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Epitaxial Lg /Cay sMnO; (LCMO) thin films of a thickness-170 nm were grown of001) LaAlO;

(LAO) and (001) SITiO; (STO substrates by pulsed laser deposition. Transmission electron
microscopy and associated techniques have been applied to investigate the microstructures
introduced by lattice mismatch that are responsible for the observed differences in properties
between these two films. Numerous secondary phase rods were observed in both films. For the
LCMO/LAO film, Ca-deficient secondary-phase rods originated in the film after a thickness of
about 25 nm and were found to be responsible for relieving in-plane compressive stress during the
island growth. In the case of STO substrate, however, almost all of secondary-phase rods initiated
at the film—substrate interface. The lattice mismatch between LCMO and STO is relaxed into
regions of good coherent fit separated by such secondary phases, possibly resulting from interfacial
reaction. The two types of substrates lead to the formation of two different crystallographic domain
structures in the LCMO films. The film on LAO exhibits an almost plur#0] out-of-plane texture

with 90° domains in plane. In contrast, the film grown on STO consists of mixed domajifef
and[110] orientations and is dominated p901] texture. © 2000 American Institute of Physics.
[S0021-897€00)03620-3

I. INTRODUCTION magnetoresistandé:®* Well-characterized experimental
data are crucial for developing and verifying theoretical

Ever since the discovery of colossal magnetoresistancgodels andvice versa These models could show a way to-
(CMR) in perovskite type L ,AMnO; (Ln=lanthanides, \yards optimized perovskite materials for future applications.
A=alkaline earth elements or Rlihere has been enormous ;¢ study aims to clarify the role of lattice mismatch be-

mtereit_sln these materials bOt_h in bulk and thin f'lm_stween the film and substrate in the growth and properties of
forms: ™ Recently, the observation of large magnetoresis-,

: o . - CMR thin films.
tance(MR) effects in epitaxial manganite thin films has re- The i X f lattice distorti i
newed interest in the doped manganite perovskite materials € Importance ot 1atlice distortions on maghetic prop-

for potential magnetic random access memory and read-he&ities has been established both theoretically gnd experimen-
application$~? However, before any significant practical ap- tally. Several groups have shown that properties such as the

plications are realized, critical properties of the CMR mate-Curie temperatur@., resistivity, and the MR effect are ex-
rials must be improved. For example, the MR values are higremely sensitive to the chemical pressure from the alkaline-
at insulator—metal transition temperature and in high magearth substitution of the rare-earth ions, as well as to hydro-
netic field (several Teslg but the response close to room static pressur&’ =" Therefore, it is not surprising that lattice
temperature and in low field is very weék 1%). mismatch between the film with the substrate imposes a
In doped Mn oxides, magnetism and electronic conducstrain that greatly affects the magnetic properties of doped
tion are closely related. The CMR properties could be relateghanganite thin films. Recently, several groups have reported

to the double exchange mechanitwhich depends on the  that lattice strain affects the peak resistance temperaiyre
Mn—-O-Mn bond distance and angle. Recent theoretical a”‘i‘esistivity, magnetic, and MR properties  of
experimental work has shown that the double exchangg,ro 6:570.5MNO5, 8 Lag St MnO5, 20 Lag Cay MO, 7820

model is not sufficient to explain the magnitude of theand La {Ca MnO; thin films2L22 Wang et al*® obtained

large low-field MR in strained RBkSr 33MnO; ultrathin

dAlso at Department of Physics, Hubei University, Wuhan 430062, People'fiims and found very different effects of Compressive
Republic of China: electronic mail: cjlu@mpi-halle.de . . . .

YAlso at School of Materials Science and Engineering, Georgia Institute oiand tensile strain on the magnetic and the low-field MR
Technology, Atlanta, GA 30332-0245. properties.

0021-8979/2000/88(7)/4032/12/$17.00 4032 © 2000 American Institute of Physics

Downloaded 12 May 2004 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 88, No. 7, 1 October 2000 Lu et al. 4033

Magnetic anisotropies in thin films have been interpreted  0.020 T T T T
in terms of substrate-induced stré$s?? The anomalous an-
isotropic low-field MR properties can be qualitatively ex-
plained based on the strain-induced magnetic anisotfopy. g5 on SrTiO,
This interpretation seems to be reasonable and likely to be-. ~~
correct, but the mechanism based on strain alone may not b
sufficient to account for all aspects of the experimental re-S
sults such as the thickness and temperature dependencies £ z
the magnetic and low-field MR properti&&?! In fact, crys- *@
tallographic domain orientation can also play an important §

0.010

T~

role in determining magnetic anisotrop¥?> Theoretical & 0.005 1 on LaAIO,
analysis predicted that thie, of CMR thin films is extremely

sensitive to biaxial strain: a 1% biaxial strain would cause a

10% shift inT..2% In contrast, experimental results did not .00 - - : ,

show such a high sensitivif*®~2 Thus, other factors such 100 150 200 250 300

as structural defects and domain structure must also be cor Temperature (K)

sidered in order to analyze quantitatively the properties of o o

CMR thin films on different substrates. It has been reported:'%' 1. Re5|;t|V|ty vs temperature for the LCMO thin films grown on LAO
. ) " STO trates.

that the SrRu@ films grown by pulsed laser deposition an substrates

(PLD) or LaAlO; and SrTiQ exhibit quite different domain

structures and structural defeéfswe have examined the deposition. The oxygen pressure during deposition was 400
microstructure in epitaxial La ,S,Co0;_ 5 CMR thin films  mTorr and was increased to 1 atm on for cooldown after
in detail”®>~*" To the best of our knowledge, however, very deposition. The thickness of the thin films was about 170
few detailed studies have been performed on microstructurglm. No further thermal treatment was performed on the
features such as defects and orientation disorder in dopeghmples after the deposition. The resistance was measured by
manganite thin filmg?2%-%0 the four-probe transport method.

