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The essential role of strain in determining the electronic states of perovskite manganites is clearly demon-
strated in the form of anisotropic and substrate-dependent crossover of a first-order phase transition in charge-
orbital ordered epitaxial thin films ofsNd1−xPrxd0.5Sr0.5MnO3. An application ofs110d-oriented epitaxial growth
technique allows the structural flexibility indispensable for the large anisotropic lattice deformation at the
first-order transition. The technique enables us to fine-tune the Jahn-Teller distortion for manipulating the
metal-insulator transition in thin films, a first step toward the strongly correlated electron devices.
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Physics associated with strain underlies the colossal mag-
netoresistance and other gigantic changes in magnetic, resis-
tive, and optical properties in perovskite manganites.1–3

Since the Jahn-TellersJTd coupling, one salient aspect of
strain physics, is an essential interaction in the charge-orbital
orderedsCOOd manganites;4,5 pseudomorphic strain effect in
epitaxial manganite thin films6–8 is a unique degree of free-
dom for the control of subtle situation in a multicritical
point.9,10 One noticeable example is the drastic modification
of the ground state of La0.5Sr0.5MnO3 thin films coherently
grown on as001d surface; they are located close to the phase
boundary and the modification is driven by the biaxial strain
through the orbital orderingsOOd.8 Hence the tetragonal
modification in thin films has been recognized as an impor-
tant parameter to characterize the electronic phase diagram in
the theoretical studies.11 However, there has been no report
on the epitaxial thin films that are amenable to the control of
the first-order metal-insulatorsMI d transition arising from
the COO. The difficulty arises partly from modification of
the ground state by imposing tetragonal symmetry, and partly
from severe restriction on the lattice deformation, in which
only the out-of-plane lattice constant can vary at the MI tran-
sition while the in-plane lattice constants are clamped to the
substrates.12 This makes it quite difficult for the films to un-
dergo the transition into the COO state since a large aniso-
tropic deformation is unavoidable at the transition. Although
not frequently addressed to, anisotropy is in fact an essential
factor even in a pseudocubic lattice when OO is encountered.
In a few forerunning attempts employing carefully prepared
“twin-free” single crystal samples,13,14 a close connection
has been revealed between the OO and the anisotropic prop-
erties, which are undetectable in the conventional multido-
main samples. Incidentally, it is to be noted that in the case
of polycrystalline films, in which one might expect that the
restrictions for the epitaxial films mentioned above are ab-
sent, first-order MI transition does not appear because of the
random field effect arising from defects and grain bound-
aries. In Nd0.5Sr0.5MnO3 films, for example, the charge or-
deredsCOd state existing within the narrow hole concentra-
tion ranges0.49øxø0.51d sRef. 15d collapses quite easily
by the polycrystalline disorder16 and the CO state is wiped
out.

Here, we report on the strain-induced crossover of a first-
order MI transition in thin films by an application of
(110)-oriented epitaxial growth technique to
sNd1−xPrxd0.5Sr0.5MnO3 sNPSMOd,15 which can be viewed as
being in a bicritical state betweenCE-type fds3x2−r2/3y2

−r2dg sx=0;Nd0.5Sr0.5MnO3d sRefs. 17–19d and A-type
fdsx2−y2dg sx=1;Pr0.5Sr0.5MnO3d states.18,20,21In the present
paper, SrTiO3 sSTOd and fsLaAlO3d0.3−sSrAl0.5Ta0.5O3d0.7g
sLSATd s110d perovskite substrates were employed. The dif-
ficulties associated with the tetragonal substrates are averted
by breaking the in-plane symmetry: the in-plane anisotropy
allows the lattice deformation compatible with the modified
OO plane lying out of the substrate surfacessee belowd. The
mode of deformation also determines the type of the cross-
over of the MI transition. One is the in-plane anisotropic
crossover for the films on STO utilizing the unequivalent
in-plane lattice constantsfds001dÞ Î2ds1-10dg due to the
anisotropic lattice relaxation, and the other is the substrate-
dependent crossover between the films on STO and LSAT
substrates.

