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Interface engineering using substrate surface structures, especially the surface steps, terraces, and facets, is
an effective way of tuning the physical properties of epitaxial films and superstructures. The superlattices
comprising perovskite PrCoOs and brownmillerite CaCoO,s were grown on three different surface
structures, namely, the (001) SrTiOz substrate with clear surface-step-terraces, the (001) (LaAlO3)g 3(Sro-
AlTaOg)o7 (LSAT) substrate with poorly defined surface-step-terraces, and the (001) LaAlO3 substrate with
zig-zag surface facets. The superlattices on LaAlOs substrates not only exhibit superior ferromagnetic
properties but also greater electrical conductivity, with their room-temperature resistivities at the most four
orders of magnitude smaller than those on SrTiOs and LSAT substrates. The antiphase domain boundaries
that extend all the way from the interface to the surface can be formed at the edges of the surface-step-
terraces, which impede the pathways for charge carrier hopping and magnetic exchange interactions,
thereby leading to the well-disciplined ferromagnetic insulating properties of the superlattices on SrTiOs
and LSAT substrates. These results provide new insights into the understanding of the correlation between
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1. Introduction

Substrate surface structures, i.e., surface terminations and step
heights, have received considerable research attention because
of their significant impact on the different functionalities of
highly epitaxial oxide thin films."® There are various steps,
terraces, and other defects on the crystalline surfaces.*** For
instance, on the (001) SrTiO; (STO) substrate, the TiO,
termination is more stable than the SrO termination at the
deposition temperatures for most transition metal oxides and
many surface-step-terraces appear (Fig. 1a)."*"® Another
representative morphology of perovskite substrates is the
facetted surfaces on the (001) LaAlO; (LAO) substrate. The LAO
substrate undergoes a ferroelastic phase transition at 544
°C.'*Y The twinned rhombohedral microstructure at room
temperature leads to periodic corrugation with zig-zag facets on
the (001) LAO surfaces (Fig. 1b)."*?° However, the surface
structure of the (001) (LaAlOs)o 3(Sr,AlTaOg),; (LSAT) substrate
lies intermediate between that of the (001) STO and (001) LAO

“School of Materials Science and Engineering, Tsinghua University, Beijing 100084,
China. E-mail: ma-jing@mail.tsinghua.edu.cn

b Department of Physics and Astronomy & Advanced Materials Engineering
Program, University of Texas at San Antonio, San Antonio, Texas 78249, USA.
E-mail: chonglin.chen@utsa.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4ce01166j

1256 | CrystEngComm, 2025, 27, 1256-1261

substrate surface structures and physical properties of the superlattice system.

substrates. Although there are no twins in the LSAT substrate,
the annealing temperature is required to exceed 1100 °C to
achieve clear and defined terraces on the LSAT surfaces. The
LSAT surfaces usually exhibit poorly defined steps, terraces, and
mounds at the film deposition temperature.>® Therefore, the
epitaxial quality of the oxide thin films is highly dependent
upon the substrate surface structures.

The step heights, terrace dimensions, and edge/facet
distributions on the substrate surface play a key role in
governing the microstructures, including both conservative and
non-conservative antiphase domain boundaries (APBs), and the
physical properties of the epitaxial films.>** Furthermore, the
mismatch between the film unit-cell arrangement and the
substrate surface-step-terrace dimensions results in additional
strain energy stored in the films, named “residual matching”.>*
For example, the electronic transport and magnetic properties
of the LaBaCo,0s 5.5 films can be strongly regulated by the
dimension of surface terraces,"**>?*® and the superconducting
properties of the YBa,Cuz0,_s films are highly dependent on
the surface facets of the twinned substrate.””® Recently, we
found that the substrate surface structures are crucial not only
for the single-layer cobaltate films but also for their
superlattices (SLs).*> Specifically, the APBs and electronic
transport properties of the SLs comprising perovskite PrCoO;
(PCO) and brownmillerite CaCoO, 5 (CCO) have extraordinary
sensitivity to the surface-step-terraces on the (001) STO
substrate. However, most research studies on substrate surface

