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Abstract

We investigated the structure and magnetotransport properties of Smg sCagsMnOs (SCMO)
films epitaxially grown on (011)-oriented SrTiO3 substrates, which exhibited clear
charge/orbital ordering transition. A significant anisotropy of ~1000 in the colossal
magnetoresistance (CMR) effect was observed in the films with a thickness between 50 and
80 nm, which was distinctly different from the basically isotropic CMR effect in bulk SCMO.
The large anisotropy in the CMR can be ascribed to the intrinsic asymmetric strain in the film,
which plays an important role in tuning the spin—orbit coupling in manganite films. The origin

of the peculiar CMR effect is discussed.

(Some figures in this article are in colour only in the electronic version)

The intricate interlay of spin, charge, orbital and lattice
degrees of freedom gives rise to versatile electronic phases
and bicritical or multicritical behaviors in manganites [1],
which also leads to the intrinsic strain resulting from lattice
mismatch between the film and substrates, an effective factor
for tuning the physical properties of manganite films [2—4].
In charge/orbital ordered (COO) manganites, in which the
melting of COO insulating state generally results in a much
larger colossal magnetoresistance (CMR) effect than that
resulting from suppression of spin fluctuation near the Curie
temperature in ferromagnetic manganites [5], the strain in
(001)-oriented films always results in either a rather stable
COO state or wiping out of the clear charge/orbital ordering
transition of their bulk counterparts, and thus a much reduced
CMR effect. The suppression of the charge/orbital ordering
transition is ascribed to a biaxial-strain-induced tetragonal
lattice distortion, whose stability restrains the original Jahn—
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Teller distortion upon cooling that is indispensable for
formation of robust COO states. In contrast, the anisotropic
strain relaxation process in the asymmetrically strained (011)
films, which is much faster along the [Oil] direction than
that along the [100] one [6], permits the required Jahn—
Teller-type lattice distortion in the bc plane [7]. As a
result, clear charge/orbital ordering transitions have recently
been realized in Ndgs5SrgsMnO3 [7], PrgsSrgsMnO;3 [8, 9],
Bi0,4Cao,6Mn03 [10, 11] and La7/8Sl‘1/ng’103 [12] films. On
the other hand, the anisotropic strain results in versatile
anisotropic physical properties due to strong coupling
between the various degrees of freedom, such as the strain-
correlated magnetic anisotropy in Lay;3Ca;;3sMnO;3 [6] and
large anisotropy in electronic transport of Bip4CagsMnOs3
films [13]. Since CMR is a magnetostriction-coupled
phenomenon [14], the CMR effect may also be significantly
affected by the strain in (011)-oriented films, especially when
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Figure 1. The reciprocal space maps around (022), (222) and (031) reflections for a 60 nm SCMO film.

it is partially or fully relaxed along one direction while
strongly clamped, thus spatially confined and with no available
magnetostriction, along the other direction. In this paper,
besides the obvious charge ordering transition, a significant
anisotropy in the CMR effect is observed in a (011)-oriented
Smo,5Ca0,5MnO3 (SCMO) film.

SCMO films with a thickness ¢ of 10-150 nm were grown
on (011)-oriented SrTiO3 (STO) substrates by pulsed laser
deposition. During the deposition, the substrate temperature
was kept at ~700°C and the O, pressure at ~60 Pa.
The structural properties of the films were analyzed by x-
ray diffraction (XRD) and reciprocal space maps (RSMs)
performed on a Bruker D80 Discover system. The films’
surface morphology was analyzed by atomic force microscopy
(AFM). Magnetic and transport measurements were performed
with a Quantum Design superconducting quantum interference
device (SQUID) magnetometer and a physical property
measurement system (PPMS-14h), respectively. Resistivities
along the in-plane [100] and [011] directions, pjoo and pyj;,
respectively, were measured using the four-terminal method in
a bridge-shaped sample (see the inset of figure 3(b)) patterned
by a conventional photolithography and chemical etching
technique, with dimensions of 0.1 mm in width and 0.4 mm
in length which are sufficient to avoid phase separation effects.

