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Strain-induced orbital ordering in thin La ¢ /CaysMnO5 films on SrTiO4
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The microstructural, magnetic, and magnetotransport properties,gChaMnO; films epitaxially grown
on SrTiO; 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.
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[. INTRODUCTION character due to strain variations across growth islands.
Similarly it was argued that LggCa ;MnO; films on SrTiG,
The colossal magnetoresistarl@MR) manganites of the show signs of phase separation near the inteffatlsing
type La _,CaMnO; have attracted considerable experimen-high-resolution electron microscopy Zandbergaral:* and
tal and theoretical interest, since these display a compleArita et al'* found a structure change in §.#a, MnO;
phase diagram due to the intricate interplay between chargéilms on SrTiG, with a Jahn-Teller-like distortion due to the
spin, and orbital degrees of freeddmt an optimal doping film-substrate misfit accompanied by a deformation of the
x=0.3 the manganites crystallize in a pseudocubic structurbasal oxygen square and extensive twinning. Kl 1011
with a ferromagnetic low-temperature state. In the cubicstudied Lg -Ca iMnO; films grown on Lg Bay ;MnO; and
structure thee, orbitals are energetically degenerate. If aobserved a large resistivity anisotropy that was explained
uniaxial or biaxial distortion is applied, this degeneracy iswithin a model of orbital ordering.
lifted and an ordering of the Z—r? orbital along the The situation is likely to be even more complex. Apart
uniaxial axis and of thex?—y? orbital within the biaxial from the presence of strain-induced phase separation in thin
stress plane occurs. This has severe consequences on fHims there might be an intrinsic tendency to phase separation
relative magnitude of the ferromagnetic double-exchangeear the first-order transition between the ferromagnetic and
and antiferromagnetic superexchange interactions and miglntiferromagneticorbitally orderedl states- Since the anti-
lead to transitions from a ferromagnetic state in the undisferromagnetic, orbitally ordered phase can be driven towards
torted material taA- or C-type antiferromagnetic states under a ferromagnetic phase by the application of a magnetic field,
uniaxial deformatiort. large hysteretic effects in the magnetic and magnetotransport
A route to study such effects experimentally is by theproperties of thin films might be anticipated from the expe-
growth of coherently strained epitaxial films on variousrience with single crystals.
substrate$~*! The film-substrate mismatch leads to a biaxial In this work the microstructural, magnetic, and magne-
distortion of the film and by this route/a ratios of the totransport properties of lgaCa sMnO; (LCMO) films epi-
tetragonal cell ranging from 0.97 to 1.06 can be achieved. Itaxially grown on SrTiQ were investigated as a function of
thin, presumably coherently strained films transitions fromfilm thickness. The films were fabricated using pulsed laser
metallic to insulating behavior have been obser¥&8. deposition(PLD) under identical conditions. This resulted in
Whereas the metallic state is doubtless ferromagnetic, tha series of films with varying strain states from relaxed film
magnetic nature of the insulating state is less clear. Hergrowth at large thicknes@bove about 70 njrto coherently
Nd,_,Sr,MnO; serves as a model system and in analogystrained films below about 10 nm. The very thin films show
with its phase diagram the insulating state in strained filmgnagnetotransport properties very similar to those of charge-
has been suggested to be antiferromagrietic. ordered bulk samples. From the analysis of the microstruc-
Since the manganites show some tendency to phasere we were able to show that this behavior does not arise
separatiort? a fundamental ambiguity arises in the study of from strain variations across growth islands.
strained thin films: is the insulating state an intrinsic property
of the strained film or does it arise from extrinsic factors
such as phase separation due to an inhomogeneous strain
state? This question has not been fully clarified and studies LCMO films were fabricated using PLD from a stoichio-
supporting both scenarios can be found in the literature. Bismetric polycrystalline target ont®01) single-crystal SrTiQ
waset al® argue that very thin insulating films deposited on substrates. Substrate temperature was 700°C and oxygen
LaAlO; under compressive stress have inherent two-phasgartial pressure during deposition was 0.13 mbar. An Exci-

