after zero-field cooling. The different colors
in the MFM images show different interactions between the tip and
the local area. Since the MFM tip is only sensitive to the out-of-plane
magnetization, the green color represents negligible interactions
from non-FM regions, and spin-up and spin-down states are rep-
resented by red and blue colors (Fig. 4), respectively. As shown in
Fig. 4(a), the obvious-separated FM droplets dipped into weak/non-
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FIG. 3. (a) Temperature dependence of magnetization M(T) for the PV-LCO/STO films under field cooling, measured by applying an in-plane magnetic field H = 500 Oe.
(b) In-plane (IP) and out-of-plane (OOP) magnetic hysteresis loops for the PV-LCO/STO films measured at 10 K. (c) Resistivity of the PV-LCO/STO films as a function of
temperature. (d) M-T curves of the PV-LCO/LAO films under field cooling. () M-H curves of the PV-LCO/LAO films at 10 K. (f) Resistivity of the PV-LCO/LAO films as a

function of temperature.

FM regions. The FM droplets gradually expand [Figs. 4(b)-4(e)]
with the field increasing. When the field exceeds 4 T, the size of
the observed FM regions remains almost unchanged. Even when
the magnetic field reaches 7 T, the FM area still cannot completely
fill the entire area. As no exchange bias phenomenon was found in
the magnetization measurements [Fig. 3(b)], one can exclude the
possibility of coexisting antiferromagnetism. Thus, this non-FM

phase could be paramagnetic or diamagnetic since LaCoOs has a
very abundant magnetic phase diagram in the bulk.” > Moreover,
one can find that the patterns, especially in images under a low
magnetic field, have a clear orientation of (110), which correlates
with the topographic crosshatch feature [see Fig. 2(a)]. This strong
correlation between the surface morphology result and the MFM
of the 50-nm LCO/STO film suggests that the observed magnetic

ylo10]

0.5 pm

FIG. 4. Magnetic force microscopy investigations on 50-nm-thick PV-LCO film. (a)~(h) Representative MFM images measured at 2 K and taken with increasing field. All
images were taken in the same area after zero-field cooling. For all images, the scanning area is 1 x 1 um?. The color bar is +8° for phase shift.
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phase separation is caused by the cross-hatched grain boundaries
in thick films, further confirming that the magnetization attenua-
tion in thick films originates from the local structural defects. These
defects, including local vacancies, lattice distortion, and misfit dis-
locations, can effectively release the tensile strain, resulting in the
non-FM regions.

Interestingly, it was found that this local structural defect
not only results in magnetic phase separation but also affects the
magnetic behavior near the magnetic transition. Figures 5(a)-5(c)
show the temperature dependence of the inverse magnetic sus-
ceptibility, )[1, for tensile-strained PV-LCO/STO films. A liner
temperature dependence of ™' in the temperature region higher
than Curie temperature is observed for 10-nm-thick LCO/STO
film [Fig. 5(a)], in good correspondence with the Curie-Weiss
law. Whereas the obvious non-linear temperature dependence of
x~" above the Curie temperature emerges as increasing the thick-
ness of LCO/STO films. In particular, for the 50-nm LCO/STO
film, a downward deviation from Curie’s law was observed. It
has been reported that local short-range FM order could occur in
the temperature range T > T > T¢, due to the random disor-
der resulting in Griffiths singularity,””’ where T is the intrin-
sic ordering temperature in the system free of disorder. In our
case, the possible sources of disorders may be small amounts of
vacancies and local lattice distortions near the cross-hatched grain
boundaries.”

According to the Griffiths phase (GP) model, the GP singularity
is defined as a non-linear T-dependence for the X_I(T) in the low
field by the following equation:*
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where T¢ is the random ferromagnetic transition temperature in
the clusters, 0 < A < 1 is the exponent characterizing the strength
of GP, and 1 is supposed to be zero in the pure PM area. Based
on this Griffiths phase mode, we fitted the curves of temperature-
dependent X_I(T) for 10, 30, and 50-nm LCO/STO films, and the
results are shown in Figs. 5(a)-5(c). Obviously, the deviation from
the Curie-Weiss law is found in the 30 and 50-nm thick LaCoQO3
films on STO, indicating that the short-range FM clusters exist in the
PM region, and the simulated strength index (1) of Griffiths phase is
equal to 0.27 for the 50-nm thick LaCoOs3 film.

