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Strain-induced orbital ordering in thin La 0.7Ca0.3MnO3 films on SrTiO3

M. Ziese,* H. C. Semmelhack, and K. H. Han
Division of Superconductivity and Magnetism, University of Leipzig, 04103 Leipzig, Germany

~Received 10 October 2002; revised manuscript received 19 June 2003; published 24 October 2003!

The microstructural, magnetic, and magnetotransport properties of La0.7Ca0.3MnO3 films epitaxially grown
on SrTiO3 substrates were studied as a function of film thickness. Films with a thickness above 70 nm show
bulklike properties consistent with the relaxed film growth. Very thin films are fully strained and are insulating
and ferromagnetic in zero field. Under the application of a large magnetic field a strongly hysteretic metal-
insulator transition is seen accompanied by a transition to a ferromagnetic state with larger saturation magne-
tization. The field-induced metallic state is shown to be anisotropic with metallic domains extending along the
field direction. An analysis of the microstructure shows that the strain variation across growth islands is far too
small to induce strain-related phase separation on length scales of the order of 100 nm. It is concluded that the
insulating state is a property of homogeneously strained manganite films and arises from a weakening of the
double-exchange interaction due to the ordering of atomic orbitals.

DOI: 10.1103/PhysRevB.68.134444 PACS number~s!: 73.50.Jt, 75.47.Gk, 75.70.2i
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I. INTRODUCTION

The colossal magnetoresistance~CMR! manganites of the
type La12xCaxMnO3 have attracted considerable experime
tal and theoretical interest, since these display a comp
phase diagram due to the intricate interplay between cha
spin, and orbital degrees of freedom.1 At an optimal doping
x50.3 the manganites crystallize in a pseudocubic struc
with a ferromagnetic low-temperature state. In the cu
structure theeg orbitals are energetically degenerate. If
uniaxial or biaxial distortion is applied, this degeneracy
lifted and an ordering of the 3z22r 2 orbital along the
uniaxial axis and of thex22y2 orbital within the biaxial
stress plane occurs. This has severe consequences o
relative magnitude of the ferromagnetic double-excha
and antiferromagnetic superexchange interactions and m
lead to transitions from a ferromagnetic state in the und
torted material toA- or C-type antiferromagnetic states und
uniaxial deformation.2

A route to study such effects experimentally is by t
growth of coherently strained epitaxial films on vario
substrates.3–11The film-substrate mismatch leads to a biax
distortion of the film and by this routec/a ratios of the
tetragonal cell ranging from 0.97 to 1.06 can be achieved
thin, presumably coherently strained films transitions fro
metallic to insulating behavior have been observed.3,4,6

Whereas the metallic state is doubtless ferromagnetic,
magnetic nature of the insulating state is less clear. H
Nd12xSrxMnO3 serves as a model system and in analo
with its phase diagram the insulating state in strained fi
has been suggested to be antiferromagnetic.3

Since the manganites show some tendency to ph
separation,12 a fundamental ambiguity arises in the study
strained thin films: is the insulating state an intrinsic prope
of the strained film or does it arise from extrinsic facto
such as phase separation due to an inhomogeneous
state? This question has not been fully clarified and stu
supporting both scenarios can be found in the literature. B
waset al.6 argue that very thin insulating films deposited
LaAlO3 under compressive stress have inherent two-ph
0163-1829/2003/68~13!/134444~10!/$20.00 68 1344
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character due to strain variations across growth islan
Similarly it was argued that La0.7Ca0.3MnO3 films on SrTiO3
show signs of phase separation near the interface.8,13 Using
high-resolution electron microscopy Zandbergenet al.4 and
Arita et al.14 found a structure change in La0.7Ca0.3MnO3
films on SrTiO3 with a Jahn-Teller-like distortion due to th
film-substrate misfit accompanied by a deformation of
basal oxygen square and extensive twinning. Kleinet al.10,11

studied La0.7Ca0.3MnO3 films grown on La0.7Ba0.3MnO3 and
observed a large resistivity anisotropy that was explain
within a model of orbital ordering.