Il. EXPERIMENTAL DETAILS
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TABLE |. Parameters of the lggCa MnO; films on SrTiG with four in-line contacts showed that the deviations were
(001 investigated in this workd denotes the film thicknesay and  negligible. Thus on average the current direction can be rea-
a, the in-plane and out-of-plane lattice parameter, respectively, andonably well defined. The van der Pauw configuration was
FWHM the full width at half maximum of the002) reflectionina  ysed, since it allows rotations of the current direction entirely
©-20 scan. The FWHM of the(002) substrate reflection was py manipulations of the cables outside the cryostat without
0.02°. 5, is the mean-square roughness. The Curie temperdre  the necessity of making new contacts. Measurements to ac-
was determined from the upper inflection point of the magnetlzatlorburatmy determine the temperature dependence of the resis-
measured in a field of 0.1 T applied parallel to the film and bytivity were performed at a very low temperature sweep rate
extrapolation of the coercive field to zefealue in brackets In the f about 0.1 K/min. The magnetic field was always applied
case of sample LCSTO3 the coercive field was not measuredﬁ')arallel to .the film .Surface

sample LCSTOS5 had such a broad magnetization transition that an Madnetoresistance was calculated ding to th .
inflection point could not be sensibly defined. misticgdefinition €d accoraing 1o the pessi-

d q a, A _
Label (nm) (nm)  (nm) FWHM (°) sq (nm)  Tc (K) 2pP_P pO, 1)
LCSTOL 280 0.3875 0.3833  0.37 26 2m4 o Po
LCSTO2 100 0.3877 0.3833 0.48 1.0 262  with py being the resistivity in zero field.
LCSTO3 70 0.3875 0.3833 0.34 0.9 263) Magnetization measurements were performed with a su-
LCSTO4 22 0.3905 0.3811 0.48 1.6 26260 perconducting quantum interference de\i&UID) magne-
LCSTO5 9 0.3905 0.3810 1.18 24 (220 tometer(MPMS-7, Quantum DesignThe diamagnetic con-

tributions from the substrate and sample holder were
measured above the Curie temperature and were subtracted
mer laserlLambda Physikoperating at 308 nniXeCl) with ~ from the data. All magnetization measurements were per-
a pulse energy of 200 mJ was employed at a repetition rate d¢rmed in magnetic fields applied parallel to the film.

10 Hz. The fluence on the target was estimated to be about

1 J/cnt. After deposition the films were slowly cooled IIl. EXPERIMENTAL RESULTS

(cooling rate of approximately 4 K/mjrio room temperature o

in an oxygen atmosphere of 0.13 mbar. Afterwards the films A. Structural characterization

were transferred to a furnace and annealedfa at 950 °C ©-20 scans of the samples show only (QOreflections

in 1 bar of flowing oxygen. The heating rate was about 8of the substrate and the film indicating the excellent texture
K/min and cooling rate about 4 K/min. Film thickness was of the film. The reflections could be indexed assuming cubic
estimated from deposition time and has an uncertainty ofr tetragonal symmetry; the Miller indicebKl) in this study
about 10%. are based on the pseudocubic cell.

In this work five LCMO films on SrTiQ were investi- The in-plane and out-of-plane lattice constants were de-
gated. Some parameters of the films can be found in Table termined from reciprocal space mappings of {062 and

X-ray diffractometry was used to characterize the films by(013) reflections, respectively. Films with thickness above 70
recording detailed reciprocal space maps of(@@2 and the  nm are partially relaxed, thinner films are—within the error
(013 reflections with ClK,,, radiation in a high-resolution bars—fully strained. Since x-ray diffractometry averages
diffractometer. Surface topography was investigated byver the film thickness, strain relaxation throughout the
atomic force microscopyAFM). The AFM measurements thickness cannot be ruled out. The lattice constants are
were performed using a Nanoscope llla with a Dimensiorshown in Fig. 1a) as a function of film thickness. In Fig.
3000 scanning probe microscofgigital Instruments with 1(b) the values for FWHM(®) are presented. Whereas val-
an extender electronics module. The images were analyzetes around 0.4° are found for thicker films, the thinnest film
with the “scanning probe image procesgsriP” software.  has a significantly enhanced value of 1.2°; this indicates
Root-mean-square roughness was calculated from imagdarge strains within this film.
taken at four to six different positions on the film. In case of AFM images of the films show a grainy microstructure.
all films the variation of both roughness and microstructureAs a function of film thickness there appears to be a change
across the film was insignificant. in morphology; this is illustrated in Fig. 2 showing AFM