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (@ and (b) Typical atomic force microscopy images of
commercially available perovskite substrates with surface-step-terraces
[(001) STO substrate] and surface facets [(001) LAO substrate], respectively.
The insets show a schematic drawing of the surface morphology of these
substrates. (c)-(e) X-ray diffraction 6-20 patterns of the as-grown SLs
around the (002) peaks of the substrates. The main (002) peaks and
satellite peaks of the SLs are indicated by red triangles and numbers,
respectively. For easy comparison, (c) is replotted from ref. 22.

26 (degrees)

structures focus on single-layer oxide films, and no systematic
study has been conducted to investigate the effects of various
substrate surface structures on oxide SLs.

To systematically investigate the substrate effects on the
physical  properties of highly epitaxial films and
heterostructures, we extended the SLs composed of perovskite
PCO and brownmillerite CCO on the (001) STO substrates with
a well-defined surface-step-terrace structure to other substrates,
i.e., the (001) LSAT substrates with an unwell-defined surface-
step-terrace structure, and the (001) LAO substrates with a
twinned zig-zag facet structure. Our results indicate that the
room-temperature resistivity of the SLs on STO and LSAT
substrates is at the most four orders of magnitude larger than
that on LAO substrates. While the saturation magnetization on
LAO substrates is greater than that on the other two substrates,
which is nearly twice that on LSAT substrates. The enhanced
insulating and reduced ferromagnetic properties on STO and
LSAT substrates can be attributed to the APBs that formed at
the edges of terraces continuing throughout the SLs, which
induce additional scattering of charge carriers and break the
paths of the magnetic exchange interactions across the APBs.
These findings enable one to design and explore new emergent
phenomena in multifunctional oxide SLs by the surface
engineering technique.

2. Results and discussion

The [(PCO),/(CCO),]» SLs, simplified as (PCO),/(CCO), SLs (n
=1, 2, 5, and 10, denotes the number of unit cells in a
period; m = 40, 20, 8, and 4, respectively, denotes the number
of periods in a SL) with a total thickness of 32 nm were
fabricated by pulsed laser deposition (PLD). Details of the
epitaxial growth of SLs are given in the ESLf The X-ray
diffraction (XRD) patterns of the PCO/CCO bilayer films are

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

shown in Fig. S1.f The half-order (0 0 1/2) peaks in the XRD
spectra indicate the brownmillerite structure of the CCO
films. Fig. 1c-e show the XRD #-260 scans of the (PCO),/
(CCO),, SLs around the (002) peaks of the substrates. The
satellite peaks of the n = 1 and n = 2 SLs exhibit a very low
diffraction intensity and are located at considerable angular
distances from the main peaks due to their small period
thicknesses, as seen in Fig. S2.f The calculated period
thicknesses of all the SLs from the angle distance between
adjacent satellite peaks are summarized in Fig. S3,i which
align well with the designed period thicknesses, indicating
precise control over the growth of the SLs. The reciprocal
space mapping (RSM) of the (103) reflection shows that these
SLs are fully strained by the LSAT and LAO substrates, but
can partially relieve the strain when grown on STO
substrates, as seen in Fig. S4.f