The situation is likely to be even more complex. Apa
from the presence of strain-induced phase separation in
films there might be an intrinsic tendency to phase separa
near the first-order transition between the ferromagnetic
antiferromagnetic~orbitally ordered! states.12 Since the anti-
ferromagnetic, orbitally ordered phase can be driven towa
a ferromagnetic phase by the application of a magnetic fi
large hysteretic effects in the magnetic and magnetotrans
properties of thin films might be anticipated from the exp
rience with single crystals.1

In this work the microstructural, magnetic, and magn
totransport properties of La0.7Ca0.3MnO3 ~LCMO! films epi-
taxially grown on SrTiO3 were investigated as a function o
film thickness. The films were fabricated using pulsed la
deposition~PLD! under identical conditions. This resulted
a series of films with varying strain states from relaxed fi
growth at large thickness~above about 70 nm! to coherently
strained films below about 10 nm. The very thin films sho
magnetotransport properties very similar to those of char
ordered bulk samples. From the analysis of the microstr
ture we were able to show that this behavior does not a
from strain variations across growth islands.

II. EXPERIMENTAL DETAILS

LCMO films were fabricated using PLD from a stoichio
metric polycrystalline target onto~001! single-crystal SrTiO3
substrates. Substrate temperature was 700 °C and ox
partial pressure during deposition was 0.13 mbar. An Ex
©2003 The American Physical Society44-1
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mer laser~Lambda Physik! operating at 308 nm~XeCl! with
a pulse energy of 200 mJ was employed at a repetition rat
10 Hz. The fluence on the target was estimated to be a
1 J/cm2. After deposition the films were slowly coole
~cooling rate of approximately 4 K/min! to room temperature
in an oxygen atmosphere of 0.13 mbar. Afterwards the fi
were transferred to a furnace and annealed for 2 h at 950 °C
in 1 bar of flowing oxygen. The heating rate was abou
K/min and cooling rate about 4 K/min. Film thickness w
estimated from deposition time and has an uncertainty
about 10%.

In this work five LCMO films on SrTiO3 were investi-
gated. Some parameters of the films can be found in Tab

X-ray diffractometry was used to characterize the films
recording detailed reciprocal space maps of the~002! and the
~013! reflections with CuKa1

radiation in a high-resolution
diffractometer. Surface topography was investigated
atomic force microscopy~AFM!. The AFM measurement
were performed using a Nanoscope IIIa with a Dimens
3000 scanning probe microscope~Digital Instruments! with
an extender electronics module. The images were analy
with the ‘‘scanning probe image processor~SPIP!’’ software.
Root-mean-square roughness was calculated from im
taken at four to six different positions on the film. In case
all films the variation of both roughness and microstruct
across the film was insignificant.

Resistivity measurements were performed in an Oxf
variable-temperature cryostat system equipped with a 9-T
perconducting solenoid. A standard four-point method in v
der Pauw configuration15 was used. A constant current wa
supplied by a Keithley model 224 current source and
voltage was measured with a Keithley nanovoltmeter mo
182. Contacts were made with silver paste. The current
rection could be rotated by 90° by interchanging a volta
and a current lead. Although the contact configuration is
ideal from the viewpoint of having a well-defined angle b
tween current direction and magnetic field, a comparis

TABLE I. Parameters of the La0.7Ca0.3MnO3 films on SrTiO3

~001! investigated in this work.d denotes the film thickness,ai and
a' the in-plane and out-of-plane lattice parameter, respectively,
FWHM the full width at half maximum of the~002! reflection in a
Q-2Q scan. The FWHM of the~002! substrate reflection wa
0.02°. sq is the mean-square roughness. The Curie temperaturTC

was determined from the upper inflection point of the magnetiza
measured in a field of 0.1 T applied parallel to the film and
extrapolation of the coercive field to zero~value in brackets!. In the
case of sample LCSTO3 the coercive field was not measu
sample LCSTO5 had such a broad magnetization transition tha
inflection point could not be sensibly defined.

Label
d

~nm!
ai

~nm!
a'

~nm! FWHM ( °) sq ~nm! TC ~K!

LCSTO1 280 0.3875 0.3833 0.37 2.6 273~274!
LCSTO2 100 0.3877 0.3833 0.48 1.0 269~272!
LCSTO3 70 0.3875 0.3833 0.34 0.9 263~—!