Resistivity measurements were performed in an Oxfordmages of three films with thickness of 9 nm, 22 nm, and 100
variable-temperature cryostat system equipped with a 9-T suam, respectively. Both height and phase image are shown;
perconducting solenoid. A standard four-point method in varthe scan range was Am by 1 um. The films with thick-
der Pauw configuratidi was used. A constant current was nesses of 70 nm and above show an island structure. Samples
supplied by a Keithley model 224 current source and thd CSTO2 and LCSTO3 are quite smooth with root-mean-
voltage was measured with a Keithley nanovoltmeter modesquare roughness, of about 1 nm; LCSTO1 shows some
182. Contacts were made with silver paste. The current diroughening withs,=2.6 nm which is probably due to the
rection could be rotated by 90° by interchanging a voltagdarge thickness. Note that the ratsy/d is approximately
and a current lead. Although the contact configuration is notonstant in this thickness range; see Fi¢:).1The thinner
ideal from the viewpoint of having a well-defined angle be-films show a mazelike structure and especially the thinnest
tween current direction and magnetic field, a comparisorfilm, LCSTOb5, consists of square-shaped terraces which can
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FIG. 1. (8 In- and out-of-plane lattice constants as determined ) ) )
from an analysis of thé002) and (013 reflections as a function of  FICG- 2. AFM images of three LCMO films on SrTiGecorded
film thickness. The dashed line indicates the substrate lattice corl? contact mode. Both heigfiteft column and phase(rlght col-
stant of SrTiQ. Very thin films on StTiQ adapt in-plane lattice UMM image are shown. The image size is 1 pm?. Nominal film
constants equal to the substrate lattice constdtFull width at  thickness and range are indicated.
half maximum FWHM(2) of the (002 reflection.(c) Root-mean-
square roughness as a function of film thickn@s& axis). Dimen-
sionless ratics, /d as a function of film thicknesgight axis.

function of film thickness—and from literature data that the
strain state essentially determines the transport and magnetic
properties. We cannot definitely rule out an influence of sec-
be clearly seen in the phase image. These terraces have @adary phases on the physical properties of the films; it
average height of 4 nm—i.e., about ten lattice constants. Thigeems unlikely, however, that these would determine the
film has a large ratics,/d=0.27. On the other hand, the thickness variation of these properties, since the secondary
AFM data clearly show that this film covers the substratephase rods have been shown to extend through the entire film
continuously. thickness?

High-resolution transmission electron microscofyR- Coherently strained films might develop a morphological
TEM) studies of various manganite thin films showed thatinstability and show a rough surface with island growfth.
the films grow coherently strained up to some critical thick-We interpret the large surface roughness of the thinnest film
nesst. .2*~1%Above this critical thickness misfit dislocations as arising from island growth of a fully strained, but mainly
are nucleated in order to relieve the elastic strain. This iglislocation-free film. The inhomogeneous strains around the

corroborated by x-ray investigations showing coherentlyislands will be estimated here from a simple modeling®

strained growth up ta..8%?° The value of the critical calculated the stress profile around a mound on a flat plate

thickness varies according to deposition conditions, bugubjected to a uniform tension; see Fig. 3. Although this is

might be as large as 100 fAfror even 180 nni.Annealing ~ ©nly a two-dimensional model, it should be sufficient to de-

leads to some strain relaxation—i. e., decrea%egl- Lu et rive Semiquantitative estimates for the strain distribution in
al.22 found the nucleation of secondary phase rods in LCMOhe films considered here.

