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The evolution of three-dimensional strain states and crystallographic domain structures of epitaxial
colossal magnetoresistive § gCa ,MnO; films have been studied as a function of film thickness
and lattice mismatch with two types dD01) substrates, SrTiQand LaAlQ;. In-plane and
out-of-plane lattice parameters and strain states of the films were measured directly using normal
and grazing incidence x-ray diffraction techniques. The unit cell volume of the films is not
conserved, and it exhibits a substrate-dependent variation with film thickness. Films grown on
SITiO; substrates with thickness up t9250 A are strained coherently with a pure (0D1)
orientation normal to the surface. In contrast, films as thin as 100 A grown on Lashi@v partial
relaxation with a (110) texture. While thinner films have smoother surfaces and higher crystalline
quality, strain relaxation in thicker films leads to mixed (0D&hd (110) textures, mosaic spread,

and surface roughening. The magnetic and electrical transport properties, particularly Curie and
peak resistivity temperatures, also show systematic variations with respect to film thickness.
© 1998 American Institute of PhysidsS0003-6951(98)02848-4|

Since the recent discovery of the colossal magnetoresig-a, (Ca, ,MnO; (LCMO) films as a function of film thick-
tance (CMR) effect in epitaxial thin films of doped ness and lattice mismatch with substrates. The bulk-doped
LaMnO;,* there has been renewed interest in these materialhanganite LCMO is a distorted perovskite with a pseudocu-
for device application.The occurrence of CMR behavior pic |attice parameteral;) of 3.881 A. The tilting of the
has been attributed to the presence of lattice strain and disinO, octahedra results in a tetragonal structure with lattice
order in epitaxial films. It has been sho%at the CMR parametersag: b-lo—m\/jag and Cg: Zag In this work,
effect in epitaxial La_,CaMnO; (LCMO) films decreases Miller indices used for LCMO films are based on this tetrag-
with increasing film thickness and strain relaxation, confirm-onal unit cell, indicated by a superscript “T.” The tetragonal
ing the important role of lattice strain. More recently, Suzukidistortion enables one to distinguish between the
et a!.,4 O'Donnell et al.; and Kwonet al® have shown that  (110)"-oriented films, which are equivalent ¢b00) or (010)
strain also plays a dominant role in magnetic anisotropy ofn the pseudocubic perovskite unit cell, and the
LCMO and La7SipMnO; (LSMO) films. Milis and  (001) -oriented films, which are equivalent tg001)
co-workerd® have studied the effects of strain in LCMO pseudocubic perovskite, by using off-axis azimutttat)
films by measuring the out-of-plane lattice parameters ang-ray scans, similar to what has been reported for epitaxial
combining them with in-plane strains from calculations usingsrRug films.*! The ability to distinguish the two tetragonal
Poisson’s ratio, and by assuming coherence in the growtgrientations is crucial for studying magnetism in these films,
plane for films thinner than 150 A. particularly magnetic anisotropy.

In order to study the structural dependence of magnetic  The LCMO films were grown on(001) LaAlO; (a,
and electrical transport properties of these films, it is essen=3.792 &) and(001) SrTiO; (ag=3.905 A) substrates us-
tial to characterize the structures in terms of both in-plangng a pulsed laser ablation technique from a stoichiometric
and out-of-plane lattice parameters. Furthermore, the thingrget. The two substrates were used to provide two different
film unit cell volume and its distortions may not be the sameyypes of lattice mismatch for the growth of LCMO films,
as those of the bulk. Volume expansion or contraction_» 3704 with LaAlQ, (LAO) and +0.60% with SrTiQ
caused by epitaxy can be stabilized by partial cationsTQ). The operating pressure was kept at 400 mTorr of
substitutio! or oxygen nonstoichiometry. Films grown at oxygen with the substrate temperature held at 700 °C during
low temperatures and low oxygen partial pressure argieposition. The thickness of the films was varied from 100 to
known'® to be more susceptible to substrate constraints. 4000 A. Wavelength dispersive x-ray spectroscépyDS)