Typical 6-20 XRD scans of the films show that all the
films are high textured with an out-of-plane direction of [011].
No other phases and textures were found. Figure 1 shows the
RSMs around (022), (222) and (013) reflections for a 60 nm
SCMO film. It is clearly shown that the film has good epitaxial
growth on (011) STO substrates though the large lattice

mismatch between SCMO and STO (~3.3%). From the maps,
do11 ~ 0.2660 nm, djop ~ 0.3839 nm and dOTl ~ (0.2691 nm
are obtained. Assuming that b = c, the lattice constants are
determined to be ¢ ~ 0.3839 nm, b ~ ¢ ~ 0.3784 nm and
y & 90.7° for the film. Thus, the in-plane asymmetry of the
(011) substrate leads to a faster strain relaxation along the [011]
direction than that along the [100] direction compared with the
situation in fully strained films, as discussed previously [6, 15].
In addition, y # 90° indicates a deviation of the SCMO unit
cell from orthorhombicity, another peculiar strain-related effect
in (011) manganite films [9, 10, 15].

For SCMO films grown on (001)-oriented substrates, it
has been demonstrated experimentally that the biaxial strain
wipes out the charge/orbital ordering transition [16]. In
contrast, (011) films with + > 80 nm are found to exhibit
a definite charge/orbital ordering transition at Tco =~ 235 K
as demonstrated in the clear increase in resistivity and the
pronounced inflection in magnetization shown in the inset of
figure 2(b). The clear phase transition becomes relatively broad
with decreasing film thickness to 50 nm < ¢t < 80 nm due
to the partially formed COO states, which is analogous to the
case in Bip4CageMnO;3 films [15]. Similar to (001) SCMO
films [16], the resistivity of the (011) films (50 nm < ¢ <
150 nm) decreases more than six orders under a high magnetic
field (upH > 10 T) and low temperature (T < 100 K)
in addition to a six-times reduced critical magnetic field for
melting the COO when compared to that of the bulk (60 T
at 10 K) (figures 2(a) and (b)), which indicates a greatly
depressed COO state and is consistent with the decreased Tco
(280 K for bulk). Surprisingly, further research reveals that
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Figure 2. (a), (b) The temperature and magnetic field dependent
resistivities of an 80 nm (011)-oriented SCMO film, respectively.
Inset of (a): a schematic diagram of electrode contact geometry. Inset
of (b): the temperature dependent resistivity and magnetization
(measured at 2 T) for a 100 nm (011) film exhibiting robust
charge/orbital ordering transition at 7.

the resistivities along the [100] and [011] directions exhibit a
dramatically different response to magnetic fields in the (011)
SCMO films for 50 nm < ¢ < 80 nm.

Figures 3(a) and (b) show the temperature dependence of
the resistivities pjoo and pgy;, respectively, under a magnetic
field of 0—13 T for a 60 nm SCMO film. Under O T, the film
exhibits a large anisotropy of pjoo/pyi; ~ 10 at 300 K, which
also resembles the situation in Big4Cage¢MnQOs films [13].
Upon cooling, pi00/ppi; decreases at T < Tco due to the
faster increase in p,7; resulting from its clearer charge/orbital
ordering. As a result, pjpo/po11 decreases to ~5 at 100 K,
below which the resistivity becomes too large to be measured.
Under a magnetic field, the COO state is so robust that our
maximal magnetic field of 13 T could hardly melt it at 5 K.
Upon warming under 13 T, the collapse of the COO state

begins first at 15 K with resistivity reduced by a factor of more
than 10° along the [011] direction, while at 30 K the resistivity
is decreased only by a factor of 10° along the [100] direction.
Furthermore, little metallic behavior appears in pjqo, though it
exhibits a small decrease at 7 < 80 K during field cooling. An
active metallic conducting behavior is seen at 7 < 160 K along
the [011] direction under 13 T. Obviously, the CMR effect of
the SCMO film exhibits significant anisotropy, which is further
confirmed in the magnetic field dependent resistivity results
shown in figure 3(c).