films on SrTiQ, using HRTEM imaging and electron energy ~ Bipolar coordinates§, ») are defined by

loss spectroscopy. These rods start at the interface and extend

through the whole film thickness. Some of them are Ti en-

riched due to some interface reaction between film and sub-

strate and subsequent diffusion. The x-ray diffractometry re-

sults presented here show that the strain state of the film@" equivalently

changes as a function of thickness in agreement with litera-

ture dat>?*~2"We believe from our results—in particular

from the gradual evolution of the physical properties as a

x+iy=—Rcotr{%i(§+in)} 2

sinh(7)
X~ R Cosi ) —cos 8’ (33
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FIG. 3. (a) Cross section of Ling’s mound. Rim of mound and
plate are indicatedb) Strain distribution across Ling’s mound. For

both calculations an anglé=5° was used.

sin(¢)
Y= R o) —cos ) (30)

R is the radius of the mounfsee Fig. 8)], —o<np<ox,
and Osé<a. Hereé= « is the rim of the moundé=0 the
rim of the plate as indicated in Fig(&. Let h=y(7=0,¢
= ) denote the height of the mound; then t&h€ h/R and
a=m+2B. The shape of the mound is given by

B sinh( )

X_Rcosh( n)+cog2pB)’ (43
_ sin(28)

y_Rcosr( 7)+cog2B)" (4b)

The strain distribution was derived by Lin§along the rim
of the mound and the plate it is given by

? =2[cosl 7)—cog )]

y fx n[ncosina)sin(a)—sinh(na)cod «) ]
0 sinf(na) —n?sir(a)

X cogny)dn (mound, (5a
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FIG. 4. Cross sections taken from the AFM image of sample
LCSTO5 along(a) the fast and(b) the slow scan direction. The
solid lines are fits of Ling’s mound to the experimental height pro-
files.

€
g=1+ 2[cosh 7)—1]

XJ‘OC” cothin )7}Sinl’(2na)_n3in(2a)
0 "5 sinf?(na) —n3siré(a)
xcognn)dn (plate. 5

e denotes the strain imposed by the film-substrate mismatch.
From the AFM images of sample LCSTO5 various cross
sections parallel and perpendicular to the fast scan direction
were extracted. These show a quite regular height variation
such as shown in Fig. 4. The height profile was fitted with
Egs. (4a) and(4b) and values for the radiuR=50%+15 nm
and the characteristic angle=5=*1.5° were determined.
With these values the strain distribution across the height
profiles was calculated from Eg&a and(5b) by numerical
integration; the result is shown in Fig(t8. The strain arising
from the film-lattice mismatch ise=(asto—a.cmo)/
a .cmo=1.2% with a, cppo=0.386 nm andagto=0.3905
nm. The resulting strain profile is strongly peaked at the rim
of the mound; near the crown of the mound it is reduced to
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 mag-
netic and magnetotransport properties of the films. It will be
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applied field of 1 T of LCMO films on SrTiQ
FIG. 5. Magnetization measured in an applied field of 0.1 T for

the LCMO films with thicknesses between 9 and 280 nm. The inse€nt strain states in the film: a quasirelaxed phase with a bulk-
showsdM/dT for sample LCSTOA4. like Curie temperature and a strained phase with a strongly

