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ABSTRACT Lag6;Cap55sMnO;5 thin films were epitaxially grown on miscut MgO(001) substrates by pulsed laser ablation. Electrical
transport properties were studied by using an ultra high vacuum, four-probe STM system at different temperatures. Anomalous
resistivity behavior and metal—insulator transition temperatures were found, both of which are highly dependent upon the miscut
angle (1, 3, and 5°). These phenomena are attributed to the difference in residual strain that results from the difference in terrace

widths of the vicinal surfaces.
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train is a nontrivial factor affecting the physical prop-

erties of epitaxial thin films. It can significantly alter

their electrical conductivity, change the phase transi-
tion temperature, and affect other properties. For instance,
dramatic changes in the Curie temperature have been
observed in the highly epitaxial ferroelectric thin films (1);
and strong effects on the phase-transition temperatures,
magnetic properties, and electrical conductivity in the highly
epitaxial Manganite thin films were induced by lattice
mismatches between the film and the substrate (2—4). On
the other hand, Chen et al. suggested that various antiphase
domain boundary structures could be formed in highly
epitaxial ferroelectric thin films by altering the dielectric
tenability (5, 6). Microstructure studies by Jiang et al. further
demonstrated that the microstructure of Bag ¢Sro 4TiO5 thin
films can be strongly influenced by steps, terraces, and kinks
of substrates by forming equally spaced misfit dislocations
at the interface, with physical properties of the film accom-
modating their microstructures (7). Furthermore, it has been
found that the physical properties are dependent not only
on the strain generated from the lattice misfit between the
film and substrate but also on the detailed surface-step
dimensions. Chen et al. have systematically investigated the
effects of the dimension of substrate surface-step terraces
on the epitaxial nature and the physical properties (7—9).
Recently, a model of local strain induced by surface-step-
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terrace dimensions was established to understand various
physical phenomena in highly epitaxial oxide thin films.
However, only limited data are available for understanding
and examining the model.

To verify the effects of local strain on the physical
properties of highly epitaxial oxide thin films, characterizing
the electrical transport properties is one of the most practical
techniques. Recently, we have systematically studied the
effects of various surface step terraces on the physical
properties of the highly epitaxial Lag ¢7Cag33:MnO5 (LCMO)
thin films. In this letter, we report electrical transport
phenomena in highly epitaxial Lag 67Cag 55MnO5 (LCMO) thin
films on MgO (001) substrates with different miscut angles.
We will show that the electrical resistivity and metal—insulator
transition temperature (Ty-y) of the as-grown LCMO thin
films are greatly modulated by changing the dimensions of
the substrate terraces.

The Lag7Cap53MnO5 thin films were grown on various
(001) MgO vicinal surfaces by using pulsed laser deposition.
Three types of miscut MgO substrates (1, 3, and 5°) along
the (100) direction were adopted for studying the residual
strain effect, respectively. The thickness of LCMO films is
about 250—300 nm. The epitaxial quality and crystallinity
of the LCMO films on various miscut MgO surfaces were
examined by traditional X-ray diffraction (XRD) technique.
Figure 1a is the typical X-ray diffraction pattern achieved
from the 1° miscut sample. Both 3° and 5° miscut samples
have similar spectra. The sharp {001} diffraction peaks and
the small values of the rocking curve measurement results
(all smaller than 0.2°) suggest that the as-grown films have
good single-crystal quality and excellent epitaxial nature.

The resistivity of LCMO thin films were characterized in
an Omicron ultrahigh vacuum (UHV) four-probe scanning
tunneling microscopy (4P-STM) system using a Keithley
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FIGURE 1. (a) Typical X-ray diffraction pattern of the LCMO thin film
grown on a vicinal MgO surface. (b) SEM image showing the four
gold tips in contact with LCMO surface.
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FIGURE 2. Temperature dependence of electrical resistivity of LCMO
thin films on three vicinal MgO substrate surfaces with the miscut
angles of 1°, 3° and 5°. The transition temperatures (Ty-) are 153
and 238 K for the 1 and 3° samples, respectively. No transition was
found for the 5° sample, on which the film is always insulating.

