PHYSICAL REVIEW B VOLUME 61, NUMBER 14 1 APRIL 2000-II

Two-phase behavior in strained thin films of hole-doped manganites
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We present a study of the effect of biaxial strain on the electrical and magnetic properties of thin films of
manganites. We observe that manganite films grown under biaxial compressive strain exhibit island growth
morphology which leads to a nonuniform distribution of the strain. Transport and magnetic properties of these
films suggest the coexistence of two different phases, a metallic ferromagnet and an insulating antiferromagnet.
We suggest that the high strain regions are insulating while the low strain regions are metallic. In such
nonuniformly strained samples, we observe a large magnetoresistance and a field-induced insulator-to-metal
transition.

Hole-doped manganites display a remarkable sensitivitgntire film. This happens due to the diffusion of adatoms
to various perturbatiod$ and such sensitivity results in away from regions of higher strain as has been observed
drastic changes in the sample properties depending on thexperimentally:® All these factors can lead to structural tran-
form of the samplé:* Thin manganite films display proper- sitions in the highly strained regions of the film due to the
ties different from those of bulk materials, and several paperstrain itself and/or due to the resultant migration of
have reported their anomalous properties as a function aidatoms'?
film thickness>™" It has been argued that the difference is Motivated by the idea that the high sensitivity of the prop-
due to strain induced by lattice mismafthattice mismatch erties of manganites to changes in structure and stoichiom-
strain is a biaxial strain which modifies the lattice parametergtry should result in interesting effects when these materials
of the film and it has been shown that biaxial strain has arare subjected to a large nonuniform strain, we have grown
effect which is fundamentally different from that of bulk thin films of La/Cay3MnOs(~150 A) with different
strain® Compressive bulk strain drives the lattice towardsamounts of lattice mismatch with the substrate and have
cubic symmetry whereas compressive biaxial strain furthestudied the resulting differences in the growth morphology,
distorts the lattice. It is essential to understand the effect ofnagnetization, and transport. Conductivity and magnetiza-
substrate-induced strain on the manganite thin films to extion measurements indicate that the film grown under com-
plain the behavior of the thin films and multilayers of thesepressive strain due to lattice mismatch is a mixture of ferro-
materials. magnetic (metallio and antiferromagnetic (insulating

In this paper we present evidence that thin films ofregions. Atomic force microscop§AFM) and transmission
Lag 6/Ca 3gMN0O;3 (~150 A in thicknessgrown under com-  electron microscopyTEM) experiments confirm the island
pressive lattice mismatch strain are structurally, magnetigrowth of the strained film and a nonuniform distribution of
cally, and electronically nonuniform. We show that this is strain over the film. We suggest that the high strain regions
due to structural nonuniformity caused by the island growthare at the edges of the islands and are insulating and the
mechanism. This phenomenon is well established in semiow-strain regions are at the top of the islands and are me-
conductor heterostructures—which are also thin films growriallic. The difference in properties may be either a direct
under biaxial strain—and has been studied extensively, botaffect of the strain on the electronic properties or due to
experimentally and theoreticall)~1* Studies on the kinetics strain-induced cation diffusion.
of the growth of these heterostructures have shown that the Thin films of Lay g:Ca 3MnO; (LCMO), 150 A in thick-
minimum energy configuration is a nonuniform strain distri- ness, were grown or(001) LaAlO; (LAO) and (110
bution in the film resulting from a formation of islands. A NdGaGQ, (NGO) substrates by pulsed-laser deposition. On
continuous wetting layer of a few monolayer thickness cov-LAO there is a compressive lattice mismatch strain-&%
ers the substrate first and islands are nucleated above tHisr a film of LCMO while on NGO this strain is negligible.
layer on further growth of the film. This island growth mode The films were grown at a rate ef1 A/s. The substrate
leads to a variation in the strain on the film, both in thetemperature was 820 °C. The films were grown in an oxygen
direction normal to the substrate and also along the plane aftmosphere of 400 mTorr. The thicknesses were measured
the substrate, creating regions in the film which are strairby Dektak IIA profilometer. The resistivities were measured
relaxed(near the top of the islangsnd also some regions by the conventional four-probe method and the DC magne-
(near the periphery of the islandsvhich have extremely tization was measured using a superconducting quantum in-
high strain, i.e., much higher than the lattice mismatchterference device magnetometer. The lattice parameters were
strain!? This type of strain distribution limits the lateral measured using a Siemens D5000 diffractometer equipped
growth of the islands resulting in uniform island size in thewith a four-circle goniometer. The in-plane lattice constant
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FIG. 1. Thep vs T behavior of a 150 A film of LCMO on LAO FIG. 2. TheM vs T behavior of the 150 A film of LCMO on
at 0 T and 8.5 T(solid lines. The dotted line shows thge vs T LAO in a field of 1000 G. The arrow marks the temperature region
behavior of a 150 A film of LCMO on NGO at O T. All data were where the magnetization starts increasing gradually. The inset
taken while cooling. The inset shows the normalipeds H behav-  shows theM vs H behavior of the film at 5 K. The value ofl o is
ior of the film of LCMO on LAO, at three different temperatures. ~1.8ug.