reduced transition temperature. The magnetization variation
seen that the thickness dependence of these characteristicofssample LCSTO5 with temperature is too gradual to enable
significantly different compared to films grown on a reliable determination of the Curie temperature.
LaAlO;.%* From the structural characterization one would The substrate imposes a biaxial straifi=(2¢,,— €,y
expect that films with thickness above 70 nm that have island- €,,)/2= (a, —a;)/(2asypstrard ON the film. In cubic sym-
structure and relaxed growth show bulklike magnetic andnetry this leads to a decrease of the Curie temperature ac-
transport properties. This is indeed found in the magnetizacording to T.(e*)=T.(0)[1— 5,(e*)?]. Analysis of the
tion and resistivity measurements. Figure 5 shows the magdata here yield3.(0)=275.3 K andd,=960. This value is
netization measured in an applied field of 0.1 T during fieldclose to the value derived by Millist al*>2 and indicates the
cooled warming. Whereas thicker films witke= 70 nm show  significant influence of Jahn-Teller distortions.
a sharp ferromagnetic transition with a Curie temperature The zero-field resistivity and magnetoresistance shown in
above 260 K, the thinner films have a considerable magnetiFigs. §a) and &b), respectively, are in agreement with the
zation tail with the magnetization being linear in temperaturemagnetization behavior. Thick films have low residual resis-
on approach of the Curie temperature. Except for samplévities of the order of 20Qu{) cm that slightly increase with
LCSTOS5 the films show a low-temperature magnetizationdecreasing film thickness. These films show a bulklike
value of about 0.65 T. This is smaller than the value of 0.74metal-insulator transition with a peaked magnetoresistance
T expected from the spin-only moment of 3. However, close to the Curie temperature. The metal-insulator transition
in an applied field of 0.1 T the magnetization is not fully of sample LCSTO4 corresponds to the lower magnetization
saturated; the measured moment at low temperature apransition; the thinnest film is insulating. Apparently, the
proaches the spin-only moment in magnetic fields above 1 ™-nm film is more severely strained than the 22-nm film,
In the case of the thick films the Curie temperature can balthough the x-ray characterization yielded in-plane lattice
readily defined by the inflection point of the magnetization,constants equal to that of the SrEi®ubstrate in both cases;
yielding the values given in Table I. Sample LCSTO4 showswe attribute this to the limited resolution of the x-ray diffrac-
two minima indM/dT; see inset to Fig. 5. We identify the tometer especially in case of very thin samples.
upper minimum as an indication of a bulklike Curie tempera- For a further characterization of the magnetic properties
ture; the corresponding value is listed in Table I. The lowerthe coercive field8, were determined from magnetoresis-
minimum at 154 K corresponds to the rapid magnetizatiortance hysteresis loops recorded at various temperatures. It is
rise. The magnetization indicates the presence of two differwell knowr?:33 that maxima(minima) in the longitudinal
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presented in Fig. 8. At low temperatures there is a strong
dependence on magnetic field with a saturation above 1 T at
a magnetization value that closely corresponds to the spin-
only value.
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T t T (K) D. Ultrathin films: First-order metal-insulator transition
emperature
P In this section magnetization and magnetotransport data

FIG. 7. (a) Resistivity and(b) magnetoresistance of sample of sample LCSTO5 with a thickness of 9 nm are discussed.
LCSTO4,d=22 nm, in an applied field of 8 T. The zero-field re- This sample is of special interest, since it shows a strain-
sistivity was measured on cooling and warming as indicated by thénduced strongly hysteretic metal-insulator transition. The re-
arrows. sistivity of this sample is shown in Fig. 9: in zero field the

resistivity is insulating and below 100 K the resistance is too
(transversgmagnetoresistance appear at the coercive fielddarge to be measurable with our setup. If a magnetic field of
The Curie temperature of the films was determined as th8 T is applied after zero-field cooling, a metal-insulator tran-
temperature of vanishing coercivity. The values obtained aréition is seen and on warming the sample is metallici@
listed in Table | and are in good agreement with the valuegig. 9. Metallic behavior is also found on cooling from 300
derived from the magnetization measurements. K (X in Fig. 9. Below 9 K a hysteresis appears between

It was shown befor® that the conductanc& versus the field-cooled and the zero-field-cooled curves. This indi-
thickness at 77 K extrapolates@-=0 at a finite thickness of ~cates that below®K a field of 8 T is not sufficient to induce
28.5+5.4 nm. This is in agreement with the significant de-a fully metallic state after zero-field cooling.
viations from bulk behavior observed for the thinnest films. ~ Figure 10 shows resistivity hysteresis loops obtained after

