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ABSTRACT: Thin films have attracted much interest because they often have novel
properties different from those of their bulk counterparts. In this work, we tune two
metastable states in three kinds of lanthanum cobalt oxide thin films by electron beam
irradiation and record their dynamic transition process in situ in a transmission electron
microscope. The lanthanum cobalt oxide thin films exhibit a homogeneous microstructure in
the initial state and then transfer to a stripelike superstructure with 3a, periodicity (a, is the
perovskite lattice parameter), further developing into a superstructure with 2a, periodicity in
dark stripes (brownmillerite structure). To explore the inherent energy discrepancy within the
two metastable states, we perform first-principles calculations on a LaCoO;_5 (0 < & < 0.5)
thin film system by geometry optimization. The calculation results suggest that the forming
energy of the 3a, periodicity stripelike structure is a little lower than that of the 24, periodicity
in the LaCoO;_; thin film. Our work explains why the two stripelike structures coexist in
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lanthanum cobalt oxide thin films and extends prospective applications related to oxygen vacancies in thin films.

B INTRODUCTION

Any substance in nature is in its minimum energy state. All of
the systems we observed are the equilibrium results of two or
more energy competitions. For instance, the battle of long-
range order and disorder (short-range order) at lattice
dimension forms an amorphous structure.' > Superconductiv-
ity is the form of the competition between thermoenergy and
electron migration.”” In particular, in strongly electron-
correlated systems, all of the observed intriguing functionalities
and phases are in the stable or metastable states stemming
from the competitions among electron, lattice, orbital, and spin
under external disturbances such as temperature and
pressure.(’_8

An epitaxial transition-metal oxide thin film is a remarkably
metastable existence influenced by several competing factors.
The mismatch between the lattices of the substrate and
epitaxial film induces a strain energy that reaches a maximum
residing at the interface and expands to the whole film.”~""
The strain energy competes with the crystal field energy of the
film, which gives rise to the change in the spin states of the
transition-metal ions. When a transition-metal oxide film is
observed in a transmission electron microscope (TEM),
electron beam irradiation (EBI) as an external tool can
intentionally tailor the oxygen concentrations through the
knock-on effect."*™"* Moreover, the heterostructure grouping
of at least two kinds of materials in a thin film would produce
novel physical properties. For instance, electron reconstruction
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occurring at the interface of LaMnQO;/SrTiOj; heterostructure
provokes the emergency of magnetism.'> By coupling a fixed
thick La,,Sro;MnO; layer with a varying-thickness LaCoOj;
layer, Thota et al. demonstrated that interfacial ferromagnetic
coupling is enhanced upon decreasing the thickness of
LaCo0;."°

Recently, lanthanum cobalt oxide thin films have attracted
considerable attention because of their fantastic physical
properties related to their prolific stripelike structures.'®™*’
The epitaxial La;_,A,CoO;_s (A is a rare earth element, 0 < x
< 1,0 £ 6 £0.5) thin film exhibits numerous complicated
oxygen vacancy orderings.”' ~*° Taking the LaCoO;_; thin film
grown on SrTiO; (STO) as an example, Zhang et al. observed
the superstructure with 3a, periodicity in dark stripes,”®
whereas Jang et al. reported the superstructures with 2a, and
3a, periodicities in dark stripes.”” (Here, 24, is the periodicity
of the occurrence of a dark stripe though the neighbor dark
stripes are not equivalent, whose crystal structure possesses a
brownmillerite phase with a periodicity of 44, perpendicular to
the dark stripes. 3a, is the periodicity of the occurrence of a
dark stripe, whose crystal structure adopts an intermediate
phase between the perovskite phase and the brownmillerite
phase, with a periodicity of 3a, perpendicular to the dark
stripes. Hereafter, we call them 24, and 3a,, respectively.)
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Figure 1. Sequence of the HAADF images of LCO/LMO SL along the [100] zone axis subjected to EBL The images of LCO/LMO SL were
recorded (a) at the beginning of the experiment and after being irradiated for (b) 2, (c) 10, (d) 12, (e) 18, and (f) 38 min, respectively. The LMO
layers are colored blue. The LCO layers with vertical dark stripes, horizontal dark stripes, and crisscrossed dark stripes are colored green, yellow,
and red, respectively. The LCO layers are numbered “1” to “4” on the side of the images.

