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Strong anisotropy and its electric tuning for brownmillerite SrCoQ, s films
with different crystal orientations
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Brownmillerite oxides (ABO, s5) with long-range ordering of oxygen vacancies own a distinct superstructure
formed by alternately stacked octahedral BOg and tetrahedral BO, planes. The one-dimensional oxygen vacancy
channels within BO, layers usually lead to high ionic conductivity of brownmillerite oxides, demonstrating
great application potential in solid-oxide fuel cells, the oxygen separation membrane, and catalyzers. Here,
high quality brownmillerite-SrCoO, s films have been epitaxially grown on differently oriented substrates by
pulsed laser deposition. The anisotropic structural and physical properties of (110)- and (111)-oriented SrCoO, s
films were systematically investigated. We found, unlike the out-of-plane (001)-oriented SrCoQ, s films, the
CoOg and CoOy planes would alternately stack along one of the [100] and [010] axes for (110)-oriented films
and one of the [100], [010], and [001] axes for (111)-oriented films, forming coexisting crystal domains with
different orientations. More importantly, the superstructure of these films could be reversibly tuned by alternately
applying an electric field along two orthogonal directions, switching between an ordered and a disordered state.
Corresponding to structural anisotropy, strong in-plane electronic anisotropy of the (110)-oriented SrCoO, 5 film
was revealed, which was also electrically tunable like the superstructure. This work demonstrates the approaches
to modify the ionic conduction channels of brownmillerite oxides, opening avenues towards electrically tunable

oxygen separation membrane and catalyzers.
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I. INTRODUCTION

Transition metal perovskite oxides are typically strong
electron-correlated systems showing a variety of interest-
ing effects, such as high-7T. superconductivity, colossal
magnetoresistance, ferroelectric polarization, and Mott metal-
insulator transitions [ 1-5]. More importantly, the crystal struc-
ture of this kind of complex oxides can be tuned dramat-
ically by the self-doping of oxygen vacancies, exhibiting
abundant nonstoichiometric phases [6]. Among them, the
brownmillerite (BM) phase has attracted particular atten-
tion [7-10] due to its satisfactory performance as an ionic
conductor, oxygen separation membrane, catalyzer, and gas
sensor [11-14]. BM-structured SrCoQO, 5 (SCO) is an ideal
candidate for the investigation of these unique properties
since it is much more stable than its oxygen-rich counterpart
SrCoO;_s at ambient conditions [15-19]. As reported, SCO
single crystal is a G-type antiferromagnetic insulator that
owns an orthorhombic structure with the lattice constants of
a, = 5.5739, b, = 5.4697, and c, = 15.7450 A [20]. It can
be epitaxially grown on suitable perovskite substrates as thin
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films on demand, for example on SrTiO3 (STO, a = 3.905 A)
or (LaAlO3)0,3-(SrA10.5TaQ,503 )0,7 (LSAT, a = 3.868 A)
[21,22]. When grown on (001)-oriented substrates, pseudote-
tragonal structured SCO films are formed (¢, = b, = 3.905 A,
and ¢, =3.936 A), with a quadruple superstructure in the
[001] direction: Octahedral CoOg and tetrahedral CoOy4 planes
stack alternately along the out-of-plane direction. Like its bulk
counterpart, the BM film is antiferromagnetic and insulating
in a wide temperature range. In this kind of thin film, there
are one-dimensional (1D) oxygen vacancy channels along the
[110] direction, resulting in a high in-plane anionic diffusion
[23,24]. When annealed at high temperatures in oxygen atmo-
spheres or gated through ionic liquid, however, the BM film
undergoes a phase transition to perovskite structure [25-30].
Accordingly, an antiferromagnetic to ferromagnetic transition
takes place, accompanied by an insulator-to-metal transition.

There are intensive investigations in recent years on (001)-
oriented SCO films, for which the out-of-plane axis is the
direction for superstructure. In contrast, (110)- and (111)-
oriented films are scarcely reported. For the (110) and (111)
cases, either [100] or [010] or [001] can be the superstructure
direction. This introduces two features into the SCO films.
The first one is the coexistence of different crystal domains,
which provides opportunities for tuning domain structures
and related features. The second one is the deviation of the
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stacking direction from film normal, which makes it avail-
able to investigate the effect of ionic migration across the
Co0¢/Co0y4 planes.

