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Crosshatching on La,sCa,sMnQOj; ultrathin films epitaxially grown on SrTiO3(100)
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The morphological evolution in LagysCagsMnO5/SrTiO5(100) ultrathin films has been revealed by atomic
force microscopy. It was found that ordered linear defects, which are in 1-2 unit cells high and oriented along
the cubic [110] and [100] directions, first appear on the smooth surface of films with a thickness of 10 nm. As
the epitaxial growth proceeds, these lines on surface develop into a crosshatch pattern for films with a thickness
of 25 nm. Using the results of transmission electron microscopy and electrical measurements, we discuss the
interplay between the surface pattern formation, the internal dislocation structure, and the variations in the

electrical properties.
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In depositing material A on B through heteroepitaxy, the
lattice misfit strain can induce a number of intriguing phe-
nomena. The crosshatch pattern at the surface, observed in
many heteroepitaxial semiconductor films such as
SiGe/Si(100), is one of them and has invoked extensive in-
terest in the past decades.!~!> Recently, oxide electronics is
becoming a promising scientific and technological area.!®!?
In film growth of perovskite oxides which possess rich func-
tionalities, crosshatch surfaces were observed in SrRuQOj; thin
films grown on SrTiO5; (STO)(100) (Ref. 18) and in the het-
erostructure  (Ca;_,Sr,)(Zr,_,Ru,)O5/SrRu0;/STO(100)."°
However, apart from the above observations, there are no
reports of crosshatch surfaces in other complex oxide films.
In fact, in comparison with the intense work in semiconduc-
tor heteroepitaxy, the investigation of surface pattern forma-
tion in complex oxide films is just emerging. In this paper,
we will show that the crosshatch surface can also appear in
perovskite based manganite films. By exploiting atomic
force microscopy (AFM), we will demonstrate the detailed
morphological evolution in the heteroepitaxial films. More-
over, through transmission electron microscopy (TEM) and
electrical measurements, we will reveal a tight correlation
between the pattern formation, the dislocation nucleation,
and the variations in film electrical properties.

As an example system, LajsCagsMnO (LCMO)/
STO(100) has been studied. Bulk LCMO is an orthorhombic
perovskite with space group Pnma. Its lattice constants at
room temperature are a,=5.4182 /0\, b=7.6389 A, and ¢
=5.4269 A .20 In a pseudocubic notation, the lattice constant
aremo=1/2[d01(3.834 A)+dy,0(3.819 A)]=3.827 A, where
dyo1 and dp are the interplanar distances in the orthorhom-
bic structure. The substrate STO is cubic with lattice constant
a=3.905 A. Hence, an in-plane tensile misfit f=(agp
—dremo)! aso=2% is involved in the film epitaxy. Such a
moderate misfit is propitious to reveal the morphological and
structural evolution for a series of film thicknesses. On the
other hand, for a thick LCMO film (¢~ 160 nm) grown on
STO(100), Peng et al. ever found ordered three dimensional
(3D) grain dots on the film surface.?! It is thus important to
explore how the film morphology evolves in the early stages
of epitaxial growth. Therefore, in this study, we had paid
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extra attention to the growth of ultrathin films. It is also
worth noting that the bulk LCMO is a well-known half-
doped manganite which owns an antiferromagnetic-charge
ordered state below ~150 K (upon cooling).?>>® How the
misfit strain and the strain relief modify the electrical prop-
erties in thin films is also an interesting question to study.