LCSTO4 22 0.3905 0.3811 0.48 1.6 254~260!
LCSTO5 9 0.3905 0.3810 1.18 2.4 —~220!
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with four in-line contacts showed that the deviations we
negligible. Thus on average the current direction can be
sonably well defined. The van der Pauw configuration w
used, since it allows rotations of the current direction entir
by manipulations of the cables outside the cryostat with
the necessity of making new contacts. Measurements to
curately determine the temperature dependence of the r
tivity were performed at a very low temperature sweep r
of about 0.1 K/min. The magnetic field was always appli
parallel to the film surface.

Magnetoresistance was calculated according to the pe
mistic definition

Dr

r0
5

r2r0

r0
, ~1!

with r0 being the resistivity in zero field.
Magnetization measurements were performed with a

perconducting quantum interference device~SQUID! magne-
tometer~MPMS-7, Quantum Design!. The diamagnetic con-
tributions from the substrate and sample holder w
measured above the Curie temperature and were subtra
from the data. All magnetization measurements were p
formed in magnetic fields applied parallel to the film.

III. EXPERIMENTAL RESULTS

A. Structural characterization

Q-2Q scans of the samples show only (00L) reflections
of the substrate and the film indicating the excellent text
of the film. The reflections could be indexed assuming cu
or tetragonal symmetry; the Miller indices (hkl) in this study
are based on the pseudocubic cell.

The in-plane and out-of-plane lattice constants were
termined from reciprocal space mappings of the~002! and
~013! reflections, respectively. Films with thickness above
nm are partially relaxed, thinner films are—within the err
bars—fully strained. Since x-ray diffractometry averag
over the film thickness, strain relaxation throughout t
thickness cannot be ruled out. The lattice constants
shown in Fig. 1~a! as a function of film thickness. In Fig
1~b! the values for FWHM(2Q) are presented. Whereas va
ues around 0.4° are found for thicker films, the thinnest fi
has a significantly enhanced value of 1.2°; this indica
large strains within this film.

AFM images of the films show a grainy microstructur
As a function of film thickness there appears to be a cha
in morphology; this is illustrated in Fig. 2 showing AFM
images of three films with thickness of 9 nm, 22 nm, and 1
nm, respectively. Both height and phase image are sho
the scan range was 1mm by 1 mm. The films with thick-
nesses of 70 nm and above show an island structure. Sam
LCSTO2 and LCSTO3 are quite smooth with root-mea
square roughnesssq of about 1 nm; LCSTO1 shows som
roughening withsq52.6 nm which is probably due to th
large thickness. Note that the ratiosq /d is approximately
constant in this thickness range; see Fig. 1~c!. The thinner
films show a mazelike structure and especially the thinn
film, LCSTO5, consists of square-shaped terraces which
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STRAIN-INDUCED ORBITAL ORDERING IN THIN . . . PHYSICAL REVIEW B68, 134444 ~2003!
be clearly seen in the phase image. These terraces hav
average height of 4 nm—i.e., about ten lattice constants. T
film has a large ratiosq /d50.27. On the other hand, th
AFM data clearly show that this film covers the substr
continuously.

High-resolution transmission electron microscopy~HR-
TEM! studies of various manganite thin films showed th
the films grow coherently strained up to some critical thic
nesstc .16–19Above this critical thickness misfit dislocation
are nucleated in order to relieve the elastic strain. This
corroborated by x-ray investigations showing coheren
strained growth up totc .8–11,20 The value of the critical
thickness varies according to deposition conditions,
might be as large as 100 nm20 or even 180 nm.9 Annealing
leads to some strain relaxation—i.e., decreasestc .21 Lu et
al.22 found the nucleation of secondary phase rods in LCM
films on SrTiO3 using HRTEM imaging and electron energ
loss spectroscopy. These rods start at the interface and ex
through the whole film thickness. Some of them are Ti e
riched due to some interface reaction between film and s
strate and subsequent diffusion. The x-ray diffractometry
sults presented here show that the strain state of the fi
changes as a function of thickness in agreement with lite
ture data.21,23–27We believe from our results—in particula
from the gradual evolution of the physical properties a

FIG. 1. ~a! In- and out-of-plane lattice constants as determin
from an analysis of the~002! and~013! reflections as a function o
film thickness. The dashed line indicates the substrate lattice
stant of SrTiO3. Very thin films on SrTiO3 adapt in-plane lattice
constants equal to the substrate lattice constant.~b! Full width at
half maximum FWHM(2Q) of the ~002! reflection.~c! Root-mean-
square roughness as a function of film thickness~left axis!. Dimen-
sionless ratiosq /d as a function of film thickness~right axis!.
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function of film thickness—and from literature data that t
strain state essentially determines the transport and mag
properties. We cannot definitely rule out an influence of s
ondary phases on the physical properties of the films
seems unlikely, however, that these would determine
thickness variation of these properties, since the secon
phase rods have been shown to extend through the entire
thickness.22