We have reported previously that the transport and mag-  The x-ray diffraction(XRD) patterns of the films were
netic properties of epitaxial lpgSro MnO;s films depend on  recorded on a Rigaku D/max-2400 x-ray diffractometer us-
the lattice mismatch between the substrate and the'film.  jng CuK« radiation. The scanning step size was 0.02° and
the present work, we report studies of the strain states, noRpunt times were 2 s. The out-of-plane lattice parameters of
stoichiometric phases, crystallographic domain structure, inthe films were calculated using the nonlinear least square
terfacial structure and reaction, and transport properties Cﬁtting method. The substrat®02) peak position was used as
the LCMO thin films as a function of lattice mismatch with the calibration standard. Surface morphology and grain size
substrate. The main focus of this study concerned transmigmalyses were performed on a Digital Instrument Nanoscope
sion electron microscopyTEM) investigation of growth- || atomic force microscope.
induced secondary phases and of the oriented domains The thin films were examined by TEM in both cross
formed in the LCMO films. The LgCa aMnO; composi-  sectional and plan view. The cross-sectional slices for TEM
tion (T.~265K for bulk was chosen since it has potential jnyestigation were obtained by cutting the LCMO/STO and
interest for room temperature applications. Two LCMO thin.cMO/LAO samples along thg100] direction of LAO and
films were prepared on LAO and STO, respectively. Thes&sTQ, and then gluing the cut slides face-to-face by joining

two substrates were used to provide two different types ofhe LCMO surfaces. TEM specimens were prepared by me-
lattice mismatch for the gI’OWth of LCMO f||m3_,17% with chanical grinding, po||sh|ng and d|mp||ng, followed by

LAO and +1.2% with STO. While a LAO substrate imposes Ar-jon milling at 4.5 kV. Selected area electron diffraction
an in-plane compressive stress on the film, a STO substra{gAED) patterns, high resolution electron microscopy
imposes a corresponding biaxial tensile stress. (HREM) images and electron energy loss spectroscopy

Since STO is not completely inert to LCMO, the inter- (EELS) spectra were recorded in a Philips CM200 FEG elec-
facial reaction is an important factor influencing the growthtron microscope operated at 200 kV.

and quality of the LCMO films. In this article, the interfacial
structure and interfacial reaction of the PLD-grown

LCMO/STO film are also investigated in detail. Il RESULTS

A. Matrix properties of the two films

The resistivity versus temperature for the LCMO films
grown on LAO and STO are shown in Fig. 1. The film on

The LCMO thin films on(001) LAO and (001)) STO STO showed higher room temperature resistivitp (
substrates were grown by pulsed laser deposition using &0.012() cm), pronounced semiconductor-like behavior in
XeCl excimer laser. For ease of comparison, the two samplebe range of 300—255 K, and a semiconductor—metal transi-
were deposited at the same time in order to eliminate othetion at T,~255K. For the film on LAO, the resistivity de-
extrinsic factors. The laser energy density at the target wasreased by a factor of around two compared with the film on
~2 Jlent. The heater block temperature was 800 °C duringSTO, and theT, shifts to 261 K. TheT, values of our films

Il. EXPERIMENT
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3'0 4'0 5'0 6I0 70 according to Racet al’s report?* Note that in general the

T T T T TABLE |. Lattice parameters of LgCa MnOj; thin films on different
substrate materials in comparison to bulk sample values.
=lo
é i Out-of-plane  In-plane  FWHM of
% g lattice lattice (100),
ol parameter  parameter peak
~ Substrate Misfit (observed (calculated °)
LaAlO5(3.792A) -1.7%  3.893A 3.841A 0.188
SrTiO; (3.905 A) 1.2%  3.851A 3.862 A 0.235
g Bulk Lay Ca ;MnOz2 3.858 A
:‘LT gg aSee Ref. 33.
o __lL ‘»«./\‘\..,., Jb x50 The lattice parameteréhased on the single perovskite
& ° cell) of the two films and the corresponding bulk are listed in
= & Table |. The out-of-plane lattice parameter of the film on
g g & LAO, calculated from the least-square fitting of the observed
k= RS (002), reflections, is larger than the bulk cell parameter,
g while that of the film on STO is smaller than the bulk cell
I parameter. This indicates an influence of strain resulting
o ¢ from lattice mismatch with the substrate. Assuming that the
§§/ film is strained from the ideal bulk structure, which has a
ge volume of(3.858 A3 33 the in-plane lattice parameters of the
e} x50 (b) films (see Table)lcan be calculated. For these films with the
l\ bttt thickness of~170 nm, such an assumption is reasonable
0

N

perovskite unit cell volume in LCMO films is not conserved,
26 (degree) i.e., the unit cell volume of the films and its distortions may

FIG. 2. XRD patterns of the LCMO films grown da) (001) LAO, and (b) not be the same as those of the bifik. .
(001) STO substrates. The peaks of the films are indexed based on the It can also be seen from Fig. 2 that the (106flection
pseudo-cubic perovskite unit cell, denoted by subscript of the film on STO is remarkably broader than that for the
film on LAO. The measured full width at half maximum
(FWHM) of the (100), peak in the XRD patterns for the
films on LAO and STO are-0.188° and 0.235°, respec-
=0.3) films deposited on LAO by magnetron sputtefing. t|v_ely, as sh_own m_TabIe . This suggests an increased mo-
I ) o saic spread in the film grown on STO owing to the formation
The transition temperature for the film on LAO is higher . . ) .
. . o . of mixed domains of110] and [001] orientations, as con-
than that for the film on STO. This observation is conssten}. .
) . 13132 . irmed by our TEM observationsee Sec. I
with previous reporté!3+32put the difference between the .
i : The surface morphology and growth mechanism were
two T, values for our films(only ~6 K) is much smaller | . . i 1 . .
than those reported valués-35 K). These differences may also studied using atomic force mlcr.osc:ﬁzy M). Figures
: 3(a) and 3b) show the typical AFM images of the LCMO

be due to the different experimental details and mlcrostruc];”mS grown on LAO and STO, respectively. For both films,

tures between the films in this study and in previous studiesém island arowth surface morohologv was observed. The av-
The XRD patterns of the films grown on LAO and STO 9 P gy '

are shown in Figs. @ and 2b), respectively. For the erage grain sizes in the films on LAO and STO a&0 and
LCMO/STO film, the only peaks observed in tde26 scan 100 nm, respectively. The peak to valley surface roughness

