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Coexistence of ferromagnetism and ferroelasticity in a single material is an intriguing phenomenon, but has been rarely
found. Here we studied both the ferromagnetism and ferroelasticity in a group of LaCoO3 films with systematically tuned
atomic structures. We found that all films exhibit ferroelastic domains with four-fold symmetry and the larger domain size
(higher elasticity) is always accompanied by stronger ferromagnetism. We performed synchrotron x-ray diffraction studies
to investigate the backbone structure of the CoOg octahedra, and found that both the ferromagnetism and the elasticity are
simultaneously enhanced when the in-plane Co—O—Co bond angles are straightened. Therefore the study demonstrates the
inextricable correlation between the ferromagnetism and ferroelasticity mediated through the octahedral backbone structure,
which may open up new possibilities to develop multifunctional materials.

Keywords: perovskite oxide film, ferromagnetism, ferroelasticity, twin domain

PACS: 71.28.4-d, 71.70.Ch, 75.25.j, 75.47.Lx

1. Introduction

Complex oxides exhibit many multifunctional proper-
ties due to the intricate coupling between the electron, lat-
tice, spin and orbital degrees of freedom, which potentially
can be applied in many circumstances, such as energy con-
version, data storage, sensor and so on.['"®! Although the
electronic and magnetic properties have been explored for
decades in complex oxides, the mechanical properties have
been paid much less attention. Recently, there are growing
interests in utilizing mechanical interactions to modulate or

(7-101 Similarly, it is also pos-

control the electronic properties.
sible to utilize the mechanical force to manipulate magnetic
properties. Previously, typical examples are the piezomag-
netic or magnetostrictive materials,!!"'?l magnetic thin films
integrated on flexible substrates,[!>!%! single-phase multifer-
roic materials or artificially constructed multiferroic compos-
ites with magneto—electric—elastic coupling (e.g., BiFeOs, ]
CaBaCo0,407,['1 BaTiO3-CoFe,04,1'" etc.). However, the
class of ferromagnetic—ferroelastic coupled multiferroic ma-
terials, which also holds great potentials in the magneto-
mechanical applications, is rarely explored. Thus new ap-
proaches are highly needed for developing such multiferroic
materials.

LaCoOj3 belongs to the complex oxide family with a per-

ovskite structure that has renewed interest over the last few
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decades. Bulk LaCoOs; with a filled Co tgg band is diamag-
netic at low temperatures and weakly paramagnetic at high
temperatures. '8! When tensile-strained by a substrate, the epi-
taxial LaCoOj3 film exhibits a strong ferromagnetic ground
state with a Curie temperature as high as 90 K. Fur-
thermore, the LaCoOj3 films have also been known to exhibit
ferroelasticity featured with the formation of stress-induced
twin domains.?°28] The origin of these unique properties
has been under intensive studies and many progresses have
been achieved to separately understand them so far. How-
ever, as a unique case of the ferromagnetic—ferroelastic multi-
ferroic material, whether and how the ferroelasticity and the
ferromagnetism correlate with each other in LaCoOj3 films
are not clear yet. Recent studies have observed structure
domains in XRD and STEM experiments of LaCoOs3 thin
films, which indicate correlation between ferromagnetism and

21.27.28] Byt the mechanism of the correlation

ferroelasticity. [
has not been understood. On the other hand, recent progresses
have extended the ferroelastic domains from the LaCoOj;
buffer layers to manganite oxides top layers.[>”! Thus studies
to purposely resolve possible correlations between the ferro-
magnetism and ferroelasticity are greatly demanded.