In this paper, we report a systematic study on the
anisotropic structural and physical properties of the (110)-
and (111)-oriented SCO films. High quality single crystal
SCO films have been obtained and their crystal structures are
determined. It is found that the CoOg and CoOy4 planes stack
alternately along one of the [100] and [010] axes for the (110)-
oriented films and one of the [100], [010], and [001] axes
for the (111)-oriented films, forming coexisting domains with
different crystal orientations. Remarkably, the superstructure
of the film can be tuned by alternately applying an electric
field along two orthogonal directions, reversibly switching
between an ordered and a disordered state. Due to structural
anisotropy, electronic transport also becomes anisotropic, and
is electrically tunable. This work demonstrates the possibility
of reversibly modifying the superstructure of BM oxides,
opening avenues towards an electrically tunable oxygen sepa-
ration membrane and catalyzer.

II. EXPERIMENT

High quality BM-SCO thin films with the thickness rang-
ing from 18 to 100 nm were epitaxially grown on (001)-,
(110)-, (111)-oriented STO and LSAT substrates (5 x 5 x
0.5mm?) by the technique of pulsed laser deposition (KrF,
A = 248 nm). In the deposition process, the substrate was kept
at 700 °C and the oxygen pressure was set to 12 Pa. The
adopted fluence of the laser pulse was 1.1J/cm? and repeti-
tion rate was 2 Hz. After deposition, the sample was naturally
cooled to room temperature in the same oxygen pressure. The
film thickness was determined by the deposition time and
the deposition rate is 2 nm/min as has been calibrated by
the technique of profile analysis of atomic force microscope
(AFM, see Fig. S1 in the Supplemental Material [31]). The
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surface morphology of SCO films was measured by AFM
(SPI 3800N, Seiko). The crystal structure was determined by
a high-resolution x-ray diffractometer (XRD, D8 Discover,
Bruker) with the Cu-Ka radiation.

The temperature dependent resistance was measured by a
closed cycle refrigerator (CCS-100, Janis) equipped with a
Keithley 2611A source meter. Two bar-shaped parallel silver
electrodes with a separation of 4 mm were deposited on film
surface to investigate the effect of electric tuning. All the
electric tuning experiments were performed at room tempera-
ture in an air environment. For the determination of electrical
anisotropy, the (110)-oriented SCO film was patterned by
photolithography and wet etching into two identical Hall bars
along the [001] and [110] axes, respectively, with the same
length of 3 mm and width of 200 um (see Fig. S1 in the
Supplemental Material [31]).

III. RESULTS AND DISCUSSIONS

Approximating the BM-SCO phase by a pseudotetrago-
nal structure, the equivalent lattice constants will be a =
b=3.905A and ¢ = 3.936 A. Obviously, the (001)-oriented
SCO film has good lattice matching with STO but a fairly
large lattice mismatch (—1%) with LSAT. Figure 1 compares
the surface morphology of as-grown SCO films on STO or
LSAT substrates with different orientations. A very smooth
surface and highly preferential growth of crystalline grains
can be clearly seen in the (001)- and (110)-oriented films,
whereas the surface morphology of (111)-oriented films are
relatively rough. The root-mean-squared roughness (RMS) is
~0.34 nm for (001)-, ~0.47 nm for (110)- and ~2.2 nm for
(111)-oriented SCO/STO films (40 nm in thickness). For the
SCO films on LSAT (40 nm in thickness), the corresponding
parameters are ~0.62, ~0.95, and ~2.1 nm.

In order to determine the crystal structure of SCO films,
XRD spectra were collected for the lattice planes parallel to
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FIG. 1. (a)~(c) AFM images (5 um x 5 pum) of SCO films grown on (001)-, (110)- and (111)-oriented STO substrates, respectively.
(d)—(f) AFM images (5 um x 5 um) of SCO films grown on (001)-, (110)-, and (111)-oriented LSAT substrates. The thickness of all films is
40 nm. Insets are enlarged images over an area of 1um x 1 um. Corresponding results for 18 and 100 nm films are given in Fig. S2 of the