We have grown NPSMO films by the pulsed-laser depo-
sition technique with typical conditions for manganite thin
films as described in the literature.8 The bandwidth has been
delicately tuned by varying the Pr contentsx=0, 1/3, 1/2,
and 1d. The thickness of the films was in the range of
50–110 nm in which there are no essential thickness-
dependent properties. The surface of thes110d substrates
cannot be regulated on an atomic scale with a step and ter-
race structure, as is known fors001d perovskite substrates,22

but is smooth enough to observe the intensity oscillation of
reflection high-energy electron diffractionsRHEEDd all
through the growth of the films on LSATsa=0.387 nm,
mismatch=0.7%d. Coherent epitaxial growth was confirmed
by four-circle x-ray diffraction measurements, which indicate
that the films on LSAT have the identical in-plane lattice
constants tof001g and f1-10g axes of the substrates, respec-
tively. As for the films on STOsa=0.3905 nm, mismatch
=1.6%d substrates, the lattice mismatch is too large to keep
coherent epitaxial growth, resulting in the appearance of
streak RHEED pattern that still assures a smooth surface on
nanometer scale. The films have nearly the same lattice con-
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stant to the substrate alongf001g axis but two types of do-
mains with slightly tiltedf110g axes towardf001g andf00-1g
directions are sometimes observed.23 The lattice is largely
relaxed alongf1-10g axis. Thus, we have two types of films;
one type is epitaxial films on STO with anisotropic in-plane
lattice constants, and another is coherently grown epitaxial
films in the form of a monodomain crystal on LSAT with
rather isotropic in-plane lattice constants clamped to the sub-
strates.

Figure 1 systematically displays the magneticfFigs.
1sad–1sddg and transport fFigs. 1sed–1shdg data for the
NPSMO films on STO with various Pr contentsx
=0, 1/3, 1/2, and 1d measured along the respective in-plane
f001g andf1-10g directions. Figure 1sad shows the ferromag-
netic sFMd–antiferromagneticsAFd transition at 160 K in
NSMO films sx=0d along both directions. In addition, Fig.
1sed proves the first-order MI transition with thermal hyster-
esis that has been unattainable previously in the tetragonally
modified films. The transport properties are also slightly an-
isotropic in that the resistivitysrd along f001g direction is
higher than that along thef1-10g direction consistent with the
anisotropy in magnetic hysteresis loopssnot shownd. Upon
increasing the Pr contentx, the AF state gradually turned into
a canted FM state preferentially along thef001g direction, as
described in Fig. 1scd sx=1/2d and Fig. 1sdd sx=1, PSMOd.
The anisotropic magnetic properties are manifested forx
ù1/2, indicating that the magnetic easy axis isf001g. In

contrast, magnetic properties inA-type Nd0.45Sr0.55MnO3
twin-free bulk single crystals show substantially identical AF
belowTN along any crystallographic axes.14 Thus the emerg-
ing ferromagnetism alongf001g in PNSMO sx=1/2d and
PSMO sx=1d should be ascribed to the anisotropic strain in
the epitaxial films, which implies the recovery of the spin-
orbit coupling due to theeg-orbital degeneracy once sup-
pressed by JT distortion for lowx values. Furthermore,rf001g
becomes lower thanrf1-10g with increasing Pr contentx. In
this manner, the anisotropic crossover between 1/3,x
,1/2 is demonstrated both in the magnetic and transport
properties.