Moreover, the dark stripes are either parallel or perpendicular
to the interface between the film and the substrate.”® Our
previous studies also show that the dark stripes with
periodicities of both 24, and 3a, coexist in Lal_ySrf,CoO3 (0
<y £0.1) and LagyCay;Co0;_ thin film systems.'”**

The morphology in lanthanum cobalt oxides is very
changeable. However, the previous investigation of the
structural evolution of lanthanum cobalt oxide merely focused
on the LaCoQ,/SrTiO; superlattice.”” Moreover, the origin of
the coexistence of different morphologies in the same
lanthanum cobalt oxide film system is still unclear.
Furthermore, the forming energy of stripelike structure with
the 2a,y or 3a, periodicity in the lanthanum cobalt oxide thin
film has not been reported.

In this work, to obtain a general rule for the structural
evolution in lanthanum cobalt oxides, we investigate an
electron-beam-irradiation-induced structural transition be-
tween 24, and 3a, periodicity dark stripes in three lanthanum
cobalt oxide thin film systems by using a JEOL ARM200 TEM
with double Cs correctors. Electron energy loss spectroscopy
(EELS) is employed to measure the oxygen concentration in
the dark stripe. The calculations of the forming energies reveal
the energy stabilities of 2a, and 34, stripelike structures in a
tensile/compressive strained thin film. Our work shows that
altering the periodicity of the dark stripes and controlling their
orientation can be realized by EBI and provides a clear energy
scene of the 24, and 3aqj stripelike structures in LaCoO;_; thin
films.

B EXPERIMENTAL SECTION

Sample Fabrication. Three different thin film systems were
fabricated by a pulsed-laser deposition method. They are a
superlattice (SL) with alternately stacked LaCoO; (LCO) and
LaMnO; (LMO) layers on a [100]-oriented STO substrate, a trilayer
consisting of S-nm-thick Lag¢,Stg33Mn0O; (LSMO) sandwiched by
two layers of 7-nm-thick Lay ¢Sr,,CoO; (LSCO) epitaxially grown on
STO substrate, and a single layer with 35/70-nm-thick

LagyCay;CoO; (LCCO) thin films on the STO substrate. The
details of thin film fabrication can be found in our previous
papers.” ™!

TEM Characterization. All of the TEM lamellas were prepared
with a focused ion beam Helios 600i. A TEM study was performed at
200 keV on a JEM-ARM200F with double aberration correctors. The
STEM mode conditions for irradiating the samples are listed in
Supporting Information Table S1. All of the original high-angle
annular dark-field (HAADF) images are 1024 X 1024 pixels in size.
EELS line scans were acquired in steps of 2 A. The spot size was set to
be 6C, and each point had a duration time of 0.1 s to gain enough
counts and good stability simultaneously. Dual EELS mode was
employed to obtain a real-time zero loss peak for the correction of the
zero/core loss peak drift and also to remove the plural scattering
effect.

First-Principles Calculation. The CASTEP modus was exploited
to execute the geometry optimization with restrictions in LaCoO;_s
thin films and to calculate the final energy. A gradient-corrected form
of the exchange-correlation function (generalized gradient approx-
imation (GGA-PBE)) was used.*” The details of the restrictions for
the thin films are presented in the main text. The crystal symmetry
was set to P1 for geometry optimization. The oxygen molecule model
was made by setting two oxygen atoms with a bond length of 1.209 A
into a 10 X 10 X 10 A® crystal frame.

B RESULTS AND DISCUSSION

EBl-Induced Structural Evolution. Figure 1 shows the
structural evolution of LCO/LMO SL under EBI over the
whole image area. In the initial state (Figure la), the vertical
(perpendicular to the plane of substrate) and horizontal
(parallel to the plane of substrate) dark stripes or crisscrosses
existed in the inner LCO layers (labeled as “17, “2”, “3” in
Figure 1). Meanwhile, the structure without stripes dominates
the outermost LCO layer (labeled as “4” in Figure 1). When
the SL was exposed to the focused electron beam with a spot
size of 6C (as shown in Table S1), alterations of the
nanostructures of LCO layers in SL take place. The effect of
electron beam irradiation on an LCO thin film versus time has
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several stages as shown in Figure 1b—f: First, areas of vertical
dark stripes become dense and expand laterally. Second,
vertical dark stripes turn into crisscrossed dark stripes and
finally develop into horizontal dark stripes. These evolutions
indicate a nucleation process, and the extent of the nucleation
is larger in the bottom LCO layer than in the outer LCO
layers. In general, the areas of the dark stripes are enlarging
with a gradually increasing dose of EBL

To study the structural evolution in detail, the magnified
HAADF images from LCO layer 1 are shown in Figure 2.