~ 2 1
are from the substrate, and the fi(@L.0) and/or(002) reflec- of 29.2.nm was observed over q4n” area for the film on
. . ) o LAO, while ~23.9 nm for the film on STO. The root mean
tions. Even if the intensity is increased by a factor of 50, no

square(rms) roughness of the films on LAO and STO are
other peaks can be seen except a very weak and narrow pea . T
~3.8 and 3.2 nm, respectively. The surface roughening is

at 29=41.9°. Because the splitting between 1140 and due to strain relaxation and island growth rather than the

(002 reflections of the orthorhombic LCMO is too small to articulates aenerated during the arowth procedure. since
be resolvable, the peaks of the films are indexed based on 158 9 g 9 P '

) . . . : . very few loose particles or boulders were found at or near the

single perovskite unit cell. In this article, the subscrit . .
) . X ' surface. These results are in agreement with our cross-
denotes the pseudocubic perovskite unit cell. For the film on =~ . . .
. . sectional TEM observation, as discussed in Sec. 11l B.

LAO, it can be seen from Fig.(3) that several very weak

reflections appear até2=31.96°, 36.14°, and 61.82°, in ad-
dition to the strong reflections from the substrate, and th ]
LCMO film (110 and/or(002). These weak and broad peaks 1- LCMO film on LAO

are lower than thd, value of 290 K reported on LCMQ(

eB' Secondary phase, interface and defect structures

cannot be indexed with the orthorhombic LCM&ee JCPD Figure 4a) shows a low-magnification cross-sectional
No. 44-1040 and No. 35-1353ndicating the existence of a TEM image of the LCMO film grown on LAO. The SAED
small amount of secondary phases in the film. patterns recorded from the cross-sectional TEM specimen, as
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(a) R
FIG. 4. (a) Low-magnification TEM image showing the cross-sectional
structure of the LCMO/LAO film. The growth-induced nonstoichiometric
secondary phase can be seen at UVYW and GH in LCMO layer. Arrows
indicate thec direction of individual orientation domains and a ring with a
cross in it shows the end of an arrow normal to the imdbg;(c), and(d)

are corresponding SAED patterns taken from three different areéa.in
Pattern(b) was taken from an area including the v-shaped UMWY from

an area surrounding the rod-shaped GH, @hdrom an area to the right of
the GH. Patterngb) and(c) are indexed based on the single perovskite cell.

Note the double diffraction spots around the (0&nd (101} reflections.

the element ratio La:Ca:Mn:O at the secondary phase rods is
about 0.8:0.2: 1.0:3.07, assuming that the film matrix is sto-
ichiometric. Note that the measured element ratio is not the
real chemical composition of the secondary phase, since it
does not penetrate through the entire thickness of the cross-
) sectional TEM sample. However, it is sufficient to indicate
100.000 nm/div .. . .
(b) 20.000 nn/div the general trend of the deviation of the chemical composi-
tion of the secondary phase from the stoichiometric compo-
FIG. 3. AFM images of the LCMO films grown of@ LAO, and(b) STO.  sijtion. Extensive EELS microanalysis indicates that almost

X
2

shown in Figs. &)-4(d), indicate that the LCMO layer is 140 . . § .

grown epitaxially on LAO and is multidomain oriented. Re- L

garding the crystallographic domain structure formed in the 1204 - L

film, this will be discussed in Sec. Ill C in more detail. It may g k2

be noted that numerous thin-wire shaped secondary phase§ 100 4 ' oK

are formed in the film after a thickness of about 25 nm and s s a)

their diameters are about 10 nm, as shown in Figl.ome £ g5 \|Ca-Ly, i

of them are v-shaped such as that marked by UVW in Fig. 3 1 (0)

4(a) whereas others are rod shaped such as that marked tQ 4, | i e L
o QO 450 500 550 600 650 700 750 804

GH. The presence of moirkinges at the secondary phase 3

rods indicates that they are buried in the matrix of the film. g ;|

The average spacings between these secondary phase rodsg

about 100 nm and thus the density of these rods is relatively®-
high, although very few originate at the interface with the

substrate. 0 . : . :
EELS microanalysis indicates that the secondary phase 400 600 800 1000 1200
rods are nonstoichiometric. Figuregab and Fb) show Energy Loss (eV)

EELS spectra acquired from the film matrix and the second-
ary phasesy respec“vely, Where the CZ%TLO_K, Mn_L2 3 FIG. 5. EELS spectra obtained frO('H) the matrix of the film anc(b) the

_ . : . econdary phase GH in Fig(a}. The inset shows the corresponding EELS
and La M1,5 edges are in the displayed energy loss region. IIzpectra of O—K and Mnk, ; edges. The ratio of the integrated intensities at

can be seen _that_ the CQTiLed_ge _Of Fig. 53) iS_ m_UCh eSS the near-edge regioris,:lo:lyn:lLa is ~2.0:2.2:1.3:1.0 for spectrurta)
intense than in Fig. ®). Quantitative analysis indicates that while it is about 1.2:2.0:1.1:1.0 for spectruf).
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all the secondary phase rods in the film have a similar devia- R P S T Y %8,
. . .. .. . . N AN 5 v N
tion of chemical composition from stoichiometric. Fine A BB B

structures at the near-edge region reflect the density of states
in the valence band. The three fine peaks observed in the
O-K edge of LCMO indicate three valence states located
below the edge of the conduction band. No remarkable dif- 2 )
ferences can be seen from the fine structures of O—K or ; s
Mn-L, ; edges between the secondary phase rods and the
film matrix, as shown in the inset of Fig. 5.