Figure 2 exhibits the transport data including a magnetic-
field induced insulator-metal transition for the NPSMO films
on STO fFigs. 2sad–2sddg and LSAT fFigs. 2sed–2shdg sub-
strates measured along thef001g direction. Films on LSAT
have in-plane isotropic magnetic and transport properties. In
the case ofx=0 fFigs. 2sad and 2sedg, NSMO films on STO
substrates show a large change in resistivity by an applica-
tion of a magnetic field similar to those of bulk single crys-
tals due to the collapse of the CO. Meanwhile, NSMO films
on LSAT are modified into a rather metallic state with a trace
of hysteresis, which is quite similar to that of the
sNd0.5La0.5d0.5Sr0.5MnO3 bulk single crystals.24 The change
in the strain effect in switching from STO to LSAT substrate

FIG. 1. sColor onlined sad–sdd Left panels show temperaturesTd
dependence of magnetizationsMd, for sNd1−xPrxd0.5Sr0.5MnO3 epi-
taxial thin films on SrTiO3 s110d substrates.M is measured by a
superconducting quantum interference device magnetometer with
zero-field-cooledsZFCd field-warming sthin lined and FC sthick
lined runs applying a magnetic fieldsHd of 0.5 T along thef001g
and f1-10g directions denoted by solid and dotted lines, respec-
tively. sed–shd The right panels exhibitT dependence of resistivity
srd measured with ZFCsthick lined and ZFWsthin lined runs by a
conventional four-probe method.

FIG. 2. sColor onlined sad–sdd Left panels showr-T curves for
NPSMO films on STO substrates, measured with FCsthick lined
and FWsthin lined runs applying a various magnetic field of 0–5 T
along the f001g direction. sed–shd The right panels showr-
T curves for the films on LSAT.
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is thus equivalent to the increasing of the one-electron band-
width for NSMO films. As Pr contentx increases to 1/3
fFigs. 2sbd and 2sfdg, the trend of the CO insulating state on
STO and the metallic state on LSAT becomes obvious. The
trend, however, is completely reversed upon reachingx
=1/2 fFigs. 2scd and 2sgdg; a metallic state emerges for the
films on STO and insulating behavior with large thermal hys-
teresis and large magnetoresistance on LSAT. At the PSMO
sx=1d end fFigs. 2sdd and 2shdg, films on STO and LSAT
show the largest disparity. While the films on STO show the
metallic canting state as described in Fig. 1, a sharp MI tran-
sition is observed for the films on LSAT. This is a strain-
induced crossover of the MI transition, because this cross-
over cannot be understood without the strain effect on the
change in one-electron bandwidth other than the simple dif-
ference of the ionic radii between Nd and Pr ions. In addi-
tion, a magnetic field of 3 T is sufficient to cause an abrupt
transition with the field-cooling process, in contrast to the 6
T necessary for the bulk crystal transition.20 The large reduc-
tion of the threshold magnetic field into the metallic state is
attributed to the strain effect. This is to be distinguished from
random field effects frequently reported in polycrystalline
thin films arising from the disorder.25

To gain some insight into the mechanism of the crossover,
we summarize the resistivitysrd at 5 K srepresenting the
ground stated and specific lattice constant ratios measured at
RT with respect to the Pr contentx in Fig. 3. An approximate
correlation is seen between thex dependence ofr and that
of the specific lattice ratios such asfÎ2ds1-10d
−ds001dg /ds001d for the films on STO andfÎ2ds110d
−ds001dg /ds001d for the films on LSAT in Fig. 3sbd. The
ratio fÎ2ds1-10d−ds001dg /ds001d is the in-plane anisotropy
for films on STO due to the anisotropic lattice relaxation.
The other lattice ratio describes the out-of-plane lattice de-
formation relative to the in-plane lattice constant, which is
also a variable for films ons001d substrates. However, the
variety of mode of deformation for thes110d-oriented epitax-

ial films is distinguished from that for the films being forced
by the in-plane tetragonal symmetry of thes001d substrate.
That is, one can have different values ofds100d andds010d
for a givends110d because the bond angle betweenf100g and
f010g is also a variable. Since the OO plane such ass100d or
s001d does not lie on thes110d substrates, the easily deform-
able anisotropic JT distortionfe.g.,ds100dÞds001dg that is
necessary for the OO is crucial in achieving the MI transi-
tion. It is quite clear that the flexibility in the mode of defor-
mation for the films grown on as110d substrate is the key for
realizing the sharp first-order phase transitions. Despite the
lack of detailed theoretical studies that take the nontetragonal
distortions into account explicitly, we can thus argue together
with the assignment of the OO planes below that the strain
physics is well presented in the correlation in Fig. 3.

