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THE EFFECT OF LATTICE MISMATCH ON EPITAXIAL LaO.67Ca0.j~MnOJTHIN FILMS.

C.J. Eastell, Y.-K. Lin, and D.J. Miller
Materials Science Division, Argonne National Laboratory, Argonne, IL, 60439

ABSTRACT
We present a study of the efkct of lattice mismatch on the structure and magneto-transport

properties of LaO.bTCat3.nMn@(LCMO) epitaxial films. Pulsed laser deposition was used to
synthesize epitaxial LCMO thin films on LaAIOJ (LAO), NdGaOJ (NGO), SrTiOJ (STO), and
MgO substrates. Our results show that the nature of the lattice mismatch and the structure of the
substrate governs the microstructure of the film. The microstructure consists of domains of two
crystal structures, a pseudo-cubic phase and a monoclinic phase. The monoclinic phase forms as
the film relaxes away from the interface, with an orientation dependent on whether the film is under
a tensile or compressive in-plane strain. A special case is observed on NGO where the
orthorhombic nature of the substrate results in the alignment of the monoclinic phase so that its
long axis is in the plane. The observation of an in-plane anisotropy in the magnetoresitance data
for LCMO on NGO suggests that the monoclinic phase is important in explaining the magneto-
transport properties.

INTRODUCTION
The observation of coIossal magnetoresistance behavior (CMR) in perovskite manganite

Lal.,(Ba,Ca,Sr)~MnOJ thin films [1] has led to considerable interest in the development of these
materials for magnetic sensor and recording applications. A number of studies have been carried
out to determine the crystal structure of bulk Lal.~(Ca,Sr),MnOJ [2-5]. Three different crystal
structures have been reported depending on the composition; a F-centered cubic structure (a - 2aP)
[4], an orthorhombic prima structure (a - d2a~, b - 2aP, c - d2a,) [2,3], and a rhombohedral R ~c
structure (a- ~2aP, a-60.4”) [2,5]. These structures are closely related and the coexistence of two
or more phases is a common feature [3].

The structure and microstructure of thin films of the perovskite manganites is made more
complex by the effectof strain and structural defects introduced by the lattice mismatch between
the film and the substrate. The effect of strain on the magnetic and transport properties of the thin
films has been widely discussed [6,7], and it has been shown that in low fields (< lT) a
compressive or tensile in-plane strain will increase the magnetoresistance [6,7]. However it is not
clear whether this is simply an effect of the strain or the ei%ct of any microstructural changes
imposed by the strain. X-ray diffraction (XRD) and transmission electron microscopy (TEM)
studies have been carried out for LaO.TCao.jMnCh(LCMO) films grown on LAO and STO
substrates by Li et al. [8] and Lebedev et al. [9] respectively. For LCMO on LAO Li et af. [8]
identified two different structures in their annealed films; a face-centered pseudo-cubic structure (a -
2aP)and a pseudo-tetragonal structure (a- ~2aP, b-- ~2aP,c - 2aP).For LCMO on STO Lebedev et

J
af. [9 reported that the structure of the film could be indexed to a monoclinic distortion (a - 2aP,
b- 2aP, c - ~2aP) of the prima phase. They suggest that the prefened orientation of this phase,
with the [100] direction parallel to the substrate normal, may be a result of the strain in the film.

[n this paper the results of a detailed XRD and TEM study of the microstructure of LCMO
films grown on four different substrates (LAO, STO, MgO and NGO) will be presented. The
substrates were selected to see if the sign and the magnitude of the strain imposed by the lattice
mismatch resulted in changes to the microstructure of the film. Where possible the efkct of any
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microstructural features on the magnetic and transport properties of the films will also be
discussed.

EXPERIMENTAL
LCMO films of composition L~,d,CaO,~~MnO~were grown onto LAO (100), MgO (100),

NGO (110) and STO (100) substrates with a pulsed laser deposition (PLD) system using a
stoichiometric target and a IQ-Fexcimer laser. During the deposition the substrate temperature was
700”C and the oxygen pressure was 600 m~. Following the deposition the films were annealed at
750”C for 1 hour and then cooled at 2°C/min. In order to minimize the possibility of variation
between different depositions, the four samples were grown simultaneously.

The structure of the films was characterized by XRD using 20 scans and by TEM. TEM was
camied out on both plan-view and cross-sectional samples, which were prepared using the standard
techniques of grinding and dimpling befo~ being Ar-ion milled at 4 kV. The specimens were
examined using a Philips CM30 and a Jeol high-resolution 4000EX TEM, operating at 300 and
400 kV respectively.

Electrical resistance was measured as fhnction of temperature using the standard four point
technique in both zero field and a field of 8T. The magnetoresistance was calculated using MR =
[R. - fi]/Rw Magnetic measurements were carried out in a squid magnetometer.