Ultrathin LCMO films with thicknesses of 5, 10, 15, and
25 nm were grown by pulsed laser deposition. High quality
STO(100) with smooth terraces arising from a minor crystal
miscut (~0.1°) were carefully chosen as the substrates. The
film growth was performed at an oxygen pressure of
0.4 mbar with a substrate temperature of 850 °C. The laser
fluence on the target was about 1.6 J/cm? and the ablation
frequency was 5 Hz. After deposition, the thin film was in
situ annealed at 900 °C for 15 min in 1 bar flowing oxygen.
The 6-26 x-ray diffraction (XRD) of the films was carried
out on a Philips x-ray diffractometer with Cu K« radiation. It
appears that above a film thickness of 10 nm, the film XRD
peaks show sufficient intensity for analysis, indicating a
(00]) orientation of the films. For simplicity, and also be-
cause of the fact that the LCMO films were found to be
pseudocubic by the TEM analysis, the crystal indexing in the
following will be referred to a cubic perovskite structure
with lattice constant a,=3.8—3.9 A. A DI Nanoscope Illa
system working in taping mode was used to obtain the AFM
images. The TEM study was carried out using a Jeol 4000EX
electron microscope. Prior to the TEM work, the electrical
resistance as a function of temperature and magnetic field for
the films were measured by the standard four probe tech-
nique.

Figures 1(a)-1(d) display the AFM images and the film
morphology. Both terraces and two dimensional (2D) islands
are seen on the surface for each film, which indicates a co-
existence of step flow and Frank-van der Merwe (layer by
layer) growth. The surface for the ultrathin film with a thick-
ness of 5 nm is atomically flat, having only a few 2D islands
on the terraces. In contrast, the 10 nm thick film shows, be-
sides the 2D islands on its surface, crystallographically ori-
ented lines with a height of 1-2 unit cells. The lines running
along [100] and [010] have a length of about 1 -3 wm; those
running along the orthogonal [110] directions generally ex-
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FIG. 1. (Color online) AFM images for the films with thicknesses of [(a) and (a’)] 5 nm, [(b) and (b")] 10 nm, [(c) and (c’)] 15 nm, and
[(d) and (d’)] 25 nm. The arrows indicate the cubic orthogonal [110] directions. The series in (a)—(d) are recorded in 5X5 um?, while
(a")—(d’") are images recorded in ~13 X 1.3 um? from the local regions in (a)—(d), respectively.

ceed the scanning limit of about 15 wm. For thicker films
(t=15 nm), in addition to the lines along (110), the lines in
the (100) directions are developed as well. For films with a
thickness of 25 nm, the dense lines are mainly along the two
orthogonal [110] directions and the film surface exhibits a
crosshatch pattern.

Figures 1(a’)-1(d") show the AFM images recorded at a
higher magnification corresponding to the local regions of
Figs. 1(a)-1(d). The lines in the 10 nm thick film are well
defined and the interaction between the line and the step
edge creates an oriented fingertiplike structure. For the
thicker films, the lines appear a bit fuzzy and the fingertiplike
structure evolutes into a rectangular shape. It is also clear
that, with an increasing line density, more and more 2D is-
lands position themselves along the lines with a more or less
constant lateral spacing.

The TEM study confirmed that all films were
epitaxially grown with the crystallographic relation
(001)[ 1001101 (100)[001]470. Figure 2 shows representa-
tive cross-section high resolution TEM (HRTEM) images.
Due to the tensile epitaxial strain, the film structure was
found to be pseudocubic (R-3c¢) (Ref. 26) rather than the
expected orthorhombic structure of the bulk material [see the
Fourier transform pattern in the inset of Fig. 2(b)]. For the
film with a thickness of 5 nm, the epitaxial growth is coher-
ent from the interface to the upper surface. For the 15 nm
thick film, although the perfect lattice is preserved [Fig.
2(b)], pure edge dislocations with a Burgers vector b parallel
to the film plane were observed at the interface [Fig. 2(c)].
The formation of such misfit dislocations indicates that strain
relaxation has already occurred in this film.