4200 apparatus and an in situ scanning electron microscope
(10, 11). The square four-terminal method was used for
measuring the resistance of thin films (12, 13). All four
electrodes were gold tips, fabricated by a standard chemical
etching technique, to ensure good electrical contact. Each
tip can be independently operated in our system. Figure 1b
is a typical SEM image of the four gold tips in contact with
the sample surface. The contact separation spacing s is about
25 um in this experiment. The scale of thin film is several
mm. Four-terminal method requires that the film thickness
d be extremely thin and the film size [ is infinitely large, i.e.,
d < s <[, therefore such an experimental setup is consid-
ered good enough for the measurement requirements. The
sample temperature is controlled by liquid nitrogen cooling
and electrical heating in the range from 130 to 360 K. See
the Supporting Information for experimental details.
Figure 2 shows the measured resistivity—temperature
curves (from 130 to 360 K) of three different LCMO thin
films. The resistivity is distinctly different among the three
samples. At high temperature, the resistivities of the 1 and
3° samples are on the same order, whereas that of 5°
sample is about 1 order of magnitude larger. The resistivity

www.acsami.org

000000000 0o
000000000 0
000000000 0

000

(b)
4] —=— Strain vs terrace width
5° sample —=—Strain=0
— 21 ° sample
g i
o
T o HPW
§ 7F
— -2
()
3° sample
-4
-6
0 20 40 60 80 100 120 140

Terrace width (A)

FIGURE 3. (a) Schematic of the atomic structures of the LCMO thin
film on the MgO(001) substrate consisting of steps and terraces. If
lattice constants in bulk materials and substrate terrace width (D)
are known, the residual space (Ad) in film can be estimated. (b)
Calculated surface-step-terrace induced strain of LCMO thin film vs
MgO(001) substrate terrace width. The strain is defined as (af’ — ag/
a;. The green crosses indicate corresponding strain in three samples
with the miscut angles of 1, 3, and 5°.

difference in the three samples becomes enlarged at low
temperature. Clearly, a metal—insulator transition can be
seen in both 1 and 3° samples in the experimental temper-
ature range (14). It should be noted that the metal—insulator
transition temperatures (Ty-) are markedly different in
these two samples, 153 and 238 K for 1 and 3° samples,
respectively. Furthermore there is no transition in the film
grown on the 5° miscut substrate, and the film has a typical
insulating behavior.

To understand the nature of these interesting physical
phenomena, we systematically investigated microstructures
and local strain of thin films on various vicinal MgO surfaces.
As seen in Figure 3a, the simplified atomic structure of the
LCMO thin film and MgO(001) substrate consisting of steps
and terraces is schematically illustrated. If the atoms’ posi-
tions in the substrate are fixed, the atomic spacing in the
film must be tuned to fit the terrace width, which will
generate a particular local strain. Because the lattice con-
stants of the film and substrate differ, a residual space (Ad)
must be generated in the terrace of the substrate, as shown
in Figure 3a

Ad = Ny, — Naag = D — N (1)

where D is the terrace width on the substrate, as and a; are
lattice constants of the substrate and film in bulk materials,
respectively, and N is the number of substrate atoms on a
terrace that can match the maximum number of film atoms
N¢ on one terrace to ensure a positive Ad value.

In most cases, the value of Ad is not equal to zero.
Therefore, the atoms in the LCMO film will rearrange to
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Table 1. Averaged Substrate Terrace Width,
Surface-Step-Terrace-Induced Strain, And Measured
Metal—Insulator Transition Temperature (Ty—.;) for
LCMO Thin Films on 1, 3, and 5° Miscut MgO(001)
Substrates, Compared with Films on Smooth
MgO(001) Substrate and Bulk LCMO Materials

terrace width surface-step-terrace-induced

specimen (A) (calcd) strain (%) (calcd) Tw-1 (K) (exp)
bulk no 0 250 (ref14)
0° oo 0 221 (ref16)
1° 120.65 0.36 153
30 40.18 —1.24 238
5° 24.07 0.33 <130

reduce the residual space Ad. Thus, the resultant atomic
spacing in the film (a) will become larger or smaller than
the bulk value a. If Ad is much less than a;, the residual space
will be averaged by all atoms in film on the terrace and
atomic spacing in the film will be elongated (a¢ > ay

, Ad
a; = a; + m 2)

Otherwise, if Ad is larger than a value, assumed to be a¢ /2,
a new row of atoms must be inserted into the residual space
and thus the atomic spacing in the film is compressed (af” <
ay).