Coherently strained films might develop a morphologic
instability and show a rough surface with island growth28

We interpret the large surface roughness of the thinnest
as arising from island growth of a fully strained, but main
dislocation-free film. The inhomogeneous strains around
islands will be estimated here from a simple model.29 Ling30

calculated the stress profile around a mound on a flat p
subjected to a uniform tension; see Fig. 3. Although this
only a two-dimensional model, it should be sufficient to d
rive semiquantitative estimates for the strain distribution
the films considered here.

Bipolar coordinates (j,h) are defined by

x1 iy52RcothF1

2
i~j1 ih!G ~2!

or equivalently

x5R
sinh~h!

cosh~h!2cos~j!
, ~3a!

d

n-

FIG. 2. AFM images of three LCMO films on SrTiO3 recorded
in contact mode. Both height~left column! and phase~right col-
umn! image are shown. The image size is 131 mm2. Nominal film
thickness andz range are indicated.
4-3
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y52R
sin~j!

cosh~h!2cos~j!
. ~3b!

R is the radius of the mound@see Fig. 3~a!#, 2`,h,`,
and 0<j<a. Herej5a is the rim of the mound,j50 the
rim of the plate as indicated in Fig. 3~a!. Let h5y(h50,j
5a) denote the height of the mound; then tan(b)5h/R and
a5p12b. The shape of the mound is given by

x5R
sinh~h!

cosh~h!1cos~2b!
, ~4a!

y5R
sin~2b!

cosh~h!1cos~2b!
. ~4b!

The strain distribution was derived by Ling;30 along the rim
of the mound and the plate it is given by

ehh

e
52@cosh~h!2cos~a!#

3E
0

` n@n cosh~na!sin~a!2sinh~na!cos~a!#

sinh2~na!2n2sin2~a!

3cos~nh!dn ~mound!, ~5a!

FIG. 3. ~a! Cross section of Ling’s mound. Rim of mound an
plate are indicated.~b! Strain distribution across Ling’s mound. Fo
both calculations an angleb55° was used.
13444
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5112@cosh~h!21#

3E
0

`

nFcoth~np!2
1

2

sinh~2na!2n sin~2a!

sinh2~na!2n2sin2~a!
G

3cos~nh!dn ~plate!. ~5b!

e denotes the strain imposed by the film-substrate misma
From the AFM images of sample LCSTO5 various cro

sections parallel and perpendicular to the fast scan direc
were extracted. These show a quite regular height varia
such as shown in Fig. 4. The height profile was fitted w
Eqs.~4a! and ~4b! and values for the radiusR550615 nm
and the characteristic angleb5561.5° were determined
With these values the strain distribution across the he
profiles was calculated from Eqs.~5a! and~5b! by numerical
integration; the result is shown in Fig. 3~b!. The strain arising
from the film-lattice mismatch ise5(aSTO2aLCMO)/
aLCMO51.2% with aLCMO50.386 nm andaSTO50.3905
nm. The resulting strain profile is strongly peaked at the r
of the mound; near the crown of the mound it is reduced
about 78% of the strain imposed by the substrate.

B. Magnetization, resistivity, and magnetoresistance:
General trends

In this section we discuss general trends seen in the m
netic and magnetotransport properties of the films. It will

FIG. 4. Cross sections taken from the AFM image of sam
LCSTO5 along~a! the fast and~b! the slow scan direction. The
solid lines are fits of Ling’s mound to the experimental height p
files.
4-4



tic
n
ld

an
n

iz
a
ld

ur
e

ur
p

io
.7

ly
a

1
b
n
w
e
ra
e

io
fe

ulk-
gly

tion
ble

ac-

in
e
is-

ike
nce
tion
tion
e

m,
ice
;

