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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 diNd,; _,Pr,)q 5SiH sMnO3. An application of(110)-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- Here, we report on the strain-induced crossover of a first-
netoresistance and other gigantic changes in magnetic, resisrder MI transition in thin films by an application of
tive, and optical properties in perovskite manganttés. (110)-oriented epitaxial growth technique to
Since the Jahn-Telle(JT) coupling, one salient aspect of (Nd;_Pr,)o 55l sMnNO; (NPSMO),'® which can be viewed as
strain physics, is an essential interaction in the charge-orbitddeing in a bicritical state betweeBE-type [d(3x?-r2/3y?
ordered(COO) manganite$;® pseudomorphic strain effectin —r2)] (x=0;Ndy S, MnOs) (Refs. 17-19 and A-type
epitaxial manganite thin filns®is a unique degree of free- [d(x2-y?)] (x=1; P, St sMNO5) statest®2°21|n the present
dom for the control of subtle situation in a multicritical paper, SrTiQ (STO) and [(LaAlO3)y 3= (SrAly£Ta03)o 7]
point®*° One noticeable example is the drastic modification( SAT) (110) perovskite substrates were employed. The dif-
of the ground state of LSt sMnO; thin films coherently  ficylties associated with the tetragonal substrates are averted
grown on &(00]) surface; they are located close to the phasgyy preaking the in-plane symmetry: the in-plane anisotropy
boundary and the modification is driven by the biaxial straing|o\s the lattice deformation compatible with the modified

through the orbital orderind00).® Hence the tetragonal 54 piane lying out of the substrate surfasee below. The
modification in thin films has been recognized as an impory, ye of deformation also determines the type of the cross-
tant parameter to characterize the electronic phase diagram

n e . . . .
the theoretical studies.However, there has been no report 8ler of the MI transition. One is the in-plane anisotropic

o P for the films on STO utilizing the unequivalent
on the epitaxial thin films that are amenable to the control offOSSOVver 10 J
the first-order metal-insulator(MI) transition arising from "-Plane lattice constantsd(001) # ,2d(1-10] due to the

the COO. The difficulty arises partly from modification of anisotropic lattice relaxation, and thg other is the substrate-
the ground state by imposing tetragonal symmetry, and part|§iependent crossover between the films on STO and LSAT
from severe restriction on the lattice deformation, in whichSubstrates.

only the out-of-plane lattice constant can vary at the Mi tran- We have grown NPSMO films by the pulsed-laser depo-
sition while the in-plane lattice constants are clamped to théition technique with typical conditions for manganite thin
substrates? This makes it quite difficult for the films to un- films as described in the literatu#&he bandwidth has been
dergo the transition into the COO state since a large anisdlelicately tuned by varying the Pr conteixt=0, 1/3, 1/2,
tropic deformation is unavoidable at the transition. Althoughand 3. The thickness of the films was in the range of
not frequently addressed to, anisotropy is in fact an essenti®0—110 nm in which there are no essential thickness-
factor even in a pseudocubic lattice when OO is encounteredlependent properties. The surface of 1140 substrates

In a few forerunning attempts employing carefully preparedcannot be regulated on an atomic scale with a step and ter-
“twin-free” single crystal sampleS;14 a close connection race structure, as is known f@@01) perovskite substrates,

has been revealed between the OO and the anisotropic probut is smooth enough to observe the intensity oscillation of
erties, which are undetectable in the conventional multidofeflection high-energy electron diffractiotRHEED) all
main samples. Incidentally, it is to be noted that in the casgéhrough the growth of the films on LSATa=0.387 nm,

of polycrystalline films, in which one might expect that the mismatch=0.7%. Coherent epitaxial growth was confirmed
restrictions for the epitaxial films mentioned above are abby four-circle x-ray diffraction measurements, which indicate
sent, first-order MI transition does not appear because of thihat the films on LSAT have the identical in-plane lattice
random field effect arising from defects and grain bound-constants td001] and[1-10] axes of the substrates, respec-
aries. In Ng sSr, gMnO; films, for example, the charge or- tively. As for the films on STO(a=0.3905 nm, mismatch
dered(CO) state existing within the narrow hole concentra-=1.6%) substrates, the lattice mismatch is too large to keep
tion range(0.49<x=0.51) (Ref. 19 collapses quite easily coherent epitaxial growth, resulting in the appearance of
by the polycrystalline disord&t and the CO state is wiped streak RHEED pattern that still assures a smooth surface on
out. nanometer scale. The films have nearly the same lattice con-
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FIG. 1. (Color online (a)—(d) Left panels show temperatu(&) Pr
dependence of magnetizatioh), for (Nd;_,Pr)q 55t sMnO5 epi-
taxial thin films on SrTiQ (110 substratesM is measured by a
superconducting quantum interference device magnetometer with 0 100 200 0 100 200 300
zero-field-cooled(ZFC) field-warming (thin line) and FC (thick Temperature (K)
line) runs applying a magnetic fieldH) of 0.5 T along thg001]
and [1-10] directions denoted by solid and dotted lines, respec- FIG. 2. (Color onling (a)—(d) Left panels show-T curves for
tively. (e)—(h) The right panels exhibil dependence of resistivity NPSMO films on STO substrates, measured with (B@ck line)
(p) measured with ZFGthick line) and ZFW(thin line) runs by a  and FW(thin line) runs applying a various magnetic field of 0-5 T
conventional four-probe method. along the [001] direction. (e)—(h) The right panels showp-