Supplemental Material [31].
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FIG. 2. (a) XRD spectra of the lattice planes parallel to film surface for the SCO epitaxial films (40 nm in thickness) with the (001), (110),
and (111) orientations, indexed in the perovskite structure. Reflections with half integer indices indicate the formation of the superstructure
along the [001] direction for the (001)-oriented film. (b) XRD spectra of the (110)-oriented SCO/LSAT film, reflected from the (100) and
(010) lattice planes (black and red patterns). Satellite peaks indicate the formation of superstructure along the [100] or [010] direction. (c)
XRD spectra of the (111)-oriented SCO/LSAT film, reflected from the (100), (010), and (001) lattice planes (black, red, and blue patterns).
For clarity, XRD spectra have been shifted upwards by different distances. (d) Schematics of the superstructure of the (001)-, (110)-, and
(111)-oriented SCO films; here Sr atoms have been dropped for clarity. The blue and pink polyhedrons refer to the octahedral CoOg and

tetrahedral CoQy, respectively

film plane. Figure 2(a) shows the XRD patterns of the (001)-,
(110)-, and (111)-oriented films with the same thickness of 40
nm, reflected from the lattice planes parallel to film surface
(see Fig. S4 in the Supplemental Material [31] for the enlarged
images of {002} peaks). Typical features of the BM phase
are observed in (001)-oriented SCO films: In addition to the
expected (007) reflections, a series of satellite peaks with the
indices of (00%) are clearly seen. The deduced out-of-plane
lattice constant is 3.971 A for SCO/LSAT and 3.934 A for
SCO/STO, similar to the reported values for the respective
films [26,29]. As well established, the CoOg and CoOy planes
stack alternately along the out-of-plane direction, forming a
quadruple superstructure. Since the SCO/LSAT film suffers

from strong compressive in-plane strains, its out-of-plane
lattice parameter is considerably large. These results confirm
the formation of BM-structured (001)-oriented SCO films.
Different from the (001)-oriented film, satellite peaks are
not observed for the (110)- and (111)-oriented films though
(hhQ) and (hhh) reflections are clearly seen [Fig. 2(a)]. This
result means that superstructure, if it forms, does not align
along the out-of-plane direction. On the analogy of (001)-
oriented films, alternate CoO4/CoQg stacking will appear only
along one of the [100], [010] and [001] axes. Taking the
(110)-oriented film as an example, either the [100] or [010]
axis could be the stacking direction; here the in-plane [001]
axis is ruled out since it will cause a compression of the
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superstructure. For a collection of the Bragg reflections of the
[100] planes, we rotated the film counterclockwise around the
[001] axis by ~ 45° and performed the 6-26 scanning. Figure
2(b) presents the XRD spectra thus obtained in the (110)-
oriented SCO/LSAT film [Similar data for (110)-oriented
SCO/STO films are shown in Fig. S3(a) of the Supplemental
Material [31]]. Indeed, satellite peaks with the indices of
(gOO) are observed. When rotating the film clockwise around

the same axis by ~ 45°, another series of (0%0) peaks appear.
These results indicate that the BM phase is also formed in the
(110)-oriented film but the stacking direction deviates from
the film normal by an angle of ~45°. Moreover, two kinds
of crystal domains with respective to the [100] and [010]
orientations coexist in the (110) film. Based on the half integer
peaks in the XRD spectra, the averaged lattice constant along
the stacking direction can be obtained. It is 3.944 and 3.937 A
for (110)-oriented SCO/LSAT and SCO/STO films (40 nm),
respectively.

Similarly, the XRD spectra of the (100), (010), and (001)
planes for the (111)-oriented films can be obtained [see
Fig. 2(c) for the LSAT substrate and Fig. S3(b) in the
Supplemental Material [31] for STO substrate]. As expected,
either of the three axes can be the stacking direction. The de-
duced lattice constant along the stacking direction is 3.950 A
for the (111)-oriented SCO/LSAT and 3.948 A for the (111)-
oriented SCO/STO (40 nm in thickness). Similar to the (110)-
oriented films, the (111)-oriented films are not singly domain
structured either. To get a clear picture on the superstructure
of differently oriented films, Fig. 2(d) presents sketches for
the epitaxial growth of (001)-, (110)-, and (111)-oriented SCO
films on STO substrates, from which the stacking directions
can be clearly seen.