measurements showed that the films were on an average ) .
pseudomorphic with the substrate for this range of film thick-nset in Fig. 1 shows the vs H behavior of the film on LAO
ness, i.e., the in-plane lattice constants are 3.79 A for the filnat three temperatures. At 100 K drops by about 4 orders of
on LAO and 3.86 A for the film on NGO. The out-of-plane magnitude in a field of 8 T. There is also a significant hys-
lattice constant is 3.94 A for the film on LAO and 3.86 A for teresis in thep vs H curve at 100 K. This behavior of the
the film on NGO. This shows that the lattice parameters ofvith H is both quantitatively and qualitatively different from
the film on NGO are very close to the lattice parameters othe magnetoresistance  behavior of bulk ceramic
bulk LCMO which implies that the film on NGO is relatively LaggCa 3dVINOs. In the latter the presence of grain bound-
strain free while the film on LAO is under compressive bi- aries causes a small but sharp drop in the resistivity at low
axial strain. The nanostructure of the films were measurefields followed by a gradual decrease in the resistivity at
using a Nanoscope Il AFM operated in the tapping modehigher fields** Our p vs H data is also different from the
Cross section high-resolution transmission electron microslow-field magnetoresistance observed in strained ultrathin
copy measurements were done using a JEOL 4000 EX mfilms of Pr ¢S 3MNnO; which was attributed to domain-
croscope. wall scattering. On the other hand, the magnitude of the
Figure 1 shows the resistivity behavior of a 150 A film of magnetoresistance and the hysteresis inpttvs H curve at
LCMO on LAO. The figure also shows the resistivity behav-low temperatures are similar to that observed in materials
ior of a 150 A film of LCMO on NGO(dashed ling This  which exhibit charge orderintf.Our data also resembles that
figure clearly shows the drastic effect of lattice mismatchseen in the compound (La,Pr,Ca)MnQhow believed to
strain on the transport properties. The film of LCMO on consist of a two-phase coexistence of ferromagnetic metallic
LAO is insulating. In contrast the film of the same thicknessand charge-ordered insulating phaSesyhere the field-
on the lattice matched substrate NGO shows a resistivitgriven insulator-to-metal transition is induced by a change of
behavior very close to that of the bulk. the metal volume fraction through a percolation threshold.
Figure 2 shows the magnetization of the strained filmOn the basis of this similarity and the magnetic and transport
grown on LAO as a function of temperature. The magneti-data discussed above, we argue that the biaxially strained
zation (M) starts rising around 250 K but this rise is much thin film of LCMO grown on LAO exhibits two-phase coex-
slower than what is observed in thicker films of LCMO on istence whereas the film grown on the lattice matched sub-
LAO.% The inset shows th&1 vs H curve for the film on  strate NGO does not. The origin of the large magnetoresis-
LAO at 5 K. The saturation value df1(M,) is ~1.8ug  tance in the strained film is due to this phase separation—the
which is about 50% of the expectéd,,=3.67ug for this  magnetic field drives the insulating phase to a metallic phase
compound. This shows that about half the volume of the filmleading to a metallic conduction path in the film. We empha-
is not ferromagnetic at low temperatures. The magnetizatiosize that for this composition of LCMOx& 0.3), a highly
of the film on NGO could not be measured due to the parainsulating state due to phase separation has not been ob-
magnetic nature of the substrate, however, the corresporserved in the bulk form.
dence of the resistivity behavior to that of the bulk com- So the important question is: What is the origin of the
pound suggests that the magnetization will be the same dwo-phase coexistence observed in the film grown under bi-
the bulk material. axial strain which results in properties far removed from the
A striking feature of our data is that application of a properties of the bulk form of this compound? To answer
strong magnetic field causes the low-temperature insulatinthis we take AFM images of our films as shown in Figs. 3
state to become metallic in the strained film. In Fig. 1 weand 4. At the outset we stress that discontinuities in the film
show that the resistivity of the LCMO film on LAO in a field are not the cause. From the AFM micrographs, we have cal-
of 8.5 T has an insulator to metal transition near 200 K. Theculated the roughness of the film on LAO to be about 15 A
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interface

