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ABSTRACT: Single-crystalline perovskite LaBaCo0,0s,s thin films were grown on a (110)
NdGaO; single-crystal substrate in order to systematically investigate the effect of lattice
mismatch on the electrical transport properties in comparison to the films on LaAlO;, StTiOs,
and MgO substrates. Microstructure studies reveal that all of the LaBaCo,Os,s films are of
excellent quality with atomically sharp interface structures. The electrical and magnetic transport
property studies indicate that the resistivity, magnetoresistance, and magnetic moment of the
film are very sensitive to the substrate materials because of the lattice mismatch/interface strain.
The Curie temperature, however, is almost independent of the strain imposed by the substrate,
probably because of the strong coupling between the nanodomain boundary and interface strain.
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B INTRODUCTION an out-of-plane strain with a different sign. The lattice
Perovskite cobaltates have attracted great attention not only for mismatch is also able to induce phase separation, sample
their important mixed ionic/electronic conductivity behavior inhomogeneities, interface dislocations, pseudoperiodic twin-
but also because of their interesting magnetic transport ning, or formation of antiphase domains in the film>”~%° and to
properties.l_4 Among them, the LnBaCo0,055,5 (Ln = La, Pr, generate electronic and magnetic behavior not observed in the
Gd, Tb, Dy, Ho) family has shown various exciting physical corresponding bulk material. Therefore, it is an important issue

phenomena varying from the excellent mixed ionic/electronic
conduction behavior to the fascinating strong correlation and
spin-state interactions.””” In particular, LaBaCo,Q5,5 (LBCO)
has shown fast kinetics in oxidation—reduction reactions and
unique magnetic and electric transport properties because of

to study modification of the physical properties of LBCO thin
films induced by lattice mismatch between the substrates and
films. To systematically investigate the magnetic and magneto
transport properties of LBCO on different substrates, we have

the existence of both A-site ordered and disordered structures. deposited single-crystalline highly epitaxial LBCO thin films on
Furthermore, various intriguing physical phenomena have been (110) NdGaO; (NGO) for systematically studying their
observed because of the different oxidation states of cobalt properties in comparison with the films on (001) LaAlO,

(Co**/Co**/Co*) and electronic spin states.!01%

Recently, strain engineering in multifunctional thin-film
materials has received considerable interest because of its
significant impact on the microstructure and physical properties
of epitaxial films.'®>" Various new electrical and magnetic
properties can be achieved by strain modification. Specifically,
strain can significantly alter the transport behavior and
magnetic properties of various perovskite cobaltate sys-

(LAO), (001) SrTiO; (STO), and (001) MgO substrates. On
different substrates, there are different interface strain values
and induced lattice distortions, which can strongly influence the
transport properties by changing the electron hopping. In this
paper, we report a systematical study on various unusual
physical phenomena induced by the lattice mismatch.

tems.”> 2 The strain in a film mainly arises from the lattice Received: November 5, 2013
mismatch between the substrate and film and alters the Jahn— Accepted: January 27, 2014
Teller distortion in the films. In-plane strain generally leads to Published: January 27, 2014
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B EXPERIMENTAL SECTION

A KrF excimer pulsed-laser deposition system with a wavelength of
248 nm was employed to epitaxially grow LBCO thin films on an
NGO substrate with the same optimized growth conditions as those
for the films on the LAO, STO, and MgO substrates. Details can be
found in previous reports.*''>*° Briefly, the optimal growth
conditions have been determined to be at a deposition temperature
of 850 °C and an oxygen pressure of 250 mTorr with a laser energy
density of 2.0 J/ cm?. The thickness of the film was fixed at about 150
nm in order to keep the same thickness as those on the other three
substrates. Soon after deposition, the LBCO films were in situ
annealed at 850 °C for 15 min in a pure oxygen atmosphere at 200
Torr and slowly cooled to room temperature with a rate of 5 °C/min.
The microstructure, crystallinity, and epitaxial behavior of the as-
grown LBCO films were systematically examined by X-ray diffraction
(XRD) and transmission electron microscopy (TEM). The transport
behavior and magnetic properties of the thin films were evaluated
using a Quantum Design Physical Property (PPMS-9) measurement
system.