In this work, we fabricated LaCoOs thin films with thick-
ness of 30 unit cells grown on TiO;-terminated SrTiO3 (001)

substrates at different oxygen pressures. We found that the fine
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tuning of the oxygen growth pressure tunes the stress and the
elasticity in the LaCoQO3 films, evidenced by the controllable
size of ferroelastic domains along both the [100] and [010]
directions. More strikingly, it is found that films with larger
(smaller) ferroelastic domains exhibit stronger (weaker) fer-
romagnetism. The synchrotron x-ray diffraction (XRD) stud-
ies reveal that films with stronger ferromagnetism and elastic
force have substantially stretched octahedral backbones and
significantly reduced octahedral rotations along the in-plane
direction. Thus, the simultaneous appearance of ferroelasticity
and ferromagnetism and their correlation can be explained by
the elastic force tuning of the CoOg octahedral backbone struc-
ture. Therefore, this work reveals the mechanism of the corre-
lated ferromagnetic and ferroelastic behaviors in the LaCoO3
films mainly through the octahedral rotation, which potentially
can be applied to develop new types of multifunctional mate-
rials based on the ferromagnetic and ferroelastic properties.

2. Methods

The LaCoOQOs3 thin films were grown with 0.1 Pa, 1 Pa,
15 Pa oxygen pressure using reflective high electron energy
diffraction (RHEED) assisted pulsed laser deposition (PLD).
The SrTiO3 (001) substrates were etched with buffered hy-
drofluoric acid to have the TiO,-terminated atomically-flat
surface. The substrate temperature was 680 °C for all film
growths. In the growth, the frequency of the excimer laser
(248 nm wavelength) was 1 Hz and the laser energy den-

sity was about 1.5 J.cm™2. The synchrotron XRD experi-

10°

ments were performed on the sector 33-BM beamline at Ad-
vanced Photon Source of Argonne National Laboratory. The
x-ray beam size is 0.5 mm X 3 mm and the flux is ~ 8 x
10'! photons-s~!.

the energy scans at fixed diffraction position. The raw data

The x-ray energy is 15.8 keV except for

were recorded using a pixel array detector (Pilatus 100k) at a
distance of about 1 m from the sample. 3"

3. Results

The XRD w-20 scans of all the samples are shown in
Fig. 1(a). Distinct Laue thickness fringes around the (002)
Bragg peaks are observed, demonstrating the coherent epitaxy
of LaCoOs3 films. The Bragg peak shift of different LaCoOs3
films indicates that the out-of-plane lattice constant increases
with the reduced oxygen pressure during growth. The atomic
force microscopy (AFM) image of the 15 Pa sample is also
shown in Fig. 1(a) and AFM images of the other samples are
shown in Fig. S1. The surfaces of all films are atomically flat
with single-unit-cell height steps, similar to the surfaces of the
substrates, which further confirm the high quality of all films.
The magnetic properties of the LaCoO3 films were charac-
terized by the superconducting quantum interference device
(SQUID). Figure 1(b) shows the in-plane M—T curves of all
LaCoO3 films, which were measured with a 0.1 T applied field
after a 1 T field cooling. In this work, the in-plane direction
denotes the (100) direction. The low temperature upturn orig-
inates from the superparamagnetism of the SrTiO3 substrate.
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Fig. 1. Structural and magnetic characterizations for the LaCoO3 films. (a) XRD w-26 scans of the LaCoOs3 films grown at different oxygen
pressures. The inset shows the AFM image of the 15 Pa sample. (b) The M-T curves of all LaCoOj films. (c) The RSM data around {103}
Bragg reflections of SrTiO3 substrate for the 15 Pa sample. The dashed lines mark the positions of the satellite peaks along H and K directions.
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The ferromagnetic transition temperatures (7;) are 65 K, 70 K
and 82 K for the 0.1 Pa, 1 Pa, and 15 Pa samples, respectively.
The in-plane M—H curves of all films measured at the lowest
temperature of 5 K are shown in Fig. S1(b), which reveal the
larger saturation magnetization in films grown under higher
oxygen pressure. Such observations are consistent with our
previous work. 311