c-

ies
s-
It is

fo
s

n

STRAIN-INDUCED ORBITAL ORDERING IN THIN . . . PHYSICAL REVIEW B68, 134444 ~2003!
seen that the thickness dependence of these characteris
significantly different compared to films grown o
LaAlO3.31 From the structural characterization one wou
expect that films with thickness above 70 nm that have isl
structure and relaxed growth show bulklike magnetic a
transport properties. This is indeed found in the magnet
tion and resistivity measurements. Figure 5 shows the m
netization measured in an applied field of 0.1 T during fie
cooled warming. Whereas thicker films withd>70 nm show
a sharp ferromagnetic transition with a Curie temperat
above 260 K, the thinner films have a considerable magn
zation tail with the magnetization being linear in temperat
on approach of the Curie temperature. Except for sam
LCSTO5 the films show a low-temperature magnetizat
value of about 0.65 T. This is smaller than the value of 0
T expected from the spin-only moment of 3.7mB . However,
in an applied field of 0.1 T the magnetization is not ful
saturated; the measured moment at low temperature
proaches the spin-only moment in magnetic fields above
In the case of the thick films the Curie temperature can
readily defined by the inflection point of the magnetizatio
yielding the values given in Table I. Sample LCSTO4 sho
two minima indM/dT; see inset to Fig. 5. We identify th
upper minimum as an indication of a bulklike Curie tempe
ture; the corresponding value is listed in Table I. The low
minimum at 154 K corresponds to the rapid magnetizat
rise. The magnetization indicates the presence of two dif

FIG. 5. Magnetization measured in an applied field of 0.1 T
the LCMO films with thicknesses between 9 and 280 nm. The in
showsdM/dT for sample LCSTO4.
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ent strain states in the film: a quasirelaxed phase with a b
like Curie temperature and a strained phase with a stron
reduced transition temperature. The magnetization varia
of sample LCSTO5 with temperature is too gradual to ena
a reliable determination of the Curie temperature.

The substrate imposes a biaxial straine* 5(2ezz2exx
2eyy)/25(a'2ai)/(2asubstrate) on the film. In cubic sym-
metry this leads to a decrease of the Curie temperature
cording to Tc(e* )5Tc(0)@12d2(e* )2#. Analysis of the
data here yieldsTc(0)5275.3 K andd25960. This value is
close to the value derived by Milliset al.32 and indicates the
significant influence of Jahn-Teller distortions.

The zero-field resistivity and magnetoresistance shown
Figs. 6~a! and 6~b!, respectively, are in agreement with th
magnetization behavior. Thick films have low residual res
tivities of the order of 200mV cm that slightly increase with
decreasing film thickness. These films show a bulkl
metal-insulator transition with a peaked magnetoresista
close to the Curie temperature. The metal-insulator transi
of sample LCSTO4 corresponds to the lower magnetiza
transition; the thinnest film is insulating. Apparently, th
9-nm film is more severely strained than the 22-nm fil
although the x-ray characterization yielded in-plane latt
constants equal to that of the SrTiO3 substrate in both cases
we attribute this to the limited resolution of the x-ray diffra
tometer especially in case of very thin samples.

For a further characterization of the magnetic propert
the coercive fieldsBc were determined from magnetoresi
tance hysteresis loops recorded at various temperatures.
well known31,33 that maxima~minima! in the longitudinal

r
et

FIG. 6. ~a! Zero-field resistivity and~b! magnetoresistance in a
applied field of 1 T of LCMO films on SrTiO3.
4-5
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M. ZIESE, H. C. SEMMELHACK, AND K. H. HAN PHYSICAL REVIEW B68, 134444 ~2003!
~transverse! magnetoresistance appear at the coercive fie
The Curie temperature of the films was determined as
temperature of vanishing coercivity. The values obtained
listed in Table I and are in good agreement with the val
derived from the magnetization measurements.

It was shown before31 that the conductanceG versus
thickness at 77 K extrapolates toG50 at a finite thickness o
28.565.4 nm. This is in agreement with the significant d
viations from bulk behavior observed for the thinnest film

From this rough characterization it is evident that t
strain state and microstructure have a significant influence
the magnetic and transport properties. In the following s
tions the films will be further characterized in detail; we w
especially concentrate on the strained films.