In addition to the lattice constant along the stacking di-
rection, more lattice parameters are required to describe the
crystal structure of our SCO films. As reported, the (001)-
oriented SCO film is tetragonal, and its two orthogonal in-
plane lattice constants are the same as those of the sub-
strate, i.e., a = b = 3.905 A (for SCO/STO) or 3.868 A (for
SCO/LSAT) [29]. In order to get the complete lattice parame-
ters of the (110)- and (111)-oriented SCO films, the reciprocal
space mappings (RSMs) for selective Bragg reflections are
collected. Figures 3(a) and 3(b) are RSMs of the (222) and
(130) reflections of a (110)-oriented SCO/STO film (40 nm
in thickness), respectively. The split substrate peaks indicate
that the STO substrate is not a high-quality single crystal
[32]. Though this will result in a somewhat uncertain lattice
parameters (see Fig. S5 in the Supplemental Material [31]),
fortunately, the overall structural feature of BM-SCO films
will not be affected. An elliptic diffraction peak of the film
(marked by a cross) is observed in each case, just below that
of the substrate. It means that the SCO film has the same in-
plane lattice parameter as the substrate, i.e., ¢ = 3.905 A and
D[110] = 5.522 A (D[110] is the nearest-neighbor distance
of Sr-Sr ions along the [110] direction, i.e., the line segment
that links lattice sites (1,0,0) and (0,1,0) of SCO as labeled
in Fig. S5 of the Supplemental Material [31]). In contrast, the
out-of-plane d(j10) is slightly larger than that of the substrate
(2.791 A versus 2.761 A). Taking the a-oriented domain as an
example (the stacking direction is along [100] axis), from the

deduced values of D[110], d10), and a, the lattice parameters
of b=3.913A and y = 89.34° are obtained after simple
calculations [refer to Fig. 3(c) for the relations between lattice
parameters and Fig. S5 of the Supplemental Material [31]
for detailed calculations]. The deduced lattice parameters for
the (110)-oriented SCO/STO film are tabulated in Table I.
Notably, the lattice constants are comparable to those of
(001)-oriented SCO/STO films.

RSMs are also recorded for the (110)-oriented SCO/LSAT
films. Different from (110)-oriented SCO/STO, the (110)-
oriented SCO/LSAT films show considerable lattice relax-
ations. As shown in Fig. 3(d), the (222) peak splits into
two spots along the [110] direction, an intensive one and a
weak one near and away from the corresponding peak of
the substrate, respectively. This result implies the occurrence
of two SCO phases. We note that, in the [001] direction,
the first phase shares the same ¢ = 3.868 A with substrate,
whereas the second phase shows the c-axis lattice constantly
growing from 3.877 to 3.901 A with film thickness increases
from 18 to 100 nm. In contrast, lattice relaxation along the
[110] direction takes place in both phases, as illustrated by
the RSM of (040) reflection [see Fig. 3(e) and Fig. S6 in the
Supplemental Material [31]]. In other words, the first phase is
fully strained in the ¢ axis whereas the second phase is free
in either the [001] or [110] direction. A natural assumption
is that the first phase is a near interface phase, suffering
from the clamping of the substrate [33,34]. The second phase
may be formed in the proximity of film surface and lattice
relaxation, and is relatively easy. The large lattice mismatch
between BM-SCO and LSAT (—1%) could be the reason for
the formation of two layered phases. A similar phenomenon
has been reported for a thick NdjsSrgsMnO;3 film grown
on a LaAlO; substrate, showing a strained and a relaxed
phase [35]. From the data in Figs. 3(d) and 3(e), D[110]
and d(110y can be deduced. Following the same procedure as
for SCO/STO, other lattice parameters are gained for each
phase (Table I). It is worth noting that the unit cell volume
of the strained phase has an average value of ~0.0589 nm?
that is close to the fully strained (001)-oriented SCO/LSAT
film (~0.0594 nm?). Differently, the unit cell volume of the
relaxed phase demonstrates a sustained expansion with film
thickness, from 0.0597 nm? for the 18-nm film to 0.0606 nm?
for the 100nm film. Its average value (~0.0602 nm?) is closer
to the strain-free (001)-oriented SCO/STO films or SCO bulk
crystal (~0.0600 nm?).

For the (111) SCO/STO film, we selected the (132) re-
flection on the [111]-[110] plane and the (114) reflection
on the [111]- [112] plane. Interestingly, two separated peaks
aligned along the [110] or the [112] direction are observed
[Figs. 3(f) or 3(g)]. This peak splitting cannot be ascribed
to lattice relaxation since both peaks have the same d[i1
value. A further analysis suggests that they stem from c- and
a-oriented (or b-oriented) domains, respectively (see Fig. S5
in the Supplemental Material [31]). As shown in Fig. 3(h),
the D[110] (or D[112]) value is slightly smaller (or larger)
for c-oriented domains than for a- and b-oriented domains.
Since the a- and b-oriented domains have the same peak
position whereas the c-oriented domain does not, the intensity
ratio of these two peaks is approximately 2:1. After a direct

045801-4



STRONG ANISOTROPY AND ITS ELECTRIC TUNING ...