The rod-shaped grains are oriented near[th@l]. di- ; ; 3

rection(nearly 45° to the substrate surfacas shown in Fig. y
4(a). Figure 4d) shows the SAED pattern taken from the *1 3
right-hand side of the rod GH and it is th&10] pattern for ) 4nit

orthorhombic LCMO. The SAED pattern taken from an area (a).iu
including the secondary phase GH is shown in Fig) 4This
is a multidomain pattern and the (1Q0and (001) labels
just indicate reflections of the typel00,.. The precise in-
dexing should depend on domain orientatiofzee Sec.
[1C). In fact, the superlattice reflection 1/2(1Q0h Fig.
4(c) can be indexed as th@01) reflection of the/110] pat-
tern for orthorhombic LCMO[see Fig. 4d)] and the
1/2(101). as the(100) reflection of thg 001] pattern. Besides
the primary reflections of LCMO matrix, many weak and
regularly arranged spots are visible in FigcYand they
originate from the rod-shaped secondary phase, and from the
double diffraction between it and the matrix. When dark field
images were taken with the spots indicated by arrowheads,
these rods showed bright contrast. The mdiiege pattern
of the rod GH consists of two sets of parallel fringes, as
shown in Fig. 4a). One is nearly along thgl01], direction
and the another alor{d00].. The moirefringe spacings are
in excellent agreement with the double-diffraction pattern in
Fig. 4(c). Two of the reciprocal space basis vectors of the rod = =
are 3.29 nm* and the angle between the two is 90°. This i = TR
means that the rod has at least two sets of planes. Their o 2
interplanar distances are0.304 nm and the included angle
between them is 90°. The presence of crossed translational
moire patterns at GH suggests that the rod is perfectly (b) -
aligned with the film matrix, as confirmed by our HREM
observation. Figure (@) shows the HREM image of the GH FIG. 6. (@ HREM image at the secondary phase GH in Fig) 4along with
rod. The Fourier transform of the image, shown as an inset gfe corresponding Fourier spectrum shown as an iflsean enlarged im-
Fia. xhibits the presence of double-diffraction s otsa_lge of GH at its ear_ly stage of formation. Arrows indicate cthlxls_dlrec-

g 6a), e p - POtSiigns of orthorhombic LCMO. Note the presence of a srf@lll] oriented
around the primary reflections (1Q1and (10).. They also  domain below GH.
surround the direct beam, although they are hidden in the
flare from that beam in Fig.(4).

The two SAED patterns shown in Figgbtand 4c) are  TEM image at the beginning stage of the growth of the GH
similar. The difference between them is that diffraction spotsod in Fig. 4a) and no apparent interface reaction can be
coming from the secondary phases and double diffraction iseen. A perfectly epitaxial layer with a thickness of about 25
Fig. 4(b) are elongated along different directions. It can alsonm is formed from the substrate—film interface. This sug-
be seen from Fig. (@) that complex(including translational gests that the ideal epitaxy is preserved only within about the
and rotationgl moire fringes are present at the secondaryfirst 25 nm. The LCMO film on LAO grew layer-by-layer in
phase UVW. These demonstrate that the v-shaped secondahe initial stage up to about 25 nm and changed to island
phase is not perfectly aligned with the film matrix and its growth, indicating a Stranski—Krastanov growth mode.
lattice orientations are different from one part to another. Clearly, those weak peaks in the XRD pattern of Fig.

More importantly, however, almost all of the secondary2(a) come from the secondary phase rods shown in K. 4
phase rods do not originate at the film—substrate interfacé&)ur EELS microanalysis suggests that the secondary phases
but at a depth of 25—35 nm in the film and penetrate to theseem to be LaMn@. 5,LaggMng 103, 5, Or similar phases.
film surface. The thin layer below a thickness-e25 nm is  These compounds do not have the two sets of planes with the
almost free of such rods. Figurgby shows an enlarged interplanar distance 0f0.304 nm and the included angle of
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FIG. 7. Cross-sectional HREM image of LCMO/LAO interface showing the
nonreactive and coherent growth of LCMO. Dislocatighsare seen at the
interface at an interval of-27.7 nm. The inset is an enlarged image of a
dislocation.

90° 2 however, which was found by analysis of SAED pat- g . -

terns. Although the identity of the nonstoichiometric phase
remains to be determined, the formation of such secondary
phase rods can be attributed to relieve compressive stress in
the plane of the film during the Stranski—Krastanov growth
(see discussion in Sec. IVA L
Dislocations are usually produced at the interface to par-
tially relieve the strain due to lattice mismatch between the
film and substrate. Figure 7 shows a cross-sectional HREM
image of the LCMO/LAO interface. The interface is atomi-
cally sharp without secondary phase or chemical reaction.
Strain fields associated with interface dislocations are ob- (d)]
served. The edge-type dislocations are created at the LAO
side in order to match the constr_amed lattice and they ARG, . (a) Low-magnification TEM off-axis image showing the cross-
separated by~27-29 nm. The distance between the twOsectional structure of the LCMO film grown on STO, along with the SAED

adjacent interface dislocations is expected to be patterns taken from(b) both the LCMO layer and STO, an@) the STO
substrate|d) cross-sectional TEM on-axis image of the LCMO/STO film,
D=d;d,/(d;—d5), (1) along with the corresponding SAED pattern shown as the inset. Arrows

i . . indicate thec directions of individual orientation domains. Note that the two
whered; andd, are the interplanar distances of the film and regions shown ira) and (d) are very close but the former is much thinner

the substrate, respectively. If we assume the two lattices tthan the latter. The SAED patterns are indexed based on the single perov-
be completely relaxed. the mismatch is abeutl.7%. re- skite cell. It can be seen frorta) and (d) that secondary phase rods are

- . o . " initiated at the film—substrate interface.

quiring one interfacial dislocations every 22.1 nm spacing. In
reality the mean separation of the interfacial dislocations is
found to be~27-29 nm. This means that a small part of the

mismatch is adopted by elastic strain. presence of superreflections 1/2(001)1/2(100)., and