We then measured the electrical transport properties of the
(PCO),/(CCO), SLs. Fig. 2a-c show the temperature dependence
of the resistivity of the SLs on different substrates and the
room-temperature resistivities in the insets. Obviously, the
resistivity is highly dependent upon the type of the substrate,
especially for the short-period SLs with n = 1 and 2. For the SLs
on STO and LSAT substrates with surface-step-terraces, the
resistivity generally decreases as 7 is reduced from 10 to 2, with
the exception of a slight increase for the n = 2 SL near room
temperature, as seen in the insets of Fig. 2a and b. The SL with
n =1 has a significantly larger resistivity than other samples,
with its room-temperature resistivity about three orders of
magnitude larger than that of the n = 5 SL. Furthermore, the
resistivity of the n = 1 SL on the STO substrate is nearly twice
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Fig. 2 Electrical transport characteristics of the (PCO),/(CCO), SLs.
(a)-(c) Temperature-dependent resistivity of the SLs on the (001) STO,
(001) LSAT, and (001) LAO substrates, respectively. The insets show the
variation of the room-temperature (RT) resistivity with n. (d)-(f) Fitting
the resistivity data using Mott's variable range hopping (VRH) model (In
p o« T ¥4 (g)-(i) The hopping energy as a function of temperature. For
easy comparison, (a) is replotted from ref. 22.
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that on the LSAT substrate despite the presence of steps and
terraces on the surfaces of both substrates. In contrast, for the
SLs deposited on LAO substrates with surface facets, the
resistivity monotonically decreases with decreasing n over the
entire range of measured temperatures, as shown in Fig. 2c.
The room-temperature resistivity of the n = 1 SL on LAO
substrates is four orders of magnitude smaller than that on STO
and LSAT substrates.

To elucidate the origin of the distinct electrical transport
characteristics on different substrates, we first employed
X-ray photoelectron spectroscopy (XPS) measurements to
analyze the atomic states of these SLs. Fig. S5t shows the Co
2p core peaks of the SLs on various substrates. A mixed Co
valence state of +3 and +4 is found in all the SLs on these
three substrates, and the Co*'/Co®" ratio increases with
decreasing n, as seen in Fig. S5d.f Since the Co ions in
stoichiometric bulk PCO and CCO exhibit a valence state of
+3, the increase in the nominal valence state of Co ions
implies a reduction in the oxygen vacancy concentration
within the SL system to maintain charge conservation. The
variation of oxygen stoichiometry may originate from the
PCO/CCO interfaces, where the oxygen vacancy formation in
the tetrahedral sub-layers of the brownmillerite CCO on one
side of the interface would be suppressed by adjacent
octahedral sub-layers of the perovskite PCO on the other side
to maintain the continuity of the interfacial structure, and
this suppression effect is greatly magnified in short-period
SLs.?® Therefore, we observed a continuous rise in the
valence state of Co ions as the interfacial density increases
(or n decreases). Then, the increased conductivity with
decreased n for the SLs on LAO substrates and for the longer-
period SLs (n = 2, 5, and 10) on STO and LSAT substrates can
be ascribed to the enhanced charge carrier hopping from
Co’" to Co™.

The significantly large resistivity of the short-period SLs
on STO substrates is closely related to the APBs formed at the
edges of surface terraces, which we have extensively studied
in our previous research.’> The (001) STO substrates are
commonly treated with cutting and polishing, and exhibit a
mixed termination of SrO and TiO, (Fig. 3b). However, the
TiO, termination is more stable than the SrO termination
after thermal treatment. Therefore, the (001) STO substrates
show the TiO, surface termination and consist of many
surface-step-terraces with each step height of one unit cell
before growing the SLs (Fig. 3c)."”®> For the n = 1 SL, the
thickness of each constituent layer is ~0.4 nm, which is close
to the step height on the (001) STO surfaces. With continuous
layer-by-layer growth, perpendicular APBs would be formed at
the edges of surface terraces and penetrate the entire SL
thickness (Fig. S6T). These APBs act as additional scattering
centers of charge carriers and reduce the mobility of charge
carriers across the step edges, leading to the good insulating
behavior of the n = 1 SL. For the n = 2 SL, the thickness of
each PCO and CCO layer is ~0.8 nm, which is twice the step
height of the (001) STO surface. Only a small number of
discontinuous APBs can be formed in the SLs (see Fig. S67),
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Fig. 3 The evolution of different substrate surface structures. (a)-(c)
The surface-step-terrace structure on the STO substrate. (d)-(f) The
twinned zig-zag facet structure on the LAO substrate. T. is the phase
transition temperature (544 °C) of LAO from the pseudocubic
rhombohedral R3c phase to the cubic Pm3m phase.

providing pathways for charge carriers traversing across the
step edges. Therefore, its resistivity is significantly lower than
that of the n = 1 SL. For the SLs with n > 5, the thickness of
each PCO and CCO layer is much larger, so the carrier
scattering effect induced by the APBs becomes negligible.