PHYSICAL REVIEW MATERIALS 3, 045801 (2019)

7.4 (a)

SCO 222

Q,//[110](nm™)

-5.2 -5.1

3.7 _ -3.6
Q,//[001](nm™) Q,//[110](nm+)

b-oriented

a-oriented

7.4

Q,//[110](nm™)
=

52 50
Q,//[001](nm™)

Q,//[111](nm™)

40nm

63 _ 6.2
Q,//[112](nm?)

8.7
-3.7 -3.6

Q,// [110](nm'1)

(;wu)loTTl//*0

7.0

Q,//[110](nm™)

c-oriented

\ 4

a-oriented b-oriented

FIG. 3. (a) and (b) Respective RSMs of the (222) and (130) reflections for the (110)-oriented SCO/STO film. Film thickness is 18 nm. (c) A
schematic diagram for the twofold domain structure of the (110)-oriented SCO film. The solid and dashed lines indicate the alternately stacked
Co0Og and CoOy layers. (d) RSMs of the (222) reflections of the (110)-oriented SCO/LSAT films, showing two separated peaks along the [110]
direction. The film thickness is 18 nm (left), 40 nm (middle) or 100 nm (right), respectively. (¢) RSM around the (040) LSAT reflection of
the 100 nm (110)-oriented SCO film. (f) and (g) RSMs around (132) and (114) for the (111)-oriented SCO/STO film (40 nm). (h) Schematic

model for the threefold domain structure of (111)-oriented SCO films.

calculation based on the deduced values of d(1), D[110],
DD[011], and a, the lattice parameters of the a-oriented
domains for (111) film can also be determined (Table I). Peak
splitting is also observed in (111) SCO/LSAT films (see Fig.
S7 in the Supplemental Material [31]). Different from (110)
SCO/LSAT, however, no phase separation appears here. This
is understandable since the lattice stress in (111) SCO/LSAT
could be more easily released without the clamping from the
substrate to the a-, b-, and c-axes. According to Table I, the
(110)- and (111)-oriented films are slightly monoclinic, unlike
the tetragonal (001)-oriented film. Moreover, the stacking
direction of CoO4 and CoOg planes along the [100]/[010]
axis for the (110)-oriented film and the [100]/[010]/[001]
axis for the (111)-oriented film, deviating from film normal.
This, as will be shown below, provides us opportunities
to tune the superstructure of the film via in-plane electric
fields.

As well established, for the BM-structured oxides it is
relatively easy for an electric field to drive an anionic mi-
gration. When the oxygen drift takes place in the direction
across the CoO4 and CoOg planes, it is expected to cause a
mixture of these two kinds of planes, thus a variation of the
conduction channels for oxygen vacancies. This implies an
electric tuning to the migration channels for oxygen anions.
(110)-oriented SCO films provide a promising playground for
the investigation of this effect. In order to induce an anionic
migration, we applied an electric field to the SCO films along
the [110] direction and observed obvious changes in both
surface morphology and crystal structure. Figure 4(a) shows
the typical topographies of the (110)-oriented SCO/LSAT
film, recorded at different stages of electric biasing. The film
is initially smooth with an average grain size of ~200 nm.
After two successive 500-s applications of an electric bias of
200 V (electric field strength of 500 V/cm), considerable fine
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TABLE L. Lattice parameters of a-oriented domains in (110) and (111) SCO films, where «, B, y are the angles between the b and ¢, a and

¢, a and b axes, respectively

A b c o B y
Substrate Thickness Phase A A) A (deg) (deg) (deg)
LSAT(110) 18 nm Strained 3.930 3.863 3.868 90 90 89.53
Relaxed 3.969 3.882 3.877 90 90 88.85
LSAT(110) 40 nm Strained 3.932 3.873 3.868 90 90 89.81
Relaxed 3.970 3.881 3.886 90 90 89.02
LSAT(110) 100 nm Strained 3.944 3.870 3.868 90 90 90.01
Relaxed 3.987 3.898 3.901 90 90 89.71
STO(110) 40 nm Strained 3.937 3913 3.905 90 90 89.34
STO(111) 40 nm Strained 3.948 3.899 3.899 90.22 90.17 90.17