Figure 3(a) is a low magnification plan-view TEM image
for the 15 nm thick film. The corresponding electron diffrac-
tion pattern clearly indicates a pseudocubic rather than an
orthorhombic structure, as observed in the bulk material [see
the inset of Fig. 3(a)]. One, therefore, can ignore a possible
extrinsic strain relaxation induced in preparing the plan-view

specimen. In accordance with the AFM measurements, or-
dered lines or strips propagating along the two orthogonal
directions [010] and [100] were observed. Note the sequence
of broad lines with dark contrasts parallel to [010]. The av-
erage lateral separation between them is consistent with that
for the line pattern shown in the AFM image [Fig. 1(c)]. A
closer look at the marked area in Fig. 3(a) shows that the
broad lines consist of a set of partial dislocations or disloca-
tion segments oriented along [110] [Fig. 3(b)]. HRTEM of a
single line [Fig. 4(a)] clearly revealed the presence of almost
periodically spaced threading dislocations with Burgers vec-
tors b;=a[100] [Fig. 4(b)] and b,=a[110] [Fig. 4(c)]. Tt is
interesting to note that the cores of the threading dislocations
are not so compact or highly symmetric?’-?® but are somehow
extended in the aligned [100] direction.

Generally, dislocations cannot end inside a bulk crystal.
Because of the large lateral extension of the film compared to
its thickness, it is very unlikely that each misfit dislocation
would extend over the whole film; it will mostly be con-
nected to the free surface by two arms of threading
dislocations.?”->-3! In other words, threading dislocations are
concomitant with misfit dislocations. This explains why both
of them were revealed by the TEM observations. Note that
the surface of the 5 nm thick film is atomically flat, whereas
on the surface of the 15 nm thick film, ordered lines and
surface steps exist. The absence and presence of misfit dis-
locations in these two films, respectively, highlights a corre-
lation between the surface line formation and the dislocation
nucleation. The apparent similarities between the line pat-
terns observed by AFM and plan-view TEM establish a con-
crete link between the threading dislocations and the cross-
hatched surface.

Because of the lattice discontinuity at the core, a thread-
ing dislocation is surrounded with an elastic stress field.3? In
the film growth, such a stress field interacts with the incom-
ing adatoms so as to accommodate the excess elastic energy.
This can result in a local preferential landing of adatoms on
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FIG. 2. Cross-section HRTEM images taken from films with
thicknesses of (a) 5 nm and [(b) and (c)] 15 nm. The inset in (b)
shows the Fourier transform of the image. The inset in (c) shows the
Burgers circuit around the dislocation core; the small square with
lattice constant a.. outlines the cubic perovskite unit cell.

the dislocation sites. At the critical thickness of 10 nm, the
dislocations just seem to relax the misfit strain. It is possible
that the line consisting of arrays of threading dislocations (as
shown in Fig. 3) is rather narrow for this film. Hence, the
associated strain field does not attract much adatoms to form
sizable 2D islands along the line. On the other hand, how-
ever, since the step flow growth is involved in this film, the
narrow-scaled strain field interacts with the step edge, pro-
ducing a fingertiplike feature at the step edge, as shown in
Figs. 1(b) and 1(b’). As the film growth proceeds, more mis-
fit dislocations are created. When the interior misfit disloca-
tions become regularly arranged due to the mutual interac-
tion (repulsive and/or attractive), the threading dislocations
at the surface will accordingly become configured into an
ordered line network with a broad linewidth, as observed by
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FIG. 3. (a) Low magnification plan-view TEM image of cross-
hatch lines along the two orthogonal directions [010] and [100]
taken from a 15 nm thick film. (b) Magnified area of two dark
contrast lines in (a) marked by a white rectangle. Note that the lines
consist of a set of ordered dislocations parallel to [110]. The inset in
(a) shows the corresponding electron diffraction pattern.

the plan-view TEM. It is plausible to expect that those broad
lines and, particularly, the cross intersections in the network
readily break up the coherence of the step flow growth and
promote the nucleations of 2D islands. Eventually, at a film
thickness of 25 nm, these numerous aligned 2D islands give
rise to a crosshatch pattern in the overall view.
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FIG. 4. Plan-view HRTEM images taken from the 15 nm thick
film. The white lines in the enlargements (b) and (c) outline the
Burgers circuit around the dislocation core.