T curves for the films on LSAT.

stant to the substrate aloff01] axis but two types of do-

mains with slightly tilted 110] axes toward001] and[00-1] . L
directions are sometimes obserfédlhe lattice is largely contrast, magnetic properties iA-type N 4551 sMNO;

relaxed along1-10] axis. Thus, we have two types of films; twin-free bulk single crystals show substantially identical AF
one type is epitaxial films on STO with anisotropic in-plane P€l0W Ty along any crystallographic axésThus the emerg-
lattice constants, and another is coherently grown epitaxidd ferromagnetism along001] in PNSMO (x=1/2) and
films in the form of a monodomain crystal on LSAT with PSMO (x=1) should be ascribed to the anisotropic strain in
rather isotropic in-plane lattice constants clamped to the suldhe epitaxial films, which implies the recovery of the spin-
strates. orbit coupling due to theeg-orbital degeneracy once sup-
Figure 1 systematically displays the magnefigigs. Pressed by JT distortion for lowvalues. Furthermoresoy
1(@-1(d)] and transport[Figs. Xe)-1(h)] data for the becomes lower thap; ,q with increasing Pr content. In
NPSMO films on STO with various Pr contentx  this manner, the anisotropic crossover between <13
=0, 1/3, 1/2, and lmeasured along the respective in-plane<1/2 is demonstrated both in the magnetic and transport
[001] and[1-10] directions. Figure (8) shows the ferromag- properties.
netic (FM)—antiferromagnetidAF) transition at 160 K in Figure 2 exhibits the transport data including a magnetic-
NSMO films (x=0) along both directions. In addition, Fig. field induced insulator-metal transition for the NPSMO films
1(e) proves the first-order Ml transition with thermal hyster- on STO[Figs. 2a)-2(d)] and LSAT [Figs. Ze)-2(h)] sub-
esis that has been unattainable previously in the tetragonalktrates measured along tf@01] direction. Films on LSAT
modified films. The transport properties are also slightly antave in-plane isotropic magnetic and transport properties. In
isotropic in that the resistivitfp) along[001] direction is  the case ok=0 [Figs. 4a) and 2e)], NSMO films on STO
higher than that along tHé-10] direction consistent with the substrates show a large change in resistivity by an applica-
anisotropy in magnetic hysteresis loofg®t shown. Upon  tion of a magnetic field similar to those of bulk single crys-
increasing the Pr contert the AF state gradually turned into tals due to the collapse of the CO. Meanwhile, NSMO films
a canted FM state preferentially along fld®1] direction, as  on LSAT are modified into a rather metallic state with a trace
described in Fig. c) (x=1/2) and Fig. 1d) (x=1, PSMQ. of hysteresis, which is quite similar to that of the
The anisotropic magnetic properties are manifestedxfor (Ndgslags)osShhsMNO; bulk single crystalg* The change
=1/2, indicating that the magnetic easy axis[@1]. In in the strain effect in switching from STO to LSAT substrate
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FIG. 3. (Color onling (a) p at 5 K of NPSMO films on STO and
LSAT substrates are plottedb) Lattice ratios of [2d(1-10)
-d(001)]/d(001) for STO(110) and[,2d(110)—d(001)]/d(001) for
LSAT (110 at RT. ial films is distinguished from that for the films being forced

by the in-plane tetragonal symmetry of tf@01) substrate.
is thus equivalent to the increasing of the one-electron bandfhat is, one can have different valuesasflo0) and d(010)
width for NSMO films. As Pr contenk increases to 1/3 for a givend(110) because the bond angle betw§#@0] and
[Figs. 2b) and 2f)], the trend of the CO insulating state on [010] is also a variable. Since the OO plane suclfl&) or
STO and the met_alllc state on LSAT becomes obV|ous_. Thepo1) does not lie on thé110) substrates, the easily deform-
trend, however, is completely reversed upon reaching aple anisotropic JT distortiofe.g.,d(100) # d(001)] that is
=1/2[Figs. 2c) and 2g)]; a metallic state emerges for the necessary for the OO is crucial in achieving the MI transi-
films on STO and insulating behavior with large thermal hys-iion 1t is quite clear that the flexibility in the mode of defor-
teresis and large magnetoresistance on LSAT. At the PSMhation for the films grown on &110) substrate is the key for
(x=1) end[Figs. 2d) and 2h)], films on STO and LSAT ' reajizing the sharp first-order phase transitions. Despite the
show the largest disparity. While the films on STO show thejack of detailed theoretical studies that take the nontetragonal
metallic canting state as described in Fig. 1, a sharp Ml trangjstortions into account explicitly, we can thus argue together

sition is observed for the films on LSAT. This is a strain- with the assignment of the OO planes below that the strain
induced crossover of the MI transition, because this crossphysics is well presented in the correlation in Fig. 3.