In order to study the ferroelastic property of the LaCoO3
films, we performed the three-dimensional (3D) reciprocal
space map (RSM) measurements using the synchrotron XRD.
Figure 1(c) shows the RSM data around {103} Bragg peaks of
the LaCoOs film grown at 15 Pa oxygen pressure. The peak
positions of the LaCoOj3 film along the H and K directions are
the same as those of the SrTiOj substrates. It means that the
LaCoOs3 film is coherently strained by the SrTiO3 substrate.
Since the lattice parameter of SrTiO3 (3.905 A) is larger than
that of bulk LaCoO3 (3.830 A),[32! the LaCoOs film is un-
der biaxial tensile strain. The ¢ axis lattice of the LaCoO3
film is thus compressively strained, which is measured to be
3.770 A. More importantly, we find two satellite peaks ap-

pearing near the (103), (103), (013), (013) Bragg reflections
of the LaCoOj3 film along the H and K directions, as indicated
by the dashed lines in Fig. 1(c). These satellite peaks are well
known to be the fingerprint of the ferroelastic domains.?7-33]
Different from the two-fold ferroelastic domains reported in
the previous work, >’ we observe four-fold ferroelastic peaks
along both the H and K directions. It indicates that the fer-
roelastic interaction in the current sample facilitates identical
domain distributions along both the [100] and [010] directions
(Fig. S2). From the distance of the satellite peaks in the recip-
rocal space, we can estimate the periodicity of the ferroelas-
tic twin domains in the real space along the [100] and [010]
directions. The twin domain periodicities are calculated to be
24.3 nm, 24.3 nm, 26.2 nm, 25.5 nm using satellite peaks near-
est to the (103), (103), (013), (013) Bragg reflections respec-
tively, thus giving the average periodicity of about 25.1 nm in
the LaCoO3 thin films grown at 15 Pa oxygen pressure. Corre-
spondingly, the size of the ferroelastic domains can be roughly
estimated to be 12.5 nm (half of the periodicity), which is far
below the size of the step width (about 230 nm).
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Fig. 2. The ferroelastic domains in the LaCoOj films. The RSM data around {103} Bragg reflections of SrTiO3 substrate for the (a) 0.1 Pa
and (b) 1 Pa samples. The dashed lines mark the positions of the satellite peaks along H and K directions. (c) The schematic illustration of the
checkboard-type ferroelastic twin domains. (d) The periodicities of the ferroelastic twin domains at different directions in all LaCoO3 films. The
hollow signs represent the average value of the twin periodicities for each sample. (e) The dependence of ferromagnetic Curie temperature and

twin periodicities on the growth pressure.
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Fig. 3. Quantifications of the CoOg octahedra rotations. The half-order peaks (5/2, 3/2, L) of the (a) 0.1 Pa, (b) 1 Pa and (c) 15 Pa samples.
(d)—(f) The fitting results of the half-order Bragg peaks. (g) The rotation angles along [100], [010] and [001] directions in the LaCoO3 films.
(h) The Co—O bong lengths along [100], [010] and [001] directions in the LaCoO3 films. (i) The Co—O—Co bond angles along [100], [010] and

[001] directions in the LaCoQj3 films.

Furthermore, we investigated the 3D RSMs of the other
two films grown at 0.1 Pa and 1 Pa oxygen pressures for com-
parison. Figures 2(a) and 2(b) show the RSMs around the
{103} Bragg peaks of the films and the SrTiOs substrates.
Similar to the sample grown with 15 Pa oxygen pressure, the
overlapping of the film peak and the substrate peak along the
H and K directions reveals that the LaCoOj3 films grown with
less oxygen environments are also coherently strained to the
SrTiOs substrates. On the other hand, the film peak position
along the L direction changes with the oxygen pressure. The
c axis lattice constants of the LaCoO3 films grown at 0.1 Pa
and 1 Pa oxygen pressures are 3.811 A and 3.797 A, respec-
tively. Both are larger than that of the film grown at 15 Pa
oxygen pressure (3.770 A). Nevertheless, satellite peaks also
appear near the (103), (103), (013), (013) Bragg reflections of
the LaCoOs film along both H and K directions. Thus, similar
checkboard-type ferroelastic domains also exist in the sam-
ples grown at lower oxygen pressures (Fig. 2(c)). However,
the satellite-peak distances in the two samples grown at lower
oxygen pressures differ significantly from that of the sample