B RESULTS AND DISCUSSION

XRD was employed to characterize the as-grown films to
ensure the epitaxial quality. Figure 1 show X-ray 6—26 scans
and rocking-curve measurements for the LBCO films on MgO,
LAO, NGO, and STO substrates.
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Figure 1. Typical XRD spectra of LBCO films on four different
substrates. The insets are the FWHM plots of the films.

In a simple comparison, the disordered cubic structure of
LBCO was used for microstructure characterization. Only the
(001) peaks appeared in the #—26 scan patterns for the films,
and the peaks for the films on STO are overlapped with the
corresponding peaks from the substrates due to very close
lattice parameters, suggesting that the films on these substrates
are c-axis-oriented. The rocking-curve measurements show that
the full width at half-maximum (FWHM) values for the films
on MgO, LAO, NGO, and STO substrates are 1.3°, 1.2°, 0.22°,
and 0.07°,'* respectively. The small FWHM values suggest that
the as-grown LBCO films have good single crystallinity. The
films on both MgO and LAO, however, show much larger
FWHM values than those on NGO or STO, implying that the
LBCO films are in a mosaic growth mode and may have
numerous edge dislocations along the entire interfaces between
the films and substrates.

Theoretically, the lattice mismatch between the film and
substrate can be calculated by & = (a, — a,)/a, where a; is the
substrate lattice constant (provided by MTI Crystal Inc.) and a;,
is the lattice constant of the LBCO bulk material, as shown in
Table 1. For the (110) NGO substrate, the in-plane lattice
constants are 3.858 and 3.868 A along [001] and [110],
respectively. The transport behavior along these two directions
is similar (Figure 4). In this paper, we focused on the
investigation along [110] because it generates the compressive
strain with almost the same amplitude as the tensile strain
induced by the STO substrate. According to the Bragg law, the
out-of-plane lattice constants for the films on these four
substrates can be determined from the reflection peak positions
and are shown in Table 1. Clearly, the out-of-plane lattice
constants on different substrates are different, indicating that
there are different interface strains in the different films. On the
basis of the constant unit cell volume model, the in-plane lattice
constants of the films on different substrates can be calculated,
as seen in Table 1. In the case of strained epitaxy, the in-plane
lattice constant of the film can be estimated by the formula a,+
(a; — ap)/2 for the “tensile growth” and the formula a, — (a
— a,)/2 for “compressed growth”. Obviously, both in-plane and
out-of-plane lattice constants for the films on MgO and LAO
are very close to the bulk value, suggesting that the strains in
the films on MgO and LAO are nearly fully relaxed. However,
the in-plane lattice parameters for the LBCO films on STO and
NGO calculated from the strained epitaxial model are very
close to those calculated from the XRD measurements,
indicating that the strains in these two films are not relaxed.

To further understand the nature of the strain effects induced
by the lattice mismatch, cross-sectional TEM studies were used

Table 1. Lattice Constant and Lattice Mismatch/Interface Strain of the LBCO Film on Various Substrates

lattice constant lattice mismatch  out-of-plane lattice constant

(%) (obsd)
bulk 3.886
LBCO
(001) 3.792 2.48 3.890
LAO
(110) 3.868 047 3.907
NGO
(001) STO 3.905 —049 3.870
(001) 420 —7.48 3.881
MgO

out-of-plane strain

in-plane lattice in-plane lattice in-plane strain

(%) constant? constant (%)

0.10 3.884 3.839 —0.05

0.54 3.876 3.877 —0.26
—0.41 3.894 3.895 0.21
-0.13 3.889 4.043 0.08

“In-plane lattice constant obtained based on the constant unit cell volume model. *In-plane lattice constant according to the strained epitaxial thin-
film model: a,, + (a, — a,)/2 for the case of STO and MgO, “tensile growth”; a, — (a, — a;)/2 for the case of LAO and NGO, “compressed growth”.

dx.doi.org/10.1021/am404951v | ACS Appl. Mater. Interfaces 2014, 6, 2540—2545



ACS Applied Materials & Interfaces

Research Article

to study the epitaxial nature and interface microstructure of the
LBCO films on various substrates.