grains form [from step O to 2 in Fig. 4(a)], dispersing on the
surface of coarse grains. This is an indication of the variation
of SCO film after electrical processing. Fascinatingly, the
biasing effect is reversible: the initial topography recovers
after turning over the bias polarity (from step 3 to 4). The
biasing effect can also be identified from the RMS of film
surface, which increases from 0.95 to 1.05 nm under positive
biases and goes back to 0.96 nm under subsequent negative
biases. Accordingly, the resistance in the [110] direction
displays a reversible variation [Fig. 4(b)]. Corresponding to
these changes, the superstructure of the (110)-oriented film
undergoes a dramatic transformation. Figure 4(c) presents
(%00) and (O%O) reflections in as-prepared, positively biased
and negatively biased states, respectively. A clear satellite
peak is observed for the as-prepared film, specifying the
well-ordered BM superstructure. The peak intensity gradually
decreases with biasing time and nearly completely vanishes
after 1000 s. Both the a- and b-oriented domains are modified
by electric field. Under reversing bias, the superstructure peak
reappears, restoring ~80% of its initial intensity after 1000 s.
Corresponding changes in (200) integer peaks are shown in
Fig. S8(a) of the Supplemental Material [31], which demon-
strate a similar tendency to half integer peaks but reduced
degree of changes.

Obviously, not only morphology but also crystal structure
of the SCO film suffers from the biasing effect. When biasing
time is long enough (>2000 s), however, the electric effect
becomes irreversible. Rather than returning to its initial state,
the film structure is much more disordered under reversed
biases, as indicated by the appearance of scaly-type grains
[see step 2 in Fig. 4(d) and Fig. S8 in the Supplemental
Material [31]] and the disappearance of half-order reflec-
tions [step 2 in Fig. 4(e)]. It is obvious that the reversed
biases cannot rebuild the superstructure when the structure
is far from its initial state. Surprisingly, an electric field
along [001] direction has a distinct effect that rebuilds the
superstructure. Under this field, the scaly-type grains grad-
ually disappear and, finally, the initial film surface recovers
[(steps 3 and 4 in Fig. 4(d)]. Correspondingly, superstructure
peaks emerge and develop [steps 3 and 4 in Fig. 4(e)].
This phenomenon is repeatable, observed when we repeat
the electric cycling alternately along the [110] and [001]
directions.

Half-order peaks are closely related to the superstructure
of the SCO film. Their disappearance indicates the disor-

dering of CoO4 and CoOg planes. As reported, it is easy
for oxygen anions to migrate along the CoOy4 planes. This
means that an electric field applied along the [110] axis will
cause an anionic drift along this direction, i.e., an oxygen
migration across the CoOg/CoO, planes. This drift could
be nonuniform, and an interlacing of the CoO4 and CoOg
planes may take place, breaking the long-range order of the
superstructure [Fig. 4(f)]. If the distance for anionic migration
is short (in the range of tens to hundreds of nanometers),
the fragmentary CoO4 (CoOg) planes may integrate together
after the backward shift of the oxygen anions under reversed
biases, rebuilding the superstructure. This explains the re-
versible electric tuning effect when biasing time is not too
long (<1000 s). However, if the migration distance is long
enough (several ums), reverse biases are unable to drive the
oxygen atoms to where they were. On the contrary, they make
the arrangement of the CoO4-CoOQg planes further disordered.
It is an interesting observation that an electric field along
the [001] axis re-establishes the superstructure. Possibly, the
oxygen migration in this direction causes a position exchange
for misplaced CoO4 and CoOg planes, driving them into an
ordered state. This is understandable considering that the
intertwining of the CoO4 and CoOg planes could be disfavored
due to its resistance to anionic conduction along the [001]
direction.