RESULTS AND DISCUSSION
X-ray Data

2(3XRD scans were carried out on samples grown on the four different substrates (It should be
noted that while LAO, STO and MgO can be indexed as cubic structures, NGO has an
orthorhombic structure (a= 0.543nm, b = 0.550nm, c = 0.771rim). In this case the [110] is the
substrate normal and the (200) and (11O)pIanes have a d spacing of 0.386nm), The resultant XRD
patterns are characteristic of a textured high quality crystalline film. Examples for the films grown
on LAO and MgO are shown in figure 1. The peaks are indexed to the (ool) reflections of the &e-
centered pseudo-cubic (a - 2aP)unit cell, however they could just as easily be indexed to the pmna
orthorhombic unit cell. TEM is required to see which structures are actually present. The out-of-
plane lattice parameters were obtained from the 26 scans and are given in table I. In addition the
lattice mismatch between the LCMO and the substrate is also listed. These values were calculated
using a lattice parameter of a = 0.3858nrn for the bulk LCMO phase [8]. Using the observed out of
plane lattice parameter and the bulk lattice parameter, the out-of-plane strain, .SZZ,was calculated
and is compared in table I to the strain which would be expected if no relaxation had taken place.
The expected strain was calculated assuming the in-plane lattice parameters of the film and
substrate are the same and the volume of the unit cell is conserved:

From the results in table I four different situations are observed in terms of the degree of strain
in the LCMO flms, The films grown on STO and LAO are subject to relatively large tensile and
compressive in-plane strains respectively, but in both cases the level of the strain is not as high as
would be expected if the substrate/LCMO interface was coherent and the film fully strained. For
LCMO on NGO and MgO the out-of-plane lattice parameter is close to the bulk value and
therefore the film is close to the relaxed state with very little strain. In the case of NGO this is due
to the very small lattice mismatch whiIe for MgO it is a result of the lattice mismatch being too
large for the film to accommodate the strain and still form a coherent interface. It is important to
note though that even with the large lattice mismatch the LCMO film grown on MgO still appears
to be textured and of a high crystalline quality.

Transport and Magnetic Properties
Table II summarises the main transport and electrical properties of our LCMO films grown on

the different substrates, where Tc is the Curie temperature, TP is the temperature for the peak
resistance in zero field, and TMR~=is the temperature at which the peak magnetoresistance occurs.
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Figure 1.29 XRD scans for LCMO films grown on (a) LAO and (b) MgO.

Table I. Comparison of lattice mismatch and strain in the LCMO films

Substrate Substrate Lattice Out-of-plane Measured Out- Expected Out-
Lattice Mismatch Lattice of-plane of-pIane
Parameter (rim) (%) Parameter (A) Strain, &,Z(%) Strain, &Z,(%)

LaAIOj 0.379 -1.79 3.96 +2 .64
(loo)

+3.62

NdGa03 0.386 +0.05 -3.86* -()* -0.10 “
(110) (a= 0.543,b =

0.550,c = 0.771)
SrTiOJ 0.391 +1.33 3.8i -1.24 -2.64
(loo)
MgO 0.421 +8.36 3.86 +0.05 -16.02
(ICK))
*-Difficult to determine lattice parameter due to overlap of substrate and film peak in 20 scan.

It should be noted that the stmctural characterization was carried out on films with a thickness cf
120nm, but the magnetoresistance and T, data were obtained on films with a thickness of 200nm.
The most interesting results here are the tihTerencesin the properties of the films grown on the
LAO and STO substrates. The discrepancy in the Tc can be explained by considering the volume
change between the strained LCMO and the bulk LCMO. The unit cell volume for the films can
be calculated by assuming that the in-plane parameters of the film and the substrate are the same,
and using the out-of-plane parameter obtained from the XRD 2e scans. The unit cell volume fw
the bulk material is 5.74 x 10-2nm3while the unit cell volume for the film on LAO is reduced to
a value of 5.69 x 102 nm3and increased to a value of 5.82 x 102 nm3 for the film on STO. The
decrease in volume for the film on LAO is equivalent to applying an external hydrostatic pressure,
and it has been shown by Hwang et al. [10] that applying an external pressure increases the T..
The volume change for the film on STO is effectively the application of a negative hydrostatic
pressure and therefore a lower T, is observed.

A much higher magnetoresistance is observed for the LCMO film grown on STO compared to
the one grown on LAO. It has been shown in low fields (0.5-IT) that strain, either tensile or
compressive, increases the magnetoresistance, but as the field is increased to 5T the strain et%ctis
no longer apparent [7]. Our resuks suggest that in high tiekls (8T) the nature of the strain and
possibly the differences in microstructure resulting from the strain aflkct the magnetoresistance
behavior.