From this rough characterization it is evident that thezero-field cooling to the measuring temperature. Below 100
strain state and microstructure have a significant influence ol§ the resistance is too high to be measured after zero-field
the magnetic and transport properties. In the following seccooling. On the application of a magnetic field a sudden
tions the films will be further characterized in detail; we will transition to a metallic state occurs. This metallic state is
especially concentrate on the strained films. metastable and at 10 K and 60 K persists even down to zero
field. It can be destroyed by heating to about 100 K. Note
that there is strong hysteresis above the metal-insulator tran-
sition. This hysteresis is responsible for the thermal hyster-
esis observed in Fig. 9. At 100 K both transitions from the

Figure 7 shows the resistivity and magnetoresistance in aimsulating to the metallic and from the metallic to the insu-
applied field of 8 T of sample LCSTO4 with a thickness of lating state are seen. At 200 K the magnetoresistance is
22 nm. The most striking result is the appearance of a largaearly reversible. We define the metal-insulator transition by
hysteresis in the zero-field resistivity with respect to thethe extrema in the resistivity derivative as a function of mag-
cooling and heating cycles. This hysteresis which is absent inetic field. The phase diagram constructed in this way is
the resistivity measured in 8 T indicates a first-order transishown in Fig. 11. The metallic and insulating phases are
tion in this strained LCMO film. The magnetoresistance hasseparated by a broad hysteretic region. Note the similarity of
a broad plateau with a value of nearly 100%. The magnetithis phase diagram to the phase diagram of charge-ordered
zation of this film as measured in various applied fields iscompounds of the type N@Sr, sMnO;.*

C. Intermediate thickness regime: Metallic
hysteretic properties
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FIG. 9. Resistivity of sample LCSTO® nm) in zero field, in a
field of 8 T applied after zero field cooling, and during field cooling ~ FIG. 11. Phase diagram of sample LCSTO5 as obtained from
(FC) in 8 T. The current is parallel to the applied field. the magnetotransport measurements.

The metallic state was found to be inhomogeneous. Thigignal for the transverse configuration as arising from a cur-
is shown in Fig. 12: here a metallic state was induced aftefent meandering along metallic stripes which are mainly par-
zero-field cooling to 10 K by the application of a field of 8 T. ajle| to the magnetic field; the voltage from these current
If the current is parallel to the magnetic fidlsee Fig. 129)]  paths is added nearly to zero as observed experimentally. We
a resistance of 4548 is obtained. On the other hand, if the conclude that the sample consists of alternating metallic and
current is perpendicular to the magnetic figdée Fig. 1%)]  insulating stripes as indicated in the inset of Fig. 12.
the apparent resistance is only @0and below 1.5:A there The resistivity irreversibility is also reflected in the mag-
is a significant negative voltage offset. Moreover, the signahetization. A magnetization hysteresis loop at 30 K obtained
is very noisy and indicates the presence of many fluctuatorsifter zero-field cooling is shown in Fig. (. The virgin
As discussed in Sec. Il the measurements were performed gurve shows a strong ferromagnetic rise to a magnetization
the van der Pauw configuration and the current is not exactiy followed by a linear increase which does not saturate up
parallel to the magnetic field. Therefore, we interpret theto the maximum field of 7 T. The consecutive hysteresis loop

from 7 Tto—7 Tto 7T is reversible—apart from domain
" effects in magnetic fields of the order of the coercive field.
The remanencd/,., is considerably higher than the initial
1 ferromagnetic magnetizatiav , ; i.e., the magnetic field in-
— % 10° duces a significant ferromagnetic magnetization contribution
1g" ) o' Ming=Mem—M, . Values ofM,.,, M,, and the induced
magnetization fraction

(@) d=9nm
T=10K

(b) "e% T=60K 110

b_‘
—
o

bbb

T=200K

Mrem_Mv

1 pind:Tem (6)

Resistivity p (mQcm)

(d)
0 2 4 6 2 4 6 8 are shown in Fig. 1®). p;,q decays with temperature from a
Magnetic Field pH (T) rather high value of 0.7 at 10 K to zero at about 200 K in
agreement with the vanishing of the magnetoresistance hys-
FIG. 10. Resistivity hysteresis loops measured after zero-fielderesis above that temperature. The magnetization of sample
cooling to the indicated temperature. LCSTOS5 does not reach the spin-only value of 0.7 T. Within
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FIG. 13. (a) Magnetization hysteresis loop obtained at 30 K