Cross-sectional high-resolution TEM (HRTEM) images of
LBCO films on MgO,z'O LAO,® NGO, and STO substrates are
shown in Figure 2. Clearly, all of the films have excellent

Figure 2. Cross-sectional HRTEM images showing the epitaxial
behavior and interface structures of LBCO thin films on (a) MgO,3°
(b) LAO® (c) NGO, and (d) STO substrates. The insets are the
SAED patterns taken from the areas covering the interfaces between
the films and substrates.

epitaxial quality with an atomically sharp interface. The insets in
Figure 2 are the selected-area electron diffraction (SAED)
patterns taken from the interface areas covering both the
substrates and LBCO films. The indices of the labeled
diffraction spots in the SAED patterns are listed in Table 2.

Table 2. Indices of the Diffraction Spots of the LBCO
(Disordered) and Substrate in the SAED Pattern in Figure 2

sample spot a spot b spot ¢ spot d
LBCO/  (001) LBCO (002) MgO (002) LBCO  (010)

MgO LBCO
LBCO/  (001) LBCO,  (010) LBCO//

LAO (001) LAO (010) LAO
LBCO/  (001) LBCO,  (010) NGO (010) LBCO,  (100)

NGO (110) NGO (110) NGO NGO
LBCO/  (100) LBCO,  (001) LBCO,

STO (001) STO (010) STO

The sharp electron diffraction spots with no satellites or
broadening further indicate that all of the LBCO thin films have
good single crystallinity. As seen in Figure 2a,b, many edge
dislocations are formed along the entire film/substrate
interfaces for the films on MgO and LAO substrates, verifying
the results from the X-ray studies that the strains in the films on
these two substrates are fully relaxed by the formation of edge
dislocations. However, no visible edge dislocations are found at
the interfaces for the films on NGO and STO substrates, which
is in good agreement with the XRD determination that the
misfit strain is fully stored in the films because of the good
lattice matches between the lattice parameters of the LBCO
films and substrates.

Figure 3 is the temperature dependence of the magnetic
moment from both zero-field-cooled (ZFC) and field-cooled
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Figure 3. ZFC and FC magnetization of LBCO films on STO, LAO,
and MgO substrates. The inset is the magnetic hysteresis for LBCO
films on these three substrates measured at 30 K.

(FC) measurements under a 500 Oe magnetic field. Because
the signal for the LBCO thin film on the NGO substrate is
difficult to detect because of the large paramagnetic background
from the NGO substrate, only the magnetic properties of
LBCO/LAO, LBCO/STO, and LBCO/MgO are shown in the
figure. The bifurcation between ZFC and FC below around 120
K is similar to the cluster glass behavior of the LBCO bulk
material, resulting from the competition between randomly
distributed ferromagnetic and antiferromagentic interactions.”®
Also, a negative magnetization was found at temperatures lower
than 75 K in the ZFC measurement, similar to the effect from
(La,Sr) CoO; thin films, resulting from the suppression of spin
fluctuations."”" Although the Curie temperature T, ~ 165 K is
itself reduced from the bulk value of 175 K because of the
oxygen deficiency in all of the films, which caused a decrease in
the doped hole density or destruction of the oxygen-hopping
pathways.*>** Also, while T, does not change under different
film/substrate strains, the magnetic moments are found to
decrease with an increase in the lattice mismatch. The LBCO
film on STO shows the largest magnetic moment, while it has
the smallest value on MgO. These magnetic phenomena can
also be seen in the hysteresis loop measurements, as seen in the
inset of Figure 3, showing the magnetic field dependence of the
magnetic moment (m) at 30 K.