2a, dark stripe 3a, dark stripe

Figure 2. Magnified HAADF images cut from LCO layer 1. With
increasing the dose of EBI, the periodicity of the dark stripes in the
LCO layer changes from 34, to 2a,. Scale bar: 2 nm.

Initially, vertical dark stripes and horizontal dark stripes coexist
in layer 1. The structure of the vertical dark stripes has a
periodicity of 3a,, while on the left, the structure of horizontal
dark stripes has mixed periodicities of 2a, and 3a, (Figure 2a).
With gradually increasing the time of EBI, all of the 3a, dark
stripes structure become 24, stripes (Figure 2f). It should be
noted that there is a competition between 2a, and 3a,
periodicities of the stripelike structures, which can be seen in
Figure 2c—e. As for the outer part of the thin film, in addition
to being relatively slower, LCO in layer 3 has a similar
tendency in the evolution of dark stripes shown in Supporting
Information Figure S1.

To explore the general rule of the structural evolution in
lanthanum cobalt oxides, we also investigate LSCO and LCCO
in trilayer and single-layer thin films. The structural evolution
of the LSMO/LSCO/LSMO trilayer thin film is shown in
Supporting Information Figure S2. The EBI causes two kinds
of changes in the lattice image of LSCO. The first one is that
the original structure without a stripe is transformed into a
structure of interlacing dark stripes with 2a, and 34,
periodicities (red areas in Supporting Information Figure
S2a—c), and the second one is the formation of completely
horizontal dark stripes with a 34, periodicity from the initial
horizontal and vertical staggered dark stripes with a 3a,
periodicity (as shown in yellow areas in Supporting
Information Figure S2d—f).

In the case of the lightly doped lanthanum cobalt oxide
LayyCag;Co0; (LCCO) thin films in Supporting Information
Figure S3, as the duration of EBI increases, the 34, periodicity
of vertical dark stripes gradually forms and then subsequently
transform into either 2a, periodicity vertical dark stripes

interspersed with a few horizontal dark stripes in a 35-nm-thick
LCCO thin film or into mixed vertical dark stripes with 2a,
and 3q, periodicities in a LCCO thin film with a thickness of
70 nm. The final features stay unchanged under EBI at long-
enough time.”®

To summarize the behavior of the above three lanthanum
cobalt oxide thin film systems, we can conclude that all of the
thin films can change from a stripe-free structure to a 3a,
horizontal and/or vertical dark stripe structure and sub-
sequently transform into a 24, horizontal and/or vertical dark
stripe structure under EBI. It demonstrates that the dark stripe
structure with 24, periodicity is more difficult to form than that
with 3a, periodicity.

Oxygen Vacancies in 2a, and 3a, Stripelike
Structures by EELS. It is well known that EBI can introduce
oxygen vacancies into metal oxides through knock-on
effects.’** To explore the oxygen-deficient states in
lanthanum cobalt oxide thin films, we carried out EELS
studies and present the EELS O—K edges at dark stripes and
bright stripes (next to dark stripes) of LCO in an LCO/LMO
SL thin film in Figure 3. The O—K edge structure in the EELS
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Figure 3. EELS O—K edges of 3a, and 24, periodicities dark stripe
structures. [110] zone-axis-view HAADF images of dark stripe
structures with (a) 3a, periodicity and (b) 24, periodicity overlapped
with the projection models of LaCoO, 4, and LaCoO, s, respectively.
(c) BELS line-scan O—K edges of a dark stripe and bright stripe in (a)
at LCO layers in an LCO/LMO SL thin film. Blue and yellow lines in
(a) indicate the specific locations of dark and bright stripes for the
EELS line scan, respectively. (d) EELS line-scan O—K edges of dark
stripes in a stripelike structure with 3a, periodicity (a) as shown by
the solid blue line and that with 24, periodicity (b) as shown by the
dotted blue line.