Furthermore, we have also undertaken a comparative study of
the epitaxial tensile and compressive strain on the magnetic and
transport properties of PV-LCO thin films. Similar to LCO/STO
films, all PV-LCO/LAO films also exhibit insulating behavior [see
Fig. 3()]. Unlike the PV-LCO/STO film, 15 and 30-nm thick films
strained on LAO substrates do not show ferromagnetic hysteresis
[see Figs. 3(d) and 3(e)], which agree that the epitaxial compres-
sive strain does not give rise to ferromagnetism.”> However, the
50-nm-thick PV-LCO/LAO film exhibits very weak ferromagnetism
[Fig. 3(e)]. Meanwhile, a good agreement with the Curie-Weiss law
and no sign of the Griffiths phase is observed for the 50-nm-thick
LaCoOs film on LAO [Fig. 5(d)]. Furthermore, the magnetization
saturation process of the 50-nm-thick PV-LCO/LAO film was inves-
tigated by using a low-temperature magnetic force microscope, and
no obvious magnetic contrast was observed, even down to a lowest
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FIG. 5. (a)~(d) The plots of y=" vs T for PV-LCO films on STO and LAO substrates, respectively. The red line corresponds to fitting by the Curie-Weiss law, and the green

line is fitting using the Griffith phase model.
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temperature of 2 K and up to a magnetic field of 7 T. DFT calcula-
tions show that the t,4 orbital is split into a higher singlet dyxy and a
lower doublet (d;x and dy,), and eg orbitals are split into two sepa-
rate energy levels d,? and dx2-y> at the IS state due to the Jahn-Teller
distortion and octahedral tilt by compressive strain. Thus, there is
a relatively large population of eg electrons at the IS state, leading
to a weak ferromagnetic exchange interaction between neighboring
LS and IS Co ions. Meanwhile, the calculations show that the mix
LS-IS states are metastable with higher energy, which makes the fully
compressive-strained PV-LCO/LAO films (15 and 30 nm) favor the
nonmagnetic state with the suppression of the transition between LS
and IS states, as shown in Fig. 3(e). Whereas, the lattice relaxation in
the 50 nm-thick PV-LCO/LAO film [Fig. 1(f)] decreases the tetrago-
nal distortion in a way and, thus, introduces oxygen vacancies in the
lattice.” This lattice relaxation, together with the oxygen vacancy,
may work synergistically to lower the energy and stabilize the IS
state,”’ leading to the weak ferromagnetism observed in 50-nm-thick
PV-LCO/LAO film." "'

CONCLUSION

In summary, high-quality LaCoOs epitaxial thin films were
successfully grown on STO and LAO substrates by PLD. Our
experiments showed that PV-LCO/STO films exhibit strong ferro-
magnetism, while thin PV-LCO/LAO films (15, 30 nm) are non-
magnetic despite that a very weak ferromagnetic behavior appears
in the 50-nm thick film due to the lattice relaxation and the total
number of defects. The first-principles calculations indicate that the
ferromagnetism in tensile-strained films is ascribed to the exchange
interaction between LS- and HS-Co ions that is induced by the dis-
tortion and tilt of the CoOg octahedron, further emphasizing the
crucial role of tensile strain in inducing ferromagnetism in LaCoO3
films. In addition, the weak ferromagnetism in the 50 nm PV-
LCO/LAO film may come from the synergy of lattice relaxation and
oxygen vacancies. Moreover, the saturation magnetic moment of
the 30 and 50-nm tensile-strained films shows a significant attenua-
tion compared to the 10-nm-thick LaCoOs film, which is ascribed
to the cross-hatch-line grain boundaries appearing in the thicker
films. The obvious evidence of FM regions coexisting with non-
FM regions is observed by MFM, even if the magnetic field reaches
7 T. The strong correlation between the surface morphology result
and MFM of the 50-nm-thick LCO/STO film further confirms that
the magnetization attenuation in thicker films originates from the
local cross-hatched grain boundaries. In addition, an obvious devia-
tion from the Curie-Weiss law is found in the 50-nm-thick LaCoO3
films on STO substrate, which is caused by the presence of the
Griffiths phase due to the cross-hatched grain boundary. Our find-
ings provide valuable information into the origin of the magnetic
phase separation in strain-engineered LaCoOs films, which has
the potential to promote the application of perovskite structural-
functional oxide devices.

SUPPLEMENTARY MATERIAL

The supplementary material file gives the first-principles
calculation using the Vienna ab initio simulation package
(VASP).
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