grown at 15 Pa oxygen pressure. Specifically, in the 1 (0.1) Pa
sample, the periodicities of the ferroelastic twin domains are
derived to be 16.7 (14.0) nm, 16.7 (13.6) nm, 16.8 (15.0) nm,
and 16.6 (14.3) nm from satellite peaks nearest to the (103),
(103), (013), (013) Bragg reflections respectively. On average,
the twin periodicities are 14.2 nm and 16.7 nm for the 0.1 Pa
and 1 Pa samples, respectively, as shown in Fig. 2(d). One
can notice that the periodicity of the ferroelastic twin domains
systematically increases with the oxygen pressure applied dur-
ing growth. Such a trend is identical to the ferromagnetism—
oxygen pressure correlation as shown in Fig. 2(e). Therefore,
a positive correlation between the strength of the ferromag-
netism and the ferroelastic twin domain size is revealed.

In the perovskite structure, the flexible corner-shared oc-
tahedral network allows the epitaxial stress to be accommo-
dated by either bond-length distortions, or by changes in the
magnitude and phase of the octahedral rotations. If accommo-
dated by the bond length change, usually the chemical valence
change is the main solution of the structure change.**! Other-
wise, if the stress is mainly accommodated by the bond angle

097101-4
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change, the elastic force is mainly responsible for the structure
change.[® It is thus of significance to know whether the ten-
sile stress exerted on the LaCoQj3 film stretches the Co—O bond
length or straightens the bond angle. The rotation of the CoOg
octahedral can be quantified by the analysis of half-integer
peaks associated with the oxygen sub-lattice diffractions using

t.130] The octahedral rotations offset

the strong synchrotron ligh
the oxygen atoms and double the unit cell, producing a distinc-
tive set of half-order Bragg peaks depending on the tilt pattern.
Figures 3(a)-3(c) show the typical half-order peaks with 4, &,
[ indices all being half integers in all three films. Other mea-
sured half-order peaks are shown in supporting information.
Peaks with one half integer or two half integer indices of 4, k,
[ are not observed. Therefore, the octahedral rotation pattern
is determined to be the rhombohedral type with out-of-phase
rotations along all three directions. In the Glazer notation, [36]
such rotation type is written as a~ b~ c™, in which the — sign
indicates the out-of-phase rotation. The rotation angles around
the a, b, and c axes (i.e., [100], [010] and [001] directions) are
referred to be a, B, and v, respectively.

In the following, we use all the measured half-order peak
intensities to determine the octahedral rotation angles of «,
B, and 7 in all three films. Here the positions of the oxy-
gen atoms are first individually calculated from the rotation

37.38] Then we calcu-

matrix as described in previous works.!
late half-order Bragg peak intensities using the fitted positions
of oxygen atoms. The calculated intensities are then fitted to
the experimentally measured intensities, which gives us the
rotation angles closest to the reality. The specific rotation an-
gles determine the relative positions of all oxygen atoms. The
calculation methods and details can be referred to the origi-
nal works by May et al.1333% The accuracy of the fitting is
demonstrated by the nice overlap of the fitted intensity and the
measured intensity and very small residual errors, as shown in
Figs. 3(d)-3(f). The rotation angles of the Co—O octahedra as
functions of the sample growth pressure, together with those
of the bulk LaCoOj3, are shown in Fig. 3(g). The o and 8 of
all films do not have obvious trends of change as the growth
pressure changes, which fluctuate between 7° and 9°. How-
ever, the ¥ clearly decreases with increasing oxygen pressure,
and the decreasing trend is especially strong for the film grown
at 15 Pa. Such a systematic trend of y value change coincides
with both the trends of the ferromagnetic transition tempera-
ture change and the ferroelastic domain size change.