~ Inthis letter, we report studies of the evolution of three- confirmed that the composition of the films is the same as the
dimensional (3D) strain states, crystallographic domain target's within experimental error.
structures, and magnetic and transport properties of epitaxial The 3D strain states and lattice parameters were deter-

mined by normalf—26 and grazing incidence x-ray diffrac-
@Electronic mail: eom@acpub.duke.edu tion (GID) #—26 scans. For all the films studied, the only
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394 g from the growth temperature. It could also be related to the
< : (a) 4100 oxygen stoichiometry in the films.
g 3.90¢ in-plane ER In order to probe the strain relaxation processes in the
§ ; 86; . TTTTh “I‘EO'OO g films, evolution of crystallographic domain structures and
S bulk 3-1.00 2 textures were explored. Off-axi$ scans of nondegenerate
2 38F LaAlo — £ reflections, such as_(llT.l,)(113)T, and .(221;, were used
—~ £ ﬂ F2.00=2 to identify the specific out-of-plane orientations. From the
E YL S I P ratio of the integrated peak intensities between the (D01)
O 1000 2000 300043000 5000 and (110) reflections (yo/1110), the amount of (00T) or
3.92 e e c-axi_s dor_nains in the film was deter_mine(_;l, and the v_alues
2 E SrTiO3—l ] _ are listed in Table | as a function of film thickness for films
T390\ J0.50 & grown on the two substrates. For very thin films grown on
g E 1 £ STO, a purec-axis texture was observed. The observed in-
g 38E-AT - S - o om0 o000 & plane epitaxial arrangement is LCMO[110]" or
g F —i 1, 50'2 [110]"ISTO [100], and LCMO[110]" or [110]"ISTO
g 386 out-of-plane 17773 [010]. Very thin films grown on LAO, on the other hand,
Y T 31.00 exhibit a pure (110) out-of-plane texture with two 90° do-
01000 2000 3000 4000 5000 mains in plane, such that LCMQL110]" and[001]"ILAO

Thickness(A) [100], and LCMO[001]" and[110]"ILAO [010]. As film

FIG. 1. Film thickness dependence of the measured out-of-fitéaagles)  thickness increases, the pure domain structures are replaced
and in-plane(circles) lattice parameters and lattice strains of epitaxial hy mixed ones, where both (00Land (110J textures co-
LCMO films grown on(a) (001) LaAIO; and (b) (001) SITIO, substrates. ~ —qyiet \vith the amount of mixture increasing with thickness
The lattice parameters of the bulk material measured from the target and o? ! e . . . . 9 .

the substrate are indicated by the dashed lines. (see Table I). This finding is consistent with previous trans-

mission electron microscope observatiéhsthe observed
intensities observed in the normé-260 scans are from the Strain states and domain structures, as shown in Table I, ex-
substrate(001), and the film{00L}T and/or{110}" reflec- hibit strong correlation between each other, indicating that
tions. We note here that GID is a surface sensitive techniquél€y are linked directly. For instance, the observed strain

and that surface strain may not be the same as that of tHign change in films grown on LAO appears to coincide with
bulk of the film. the 50% domain mixture, and the rapid in-plane lattice relax-

The evolution of in-plane and out-of-plane lattice param-ation in films on STO seems to be associated with the initial

eters, and the associated strains as a function of film thickdPpearance of (116_)textures. _ _
ness for the two different substrates are shown in Fig. 1. As  Crystalline quality of the films was analyzed using the
expected, the observed lattice parameters for the thinne§teasured full width at half maximurtFWHM) of the on-
films exhibit the largest deviations from those of the bulk,aXiS rocking curves. For the 250 A films, the rocking curve
with the in-plane values at or near the substrates’. As filmFWHM for the sample grown on STO is 0.25°, which is our
thickness increases, lattice relaxation takes place; both irfDStrument resolution, and it is between 0.25° and 0.30° for
plane and out-of-plane lattice parameters tend to deviatfe Sample on LAO, which is limited by the twinned struc-
away from those of the substrates towards the bulk valudures of the substrate. As thickness increases, the rocking
The bulk values were obtained from our x-ray measurementUrves become broader, indicating an increased mosaic
on the target material.