In principle, compressive strain will result in an increase in
the ferromagnetic transition temperature because of reduction
of the Co—O—Co bond length with a small increase in the
Co—0O—Co angle, while tensile strain produces the opposite
effect.”® However, it likely arises from variations due to lattice
mismatch, such as different epitaxial strain states, antiphase
domain, and phase separation.>**> On the other hand, although
the thicknesses of the films are much larger than their critical
thicknesses, the lattice distortion or antiphase domain may
decrease the degree of ferromagnetic long-range order,
resulting in a decrease in the magnetic moment. Furthermore,
as seen in the hysteresis loops, each loop is a combination of
two hysteresis loops that are the result of the nanoscale-ordered
and disordered LBCO phases in the film. It is interesting to
note that the nanoscale-ordered phase is dominant in the
LBCO film with small strain, whereas the disordered phase is
dominant in the film with large strain. These results are in good
agreement with the previous studies of bulk materials."*
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The temperature dependencies of the resistivity of the LBCO
films on various substrates are shown in Figure 4. The transport
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Figure 4. Temperature dependence of the resistivity for LBCO films
on various substrates. The inset shows the log of the resistivity as a
function of T~V4,

property measurements indicate that the resistivity p(T) for the
LBCO films increases exponentially with decreasing temper-
ature in the entire measurement range from 290 to 10 K,
indicating that all of the films possess semiconductor-like
behavior.

However, it is noted that the resistivity for the LBCO thin
film on MgO shows the highest resistivity value, followed by
the films on LAO, STO, and NGO, in accordance with the
sequence of lattice mismatch values. This evidence clearly
indicates that the electrical transport properties of LBCO thin
films are very sensitive to the interface lattice structures,
although the interface strain energy is already fully released for
the films on MgO and LAO by the formation of edge
dislocations along the entire interface.

The interface strain values on STO (tensile) and NGO
(compressive) are very close to each other, but the resistivity of
the film on NGO is smaller than that on STO, indicating that
the compressive strain can enhance the electronic conduction
in the films, which is similar to traditional strain-effect behavior
such as that in the (La,Ca)MnO; and (La,Sr)CoO,
systems.””*® This phenomenon can be understood by the
fact that the compressive strain may make the Co—O—Co bond
length shorter, which causes charge carriers to more easily hop
and enhances the conductivity of the LBCO film. The tensile
strain decreases the electron-hopping amplitude, enhances the
strength of the Jahn—Teller distortion, and then increases the
localization of the carriers. On the other hand, the electrical
transport properties of LBCO on MgO and LAO highly
depend on the edge dislocation density and the antidomain
boundary structures because the interface strain is fully
released. Especially, the film on MgO may have plenty of
antiphase domain boundaries because of surface step terrace
induced antiphase domain formation.>**” Normally, the
nanoscale-ordered and -disordered phases of LBCO has a
Co—0O—Co bond angle of 180° from 10 to 400 K, which
permits overlapping of the Co 3d and O 2p orbitals. This type
of linear bond angle is more facile for charge-carrier hopping
resulting in semimetallic behavior.'* It is possible that a larger
interface strain induces a larger distortion of the Co—O—Co
bond angle, leading to the higher resistivity.