The (001) LSAT substrates also show a surface-step-terrace
morphology, but the steps and terraces are poorly defined
compared to those on STO surfaces since they require a
temperature exceeding 1100 °C to achieve clear and defined
step-terrace structures.’® This implies that the shape of the
surface-step-terrace edges on the LSAT substrate deviates
from straightness and becomes irregular at the deposition
temperature. Furthermore, the LSAT surfaces show mixed
A-site and B-site terminations with the step height not
confined to one unit cell,*" leading to fewer APBs formed on
the LSAT surfaces. The less APB structures will result in less
carrier scattering at the boundaries in the n = 1 SL. Therefore,
the resistivity of the n = 1 SL on the LSAT substrate is almost
half of that on the STO substrate. Unlike the (001) STO and
(001) LSAT surfaces, the (001) LAO surface always consists of
zig-zag surface facets due to its twinned rhombohedral
microstructure at the temperature below 544 °C (Fig. 3d)."
After cutting and polishing, the LAO substrate can show a
macroscopic (001) surface (Fig. 3e). It is important to know
that on the (001) LAO substrate, the surface termination is
mainly a LaO top layer after annealing at ~850 °C but
becomes an AlO, top layer for annealing at a temperature
higher than 900 °C.'" Since the film was deposited at the
temperature of 750 °C, higher than the phase transition
temperature (544 ©°C) of LAO from the pseudocubic
rhombohedral R3¢ phase to the cubic Pm3m phase,'" the
wedge-shaped morphology should have reappeared in the
substrate by the partial reconstruction of the surface steps,
terraces, and kinks, as seen in Fig. 3f. Therefore, the
penetrating APBs that resulted from the step-and-terrace
structure on STO and LSAT substrates are absent in the SLs
on LAO substrates, leading to their higher conductivity.

This journal is © The Royal Society of Chemistry 2025
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To determine the mechanism of the transport behavior, the
temperature-dependent resistivity data were fit to different
models.”* ™ We found that Mott's variable range hopping
(VRH) model best fits the data near room temperature, as
shown in Fig. 2d-f. The VRH model is usually used in various
disordered systems where charge carriers move by hopping
between localized electronic states.>® As discussed earlier, the
Co™" ions in the SLs originated from the variation of oxygen
stoichiometry at the PCO/CCO interfaces. Therefore, the charge
transfer between Co** and Co®" ions is mainly localized in small
regions near the interfaces. The electrical transport of these SLs
is then dominated by hopping in the conduction channels at a
single interface or between conduction channels at different
interfaces when the distance between adjacent interfaces is very
small, such as in some short-period SLs.*>*® We estimated the
hopping energy (W) based on the slope of the fitted curves.®”
Fig. 2g-i show the hopping energy as a function of temperature.
For the SLs on LAO substrates, the hopping energy decreases
monotonically with decreasing n due to the increasing
interfacial density and thus interfacial charge transfer regions.
While for the SLs on STO and LSAT substrates, the hopping
energy of the n = 1 SL is substantially enhanced, possessing the
highest value among all samples. This is due to the fact that the
charge carriers have to overcome the APBs to hop from one
domain to another in the n = 1 SL, resulting in their increased
hopping difficulty. Furthermore, the n = 1 SL on the STO
substrate has a larger hopping energy than that on the LSAT
substrate since vertically penetrating APBs are more readily
formed on the STO surfaces with clear steps and terraces.