1/2(101). is due to the mixed domain orientations of the
) orthorhombic LCMO. In addition to the primary reflections
2. LCMO film on STO and super reflections, a few relatively intense spots and many
Numerous secondary phase rods are also formed in theeak spots are visible in Fig.(l® and they belong to the
LCMO/STO film. Unlike the LCMO/LAO film, almost all secondary phases. When dark field images were taken using
rods observed were initiated at the film—substrate interface ithese spots, not all parts of the secondary phase rods became
the case of STO substrate. Some of them penetrated the eoright at the same time, i.e., some parts of the rods were
tire thickness of the film, and the others ended in the bulk obright when a dark-field image was taken using one spot
the film. Figure 8) shows a low-magnification cross- whereas they became dark when using another spot. This
sectional bright-field TEM image of the LCMO/STO film. indicates that the rods do not have the same crystal structure
Figure 8b) is a SAED pattern taken from the LCMO film and the same crystal orientation.
and STO substrate, whereas Figc)8is that of STO sub- The thickness of the film is-170 nm and the film sur-
strate. The lattice mismatch between the LCMO and STO isace is rough, as shown in Fig(e88. The average grain size
so small that the splitting between the reflections of STO andnd the peak-to-valley surface roughness are about 100 and
LCMO is hardly seen in the SAED pattern of Figh® The 20 nm, respectively. These results are consistent with our
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250 T - - T T T T T 9 shows the corresponding fine structures of JLO-K
‘ and Mn-L, ;3 edges. The three fine peaks observed in the
O—K edges of indicate three discrete states located below the
23 edge of the conduction band. No remarkable differences can
be seen from the fine structures of O—K or Mpsledges
between the secondary phases and the film matrix. However,
a remarkable change of the Ti-b edges can be seen in the
EELS spectrac) and (d) in Fig. 9. Ti-L, 3 edges have also
been detected in the EELS spectra acquired from rod B and
even the matrix of the film, but they are very wepdee
curves(b) and(a) in the lower figure of Fig. § Another fact
is that the O—K edges in spectfe) and (d) of Fig. 9 are
more intense than those in specte and (b). The EELS
spectra in Fig. 9 were analyzed. The analysis result shows
0 that the element ratios La: Ca:Mn:O at B, C, and D are
300 400 500 600 700 800 900 1000 1100 0.7:0.25:1:2.6, 0.65: 0.35:0.89:5.1, and 0.61:0.39:0.70:3.9,
respectively. It was assumed that the matrix of the film was
stoichiometric.
T T T ' T T ' Both the rods C and D in Fig.(8) are originated at the
Mn-L same point at the film—substrate interface, so it is natural that
they have the identical derivation trend of element ratio, i.e.,
Mn deficient and O excess. Mn in C and D was partly sub-
stituted with Ti coming from the substrate. At such high
deposition temperature800 °C, the interfacial diffusion be-
tween STO and LCMO is likely to be significant. Since D is
closer to the interface than C, more Mn in D was substituted
with Ti. Thus, the Ti-l, ; edge in the EELS spectrum ac-
quired from D is relatively intense, as shown in FigdQ In
contrast to rods C and D, only a small amount of Ti appears
in rod B and its composition is close to stoichiometric. A
slight Ca deficiency in B suggests that the Ca may have been
partly substituted for by Sr from the substrate.
. . : . : ' . The lattice structure of rod B is different from those of C
450 500 550 600 650 700 750 and D. Figures 1@ and 1Qb) show the HREM images of
Energy Loss (eV) rods B and D displayed in Fig.(8), respectively. It can be
seen from Fig. 1@&) that rod B preserves the fundamental
F'Gt-_9- fEE:SﬁISnlie;ttft?] :C%lgi;?:nffniggggfbdiffi?& egjigo?; irnog(g)izi)d perovskite structure but is rotated by8° with respect to the
Eg‘;‘ :Ic):doD. The lower fi%ure shows the )(/:orrésponding; EELS sioectra otmatnx o,f the film. A very thin dlsgrdered I,ayer at the Ir_]ter_
Ti-L, 3, O—K and Mni,; edges. face exists between B and the film matrix. The atomic ar-
rangement of rod D is very disordered, as shown in Fig.
10(b), and rod C is even more disordered than D. Clearly,
previous AFM observations. It is of interest to note in Fig.rods C and D do not have a perovskite structure. Note that
8(a) that the secondary phase rods are usually at the positioriee oxygen contents of C and D are much higher than that for
of grain boundaries if they can grow to the film surface.  the ABQ; structure.

Figure 8d) shows a cross-sectional TEM image of the Since almost all of the secondary phase rods are initiated
LCMO/STO film. The inset is the corresponding SAED pat- at the film—substrate interface, it is necessary to examine the
tern recorded from the LCMO layer, in which the amorphousinterfacial structure in detail. Figures @ and 1@d) show
ring is partly due to the glue above the film layer. The thick-HREM images of the interface at E in Fig(d3, and an
ness of the secondary phase rods ranges from 8 to 12 nnmterface where no apparent secondary phase is seen, respec-
close to the diameter of the wire-shaped secondary phagively. Rod E is obviously initiated at the LCMO/STO inter-
formed in the LCMO/LAO film. The contrast of these rods is face. Although it is highly distorted and not aligned with the
discontinuous. Moirdringes can be seen occasionally at thematrix of the film, the initial five unit-cell layer seems co-
rods, indicating that the width of the rods is not uniform. herent with the STO substrate. The LCMO film is perfectly
Sometimes it can be larger than the thickness of the TEMoherent with the STO substrate at the interface where there
specimen(~25 nm. is no apparent secondary phase, as shown in Figl).1De-

In the case of the LCMO/STO film, interfacial reaction fects, such as dislocation or stacking faults, are rarely seen.
and elemental diffusion occur. FiguregaB-9(d) show the The interface is not sharp, however, possibly due to interfa-
EELS spectra acquired from the positions marked by A, Bgial reactions during deposition. Not only was no significant
C, and D in Fig. &), respectively. The lower figure of Fig. tetragonal deformation for the whole film detected by XRD
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FIG. 11. Schematic diagram showing six possible orientations of epitaxially
grown LCMO thin films on th€001) substrates of LAO and ST@onsulted
that for STRuQ@in Ref. 36. Note that while the pseudocubic perovskite unit
cell of LCMO is drawn, the cell directions are indexed based on the ortho-
rhombic unit cell.

Type X: LCMO(llQ[OOl]//LAO or STO(001)[100],

Type X': LCMO(110)[001]//LAO or STO(001)[100],
(b 3 Type Y: LCMO(llQ[OOl]//LAO or STO001)[010],

FIG. 10. HREM images at four different positions in Figdg (a) B, (b) D Type ME LCMO(llO)[OOl]//LAO or STQOOl)[OlO],
(© E, and (d) the film—substrate interface where no apparen’t secc;ndary Type Z: LCMO(OO:D[J-]-Q]//LAO or STO001)[010],
phase is seen. Type Z: LCMO(00D[ 110]//LAO or STO(001/[010].