spectrum offers information on the electron excitations from
the O 1s orbital to the 2p orbitals. Three basic features labeled
A—C can be found in Figure 3c,d, corresponding to the
hybridization of O 2p with Co 3d, La 5d, and Co 4sp,
respectively. As one can see from Figure 3¢, the intensities of
all three peaks in dark stripes are lower than those in bright
stripes, especially prepeak A, which is a characteristic feature
for positive correlation with the valence of Co.***° By
analyzing the oxygen prepeaks in 3g, stripelike structure, we
found that the dark stripes have a significant oxygen vacancy
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comparing to bright stripes. As for the stripelike structure with
2a, periodicity, the dark stripe has an oxygen deficiency similar
to that in the 34, periodicity structure (Figure 3d), indicating
that the stripelike structure with 24, periodicity has more
oxygen deficiency than that with 34, periodicity for the same
large area. In addition, LCCO and LSCO systems show similar
results. Moreover, the Co ions in the dark stripes with both 3a,
periodicity and 24, periodicity along the [110] direction have a
breathing mode which agrees with the projection views of
LaCo00,4 and LaCoO,s (Figure 3ab). According to the
above analyses, we take the crystal structures of LaCoO, 5 and
LaCoO,4; as the approximate prototypes for the 24, and 3a,
stripelike structures, respectively.

Forming Energy of LaCoO;_s in a Thin Film. To
determine the nature of the energy of these metastable
structures in thin film systems, we carried out first-principles
calculations by using previously mentioned bulk crystal
structures of LaCoO;, LaCo0O,;, and LaCoO,4; as starting
structures for the stripe-free structure and 2a, and 3a,
stripelike structures, respectively.”’ >’ In this study, we apply
the lattice parameter of the STO substrate (as shown in Figure
4a—e) to that of LaCoO;_4 thin films along the two in-plane

(a) (b) (C) (g) (ae)
LaCoO;-film 3a,-H 3a,-V 2a,-H 2a,-V
(f) (9)e @ (h) Nge
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Figure 4. In-plane and out-of-plane views of (a, f) the LaCoOj film;
(b, g; in short “3a,-H”) the 34, horizontal stripelike structure; (¢, h; in
short “3a,-V”) the 3a, vertical stripelike structure; (d, i; in short “2a,-
H”) the 24, horizontal stripelike structure; and (e, j; in short “2a,-V”)
the 2a, vertical stripelike structure thin films. Light-brown squares
represent the lattice grids in a—e. Blue circles refer to the La atoms in
f—j.

directions, release the out-of-plane lattice, and set all of the
axial angles equal to 90° simultaneously. To clearly present the
settings, we exhibit the related models of the atomic
arrangement along the out-of-plane direction in Figure 4f—j.
The previous investigations on bulk LaCoO,s and
LaCoO,4; were limited to equilibrium lattice constants and
volumes without optimizing the internal parameters.”*” In
this work, through the geometry optimizations by the CASTEP
modus, we obtain the final energies of LaCoOj3, LaCoO, 5, and
LaCoO,4; thin films by performing a full optimization of the
lattice parameters and the atomic coordinates in the unit cell.
The final energies of LaCoOj;-f, 3a5-H, 2ay-H, 3a,-V, and 2a,-V
are presented in Table 1. In addition, to ascertain the energy
stabilities between the 24, and 3a, stripe-like structure in thin
films, we calculate the forming energies (E, for LaCoO,;, E,