FIG. 12. Voltage-current characteristics of sample LCSTO5 Ob-after zero-field cooling. Virgin curves and subsequ@rtersible
tained at 10 K in a magnetic field of 8 T for currents appli@fl  hysteresis loop are indicated by the arrows. The remanent magneti-
longitudinal and(b) transverse to the magnetic field. The field was zationM, ., and the initial ferromagnetic contributidvi,, are indi-
applied after zero-field cooling to 10 K. The inset shows a configucated by arrows(b) Remanent magnetizatiod,,,, initial ferro-
ration of the sample with alternating metallic and insulating stripesmagnetic magnetizatioM, of the virgin curve, and fraction of
parallel to the field direction. The current and voltage leads argnduced magnetizatiom;,q, as a function of temperature.
indicated as lines at the four edges.

distortion has two effects.First, the degeneracy of they

the resolution of the measurement, however, the high-fieldrbitals is lifted such that thezZ8—r? orbitals oriented along
magnetization slope of the hysteresis loop is zero after hawthe ¢ axis will be less populated than tikd—y? ones in the
ing reached 7 T once. basal plane. This weakens the double-exchange interaction

By analogy with the general behavior of manganites atalong thec axis, whereas it is enhanced within the basal
half filling* one might conclude from the magnetotransportplane which, in turn, favoré-type antiferromagnetic order-
data presented here that sample LCSTO5 shows orbital oing. A second effect is due to the bandwidth dependence of
dering. The orbital order is destroyed by the application of ahe ferromagnetic double-exchange and antiferromagnetic
large magnetic field and a metastable ferromagnetic metallisuperexchange interactions. If the Mn-Mn distance is de-
state is induced. As judged from the large hysteresis, thereasedincreasefl the bandwidth increasédecreasesThe
transition is undoubtedly of first order. The magnetizationband structure is such that the nearest-neighbor exchange
data indicate that the insulating, orbitally ordered state isnteraction is weakened along the contracted bond—i.e., the
ferromagnetic with a reduced saturation moment. We cannatubstrate normal. This mechanism also favtype antifer-
firmly conclude that this ferromagnetism is intrinsic to the romagnetic ordering.
orbitally ordered state or that it arises from variations of the ~Using band-structure calculations Fagtgal > determined
strain state or sample thickness over the sample area—i.¢he phase diagram of tetragonal manganites as a function of
on length scales of the order of 1 mm. AFM data recorded atloping and tetragonal distortion. The calculations were per-
five locations on the sample indicate the same morphology &brmed for Lg ;Sty sMnO5; (LSMO). At a dopingx= 0.3 the
these positions, but the area scanned in these investigatiotransition from a ferromagnetic metallic state to Attype
is small compared to the sample area of 5 mn?. antiferromagnetic insulating state occurs at an axis ratio