Among the six types of domains in LCMO, X(X Y(Y'),
(see Table), but also no significant tetragonal deformation 2nd Z(Z) type domains can be distinguished by means of

could be found from HREM images close to the LCMO/STO ' EM: whjle the difference between the (¥ or Z) and X'
interface. (Y" or Z') is not distinguishable due to the pseudocubic

It seems. therefore. that there are at least two kinds 0(Fharacteristic of the LCMO structure. In the present work,
secondary phases in the LCMO/STO film. One is representetf€ ©nly classify the domains in three different types v,
by rods D and C, and the another by rod B. Titanium wag"d 2- In fact, the three types of domain orientations corre-
diffused into the film mainly along the secondary phase rogsSPond to three possibteaxis directions of the orthorhombic

such as C and D, while Sr diffused along rods like B in Fig.LCMO’ i.e., thep ax_is of LCMO is parallel to th_e{lOO],
8(d). This would be a reasonable suggestion since it is well010: or [001] direction of the substrate, respectively. The

known that grain boundary diffusion coefficients ar@00— domains with Fhe orientation reIati_onships of X or Y type are
1000 times faster than the self-diffusion coefficients in thec@/!€d[110] oriented and those with Z type are callg1]
bulk3® The misfit between the substrate and the film is re-0fiénted, since theif110] and[001] axes are perpendicular

laxed into regions of good coherent fit separated by thest the substrate surface, respectively.

secondary phases. In fact, the secondary phases act as weak- Because of the systematic absence ofn)0Qn=odd
link grain boundaries. integey and the degeneracy af;;o and dyg, spacing in the

orthorhombic LCMO, it is impossible to distinguish from
normal XRD 6-26 scans whether the film igL10] or [001]
oriented or a combination. This ambiguity can be easily re-
The characterization of crystallographic domain struc-solved by using electron diffraction and HREM. Figure 12
tures in the LCMO films is important for studying magne- shows the HREM image of a region across a 90° domain
tism, particularly magnetic anisotropy, in these films. In thisboundary in LCMO thin film. The boundary is marked by a
section, interest is focused on the film orientations with re-dashed line. The arrows denote ttexis directions of indi-
spect to the substrates LAO and STO. The LCMO is a disvidual domains. The typical domain boundaries observed in
torted perovskite with a pseudo-cubic lattice parameter of CMO films are 90101}, type. It can be seen that the same
a.=0.3858 nm. The tilting of the Mngoctahedra results in type of element meets at the interface. Note that the HREM
an orthorhombic structure with the space groupPafma  image along th¢001] direction shows a clear doubling pe-
and the lattice parameters af-b~v2a, andc=2a,.?® riodicity in one (MnQ) layer out of two, as shown in the
When LCMO is epitaxially grown on &01) LAO or  lower-right-hand side of the image. A cubic-like structure
STO substrate, six possible domain orientations can coexistith ¢ axis in the line of sight can be seen from the upper-
in one LCMO thin film, as shown schematically in Fig. 11. left-hand side of the image. The insets correspond to the
For clarity, the pseudocubic perovskite unit cell of LCMO is Fourier transformations of the two domains. Except for dif-
shown in the figure with orthorhombic indexing of the unit- ferences due to a few weak reflections, the two Fourier spec-
cell directions. The six possible orientation relationships betra are identical and they can be indexed wji@®1] and
tween the LCMO film and substrates can be described as: [110] patterns of the orthorhombic LCMO, respectively.

C. Crystallographic domain structures
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LAO is mainly [110] oriented and small001] oriented do-
x mains appear occasionally.
The film grown on STO consists of mixed domains of
the [110] and[001] orientations. The SAED pattern of Fig.
8(b) consists of at least three patterns of the LCMO super-
imposed. It can be seen that the 1/2(Q0%pot is much
. stronger than the 1/2(104pr 1/2(100). spot in this pattern,
X 2,m0 S suggesting that the region of the film shown in Figa)8s
’ ,_v'vi-__'e dominated by thg¢001] oriented grains, in agreement with
> e - our HREM results. Now the regions shown in Figé&d)8and
? 8(a) are very close together, but the SAESee the inset of
>~ Fig. 8d)] and HREM experiments demonstrate that the area
surrounding the secondary phase rods B, C, D, and E in Fig.
8(d) is dominated by th¢110] orientation. The secondary
. phase rod F in Fig. @) acts as a 90° domain boundary. The
left-hand side of F i$110] oriented and the right-hand side
= [001] oriented. Near the secondary phase rod G in Fid) 8
oy several smal[110] oriented domains of the size20 nm are
N RS, formed in the matrix of001] orientation. Extensive SAED
.-333.5‘"‘“' and HREM experiments were carried out in the cross-
Te: ;f;"'; sectional LCMO/STO sample. It was found that {f@91]
orientation is dominant in this film.
FIG. 12. HREM image of a region across a 90° domain boundary in LCMO In order to understand the 90° domain structures present
thin_ film§. The b_our)c!ary is mark_ed byad_ashed line. Arrowheads denote_thpn the LCMO films, the films were also examined in plan
¢ directions of individual domains. The insets correspond to the Fourier . . .
transformations of the two domains. Note that HREM image alon§Gt] view, i.e., with the electron beam normal to the substrate
direction shows a clear doubling periodicity, as shown in the lower-right-Surface. Figures 18) and 13b) show the plan-view TEM
hand side of the image. A cubic-like structure withxis in the line of sight images of the LCMO films grown on LAO and STO with
can be seen from the upper-left-hand side of the image. their electron diffraction patterns inserted, respectively. The
diffraction patterns in Fig. 13 confirm that the films contain

Thus, the orientation of thE001] axis can be easily deter- multiple orientations, as discussed earlier. The inset in Fig.
minet’i based on Fig. 12. 13(a) is a superimposition of at least twWa10] zone SAED