The Co—O bond length along the three directions can be
determined by the above rotation angles and the results are
shown in Fig. 3(i). The Co—O bond length along [100] and
[010] directions are almost the same and larger than that along
the [001] direction. As the growth pressure increases, the
bond length along the two in-plane directions systematically
decreases and the decreasing trend is most significant for the

15 Pa sample. Moreover, the Co—O bond lengths along the
[001] direction of films grown with 0.1 Pa and 1 Pa oxygen
The [001]-
direction Co—O bond length in the film grown with 15 Pa is
slightly smaller than that of bulk LaCoO3. Therefore, the bond
length is shortened in films grown with high oxygen pressure,

pressure are larger than that of bulk LaCoOs.

which weakens the possibility of Co valence change in accom-
modating the larger tensile stress in films grown at higher oxy-
gen pressure. In Fig. 3(h), the Co—O-Co bond angles along
both the in-plane and out-of-plane directions are shown, which
reveals a straightening trend of the in-plane Co—O-Co zigzag
chain in films of larger domain size. Thus, the scenario that oc-
tahedral backbone stretching accommodates the tensile stress
is agreed.

4. Discussion

The most important finding in the current work is the
strong dependence of both the twin domain and ferromag-
netism on the oxygen growth pressure and the Co—O—Co bond
angle in the film plane. In particular, the size of the ferroelastic
domain and the transition temperature of the ferromagnetism
both increase with the increasing oxygen pressure. According
to the generalized Hooke’s law,!*? we can correlate the stress
along three directions as in the following equations:

O =&Y +V(0,+ 0p), (D
Oy = &Y + V(0. +0p), 2

where 0,, 0, and o, are the stresses exerted on the film along
the [100], [010] and [001] directions, respectively. Y is the
Young’s modulus and v is Poisson’s ratio. &, and &, are
the strains along the [100] and [001] directions, defined as
(afitm — abuik) /@buc and (Cgim — Couik) /Couk» respectively. (411
Due to the cubic symmetry of the SrTiOs; substrate, the
strained LaCoOs3 film exhibits the tetragonal structure sym-
metry. Thus, 6, and o}, are the same and o, is equal to zero.
Therefore equations (1) and (2) can be derived to be the fol-

lowing:
&Y
Oy = — ;V ’ (3)
&
V= . 4
&, —2¢, “)

As shown in the schematic diagram in Fig. 4(a), the two films
grown with lower oxygen pressures of 0.1 Pa and 1 Pa are less
compressed along the vertical direction, which have compres-
sive strain of —0.496% and —0.862%, respectively. Compar-
atively, the film grown with 15 Pa exhibits a larger €. value
of —1.566%. On the other hand, the in-plane strains of all
three films are the same due to the coherent growth on SrTiO3
substrates, i.e., & = 1.958%. Therefore, the Poisson’s values
of the three films are 0.112 (0.1 Pa), 0.180 (1 Pa), and 0.286
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(15 Pa). Assuming a constant Young’s modulus of 67 GPa,[4?!

the stress along a or b direction is 1.483 GPa, 1.604 GPa and
1.834 GPa for the three films respectively. That is, higher
oxygen pressure during the growth generates stronger in-plane
tensile stress in the LaCoOj3 film.

In order to understand the changes of the Poisson’s ratio
and the stress, the possible existence of oxygen vacancy has to
be considered. At the low oxygen pressure, the LaCoOj3 film
tends to incorporate more oxygen vacancies during the growth
process. The oxygen vacancies release the tensile stress in the
lateral lattice. Contrarily, the amount of oxygen vacancy is
less in films grown with high oxygen pressure and the tensile
stress in the lateral lattice is stronger, consistent with the above
discussion. Moreover, the aggregation of oxygen vacancies is
easier at the ferroelastic domain boundaries.*3 The schematic
diagram of the domain boundary is show in Fig. 4(b). Based
on our experimental finding, the size of the domain is larger
(smaller) in films grown with high (low) oxygen pressure,
and the domain assumes the square symmetry. By assum-
ing that the oxygen vacancy surrounds square domain walls in
Fig. 4(b), we calculate the number of oxygen vacancies in the
edge of the squares. We can very roughly estimate the overall
concentration of oxygen vacancies in the three LaCoO3 films
using the known size of the ferroelastic domain. The oxy-
gen vacancy concentrations are approximately 0.92%, 0.78%
and 0.52% for films grown at 0.1 Pa, 1 Pa and 15 Pa, respec-
tively, which roughly agree to our previous work. 3!l Thus, the
LaCoOs film with fewer oxygen vacancies is more elastic ev-