The evidence that the OO lies out of the sample plane is
provided by the optical transmission spectroscopy. Figure 4
presents the anisotropic optical transmittance spectrafTsvdg
at 90 K s,Tcod in the range of 1.3 eV,"v,3.0 eV for the
films on STO and LSAT substrates, respectively. In the pre-
vious optical studies using twin-free single crystals,13 the
anisotropic optical conductivity, which translates into the ab-
sorbance in our measurement, constantly shows a reversal of
the anisotropy in the visible region; the direction of the
stronger absorption in the IR side of the crossing corresponds
to the orientation of the orbital. The transmittance spectra in
Fig. 4 also show very similar feature to the bulk single crys-
tals. We therefore work on the premise that the direction with
the lower transmittance in the low-energy side of the aniso-
tropy crossing corresponds to the direction of the orbital.
Figures 4sad and 4sbd show that at least one lobe of orbitals is
along f001g and not alongf1-10g. In the sPbnmd setting,
f001g is the c axis in which orbitals do not lie. However,
ds001d is rather elongated due to the substrate strain and
ds100d is much shorter thands001d.26 We should thus assign
f100g to be thec axis and conclude that the OO lies ins100d
plane for the films on STO. This agrees with the overall
anisotropy of the films on STO in the higher Pr content. In
particular, that magnetic easy axis isf001g for PSMO films

FIG. 3. sColor onlined sad r at 5 K of NPSMO films on STO and
LSAT substrates are plotted.sbd Lattice ratios of fÎ2ds1-10d
−ds001dg /ds001d for STOs110d andfÎ2ds110d−ds001dg /ds001d for
LSAT s110d at RT.

FIG. 4. sColor onlined The optical transmittance spectrafTsvdg
at 90 K in the range of 1.3 eV,"v,3.0 eV for the NSMOsad and
PSMO sbd films on STO were displayed in left panels.fTsvdg is
divided by that of the respective bare substrates.fTsvdg for the
NSMO scd and PSMOsdd films on LSAT were shown in right
panels.
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on STO can be naturally understood on the condition that
OO lies ins100d plane, by taking into account of the layered
metallic nature ofA-type AFM. The rather isotropic and in-
sulating ground state in NSMO on STO suggests theCE-type
order. The in-plane anisotropy in films on STO thus reflects
the A-type/CE-type crossover. In the case of the films on
LSAT, s001d is a possible OO plane in the PSMO sidefFig.
4sddg. However, we cannot compare the in-plane lattice
constant because the length ofds001d is fixed to that of
Î2ds1-10d due to the coherent growth. Therefore further op-
tical measurements into the far IR region are necessary to
confirm that the OO plane iss100d or s001d in this case.

In conclusion, we have demonstrated the strain physics in
perovskite manganite epitaxial thin films evidenced as the
anisotropic and substrate-dependent crossover of the MI
transition utilizing the “tetragonal symmetry breaking.” The
substrate-induced strain is a powerful tool for the control of

the MI transition by tuning the one-electron bandwidth
through the JT distortion. By a proper choice of the substrate
symmetry and lattice parameters, the phase competition can
be sensitively modulated, bringing out a gigantic response.
We believe that the results in this paper are valuable in pav-
ing the way to the strongly correlated electron devices that
utilize the oxide superlattices and interfaces comprised of the
COO materials as well as understanding the strain physics in
manganites.
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