Table tI. Transport and magnetic properties of the LCMO films investigated

Substrate TP(OT) R (T,) (ohms) MR (%) Titrmu T, (K)
K (RoT-RsT)/RsT

LaA103 270 1027 353 264 270
NdGaOJ 265 1432 525 256 265
Mad 266 1435 610 260 265
SrTi03 250 1725 1095 246 220

TEM Study
Bright field cross-sectional images for the LCMO films grown on NGO and MgO are shown

in figure 2. The microstructure of the films appears to be very uniform without the coarse columnar
grain growth which has been reported in the literature for thicker films [9]. On this scale the only
differences in the films is the high number of dislocations in the LCMO film on MgO. The
dislocations (marked by the arrows) are seen to thread their way from the IvlgO/LCMO interface
through to the top surface of the film. The formation of such dislocations is one mechanism by
which the strain relaxation occurs in the film. Very few threading dislocations are observed for the
films grown on LAO, NGO, and STO as in these cases the strain is small enough to be contained
bv the lattice..

Figure 2. Bright field TEM images of LCMO grown on (a) MgO and (b) NGO. Threading
dislocations can be seen in the film on MgO (marked by the arrows).

Using selected area diffraction and microdiffraction techniques two different crystal structures
have been observed in aIl four of the films. The first of these can be indexed as a face-centered
pseudo-cubic structure (a - 2aP) and diffi-actionpatterns for three different zone axes for this phase
are shown in figure 3. This appears to be the same structure reported by Li et al. [8] for their
LCkIO films on LAO, Diffraction patterns for four zone axes tlom the second structure are shown
in figure 4. These patterns can be indexed to a structure which is closely related to the pmna
orthorhombic phase (a - v’2aP,b - 2aP, c - ~2aP). High resolution images of this structure, viewed
along what would be the [101] direction for the orthorhombic phase, reveal a period doubling
along the b axis of- 0.77nm. This cannot be accounted for by the pnm~~s~ucmre which does not
allow the (OkO)reflections with k = 2n+ 1. A similar observation has been made by Lebedev at al.
[9] who assigned a P21/c space group to their structure. [n agreement with this our electron
diffraction data is consistent with the P21/c space group with lattice parameters a - lap>b - ~2aPT c

- ~2ae. The fact that all (hOO)reflections are allowed for this structure explains the presence of the
0.77nm fringe spacing in high resolution images viewed along the [011] direction.

Figure 5a shows the geometrical relationship between the pseudo-cubic and monoclinic
structures. X-ray and electron diffraction data shows that for the cubic structure the epitaxial
relationship between the substrate and the film can be described as

(i 00]1-*o,( 1IO)WO,( 100)MGO, (100)STO I (Ioo)m,o<ub,c

[Ool]LAO,[00 i]NGo,[OO1]MGO, [001 ]STO H
[OO1]LCMO ,.,,.
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F]gure 3 Three electron M1-action patterns for the face-centered pseudo-cubtc structure wewed
along the [001], [01 1] and [112] zone axes

❑ mu
[011] [111] [120] [100].

Figure 4. Four electron d&action patterns for the monochnic structure wewed along the [011],
[111], [120] and [100] zone axes. Note the odd (hOO)type reflections m the [011] zone axis,
marked by the arrows

From figure 5a the (011) plane of the monoclinic phase (shaded in the figure) is equivalent to the
(100) in the cubic phase. It can be seen that three different orientations of the monoclinic phase are
possible if the epitaxial relationship between LCMO and the substrate is maintained, and these are
shown in figure 5b. However, which of the orientations are observed in the film is dependent on
the substrate. Typical electron diffraction patterns for the films grown on the different substrates,
taken from plan-view specimens with the electron beam parallel to the substrate normal, are shown
in figure 6. The small size of the individual monoclinic domains, ranging from a few nm to
500nm, means that each pattern is taken over a large number of domains. For the monoclinic
phase in STO we observe only a [100] zone axis in plan-view. This means that the domains are
oriented so their long axis is out of the plane. For the film on LAO the plan-view electron
diffraction pattern shows the superposition of two 90” oriented[01 j] zone axes, indicating that the
long axis is in the plane and there are two domain orientations related to each other by a 90”
rotation. For the film on MgO we observe the superposition of three zones axes, a [100] and two

90” oriented [01 i] zone axes. This shows that all three structural variants of the monoclinic phase
are present for the MgO substrate. Finally for the film on NGO we observe a single [01 i] zone
axis in the plan-view. In this case the long axis is in the plane and oriented para[lel to the long
axis of the orthorhombic substrate.