for LaCoQ, ), which are also shown in Table 1, in conformity
with eqs 1 and 2. The results lead to the following two
conclusions: (1) No matter the direction of the dark stripe
(i.e., horizontal or vertical), the dark stripe crystal structures
with a same periodicity have very similar forming energy
values. (2) The forming energy values for the dark stripe
structures with 34, periodicity are slightly lower than that with
2a, periodicity. The first result explains why the horizontal and
vertical dark stripes are widely staggered in our LaCoO;_g thin
films and why some places are horizontal whereas some other
places are vertical in the previously reported LaCoO;_; thin
films.”>* The second result confirms the order of appearance
of dark stripes under EBI, namely, the 3a, periodicity dark
stripe appears at first and then transforms into the dark stripes
with 24, periodicity. The result also depicts the rationality of
the coexistence of the 2a, and 34, periodicity dark stripes. We
performed the calculations for the LaCoO;_; thin film not only
on the tensile STO substrate but also on the compressive
LaAlO; substrate. The result of LaCoO;_s on the LaAlO,
substrate shows the same tendency as that on the STO
substrate, as shown in Supporting Information Table S2.
Nevertheless, our calculations merely concern the fixed strain
from substrates. It is worth noticing that the coexistence of 24,
and 3a, periodicity horizontal/vertical stripelike structures may
be attributed to the local stress induced by the epitaxial growth.
When EBI is introduced, a competition between electron-
beam-induced energy and local strain energy occurs. If the EBI
effect is high enough, then the final state in LaCoOj;_s will be
shown as 24, periodicity dark stripes. Once the effects from
EBI and local stress are comparable, the coexistence of 24, and
3a, periodicity dark stripes easily emerges as observed in
Figure 2. In other words, one metastable state can transform to
another metastable state when it gets high enough energy from
EBI to overcome the energy barrier between the two states.
Besides, in our EBI experiment on LCO/LMO SL, the final
state of the LCO shows horizontal dark stripes with 2a,
periodicity. It might be caused by the interfacial magnetic
coupling as previously reported.””

+E,
LaCoO,; — LaCoO + —O
3 2.67 6 2 (1)

LaCoO; 23 LaCoO, s + ~O
ao3—>aoZ.542 2)
Bulk LaCoO,; is a G-type antiferromagnetic material in

which Co atoms have two kinds of magnetic moment values

and bulk LaCoO,g, orders antiferromagnetically with three
kinds of magnetic moments for cobalt atoms.”®*” The thin film
counterpart usually has different physical properties compared
to those of the bulk. For instance, bulk LaCoO; is
nonmagnetic at low temperatures, but the epitaxial LaCoO3

thin film shows a ferromagnetic property below ~75 K.*

Therefore, the LaCoOj;_; thin films in our study are predicted

to possess different physical properties compared to those of

Table 1. Forming Energies of the Metastable States in the LaCoO;_s (0 < § < 0.5) Thin Film on a Tensile STO Substrate

(eV/unit cell) LaCoO; film 0, 3ay-H 3ay-V 2ay-H 2ay-V
final energy —38.610 —8.348 -35.839 —35.890 —34.368 —34.382
forming energy 1.380 (E,M)“ 1.329 (EY)* 2.155(E,7)° 2.141 (E,)?

“E," denotes the forming energy of the structure of a horizontal dark stripe with 3a, periodicity. E1 denotes the forming energy of the structure
of a vertical dark stripe with 3a, periodicity. °E," denotes the forming energy of the structure of a horizontal dark stripe with 2a, periodicity. 9E,Y
denotes the forming energy of the structure of a vertical dark stripe with 24, periodicity.
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their bulk counterparts. As mentioned in our previous
studies,'”*® the magnetization of lanthanum cobalt oxides
has a positive correlation with the number of dark stripes, so
the magnetization of the Lay¢Ca;;C0O;_s thin film can be
tuned via structural transitions by EBL

B CONCLUSIONS

This work shows that the EBI induces a dynamic evolution of
dark stripe structures with 34, and 24, periodicities in LCO/
LMO SL, the LSCO/LSMO/LSCO multilayer, and LCCO
single-layer thin film systems by in situ TEM. During the EBI
process, the coexistence of 24, and 3a, periodicity dark stripes
as well as vertical and horizontal dark stripes is widely
observed. By analyzing the EELS O—K edges, we discovered
that the concentration of oxygen vacancy in the 24, periodicity
stripelike structure is higher than that in the 3a, periodicity
stripelike structure. By geometry optimization for LaCoO;_s (0
< 6 £ 0.5) thin films with restrictions, we ascertain that the
horizontal or vertical dark stripe structure with 3a, periodicity
has a priority to emerge compared to that with 2a, periodicity
on the basis of the forming energy. Moreover, the stripelike
structures with a same periodicity have similar forming energy
which is in accordance with the experimental results. Such a
tiny energy discrepancy in LaCoO;_s provides the opportunity
to switch the orientations and the numbers of dark stripes,
which could modify the magnetization through altering the
valence and spin states of Co ions as shown in our previous
studies.”® Our work explains the existence of different
morphologies in lanthanum cobalt oxide thin film systems
and makes it possible to tune their physical properties.
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