As well documented, the diffusion coefficient of lattice
oxygen of SCO is ~10~'2cm?/s at room temperature [36].
Based on this result, the migration distance of oxygen an-
ions/vacancies under the electric field of 500 V/cm can be
directly estimated, and it is ~200 nm for a tuning time
of ~1000 s and ~ 2 um for a tuning time of ~10000 s.
According to Figs. 4(a) and 4(d), the grain size is ~0.5 um for
SCO/LSAT and ~1 pum for SCO/STO. Notably, concentrated
fine particles appear on grain surface when drift distance is
close to and exceeds the grain size. This is understandable
since in this case inner anions have opportunities to reach the
grain surface. According to our experimental results, the time
scales for destroying and rebuilding the superstructure are of
the same order. This is reasonable because both processes
are closely associated with the migration of oxygen vacan-
cies. Noting the fact that the ordering of oxygen vacancies
forms the conduction channels for oxygen anions, the biasing
effect on the superstructure implies an electric tuning of
ionic conduction. This finding is important in a sense that it
suggests an approach to reversibly modifying the performance
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FIG. 4. (a) Surface morphology of the (110)-oriented SCO/LSAT film with a thickness of 40 nm, recorded before and after electric tuning.
Step O corresponds to the initial state. Steps 1 to 4 correspond to different stages during the biasing processes. Here the electric field is applied
along the [110] direction. Voltage is 200 V and the distance between electrodes is 4 mm. Arrows mark the direction of electric field. (b)
Variation of R[110] and RMS during the biasing process. (c) Superstructure peaks of the (110) SCO/LSAT film, obtained in differently biased
states. The top and bottom spectra correspond to a- and b-oriented domains, respectively. (d) Surface morphology of the (110) SCO/STO film
(40 nm) in differently biased states. Arrows mark the direction of electric field. Voltage is 200 V and the distance between electrodes is 4 mm.
The result of (110) SCO/LSAT film is shown in Fig. S9 of the Supplemental Material [31]. (e) The (%OO) peak in differently biased stages
corresponding to the morphologies in (d). (f) A schematic diagram of the anisotropic biasing effect on resistance, surface morphology, and
superstructure. Left: inhomogeneous migration of oxygen vacancies along the [110] direction splits the large grain into small pieces. Right:
[001] bias tuning realigns the CoOs/CoQ;4 layers and rebuilds the superstructure. The AFM images at different tuning states are not obtained
from exactly the same area. However, we measured different areas at each stage of the electric tuning and observed very similar morphologies
(see Fig. S10 in the Supplemental Material [31]). All experiments were performed in air environment.

of the BM-type oxide as ionic conductors, oxygen separation
membranes, and catalyzers.

In addition to anionic conduction, electronic transport,
which is expected to be anisotropic due to structural
anisotropy, can also be tuned by electric field. Figure 5(a)
is a schematic view of two identical Hall bars along the
[001] and [110] axes, respectively. In Fig. 5(b) the I-V curve

of these two Hall bars are shown. For the SCO/LSAT film,
the resistance along the [110] axis (R[110]) is nearly two
orders of magnitude higher than that along the [001] axis
(R[001]). For the SCO/STO film, although the R[110]/R[001]
ratio is slightly smaller, it is still as large as 10. According
to Fig. 3(c), the [001] axis is parallel to the CoOgs/CoQO4
planes. It is an ionic conduction channel and also could be a
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FIG. 5. (a) A schematic view of the patterned SCO bars. (b) I-V curves of the (110)-oriented SCO films (40 nm) grown on STO and LSAT,
measured along the two in-plane directions [001] and [110]. Rioo11/RI[1 10] is ~100 for SCO/LSAT and ~10 for SCO/STO. (c) Resistivity as a
function of temperature, measured along the [001] and [110] directions for ordered and disordered (110)-oriented SCO/LSAT films (40 nm).
The electrical anisotropy is depressed by an electric biasing of 200 V & 20000 s along the [110] direction (Electrode separation is 4 mm). The
temperature-dependent resistivity of (110)-oriented SCO/STO film is given in Fig. S11 of the Supplemental Material [31]. (d) Semilogarithmic
plot of the resistivity of (110)-oriented SCO/LSAT film along the [001] and [110] directions versus 1/T'/3 or 1/T /4, respectively. Solid lines

are guides for the eye.

channel for electronic transport noting that the CoOg network
in SrCoOj; is metallic. In contrast, the conduction along the
[110] direction proceeds across the CoO4/CoQg planes, thus
it is much more difficult because the CoO4 planes are highly
insulating [28,29]. According to Fig. 5(b), the resistance along
the [001] direction is considerably smaller for the SCO film on
LSAT than on the STO substrate. It could be a consequence of
different lattice strains in these two films. A direct calculation
indicates that the lattice strain along the [001] direction is
—1% for SCO/LSAT and ~0 for SCO/STO, adopting the
pseudotetragonal lattice parameter of SCO. In general, com-
pressive strains favor a high conductance, due to the enhanced
overlap of electron orbits [37,38].