Another important observation is that for the strained films on STO and LAO the monoclinic
phase is not observed close to the substrate, with lattice fringe images revealing a layer of the
pseudo-cubic structure about 10-40nm thick adjacent to the interface (figure 7). High resolution
images of the interface for films on both STO and LAO substrates show it to be fully coherent
with very few if any misfit dislocations (figure 7b). Our results suggest that as the film relaxes
away from the interface the distortion from the pseudo-cubic structure to the monoclinic structure
becomes more favorable, and the orientation is determined by whether the in-plane strain is tensile
or compressive. Lebedev et al [9] also report a similar orientation of the monoclinic phase on
STO substrates and suggest that the film relaxes by layers of deformed MnOb Octaheh
preferentially forming along one of the cube planes of the perovskite structure. Our study for films
on LAO and STO support their theory that the deformation occurs along the cubic planes which
are under compressive strain. The situation is different for the films grown-on MgO and NGO. For
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Figure 5. (a) The geometrical relationship between the pseudo-cubic phase and the monoclinic

phase. The (O11) plane of the monoclinic phase is shaded, (b) The three possible structural
orientations of the monoclinic phase.

iAo[oI i] - [oli]l M:o[o I i] + [01i]l-[looj NGO [oli] STO [100]
Figure 6. Electron diffraction patterns with the electron beam parallel to the substrate normal. On
LAO two domain orientations are present, on h4g0 three domain orientations are observed , while
on NGO and STO single domain orientations are present (1 indicates a 90’ rotation).

MgO the strain has been accommodated for by the formation of the misfit dislocations at the
film, substrate interf~ce, (figure8a). This removes the stmin induced preferential orientation of the
monoclinic phase and as a result all three strucutura! ~ariants are observed. For LCMO on NGO
the orientation of the monoclinic phase is governed by the orientation of the orthorhombic NGO
substrate which forces it to grow so that their long axes are parallel. Interestingly, anisotropy of
the transport and MR data is observed for the NGO sample. (figure 9). Two orthogonal in-plane
directions \vere measured corresponding to the a and b axes of the pseudo-cubic cell. In one
direction one transition \vas observed close to T, but in the other direction a second transition
occumed at T = 11OK. This result combined with the observation of a single in-plane prefemed
orientation of the monoclinic phase suggests that the presence of this phase is important in
explaining the magnetoresistance properties of these films. In addition the only ditTerence in the
microstructure of the LCMO films growm on STO and L.40 is the orientation of the monoclinic
phase and perhaps this accounts for the higher value of magnetoresistance measured for the STO
sample. Further work is currently being undertaken to separate the effects of the two structural
phases.

SUMMARY
The nature of the lattice mismatch between the film and (he substrate and the swucture of the

substrate governs the microstructure of the film. Discrepancies in the magnetic and transport
properties for the films grown on different substmtes are also observed which are likely to be
related to the microstructure differences



*

For ail the tilms two cryst~l structures \vere identified, a fzce-centered pseudo-cubic phase, and
a pseudo-orthorhornbic phase uith a monoclinic distortion. In the strained films the monoclinic
phase fomls as the film relaxes away from the interface and the sign of the strain induced by the
substrate appears to determine its orientation. When there is a tensile in-plane strain (STO) the
[! 00] direction is out of the plane, while for a compressive in-plane strain (LAO) the [01 1]
direction is out of the plane.

1[ has been shown that by growing the LCMO films on the pseudo-orthorhombic N@
substrate. the structure of the substrate favors the formation of the monoclinic phase and forces it to
be textured so that only one domain orientation is observed with the [100] direction in the plane.
Such samples should allow the role of the monoclinic phase on the magnetic and transport
properties ‘to be investigated.

(3) (b) [nm

Figure 7. (a) Lattice fringe TEk{ image of a LCMOiLAO film. A region of the monoclinic phase
(A). characterized by the 0.77nm ftinge spacing (see inset), is obsemed aw’ay from the interface

(w-rows). (b) HREhI image show’ing the coherent interface bet~veen the LAO substmte and the F-
centered pseudo-cubic phase.

Figure 8. (a) Lattice fringe image showing the LCMOiMgO interface. The periodic contrast in the
image is a result of the misfit dislocations (single arrows,) which accommodate the large lattice
mismatch. (b) Lattice fringe image of the LChlO~NGO interface showing the alignment of the film
\vith the substrate so that their long axes with a fringe spacing of - 2aP (labeled in the fkure)> ~
parallel.
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Figure 9. Plot of magnetoresistance against temperature for the LCMO fihn on NGO, measured
along two orthogonal in-plane directions corresponding to the a and b axes of the pseudo-cubic
cell.
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