over cannot be understood without the strain effect on the The evidence that the OO lies out of the sample plane is

change in one-electron bandwidth other than the simple difprovided by the optical transmission spectroscopy. Figure 4
ference of the ionic radii between Nd and Pr ions. In addi-presents the anisotropic optical transmittance spédtia)]

tion, a magnetic field of 3 T is sufficient to cause an abrupty; gg K (<T,) in the range of 1.3 e /w<3.0 eV for the
transition with the field-cooling process, in contrast to the 6gims on STO and LSAT substrates, respectively. In the pre-
T necessary for the bulk crystal transiti&hThe large reduc- ioys optical studies using twin-free single crysiighe

tion of the threshold magnetic field into the metallic state isypisotropic optical conductivity, which translates into the ab-
attnbuted_to the strain effect. This is to be o_llstmgwshed fr_omsorbance in our measurement, constantly shows a reversal of
random field effects frequently reported in polycrystalline e anisotropy in the visible region: the direction of the
thin films arising from the disordé stronger absorption in the IR side of the crossing corresponds

To gain some insight into the mechanism of the crossovery, the orientation of the orbital. The transmittance spectra in
we summarize the resistivitfp) at 5 K (representing the  rig 4 also show very similar feature to the bulk single crys-

ground stateand specific lattice constant ratios measured atas. \We therefore work on the premise that the direction with
RT with respect to the Pr contexin Fig. 3. An approximate  the Jower transmittance in the low-energy side of the aniso-
correlation is seen between thedependence op and that  yopy crossing corresponds to the direction of the orbital.
of the specific lattice ratios such a$v2d(1-10  Figures 4a) and 4b) show that at least one lobe of orbitals is
-d(00D]/d(00) for the films on STO and[v2d(110  along[001] and not along[1-10]. In the (Pbnm) setting,
~d(001)]/d(001) for the films on LSAT in Fig. &). The  [001] is the ¢ axis in which orbitals do not lie. However,
ratio [2d(1-10 -d(001)]/d(001) is the in-plane anisotropy d(001) is rather elongated due to the substrate strain and
for films on STO due to the anisotropic lattice relaxation.d(100) is much shorter thad(001).26 We should thus assign
The other lattice ratio describes the out-of-plane lattice def100] to be thec axis and conclude that the OO lies(itD0)
formation relative to the in-plane lattice constant, which isplane for the films on STO. This agrees with the overall
also a variable for films orf001) substrates. However, the anisotropy of the films on STO in the higher Pr content. In
variety of mode of deformation for thé10)-oriented epitax- particular, that magnetic easy axis[B01] for PSMO films
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on STO can be naturally understood on the condition thathe MI transition by tuning the one-electron bandwidth

OO lies in(100 plane, by taking into account of the layered through the JT distortion. By a proper choice of the substrate
metallic nature ofA-type AFM. The rather isotropic and in- symmetry and lattice parameters, the phase competition can
sulating ground state in NSMO on STO suggestsGBetype  pe sensitively modulated, bringing out a gigantic response.
order. The in-plane anisotropy in films on STO thus reflectsye pelieve that the results in this paper are valuable in pav-
the A-type/CE-type crossover. In the case of the films onjng the way to the strongly correlated electron devices that
LSAT, (001) is a possible OO plane in the PSMO sid@g.  jlize the oxide superlattices and interfaces comprised of the

4(d)]. However, we cannot compare the in-plane latticecoo materials as well as understanding the strain physics in
constant because the length d@f00l) is fixed to that of manganites

\2d(1-10 due to the coherent growth. Therefore further op-
tical measurements into the far IR region are necessary to Y.O. thanks Y. Tomioka for showing unpublished data and
confirm that the OO plane €00 or (001) in this case. for enlightening comment, and M. Kawasaki and Y. Tokura

In conclusion, we have demonstrated the strain physics ifor inspiring advice. We acknowledge S. Koh for the use of
perovskite manganite epitaxial thin films evidenced as thaéhe x-ray diffractometer. The financial support to M.N. and
anisotropic and substrate-dependent crossover of the MM.T. by the 21st Century COE Program for “Applied Physics
transition utilizing the “tetragonal symmetry breaking.” The on Strong Correlation” is also appreciated. This work was
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