FIG. 3. (8 A2 umX2 um AFM image of the 150 A film of
LCMO on LAO showing the formation of islands on the filifin) FIG. 5. (& A high-resolution XTEM image showing the initial
An enlarged portion of the image. The profile of the image alonglayers (~200 A) of a 1500 A film of LCMO on LAO. The white
the white line is shown inc). The distance shown by the two arrows show the edges of the islands where there is a large variation
arrowheads ir{c) shows the typical distance between two islands. in the image contrast showing a variation in the strain and/or

stoichiometry.(b) A schematic representation of the regions of low
which is much smaller than the thickness of the film. Thisstrain (white region$ separated by regions of high strajshaded
and the fact that a magnetic field drives the film metallic atgray regiong
low temperatures, show that the film on LAO is continuous.
It is clear from Figs. 3 and 4 that there are significant differ-metallic regions in the film and consequently there is a large
ences in the nanostructure depending on the strain. The filmrop in the resistivity of the sample upon the application of a
of LCMO on NGO has negligible substrate-induced strainmagnetic field.
and the film shows a step flow growth mode. The height of The magnetization measurements5aK show that the
each step is marked in Fig(e}. Thep vs T of this filmis  film on LAO has a saturation magnetization value of
very close to that of bulk LCMO, as shown earlier. The film ~1.8ug and the expectedM,; for this composition is
of LCMO on LAO which has about 2% strain, has an island3.67ug which suggests that a significant part$0%) of the
growth mode. As shown in Fig. 1, this film is insulating film is not in the ferromagnetic state at low temperatures.
down to the lowest temperatures. As discussed earlier, islarifhe saturation magnetization approaches @g7as the
growth leads to a highly nonuniform distribution of the thickness of the films on LAO is increased i.e., the effect of
strain. Such a variation of strain in the film may also lead tothe substrate-induced strain becomes less. Another observa-
the migration of the constituent atoms resulting in a compotion is that on annealing in flowing oxygen at a temperature
sitional inhomogeneity on the scale of the variation of theof 850° for 10 h, the film on LAO has the resistivity behav-
strain. The large strain at the edge of the islands leads t@r and lattice parameters found in thicker films of LCMO on
insulating, and perhaps charge-ordered regions due to StrucAQO, i.e., similar to the resistivity behavior of the LCMO
tural and/or compositional variations. As mentioned earlierfilm on NGO shown in Fig. 1, and a saturation magnetization
the top of the islands are relatively strain free and these reof 3.4u;. The AFM images suggest a significant increase in
gions are ferromagnetitmetallic but are separated by the the size of the islands but more controlled experiments are
insulating regions at the periphery of the islands. Our resisrequired. This strengthens our claim that the insulating be-
tivity data in a field of 8.5 T suggests that enough of thehavior is due to strain induced structural and compositional
insulating regions are driven metallic at this field that a me-variations which are removed by annealing the film in oxy-
tallic path is formed in the sample joining the ferromagneticgen.

To get a better picture of the variation of the strain and
composition over the film on LAO, cross sectional TEM
(XTEM) studies were performed on a 1500 A film of LCMO
on LAO. A thicker film was used for reasons of sample
preparation for the XTEM studies. We assume that the first
150 A of this sample is the same as the 150 A film on LAO.
Figure a) shows that on the scale of the distance between
two islanddg as estimated from the AFM images in Figcg
there is a significant variation in the contrast of the image.
The arrows mark the regions where there is a clear demar-
cation between two regions of similar contrast. These are the
2000 © 4000 edges of the islands and the distance between the regions

A marked by the arrows is of the order of the distance between

FIG. 4. (@ A2 umx2 um AFM image of the 150 A film of  islands as seen from the profile of the AFM image shown in
LCMO on NGO showing the step-flow-type growth mode) An  Fig. 3(c) (i.e., ~500 A). Figure %b) is a schematic diagram
enlarged portion of the image. The profile of the image along theshowing the expected regions of low and high strains. The
white line is shown in(c). The two arrowheads define an atomic variation in the contrast shows a variation of strain and/or
step of~4 A. stoichiometry in the film, both of which are expected in the
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growth of these thin films on lattice mismatched substrateswhich suggests a two-phase behavior in the film. On the
The properties of hole-doped manganites are sensitive t@pplication of a magnetic field the metallic phase grows at

both these factors. The structure and the stoichiometry affedhe expense of the insulating phase and the authors show a

the transport of the material by tuning the number and moporrespondence between this and the colossal magnetoresis-

- . . tive properties of the material. A LCMO film grown on STO
bility of carriers gnd the bandW|dt_h. Although very large is ur?de?tensile biaxial strain and should resgult in a nonuni-
changes in stoichiometry are required for producing an eform gistribution of the strain. The nonuniformity in the
fective Ca doping ok<0.2 orx>0.5, this gives us a pos- strain is a likely origin of the observed two-phase behavior
sible mechanism for having charge-orde@tsulating re-  based on our results discussed here.
gions in the film corresponding to the regions of very high In conclusion, we propose the following model to explain
strain, i.e., at the edges of the islands. There is also a signifihe properties of LCMO grown on LAO, a film which is

cant variation of the contrast in the image very near the supYnder compressive biaxial strain. The film grows in the form
. o . ' of islands. The edges of the islands are regions of high strain
strate which reveals the initial wetting layer of the film. An