C. Intermediate thickness regime: Metallic
hysteretic properties

Figure 7 shows the resistivity and magnetoresistance in
applied field of 8 T of sample LCSTO4 with a thickness
22 nm. The most striking result is the appearance of a la
hysteresis in the zero-field resistivity with respect to t
cooling and heating cycles. This hysteresis which is absen
the resistivity measured in 8 T indicates a first-order tran
tion in this strained LCMO film. The magnetoresistance h
a broad plateau with a value of nearly 100%. The magn
zation of this film as measured in various applied fields

FIG. 7. ~a! Resistivity and~b! magnetoresistance of samp
LCSTO4,d522 nm, in an applied field of 8 T. The zero-field re
sistivity was measured on cooling and warming as indicated by
arrows.
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presented in Fig. 8. At low temperatures there is a stro
dependence on magnetic field with a saturation above 1
a magnetization value that closely corresponds to the s
only value.

D. Ultrathin films: First-order metal-insulator transition

In this section magnetization and magnetotransport d
of sample LCSTO5 with a thickness of 9 nm are discuss
This sample is of special interest, since it shows a stra
induced strongly hysteretic metal-insulator transition. The
sistivity of this sample is shown in Fig. 9: in zero field th
resistivity is insulating and below 100 K the resistance is
large to be measurable with our setup. If a magnetic field
8 T is applied after zero-field cooling, a metal-insulator tra
sition is seen and on warming the sample is metallic (s in
Fig. 9!. Metallic behavior is also found on cooling from 30
K ( 3 in Fig. 9!. Below 50 K a hysteresis appears betwe
the field-cooled and the zero-field-cooled curves. This in
cates that below 50 K a field of 8 T is not sufficient to induce
a fully metallic state after zero-field cooling.

Figure 10 shows resistivity hysteresis loops obtained a
zero-field cooling to the measuring temperature. Below 1
K the resistance is too high to be measured after zero-fi
cooling. On the application of a magnetic field a sudd
transition to a metallic state occurs. This metallic state
metastable and at 10 K and 60 K persists even down to z
field. It can be destroyed by heating to about 100 K. N
that there is strong hysteresis above the metal-insulator t
sition. This hysteresis is responsible for the thermal hys
esis observed in Fig. 9. At 100 K both transitions from t
insulating to the metallic and from the metallic to the ins
lating state are seen. At 200 K the magnetoresistanc
nearly reversible. We define the metal-insulator transition
the extrema in the resistivity derivative as a function of ma
netic field. The phase diagram constructed in this way
shown in Fig. 11. The metallic and insulating phases
separated by a broad hysteretic region. Note the similarity
this phase diagram to the phase diagram of charge-ord
compounds of the type Nd0.5Sr0.5MnO3.1

e

FIG. 8. Magnetization of sample LCSTO4 measured in vario
magnetic fields.
4-6
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STRAIN-INDUCED ORBITAL ORDERING IN THIN . . . PHYSICAL REVIEW B68, 134444 ~2003!
The metallic state was found to be inhomogeneous. T
is shown in Fig. 12: here a metallic state was induced a
zero-field cooling to 10 K by the application of a field of 8
If the current is parallel to the magnetic field@see Fig. 12~a!#
a resistance of 4545V is obtained. On the other hand, if th
current is perpendicular to the magnetic field@see Fig. 12~b!#
the apparent resistance is only 10V and below 1.5mA there
is a significant negative voltage offset. Moreover, the sig
is very noisy and indicates the presence of many fluctuat
As discussed in Sec. II the measurements were performe
the van der Pauw configuration and the current is not exa
parallel to the magnetic field. Therefore, we interpret

FIG. 9. Resistivity of sample LCSTO5~9 nm! in zero field, in a
field of 8 T applied after zero field cooling, and during field coolin
~FC! in 8 T. The current is parallel to the applied field.

FIG. 10. Resistivity hysteresis loops measured after zero-fi
cooling to the indicated temperature.
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signal for the transverse configuration as arising from a c
rent meandering along metallic stripes which are mainly p
allel to the magnetic field; the voltage from these curre
paths is added nearly to zero as observed experimentally
conclude that the sample consists of alternating metallic
insulating stripes as indicated in the inset of Fig. 12.