The very thin LCMO films(<250 A) grown on STO TABLE |. Measured structural, electri(_:al transport and _magnetic data and
substrates are coherent, i.e., having the same in-plane lattic@MPuted Jahn—Teller and bulk strains for LCMO thin films @91)

s . LaAlO; and(001) SrTiO; substrates. The zero temperature resistivity inter-

parameter; as the_substrgtes .In gontrast_, films on .LAO SURE 0t (b0) gives an indication of the disorder in the film.
strates exhibit partial strain relaxation for films as thin as 100

A. The observed difference evidently arises from the differ- LaAlO, substrate
ence in lattice mismatch between LCMO and the two sub- 0 T T

. . 001/!110 p c Po €371 €B
strates. It is expected that LCMO films cannot accommodate )  (K) (K (a0 cm) (%) (%)

the large 2.37% biaxial compressive strain imposed by LAG

. . . . — —+ +
and they relax even for very thin films. The strain relaxation 4000 22 ;ig gi‘ll gg _82218'83 8'32;8‘22
processes are also different for growth on the two substrateS,gqy 55 241 222 520 -020+007 —0.20+017

Films grown on LAO[see Fig. 1(a)begin to relax at a very 750 43 240 225 484 0.070.16 0.21+0.35
small thickness as mentioned above, and they continue t&00 35 236 223 686 1.850.22 —0.06+0.53
relaxgradually. As the strains relax towards the bulk values, 250 0 223 203 1005 1.560.23 —1.06+0.54
they undergo a sign change near 750 A. In contrast, fims SITIO, substrate

grown on STQ[see Fig. 1(b)Exhibit a much more abrupt 4000 68 230 215 591 —0.45+0.03 —0.01+0.04
relaxation in the growth plane, such that the in-plane tensile2000 76 212 201 605 —0.32+0.11 -0.03*0.23
strain relaxes between 250 and 500 A. We note that the?®0 76~ 207 194 819  —0.53+0.03 -0.37+0.06

bserved behavior, particularly the sign change in strain in " 205 198 878  ~053+0.1 ~052+0.23
0 . P y the sign | 9 500 87 202 188 1567 —0.67+0.07 —0.39+0.17
LCMO/LAO films, may be due to differential thermal expan- ,gq 100 200 188 1731 -1.16+011  0.79+0.21

sion between LCMO and the substrate during sample cooling
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395 ey tronic hopping amplitude by decreasing the Mn-O bond
2 500F: LOMOLAO 31.00 length while increasing the M-O-Mn bond angle>16 all

g F 3 & leading to al. increase. In contrast, the Jahn—Teller distor-
= 385k 34000 £ tion will lead to a localization of electrons and redutg.

z ssoF LCMO/STO bulkj-; § However, the lack of correlation between the strain states
S TR 1100 andT(T,) shown here suggests that the transition tempera-
E 573 :5_2.00‘1’ tures are also influenced by other factors, such as inhomoge-

57.0F i i neities and disorder in the film.

0 1000 ZTO&(Zkiggso( ;{4)000 5000 In summary, we have studied the evolution of 3D strain
states and crystallographic domain structures of epitaxial
FIG. 2. Film thickness dependence of the perovskite unit cell volume and CMO films as a function of film thickness and lattice mis-
bulk strain of epitaxial LCMO films grown ofD01) LaAIO, (triangles)and - match. We show that observed strain states exhibit a system-
(001) SrTiO; (circles) substrates. The cell volume of the bulk material is _,. . . .
indicated by the dashed line. atic, substrate-dependent change with respect to film thick-
ness, and that the unit cell volume is not conserved. While
) ) ) magnetic and transport transition temperatures also show
spread owing to the formation of the leE(@Ol_)T and  strong film thickness dependence, they do not show correla-
(110)" textures. For the 4000 A films, the rocking curve tion with strain states. Certain key questions, such as the
FWHM is ~0.97° on LAO, and it is~0.78° on STO sub-  ¢rigin of the observed domain structures, strain states at the
strate. Surface morphology was also studied using atomi@rowth temperature and at., and all factors that control
force microscopy. While the thinner films have smootherTc, still need to be addressed, but the 3D strain states pre-
surfaceqe.g., root mean squak®MS) roughness of-6 A santed here give an important first step towards elucidating

for a 250 A film], the thicker films are roughe{e.g_., RMS  the magnetic and magnetotransport properties of CMR thin
roughness of-35 A for a 4000 A film)due to strain relax- jms.

ation.
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