. . . nd are insulating due to changes in structure and/or stoichi-
earlier study of the near-interface transport properties 0gmetry. The top of the islands are relatively strain free and

Lap 6/Ca.3MnOs ultrathin films grown on LAO and NGO only these parts are ferromagnetic and conducting at low
substrates revealed a surface and interface related “deadmperatures and thus a two-phase state is formed. This ex-
layer” of about 30—50 A depending on the substfafthis  plains the reduced saturation magnetization at low tempera-
“dead layer” could arise due to this wetting layer. We tures. The insulating regions separating the islands makes the

would like to add here that the effect of tensile strain on the{”?‘ insulating, dov(\j/n_ to t?e Iowetst”t_em{oetratures. Th(la_ in;‘u-
magnetic and transport properties of LCMO is similar to ating regions are driven 1o a metafiic state upon application

hat is ob dh 7andb 128 o duced of a magnetic field which results in a large decrease in the
what is observed here. Zandberggral.” observe a reduce resistivity of the film. For a direct measure of the magneti-

saturation magnetization and a large magnetoresistance gtion in different parts of the film low-temperature magnetic
low temperatures in their ultrathin films of LCMO grown on force microscopy measurements in the presence of a mag-
SrTiO; (STO). These properties are attributed to the distor-netic field are underway.

tions induced in the film due to the lattice mismatch as in-  1his work is partially supported by the MRSEC program
ferred from high-resolution XTEM experiments. In a recentof the NSF at the University of Maryland, College Park
paper Fth et al!® have shown scanning tunneling spectros-(Grant No. DMR96-32521 A.J.M. acknowledges NSF-
copy data on thin films of LCMO grown on STO substratesDMR-9705482.

1Y. Moritomo, A. Asamitsu, and Y. Tokura, Phys. Rev.5B, 16 (1998.

491 (1995. 1%Qianghua Xie, P. Chen, and A. Madhukar, Appl. Phys. L&5:.
2y, Tokura, H. Kuwahara, Y. Moritomo, Y. Tomioka, and A. 2051(1994).

Asamitsu, Phys. Rev. Let?6, 3184(1996. 11y -W. Mo, D.E. Savage, B.S. Swartzentruber, and M.G. Lagally,
3R. Shreekalat al, Appl. Phys. Lett.71, 282 (1997). Phys. Rev. Lett65, 1020(1990.

4R. Mahendiran, S.K. Tiwary, A.K. Raychaudhuri, T.V. Ra- 12y chen and J. Washburn, Phys. Rev. L&, 4046(1999.
makrishnan, R. Mahesh, N. Rangavittal, and C.N.R. Rao, Physts‘]. Tersoff and F.K. LeGoues, Phys. Rev. L&, 3570(1994).

. Rev. B53, 3348(1996. _ 14C. Priester and M. Lannoo, Phys. Rev. L&, 93 (1995.
H.S. Wang, Qi Li, Kai Liu, and C.L. Chien, Appl. Phys. Léfd, 15\ jaime, p. Lin, S.H. Chun, M.B. Salamon, P. Dorsey, and M.

6J2221§(19%9w Abraham. RA R 4GB, Eom. Aul. Phye... RUPINSteIN, Phys. Rev. BO, 1028(1999.
£ sun, D.W. Abraham, R.A. Rao, and ©.5. Eom, APpl. FNYS.16, -\ wahara, Y. Tomioka, A. Asamitsu, Y. Moritomo, and Y.

Lett. 74, 3017(1999. .
; . Tokura, Scienc70, 961 (1995.
7
R.A. Rao, D. Lavric, T.K. Nath, C.B. Eom, L. Wu, and F. Tsui, J. 7M. Uehara, S. Mori, C.H. Chen, and S.-W. Cheong, Natum-

Appl. Phys.85, 4794(1999. dor) 398, 560(169

8w. Prellier, M. Rajeswari, T. Venkatesan, and R.L. Greene, Appl. 4 b . . d h
Phys. Lett.75 1446 (1999; W. Prellier, Amlan Biswas, M. ' W. Zandbergen, S. Freisem, T. Nojima, and J. Aarts, Phys.

Rajeswari, T. Venkatesan, and R.L. Greerigid. 75 397 Re\(_. B60, 10 ?59(1999' ]
(1999, and references therein. M. Fath, S. Freisem, A.A. Menovsky, Y. Tomioka, J. Aarts, and

°A.J. Millis, T. Darling, and A. Migliori, J. Appl. Phys83, 1588 J.A. Mydosh, Scienc@85, 1540(1999.