The bulk SCMO exhibits a CE-type COO state, which
generally melts to a ferromagnetic metal during the CMR
effect. Such a CMR effect is basically isotropic with a little
anisotropy due to the preferential occupation of e, orbits and
their intrinsic anisotropy. The observed CMR effect in the
SCMO films (50 nm < ¢t < 80 nm) is obviously different
from the former conventional one. In addition, it should be
noted that the large anisotropy in the CMR effect disappears
in SCMO films with + > 80 nm, whose behavior is like
the bulk materials and exhibits no strain-induced transport
anisotropy at T > Tco [13]. Thus, it turns out that the
abnormal CMR effect exists only in the strongly strained
SCMO films, which indicates that the abnormal CMR effect
should also be a consequence of the strain effect. It is
interesting to note that the large room temperature transport
anisotropy and the significant anisotropic CMR in SCMO
films is reminiscent of the bilayered manganites, such as
(Lap 4Pro6) 12511 §MnyO7 [17], in which it was found recently
that the Pr substitution-induced large decrease in the interlayer
exchange coupling, with little change to the in-plane exchange
coupling, plays an important role in the anisotropy of the
CMR effect [18]. The spin—orbit coupling is the key issue
in the CMR effect. The observed CMR anisotropy may
also result from the anisotropy of the spin—orbit coupling
effect. Moreover, a larger spin—orbital interaction along the
[011] direction compared with the [100] direction has been
observed in (011)-oriented Lay;3Ca;,3MnO3 films through
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Figure 3. (a), (b) The temperature dependence of p;o0 and pyj,, respectively, under magnetic fields of 0, 12 and 13 T for a 60 nm SCMO film.
The arrows indicate charge ordering transitions. (c¢) The magnetic field dependent resistivities pjop and po—;; at 80 and 100 K. Inset of (a): a
1 pm x 1 um AFM image of the SCMO film with a mean-square-root-roughness of ~2.1 nm. Inset of (b): a schematic diagram of the

patterned sample and electrode contact geometries.
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anisotropic magnetoresistance (AMR) and anomalous Hall
effect measurements [19]. The anisotropy in the CMR
effect here is obviously much larger than the AMR effect in
ferromagnetic manganites [19, 20]; a significantly stronger
spin—orbital coupling along the [011] direction than that along
the [100] direction is expected in SCMO films. Considering
that the higher resistivity along [100] may mainly result from
the reduced orbital overlap of the 3d and 2p electrons due to
the strain imposed lattice expansion along a [13], the large
anisotropic CMR effect may indicate that the stronger strained
a also leads to a much decreased spin—orbit coupling along the
[100] direction in (011) SCMO films.

As for the origin of the CMR effect in perovskite
manganites, besides the conventional magnetic field-induced
transition of the CE-type COO insulating state to a
ferromagnetic metal phase, the magnetic-melting of the three-
dimensional CE-type antiferromagnetic COO insulating state
to a two-dimensional orbital ordered (OO) pseudometallic one
(mainly an A-type layered antiferromagnetic structure or a C-
type chainlike antiferromagnetic structure) could also result
in a huge decrease in resistivity, which would further result
in a large anisotropy in the CMR effect due to crossover in
the transport dimension. Though such a crossover has been
intensively predicted theoretically [21] and realized in bulk
materials by tuning the one-electron bandwidth W or through
band filling, such as that in Pry 5(Sr;_,Ca,)osMnOs3 [22], no
relevant phase transition induced by a }nagnetic field in CMR
effect has been observed. The large anisotropy and 2D-like
conductive behavior during the evolution of the CMR effect
in SCMO films indicate the possible phase transition of the
field-induced 3D COO state to a 2D conducting one. However,
further evidence is needed to make the final determination.

In summary, a clear charge/orbital ordering transition was
realized in SmgysCapsMnOs films grown on (011)-oriented
SrTiO; substrates.  Furthermore, a peculiar CMR effect
showing huge anisotropy was observed in SCMO films with
a thickness between 50 and 80 nm, which can be ascribed to
the intrinsic strain in the films. The results indicate that the
anisotropic strain in manganite films makes it rather interesting
to research the direction dependent responses of their physical
properties to external stimuli, such as magnetic field, photo
irradiation and pressure.
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