Based on our SAED and HREM experiments, it washatterns rotated around the zone axis by 90° with respect to

found that both LCMO films grown on LAO and STO con- °"€ anotk_ler. The super _reflection 1/2(]?1@)too weak to be
sist of domains with different orientation relationship with S€€N- This means that in the LCMO film on LAO the two

respect to the substrates. The SAED patterns of Figy. 4 YPes of domains, i.e., X and Y type, are rotated around the

and 4c) consist of at least two patterns of the LCMO super-9rowth direction with respect to each other by 90°. The do-
imposed (see insets of Fig. 12 indicating that the film Main boundary planes visible in the image of Fig(a3are

grown on LAO contains variants of tHe10] oriented do- "€@rly edge on and are di10;; planes when indexed ac-
mains with thec axis parallel to the substrate surface. A ¢0rding to the pseudocubic unit cell. In the case of the
close look at the image of Fig(@ shows that both charac- LCMQ/STO film, the diffraction pattern taken in plan-view
teristics of HREM images shown in Fig. 12 can be seerfonsists of two[110] and one[001] zone SAED patterns

alternately from domain to domain. Theaxis directions of ~SUPerposed, as shown in the inset of Fig(bl.3Moreover,

different domains are indicated as arrowheads. It is of interfh® Super reflection 1/2(110jn the pattern is much more

est to note that sometimes the secondary phase rods act I3i€nse than that in the inset of Fig.(a8 This confirms that
domain boundaries, for example, VW and GH in Figa)4 three types of domains are formed in the film on STO and
Very small[001] oriented domains were observed occasion-the volume fraction 0f001] oriented domains in the film on

ally in the LCMO/LAO film. They were usually formed be- ST1O iS much higher than that in the film on LAO, as dis-
low the bat-shaped rods, as shown in Figh)6 Here the cussed previously. Most of the boundaries visible in the im-

small [001] oriented domain is very close to the substrate—29€ Of Fig. 180) are along{100}. directions and they are
planes which are the boundaries between

film interface and its size is about 10 nm. It was also ob-Probably in{10%}. _
served that such smalD01] oriented domains below bat- [001] and[110] oriented domains.

shaped rods can be far away from the film—substrate

interface(~30 nm). This demonstrates that the formation of |v. DISCUSSION

such small[001] oriented domains is mainly related to the AG h hanism f q h
strain field close to the ends of the secondary phase rods: rowth mechanism for secondary phases
Extensive SAED experiments were carried out in cross- The formation of Ca-deficient secondary phase rods in
sectional view. It was found that the SAED patterns takerthe LCMO/LAO film can be attributed to relieve compres-
from different areas are similar with the patterns in Fig. 4.sive stress in the plane of the film during the island growth.
Therefore, it can be concluded that the LCMO film grown onAfter a perfectly epitaxial growth of the first 25 nm, LCMO

X
. r‘.':‘
A

L &

-
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than that of the secondary phase. This may imply that the
initial oxygen deficiency in the islands was caused by the
local stress field, which tends to favor structure with a
smaller lattice parameter and thus a lower oxygen content.
In the case of the STO substrate, however, LCMO is-
lands were under an in-plane tensile stress, which can be
relieved in part by replacing less Liions (<30%) by Ca'"?
ions. This may lead to a decrease in the Ca/La ratio of the
islands as compared with the space between islands. There-
fore, in such a thick film, many Ca-excess secondary phase
rods would appear at grain boundaries. Note that a slight Ca
deficiency in rod B in Fig. &) suggests that C& ions in B
were partially substituted with $f ions coming from the
substrate. It was also found that Ti was mainly diffused into
the film along the rods. Possibly due to such diffusion of
elements, almost all of the secondary phase rods originated
at the LCMO/STO interface. Because*3ris larger than
Ca'? and Ti*® (or Ti*% larger than MA3 (or Mn*%), the
interfacial reaction and element diffusion can effectively re-
lieve the in-plane tensile stress. In addition, the higher oxy-
gen content of the rods may also play a role to relax the
stress in the film. In this way, the misfit between the sub-
strate and the film is relaxed into regions of good coherent
fits separated by these secondary phases.

B. About the formation mechanism of domain
structures

The LCMO films have mixed orientations, and different
domain structures appear on the LAO and STO substrates.
Considering the orthorhombic LCMO as a pseudocubic
structure, the crystallographic axes for the call, b., and
c. are 1/2110], 1/24110], and 1/2001], respectively. Since
the pseudocubic parameters are essentially identical in the
magnitude, it would be difficult to understand why {H€.0]
orientations should grow preferentially on LAO ap@01]
preferentially on STO if only the lattice parameter mismatch
between the film and substrates is considered.

It may be noted that the angle between[11D] and

, . N 1/2[1?0] of the LCMO is 90.04° while the angle between
FIG. 13. Plan-view TEM images and electron diffraction patterns of the . o
LCMO thin films grown on(a) (00DLAO, and (b) (00DSTO. both the vectors to.1[201] is 90 . At room temperature,
LAO has a perovskite structure with a slight rhombohedral
distortion @=0.3788nm,a=90°4"). LAO experiences a

islands were nucleated at random and under an in-plane corfhase transition from a rhombohedral to a cubic structure
pressive stress. Such a stress can be relieved in part by adop@=0.381nm) at 435°C! SrTiO; has a cubic perovskite
ing a structure with a smaller average unit cell. This can bestructure with the space group Bim3m and lattice constant
achieved by replacing more 3 ions (>30%) by smaller of a=0.3905nm>® As is well known, the domains in the
Ca'? ions (La™® has a radius of 1.02 A, whereas Ga LCMO films are not necessarily formed during film growth.
0.99 A). Such a substitution simultaneously introduces alsdistorted (orthorhombig perovskites usually undergo a
Mn*4ions instead of MiA® and thus decreases somewhat thephase transition to a more symmetric structure at elevated
size of MnQ octahedra centered on Mhions. An effective  temperature. For bulk LCMO, differential thermal analysis
elastic interaction results between @aons and the stressed data indicate a phase transition around 508®*Qyhich
layers in the islands. This may lead to a relative increase imakes it likely that, also in films, the structure at the growth
the CallLa ratio of the islands as compared with the spacemperature is different from the one at low temperature. In
between islands. The composition of such a thick film is thughat case, the domains could be formed during cooling of the
likely to be inhomogeneous and many Ca-deficient secondsample. It was found that strain state and domain structure
ary phase rods appear at grain boundaries. In addition, it wasxhibit a strong correlatiofi: Secondary phases would influ-
found that the oxygen content of the film matrix is lower ence the strain states in the films. Therefore, secondary