idenced by the larger ferroelastic domains.

The change of octahedral backbone structure can be un-
derstood in the following. In films grown at low oxygen
pressures, the accommodation of the tensile stress is mainly
through the Co—O bond elongation assisted by the oxygen va-
cancy. In films grown at high oxygen pressures, the accom-
modation of the tensile stress is through the in-plane Co-O—
Co bond angle straightening compensated by the elastic en-
ergy. As results of the octahedral structure modulation, the
magnetic properties of the LaCoO3 films are greatly varied.
As shown in Fig. 4(c), the crystal field energy gap (A.f) ex-
ists between the threefold to; band and the twofold e, band.
The overall energy gap (Ag) between the tog and ey bands is
collectively controlled by A.g, the exchange energy (Aex) and
the bandwidth (W) due to the strong hybridization between
Co e, orbital and the O 2p orbital. It can be expressed as
Ag = Agg — Acx — W /2. The crystal field energy A is pro-
portional to rag_o, where rco—o is the Co—O bond length. [44]
The bandwidth W is proportional to 72~ sin(6/2), where 6
is the Co—O—Co bond angle.*>) We assume that the Ay is not
affected by the modulation of the structure since it is an intrin-
sic material constant. Using the obtained average bond length
and bond angle along a, b, c directions, we find A varies lit-
tle in films grown at different oxygen pressures whereas W is
larger in films grown at higher oxygen pressures. Therefore,
the overall energy gap Ag is smaller in films grown at higher
oxygen pressures, which promotes spin up electrons occupy-
ing the e, orbital and enhances the ferromagnetism.

Fig. 4. The scenario of the ferroelastic—ferromagnetic coupling mediated by CoOg octahedral backbone stretching. (a) The illustration of the
Co0Og octahedral rotations under different tensile strains. The bolder arrows represent stronger strains. The dashed lines indicate the Co-O-Co
bond angles. (b) The plane view of the ferroelastic domain with oxygen vacancy accumulation at the boundary. The green spots denote the
oxygen atoms, the blue squares denote the CoOg octahedra. The dashed lines indicate the domain boundary where oxygen vacancies (red dashed
circles) accumulate. (c) The schematic energy level diagrams of Co*. The eg T, tag T and eg |, ty | represent the spin-up and spin-down bands,
respectively. W is the e, orbital bandwidth. A is the crystal field splitting. A is the intra-atomic exchange energy.
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5. Conclusion

In conclusion, we observed that the size of the ferroelas-
tic twin domains and the ferromagnetic transition temperature
are simultaneously enhanced or suppressed in tensile-strained
LaCoOs films. The characterizations of the octahedral struc-
ture reveal that films with larger ferroelastic domains exhibit
more straightened in-plane Co—O-Co bond angles. Further-
more, the straightened bond angle also broadens the Co 3d
bandwidth which further decreases the energy gap Ag between
g and e, leading to the stronger ferromagnetism. Therefore,
the Co—O octahedral backbone structure as the fundamental
building block of the correlated oxides simultaneously con-
trols the ferroelasticity and the ferromagnetism of the LaCoO3
films grown with tensile strain. Such a study is very impor-
tant for applications of magneto-mechanical coupled materi-
als, and may pave the road for the rational design strategy of
emergent multifunctional thin films.
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