It should be pointed out that besides the above adatom
processes affected by the strain field, slip steps created by the
glide of dislocations could be an alternative explanation for
the crosshatch pattelrn.3’4 Nevertheless, for the current
LCMO films, the misfit dislocations have a Burgers vector
parallel to the interface. These dislocations cannot be formed
by glide but only by vertical climb via the removal of atoms
by absorption of vacancies or by the emission of atoms to the
free layer surface.??® Furthermore, the specific surface wave-
like deformation associated with the surface slip steps®* was
not observed in our AFM measurements. These facts suggest
that the present crosshatch can indeed be attributed to the
above surface adatom processes. Note that, for the ultrathin
films, we only considered the misfit strain caused by the
lattice mismatch between the film and substrate. If the film
thickness increases, the thermal expansion mismatch be-
tween film and substrate will impart an additional lattice mis-
fit to the film epitaxy.?! The lattice misfit from a moderate to
an enhanced amplitude can result in a 2D to 3D growth mode
transition.>* This could be the reason for the tendency to
form ordered grain arrays on the surface of a thick LCMO
film.?!

Figure 5 shows the temperature dependence of the resis-
tivity measured at zero magnetic field. All films show a semi-
conducting behavior, but no resistance jump?>?® was de-
tected neither on cooling nor on warming. This implies that
an antiferromagnetic state could be retained in these thin
films. The charge ordered state in the bulk material, however,
is suppressed by the biaxial tensile strain. Figure 6 shows the
magnetoresistance (MR) ratio versus external magnetic field
(H) measured at 120 K. The MR is defined as MR=[R(H)
—R(0)]/R(0), where R(0) is the resistance at zero field. It is
interesting to find that the MR(H) curve displays a paraboli-
clike behavior and the MR at high field appears to increase
with the film thickness. Because the dislocations formed in
strain relief locally alter the stoichiometry and the related
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FIG. 5. Temperature dependence of resistivity of the LCMO
films measured at zero field. The thin films from 7=5 to 15 nm
were measured in cooling and the 25 nm thick film was measured
on heating.

electronic structure,’-¢ these line defects (particularly the
threading dislocations) could generate more conducting fila-
ments in the antiferromagnetic matrix. Note that the para-
boliclike MR(H) behavior with ¢*MR/JH?><0 at low fields
shown in Fig. 6 is usually found above the Curie temperature
for ferromagnetic perovskite manganites.3’>° We infer that
the induced filaments are in a paramagnetic state at 120 K.
Upon applying an external field, the disordered spins in the
filaments will tend to align, which reduces the resistance and
thus brings about a marked MR.*’ There are more disloca-
tions nucleating in the thicker films; therefore, the MR is
found to increase with the film thickness and, in fact, the
significant increase in the density of the surface lines from
t=10 to 15 nm corresponds well to a sudden increase in MR,
as shown in the inset of Fig. 6.

In summary, a surface crosshatching has been observed
and analyzed in LCMO ultrathin films epitaxially grown on
STO(100). It was found that the nucleation of dislocations,
particularly the threading dislocations, plays a crucial role in
the formation of the crosshatch surface. The present work
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FIG. 6. Magnetoresistance ratio vs external magnetic field of the
LCMO films measured at 120 K. The inset plots the MR at 50 kOe
vs the film thickness.
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together with the previous studies!'®!%?! suggests that,
though chemical and crystallographic complexities exist in
perovskite oxides, the universal strain relaxation due to the
lattice misfit between the film and substrate can lead to
simple structural ordering (morphological and interior). It
should be interesting to expand the research to the heteroepi-
taxy of other perovskite oxides. First, one can exploit the
self-patterned film surfaces as templates for the fabrication of
novel oxide nanostructures. This technique has been proved
to be fruitful in semiconductor films. Second, as demon-
strated by the modification in magnetoresistance, the ordered
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dislocations buried under the crosshatch surface can be
treated as an effective element for tailoring the film physical
properties.
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