Apart from the electrical transport properties, the
substrate surface structures can also strongly modulate the
magnetic properties of the SLs, as seen in Fig. 4. For
comparison, the magnetic hysteresis loops of the cation-
disordered Pr, ;Ca,;C00;3-s (PCCO) films are also displayed.
We found that the hysteresis loop of the PCCO film on the
LAO substrate is a combination of two loops, which should
be attributed to the nanoscale-ordered and disordered PCCO
phases in the film.** The nanoscale-ordered phase is
dominant in the film with small strain, whereas the
disordered phase is dominant with large strain.> The smaller
lattice mismatch between PCCO and LAO (+0.41%)** may
lead to more nanoscale-ordered phases in the film on the
LAO substrate and thus its double-loop structure. All the SLs
exhibit ferromagnetism, with short-period SLs possessing

(a) on STO

100[(®) on LSAT

50

M (emu/cm®)

-50

00—

HoH (T) HoH (T)

Fig. 4 Magnetic-field dependence of the magnetization curves of the
(PCO),/(CCO), SLs and PCCO films measured at 10 K on the (a) (001)
STO, (b) (001) LSAT, and (c) (001) LAO substrates, respectively. For easy
comparison, (a) is replotted from ref. 22.
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larger saturation magnetization. The ratio of Co*"/Co®" shows
a rise with the decrease of n (Fig. S5f), so the magnetic
exchange interactions between Co®* and Co*" may account
for the emergence of ferromagnetism in the SLs.

The n = 1 SL can be regarded as a cation-ordered PCCO
film where the Pr’* and Ca®" ions are separated by the
interfaces of the SLs. Considering the promoting effect of
cation ordering on magnetic exchange interactions,’®*° the n
=1 SL is expected to exhibit stronger magnetism than the
disordered PCCO films. The n = 1 SL on the LAO substrate
indeed has larger magnetization than the PCCO films, but on
STO and LSAT substrates has remarkably smaller
magnetization. Moreover, the n = 1 SL on the LAO substrate
demonstrates notably superior magnetic properties than that
on other substrates, with its saturation magnetization being
approximately twice that on the LSAT substrate. These
phenomena are probably related to the substrate-induced
strain and the defects in the SLs. On the one hand, the
compressive strain from the LAO substrate (see Fig. 1 and
S41) could induce the shortening of the Co-O-Co bond
length, making the magnetic exchange easier and increasing
the magnetic moment, which is also found in our previous
studies.?® On the other hand, the SLs on STO and LSAT
substrates have greater strain than those on LAO substrates,
which may lead to the formation of more lattice defects, such
as dislocations, to relieve the strain energy. Furthermore, the
APBs can nucleate at the edges of the steps on STO and LSAT
surfaces. Therefore, the probability of spin scattering can be
greatly increased owing to the obstacles from APBs,
dislocations, and other defects in the SLs, resulting in the
weakening of magnetism.*' Nevertheless, the SLs on various
substrates demonstrate magnetic moments of the same
magnitude though their resistivities differ by orders of
magnitude, exhibiting a great potential for tunable
ferromagnetic insulators.

3. Conclusions

In summary, epitaxial (PCO),/(CCO), SLs were epitaxially
grown on (001) STO, (001) LSAT, and (001) LAO substrates to
systematically investigate the effect of substrate surface
structures on the electronic transport and magnetic
properties. The APBs were formed at the edges of the surface-
step-terraces on STO and LSAT substrates, which impede the
migration of charge carriers from one domain to another and
disrupt the magnetic exchange pathways, leading to
increased resistivity and diminished ferromagnetism of the
SLs. The room-temperature resistivity of the n = 1 SL on the
LAO substrate is four orders of magnitude smaller than that
on the other two substrates, while its saturation
magnetization is at the most twice that on the other two
substrates. The greater modulation capability of the substrate
surface structures on insulating properties than on magnetic
properties paves a new way for designing and fabricating
artificial materials with excellent ferromagnetic insulating
properties.
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