A further analysis of the Rjopo1)-7 dependence shows
that the conduction along the [001] axis proceeds in the
form of a 2D variable range hopping (VRH), i.e., Rjoo1]
exp(Ty/T '), where T, is a constant independent of tem-
perature [Fig. 5(d)]. As mentioned above, the metallic CoOg
planes of the (110) SCO films are always parallel to the [001]

axis for either a-oriented or b-oriented domains, thus resulting
in much lower resistivity of Rjpi; compared with R[110].
Moreover, since the CoOg plane is separated by insulating
CoOy4 planes, the electronic conduction along this plane is
2D in nature. Different from Rjoo7, R[110] is proportional to
exp(Ty/T'/*), indicating a 3D VRH. Notably, the conduction
proceeds in the form of VRH rather than the conventional
short-range hopping [R o< exp(—E /kgT )], which usually ap-
pears in band semiconductors and disordered electron sys-
tems, where E is the activation energy and kg is the Boltzmann
constant. This implies that the electrons in the SCO film
are strongly localized. In this case, electron hopping takes
places between sites with similar energies but is variably sep-
arated [39,40]. There are two obvious inflections at ~60 and
~195 K, respectively, in the Rjgo1;-7 dependence, resulting
in three electronic processes [Fig. 5(d)]. This result indicates
that the SCO film experiences different electronic states with
the decrease of temperature. At present, the underlying mech-
anisms that leads to these two transitions are still not clear. A
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similar transition of the hopping conduction upon cooling at
low temperature has been observed in insulating manganite
and ascribed to the formation of antiferromagnetic transi-
tion [41]. In the manganite, experiencing a charge ordering
transition, the R-T dependence, like the one observed here
around 170 K, is reported [42]. Magnetic transition or charge
ordering in SCO film cannot be completely ruled out when
cooled below room temperature and deserves further investi-
gations.

Similar to ionic conduction, the electronic transport also
suffers from the electric tuning effect. Figure 5(c) presents
the temperature dependence of the resistivity (p) of the
SCO/LSAT film, obtained before and after a process of elec-
tric biasing along the [110] direction. Accompanying struc-
tural disordering, the two p-T curves acquired along the [001]
and [110] directions become close to each other, indicating a
weakening of the resistive anisotropy. Taking the resistance
at room temperature for example, Rjoo1; is increased by a
factor of ~12 after an electric tuning of 2000 s. In contrast,
R[110] is reduced by a factor of ~3. The dramatic increase
in Rpo1) implies that, when viewed along the [001] axis,
the conducting CoOg planes become incomplete now, as a
consequence of the embedment of fragmented CoO, planes
in CoOg planes. As stated above, electrically biasing the
SCO film along the [110] direction is expected to cause a
parallel translation of the vertical CoOg and CoO4 planes in
this direction. However, a rigid shift of the whole plane is
impossible since the ionic mobility may vary from location
to location. As a consequence, the CoOg and CoOy4 planes
will interlace with each other, resulting in CoOg and CoQOy4
mixed lattice planes. The decrease of R[110] is understandable
since the resistive CoOy4 planes, across which the electronic
transport along [110] direction proceeds, are incomplete after
electrical processing. Obviously, the effects of mixing the
CoOg and CoOy planes are different on the conductions along
[001] and [110] directions.

IV. CONCLUSION

In summary, high-quality BM-structured SCO films with
different orientations are fabricated, and their crystal struc-
tures are determined. All films show superstructure, due to
an alternate stacking of the CoO4 and CoOg planes. Different
from (001)-oriented films for which out-of-plane stacking is
observed, the superstructure appears along either the [100] or
the [010] axis for (110)-oriented films and either the [100] or
the [010] or the [001] axis for (111)-oriented films, forming an
angle with the out-of-plane direction. For the (110)-oriented
film, furthermore, the dramatic tuning of an in-plane electric
field to superstructure and thus to anionic conduction chan-
nels is demonstrated. The film reversibly switches between a
structurally ordered and a disordered state as the electric field
is applied alternately along two orthogonal directions. Due to
the structural anisotropy, strong in-plane electronic anisotropy
of (110)-oriented SCO film is demonstrated, which is also
electrically tunable like ionic conduction. This work reveals
the approaches to modify the superstructure and further tailor
the oxygen vacancy channels of BM oxides, opening avenues
to develop electrically tunable oxygen separation membranes
and catalyzers.
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