Downloaded 12 May 2004 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



4042 J. Appl. Phys., Vol. 88, No. 7, 1 October 2000 Lu et al.

phases in the films may play an important role to the formaJahn—Teller distortion will lead to a localization of electrons
tion of domain structures. and reduceT;. In contrast, for the film on LAO we see
Presently, the formation mechanism of the observed 90higher T,. This agrees with Raet al’s result: while both
domain structures in our LCMO films is not yet clear. It is T, and strain states exhibit a strong thickness and substrate
interesting to compare our results with previous reportsdependence, no clear correlation between the strain states
Aarts et al?® deposited Lg,CaysMnO; films on STO by andT, could be madé? It was suggested that inhomogeneity
sputtering. The LCMO film with a thickness of 5 nm is pure and disorder in the films were responsible for the lack of
[001] oriented. Mixed domains dfo01] and[110] orienta-  correlation. Our microstructure study shows that nonsto-
tions were observed when the films were thicker than 30 nmichiometric secondary phases and orientation disorder indeed
Based on their grazing incidence XRD experiments, Raglay a role in influencing the electrical properties of LCMO
et al?! studied the evolution of crystallographic domain ori- films.
entations of the LgCa ,MnO; films grown by PLD on The difference in the crystalline texture of the films may
LAO and STO as a function of film thickness. It was found also affect the resistivity and@,, since the film on LAO
that very thin(<25 nm films grown on LAO exhibit a pure exhibits an almost purel 10] texture with 90° domains while
[110] out-of-plane texture with 90° domains in plane, while the film on STO has mixef001] and[110] textures. How-
those on STO show a singl801] orientation. As film thick-  ever, it is not clear whether the LCMO films containing 90°
ness increases, the pure domain orientations are replaced dgmains and mixed textures @01] and[110] have differ-
mixed ones, where botf001] and[110] oriented domains ent resistivity since LCMO has almost isotropic characteris-
coexist, with the amount of mixture increasing with thick- tics. Also the LCMO films by Racet al?! have different
ness. For their 100—200 nm thick films on LAO, the volumetextures compared with our samples, their films on LAO
fraction of [001] oriented domains is in the range of 58%— have mixed[001]/[110] textures. Hence, the differences in
69%. This result is quite different from our 170 nm thick the crystalline texture may not be the major factor determin-
film grown on LAO, whereg[001] oriented domains of-10  ing the differences in resistivity ant, .
nm size can only be seen occasionally. Such a large differ- Wang et al® reported low-field magnetoresistance in
ence cannot be explained based only on the difference of ther, ¢Sty 3IMNnO; ultrathin films and interpreted the results
chemical composition between their films and our film. Itbased on the strain-induced magnetic anisotropy and domain
may be related to differences in strain states. Raal?*  motion. The P§ .St 3dMnO; films show unusually large low
noted that the rapid in-plane lattice relaxation infield MR. In most cases, however, the domain motion pro-
Lag ¢Cay ,MnO; films on STO seems to be associated withduces very small magnetoresistafi2élowever, we believe
the initial appearance of thEl10] texture. Similarly, the that the secondary phase rods and defects observed in our
presence of mixed001] and[110] texture in our film on films can provide an explanation for the large MR related to
STO seems related to the almost complete in-plane relaxhe domain motion/magnetization. Pereg al** observed
ation, whereas a large residual in-plane compressive stresecklace-like grain chains in kgCa sMnO; films with
leads to almost purgl10] texture of our LCMO/LAO film.  large low-field MR. They suggested that the microchains
serve as weak-link grain boundaries and may enhance the
low-field MR response. The chains are likely to be secondary
C. Microstructure-property relationship phases similar to the rods observed in our films.

The transport properties of the two films can be ex-
plained based on the observed microstructures. We have o " CONCLUSIONS
served an in-plane compressive stress and a slight tensile
stress for the LCMO films grown on LAO and STO, respec- LCMO thin films with a thickness of~170 nm were
tively. In addition, our study shows that the interfacial reac-grown on (001) LAO and (001) STO substrates. The
tion and elemental diffusion have occurred in the film onsubstrate-film lattice mismatch causes changes in the micro-
STO, whereas there is no reaction in the film on LAO wherestructure of the films and can therefore influence their resis-
an almost perfect epitaxial growth is accomplished duringive and magnetoresistive properties. The LCMO/LAO film
the initial stage of the film growth. These can explain highershows a higherT, and lower resistivity than the film on
resistivity and lowerT, observed for the LCMO/STO film STO.
compared to the film on LAO, since the reaction layer be-  The microstructure§including strain state, surface mor-
tween LCMO and STO as well as secondary phase rods withhology, secondary phases, crystallographic domain struc-
Ti contamination have higher resistivity than LCMO and in- ture, interface, and defgctf both films were characterized
crease the effective resistivity of the sample. by XRD, AFM, TEM, HREM, and EELS. The film on LAO

Theoretical analysis predicted that tlig of CMR thin  is under a large compressive strain while the film on STO
films is extremely sensitive to biaxial str&h. This depen- under a smaller tensile strain. Both films exhibited an island
dence is qualitatively consistent with theoretical models ingrowth surface morphology. Numerous secondary phase rods
which the Jahn-Teller electron-phonon coupling plays arwere formed in both films and these act as weak-link grain
important role. Based on lattice parameter arguments alondoundariegand sometimes also as domain boundariEer
T, for our film on LAQ is expected to be lower than that for the film on LAO, almost all the secondary phase rods were
the film on STO. This is because the biaxial strain of the filmCa deficient and originated in the film after a thickness of
on LAO is larger than that for the film on STO and the about 25 nm and then grew to the film surface. A perfectly
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