The resistivity irreversibility is also reflected in the ma
netization. A magnetization hysteresis loop at 30 K obtain
after zero-field cooling is shown in Fig. 13~a!. The virgin
curve shows a strong ferromagnetic rise to a magnetiza
M v followed by a linear increase which does not saturate
to the maximum field of 7 T. The consecutive hysteresis lo
from 7 T to 27 T to 7 T is reversible—apart from domai
effects in magnetic fields of the order of the coercive fie
The remanenceMrem is considerably higher than the initia
ferromagnetic magnetizationM v ; i.e., the magnetic field in-
duces a significant ferromagnetic magnetization contribut
Mind5Mrem2M v . Values ofMrem , M v , and the induced
magnetization fraction

pind5
Mrem2M v

Mrem
~6!

are shown in Fig. 13~b!. pind decays with temperature from
rather high value of 0.7 at 10 K to zero at about 200 K
agreement with the vanishing of the magnetoresistance
teresis above that temperature. The magnetization of sam
LCSTO5 does not reach the spin-only value of 0.7 T. With

ld

FIG. 11. Phase diagram of sample LCSTO5 as obtained f
the magnetotransport measurements.
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the resolution of the measurement, however, the high-fi
magnetization slope of the hysteresis loop is zero after h
ing reached 7 T once.

By analogy with the general behavior of manganites
half filling1 one might conclude from the magnetotransp
data presented here that sample LCSTO5 shows orbita
dering. The orbital order is destroyed by the application o
large magnetic field and a metastable ferromagnetic met
state is induced. As judged from the large hysteresis,
transition is undoubtedly of first order. The magnetizati
data indicate that the insulating, orbitally ordered state
ferromagnetic with a reduced saturation moment. We can
firmly conclude that this ferromagnetism is intrinsic to t
orbitally ordered state or that it arises from variations of
strain state or sample thickness over the sample area—
on length scales of the order of 1 mm. AFM data recorded
five locations on the sample indicate the same morpholog
these positions, but the area scanned in these investiga
is small compared to the sample area of 535 mm2.

The insulating state of the strained thin LCMO film ca
be understood as arising from the induced tetragonal dis
tion. First we consider a homogeneous strain distributi
From x-ray diffractometry, in the thinnest film an axis rat
c/a.0.976 is realized. The tensile strain arising from t
film-substrate lattice mismatch ise.1.2%. The tetragona

FIG. 12. Voltage-current characteristics of sample LCSTO5
tained at 10 K in a magnetic field of 8 T for currents applied~a!
longitudinal and~b! transverse to the magnetic field. The field w
applied after zero-field cooling to 10 K. The inset shows a confi
ration of the sample with alternating metallic and insulating strip
parallel to the field direction. The current and voltage leads
indicated as lines at the four edges.
13444
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distortion has two effects.2 First, the degeneracy of theeg
orbitals is lifted such that the 3z22r 2 orbitals oriented along
the c axis will be less populated than thex22y2 ones in the
basal plane. This weakens the double-exchange interac
along thec axis, whereas it is enhanced within the bas
plane which, in turn, favorsA-type antiferromagnetic order
ing. A second effect is due to the bandwidth dependence
the ferromagnetic double-exchange and antiferromagn
superexchange interactions. If the Mn-Mn distance is
creased~increased!, the bandwidth increases~decreases!. The
band structure is such that the nearest-neighbor excha
interaction is weakened along the contracted bond—i.e.,
substrate normal. This mechanism also favorsA-type antifer-
romagnetic ordering.

Using band-structure calculations Fanget al.2 determined
the phase diagram of tetragonal manganites as a functio
doping and tetragonal distortion. The calculations were p
formed for La0.7Sr0.3MnO3 ~LSMO!. At a dopingx50.3 the
transition from a ferromagnetic metallic state to anA-type
antiferromagnetic insulating state occurs at an axis ra
c/a.0.96. This is clearly smaller than the experimen
value assuming a homogeneous strain distribution. Howe
if the calculation is performed for LSMO with a hypothetic
unit cell volume expanded by 9% with respect to the expe
mental one, the phase-diagram region occupied by the fe
magnetic metallic state expands. This indicates that in c

-

-
s
e

FIG. 13. ~a! Magnetization hysteresis loop obtained at 30
after zero-field cooling. Virgin curves and subsequent~reversible!
hysteresis loop are indicated by the arrows. The remanent mag
zationMrem and the initial ferromagnetic contributionM v are indi-
cated by arrows.~b! Remanent magnetizationMrem , initial ferro-
magnetic magnetizationM v of the virgin curve, and fraction of
induced magnetization,pind , as a function of temperature.
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of LCMO with a smaller unit cell volume than LSMO, th
transition should occur at a largerc/a ratio in agreement
with experiment. Moreover, the transitions between the
romagnetic and antiferromagnetic phases are supposed
of first order, which was not taken into account in the calc
lation. We conclude that in the case of LCMO an axis ra
c/a.0.976 might be sufficient to induce an orbitally order
insulating phase.