Ad — a;

* (Ne + Dag ©)

ai = a;

Thus, the real atomic spacing in the film af and consequently
the strain fluctuate with variation of the terrace width on the
vicinal MgO substrate. We define this strain as surface-step-
terrace-induced strain = (a¢f — apla;. To understand the
effects of this strain on the transport behavior, we assume
that there are only monatomic steps on the substrate, and
the surface has a uniform density of steps so that only the
average terrace width is considered. The bulk lattice con-
stants of MgO, 4.212 A (8), and Lag 67Cag 53Mn0Os5, 3.86 A (15),
are used in strain calculation and the result is shown in
Figure 3b and Table 1. This strain is a main part of the total
strain in the LCMO thin films, and hence is of great impor-
tance for their physical properties.

In 1° miscut sample the average substrate terrace width
is 120.65 A and the corresponding surface-step-terrace
induced strain in LCMO film is 0.36 %, tensile, as shown in
Figure 3b and Table 1. Considering the tensile strain in
LCMO film near film substrate interface, we believe tensile
strain in the 1° miscut surface is greater than that in 0°
surface. It has been demonstrated that the tensile strain can
significantly decrease the Ty, in Manganite epitaxial thin
films (3, 4). The Curie temperature (T¢) of Lag ¢7Cag33Mn0O;
film on MgO (001) substrate with no miscut surface is 221
K (16), and Ty, is considered to be approximate to Tc. Thus,
the fact that the Ty value of 153 Kin the 1° sample is much
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lower than the traditional value of 221 K should be carefully
reviewed by considering the influence of the miscut vicinal
surfaces.

Similarly, on the 3° miscut surface, the substrate terrace
is 40.18 A on average, and the corresponding surface-step-
terrace induced strain is —1.24 % . This compressive strain
can mitigate the inherent tensile strain in the film to a certain
degree, which suggests less tensile strain. It is interesting that
the transition temperature value Ty is found to be 238 K,
which is slightly higher than the value of 221 K (16) on the
no-miscut surface and closer to that of bulk material, 250 K
(14).

The resistivity behavior of the as-grown film on 5° miscut
surface differ greatly from those on 1 and 3° miscut sur-
faces. It should be noticed that the average terrace width in
the 5° miscut substrate is 24.07 A, which means N; — Ny =
1. Because Nf — N is an odd number, an antiphase domain
boundary must be formed at the surface step edge (8). lons
in the film at both sides of the antiphase domain boundary
are charged in the same sign, so high strain must exist in
this region. This high-strain region is very likely to change
the structure of the MnOg, octahedron locally and distort the
Mn—O—Mn bond angle, which could lead to a significant
increase of resistivity and alter the M—I transition temper-
ature (17). A. Biswas et al. demonstrated that a charge
ordering (CO) state appears in a high-strain region near the
island edge and results in the insulating behavior of the film
(18). Therefore, in the 5° miscut surface, the charge ordering
state must form because of the existence of the antiphase
domain boundary. On the other hand, in the 5° sample, the
surface-step-terrace-induced strain is 0.33 %, as indicated in
Figure 3b and Table 1. The large tensile strain and formation
of CO states in 5° sample both result in the decreasing of
Tw-1 and insulating transport behavior. In general, the an-
tiphase boundary plays a key role in tuning the transport
properties of the 5° sample.

It should be noted that it is possible to detect the strain
effects on transport properties in films with thickness of
250—300 nm, as shown in (17), because the electrode
separation is greatly larger than the film thickness and the
current can penetrate into the whole thin film in four-
terminal method (19).

In summary, the temperature-dependent resistivity of
highly epitaxial Lage7CagssMnO5 films on various miscut
MgO(001) substrates was systematically studied by using
ultrahigh vacuum four probe STM system. The resistivity and
metal—insulator transition temperatures were found to be
highly dependent upon the miscut angles of 1, 3, and 5°,
which can be attributed to the difference in residual strain
that results from the difference in terrace widths of the
vicinal surfaces. Together, the residual strain in the films and
the effects of the antiphase boundary in tuning the properties
of a film indicate a new approach for preparing functional
thin film devices in nanoscale.
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