In order to understand the electrical transport mechanism in
the LBCO thin film, the measured resistivity is simulated by

using p(T) = 00T [0 < p<1,p=(d+1)"", where d is the
spatial dimensionality, and T, is a characteristic temperature]*®
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and can be fitted very well with this equation when p = '/,
corresponding to a three-dimensional density of energy state.

p(T) = pee™T reduces to Mott’s variable-range-hopping
model. In this model, T, = (B/kN(Eg)L;.>), where Ly, is the
localization length and f is a constant. ? 1t is well-known that
the optimal hopping distance, R, is

[l

and the corresponding energy difference between the final and
initial hopping states (hopping energy) is W = [42R’N(E)/
3]7". Inserting the optimal hopping distance R into the hopping

energy W, we get
:|—1/4 [ :|l /4

-

It is found that the hopping energy is proportional to T, at a
fixed temperature. It is known that T is proportional to the
slope of a plot of In(p) versus T~/*. From the plot (as shown
in the inset of Figure 4), it is noted that the larger lattice
mismatch induces the larger hopping energy, probably resulting
from the density of edge dislocations at the interface and
formation of the antiphase domain boundary.

Magnetoresistance (MR) studies were performed at different
temperatures under an applied magnetic field perpendicular to
the surface of film. The MR values were calculated by using MR
(%) = [p(H) — p(0)]/p(0) X 100%, where p(H) and p(0) is
the resistivity under the application of a magnetic field and
without a magnetic field, respectively. In order to clearly
compare the MR values on different substrates, the MR studies
are summarized in Figure S.

It is worth noting that the MR effect is almost isotropic for
the temperature (160 and 100 K) near the Curie temperature,
originating from suppression of spin fluctuations. However, at
low temperature, the MR effect exhibits hysteresis effects,
probably induced by the 90°-oriented nanodomains in the film.
The MR values of the films on the four substrates at different
temperatures under a 7 T magnetic field are shown in Figure
Se. The relationship between the MR effect and interface strain
has a behavior similar to that of resistivity, and the MR values
seem to increase with increasing lattice mismatch even though
the strain is released at the interfaces for the films on MgO and
LAO. The largest MR value of 43% at 40 K was found for the
LBCO film on the MgO substrate in which the interface strain
energy is fully released. This anomalous physical phenomenon
of a giant MR effect, S times that from the correspondin% bulk
material measured at S0 K under a 7 T magnetic field, * can
result from the formation of an antidomain boundary, a mosaic
growth film structure, edge dislocation at the interface, and/or
other defects. These will increase the scattering rate of the
charge carrier in the film. Under the applied magnetic fields,
spin scattering will be significantly reduced and the orientation
of the domain can be modified, resulting in a decrease of the
resistivity values and an increase of the conductivity, leading to
the negative MR effect. On the other hand, the application of a
magnetic field could align the spins of Co** and Co*" along a
parallel orientation, which would enhance the transfer integral
of electron hopping from Co®* to Co*" due to the double
exchange mechanism and then decrease the resistivity, leading
to the negative MR.
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Figure S. (a—d) MR as a function of the applied magnetic field at
constant temperature on MgO,30 LAO, NGO, and STO."? (e) MR on
different substrates at 10, 40, 100, and 160 K under a 7 T magnetic
field.

B CONCLUSION

In summary, highly epitaxial LBCO thin films were successfully
grown on MgO, LAO, NGO, and STO substrates by pulsed-
laser deposition to investigate the influence of lattice mismatch
induced by different substrates on the physical properties of the
LBCO thin film. Microstructure investigations reveal that all of
the LBCO films have excellent single-crystalline and epitaxial
behavior with atomically sharp interfaces. Electrical transport
and magnetic property measurements indicate that the film/
substrate lattice mismatch can strongly affect the electrical
conductivity, MR, and magnetic moment of the LBCO films.
Specifically, the interface structures can significantly alter the
MR and magnetic moments but not change the ferromagnetic
transition temperature and so probably results from the strong
coupling between the interface strain and nanodomain
boundary and ordered oxygen vacancy structure. These new
findings suggest that the electrical transport and magnetic
properties can be controlled by the interface-induced strain,
and this could be an important technique for new electro-
magnetic material design.
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