Biswaset al.5,6 argued that the insulating state observed
thin LCMO films on LaAlO3 might arise from an inhomoge
neous strain distribution across growth islands: the cente
the grains is ferromagnetic metallic, whereas the hig
strained rim is insulating and nonferromagnetic. In case
sample LCSTO5 the situation is radically different. T
quantitative analysis of the strain distribution across gr
profiles as shown in Figs. 3 and 4 gives evidence that
strain variation across the grain profile is quite small. T
strain variation induces a variation of thec/a ratio that is
strongly peaked at the grain boundary such that the sam
fraction with a strongly reducedc/a ratio below 0.97 is very
small. On the other hand, the magnetization data presente
Fig. 13~b! show that the fraction of induced metallic pha
reaches 70% at low temperatures. This means that the
ferromagnetic phase is not restricted to thin regions near
grain edges, but occupies a substantial part of the fi
Therefore, the induced insulating state must have a q
homogeneous strain distribution. We conclude that the me
insulator transitions observed in sample LCSTO5 are not
to extrinsic phase separation induced by an inhomogene
strain distribution, but are an intrinsic property of th
strained film. This does not exclude, however, that this in
lating phase has a tendency to an intrinsically driven ph
segregation. In fact, measurements ofI -V curves under ap-
plied magnetic field indicate the existence of conduct
stripes along the magnetic field direction.

IV. DISCUSSION AND CONCLUSIONS

In this work the structural, magnetic, and magnetotra
port properties of La0.7Ca0.3MnO3 films deposited on SrTiO3
were investigated as a function of thickness in the ra
between 9 and 280 nm. The strain state was found to cha
drastically from relaxed heteroepitaxial growth above ab
70 nm to fully strained film growth at 9 nm thickness. W
attribute changes in the magnetic and magnetotransport p
erties to this change of the strain state.

The magnetotransport properties of thick films are st
dard bulk like.34 On decrease of the film thickness hystere
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develops in the zero-field resistivity curves measured
cooling and warming, respectively. This indicates that
continuous metal-insulator transition seen in thick films
driven towards a first-order transition in thinner films.
9-nm-thick film is insulating, but ferromagnetic in zero fiel
The saturation magnetization, however, is reduced comp
to the bulk value. In a large static magnetic field, this fi
shows a strongly hysteretic metal-insulator transition. T
metastable metallic phase was found to be asymmetric w
respect to the relative direction of the magnetic field a
probing current. The magnetization in the field-induced m
tallic state is significantly larger than in the insulating sta

Similar insulating states have been observed in thin m
ganite films grown under tensile stress on SrTiO3 ~Refs. 3
and 4! and under compressive stress on LaAlO3 ~Refs. 3, 5,
and 6!. These have been interpreted as due to strain-dri
phase separation into ferromagnetic metallic and antife
magnetic insulating states5,6 or as arising from bulklike or-
bital ordering.3 By a quantitative analysis of the strain distr
bution across grain profiles of the thinnest film and
comparison with the magnetization data it could be sho
here that the insulating state is not due to extrinsic stra
driven phase separation. It is an intrinsic property of coh
ently strained films as suggested by Konishiet al.3 The me-
tallic state—induced by the application of a large magne
field—shows indications for a stripe phase which might
interpreted as an intrinsic tendency towards phase separa

For La0.7Sr0.3MnO3 Fanget al.2 found a valuec/a.0.96
for the tetragonal distortion at the transition from the ferr
magnetic metallic to the insulatingA-type antiferromagnetic
phase. Assuming a homogeneous straine.1.2% as deter-
mined from x-ray diffractometry, in the thinnest filmc/a
.0.976 is realized. This is considerably larger than the t
oretical value. However, the calculations were performed
Sr doping with experimental volumes and a hypothetical
panded unit cell and this shows that the metallic state is m
stable in the expanded lattice. Since the unit cell further c
tracts for Ca doping, this might lead to a larger theoreti
c/a ratio at the transition. From the experimental eviden
presented here we propose that the metal-insulator trans
observed in coherently strained LCMO films on SrTiO3 is
due to orbital ordering in a homogeneous phase.
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