The insulating state of the strained thin LCMO film can c/a=0.96. This is clearly smaller than the experimental
be understood as arising from the induced tetragonal distoralue assuming a homogeneous strain distribution. However,
tion. First we consider a homogeneous strain distributionif the calculation is performed for LSMO with a hypothetical
From x-ray diffractometry, in the thinnest film an axis ratio unit cell volume expanded by 9% with respect to the experi-
c/a=0.976 is realized. The tensile strain arising from themental one, the phase-diagram region occupied by the ferro-
film-substrate lattice mismatch is=1.2%. The tetragonal magnetic metallic state expands. This indicates that in case
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of LCMO with a smaller unit cell volume than LSMO, the develops in the zero-field resistivity curves measured on
transition should occur at a largefa ratio in agreement cooling and warming, respectively. This indicates that the
with experiment. Moreover, the transitions between the fercontinuous metal-insulator transition seen in thick films is
romagnetic and antiferromagnetic phases are supposed to Heven towards a first-order transition in thinner films. A
of first order, which was not taken into account in the calcu-9-nm-thick film is insulating, but ferromagnetic in zero field.
lation. We conclude that in the case of LCMO an axis ratioThe saturation magnetization, however, is reduced compared
c/a=0.976 might be sufficient to induce an orbitally orderedto the bulk value. In a large static magnetic field, this film
insulating phase. shows a strongly hysteretic metal-insulator transition. The
Biswaset al>®argued that the insulating state observed inmetastable metallic phase was found to be asymmetric with
thin LCMO films on LaAlQ; might arise from an inhomoge- respect to the relative direction of the magnetic field and
neous strain distribution across growth islands: the center gfrobing current. The magnetization in the field-induced me-
the grains is ferromagnetic metallic, whereas the highlytallic state is significantly larger than in the insulating state.
strained rim is insulating and nonferromagnetic. In case of Similar insulating states have been observed in thin man-
sample LCSTO5 the situation is radically different. The ganite films grown under tensile stress on SeTi®efs. 3
guantitative analysis of the strain distribution across grairand 4 and under compressive stress on LajlBefs. 3, 5,
profiles as shown in Figs. 3 and 4 gives evidence that thand 6. These have been interpreted as due to strain-driven
strain variation across the grain profile is quite small. Thisphase separation into ferromagnetic metallic and antiferro-
strain variation induces a variation of tléa ratio that is magnetic insulating stat8 or as arising from bulklike or-
strongly peaked at the grain boundary such that the samplaital ordering® By a quantitative analysis of the strain distri-
fraction with a strongly reduced/a ratio below 0.97 is very bution across grain profiles of the thinnest film and a
small. On the other hand, the magnetization data presented @omparison with the magnetization data it could be shown
Fig. 13b) show that the fraction of induced metallic phasehere that the insulating state is not due to extrinsic strain-
reaches 70% at low temperatures. This means that the antlfiven phase separation. It is an intrinsic property of coher-
ferromagnetic phase is not restricted to thin regions near thently strained films as suggested by Konishial® The me-
grain edges, but occupies a substantial part of the filmtallic state—induced by the application of a large magnetic
Therefore, the induced insulating state must have a quitéield—shows indications for a stripe phase which might be
homogeneous strain distribution. We conclude that the metalhterpreted as an intrinsic tendency towards phase separation.
insulator transitions observed in sample LCSTO5 are not due For La, ;St, sMnO; Fanget al? found a valuec/a=0.96
to extrinsic phase separation induced by an inhomogeneodsr the tetragonal distortion at the transition from the ferro-
strain distribution, but are an intrinsic property of the magnetic metallic to the insulating-type antiferromagnetic
strained film. This does not exclude, however, that this insuphase. Assuming a homogeneous streinl.2% as deter-
lating phase has a tendency to an intrinsically driven phaseined from x-ray diffractometry, in the thinnest film/a

segregation. In fact, measurementsl &f curves under ap- =0.976 is realized. This is considerably larger than the the-
plied magnetic field indicate the existence of conductingoretical value. However, the calculations were performed for
stripes along the magnetic field direction. Sr doping with experimental volumes and a hypothetical ex-
panded unit cell and this shows that the metallic state is more

IV. DISCUSSION AND CONCLUSIONS stable in the expanded lattice. Since the unit cell further con-

_ _ tracts for Ca doping, this might lead to a larger theoretical
In this work the structural, magnetic, and magnetotransc/a ratio at the transition. From the experimental evidence
port properties of Lg/Ca MnO; films deposited on SrTi©  presented here we propose that the metal-insulator transition

were investigated as a function of thickness in the rang@bserved in coherently strained LCMO films on Sr7id
between 9 and 280 nm. The strain state was found to changﬁje to orbital ordering in a homogeneous phase.

drastically from relaxed heteroepitaxial growth above about
70 nm to fully strained film growth at 9 nm thickness. We
attribute changes in the magnetic and magnetotransport prop-
erties to this change of the strain state. This work was supported by the DFG under Contract No.
The magnetotransport properties of thick films are stanDFG ES 86/7-1 within the Forschergruppe “Oxidische
dard bulk like3* On decrease of the film thickness hysteresisGrenzflahen” and under Contract No. DFG ES 86/6-1.
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