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Early self-assembled stages in epitaxial SrRuO 3 on LaAlO 3

E. Vasco,a) R. Dittmann, S. Karthäuser, and R. Waser
Institut für Festkörperforschung, Forschungszentrum Ju¨lich, D-52425 Ju¨lich, Germany

~Received 28 October 2002; accepted 12 February 2003!

The stress-induced self-assembled growth of SrRuO3 on LaAlO3 was studied by atomic force
microscopy and x-ray diffraction. SrRuO3 epitaxially grown on LaAlO3 by pulsed laser deposition
shows two types of out-of-plane arrangements and four in-plane matches. The lattice mismatch
~stress! produced by these arrangements was estimated and correlated with the SrRuO3 growth
dynamics. After 1 nm, the SrRuO3 film surface exhibits a ripple structure, which serves as a
template for the development of a nanopattern of flat islands. These islands coalesce anisotropically
resulting in a regular array of ‘‘infinite’’ wires. The wire coalescence for the 12–20 nm thick film
nullifies the surface symmetry, while SrRuO3 keeps growing in three dimensions. ©2003
American Institute of Physics.@DOI: 10.1063/1.1566798#
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For decades, self-organized semiconductor nanost
tures have attracted extensive technological and scien
interest.1 Motivated by the search for novel electrical, ma
netic, optical and ferroelectric properties based on the c
finement effect, this interest has spread to other emerg
fields such as metal- and oxide-based nanotechnology. In
context, special attention has been paid to the synthes
nanostructures. An attractive fabrication route is provided
the ‘‘self-assembled’’ deposition techniques which take
vantage of the highly corrugated surface reconstructio2

periodic arrangement of kinks3 as well as of the stress
induced surface modulations4,5 to create the patterned nan
structure. So far, the physical mechanisms that drive s
organizing growth have been studied in great detail
semiconductors,1 less frequently in metallic systems,3,4 and
rarely in epitaxial oxides as grown from vapor depositi
techniques,6 despite the increasing technological interest
cused on these latter materials~note, for instance, the crucia
advances in high-Tc superconductors, ferroelectrics and c
lossal magnetoresistors7!. The tendency of some oxides to
ward self-organized growth, forming regular arrays of thre
dimensional ~3D! uniform structures, offers enormou
potential for the implementation of new nanodevices, wh
at the same time constitutes a real scientific challenge.

SrRuO3 ~SRO! is a magnetic oxide of increasing intere
for its structural and chemical similarity with LaMnO3-based
colossal magnetoresistive materials. It has a GdFeO3-type
orthorhombic structure~space groupPnma) with lattice pa-
rametersa55.567 Å,b55.535 Å andc57.845 Å, which can
be described as a slightly distorted pseudocubic perovs
cell (ac53.93 Å,a5b590° andg589.67°!. At temperatures
lower thanTc5160 K,8 SRO is a ferromagnetic oxide wit
anisotropic magnetotransport properties that are related t
crystalline order. Similar to magnetoresistive materials, e
taxial SRO shows a decrease in resistivity as the magn
order improves.9 Since this oxide is a potential candidate f
magnetic and magnetoresistive memories, the task of
ducing a SRO-based high-density device constitutes a t

a!Author to whom correspondence should be addressed; electronic
e.vasco.matias@fz-juelich.de
2490003-6951/2003/82(15)/2497/3/$20.00
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
c-
fic

n-
g
is
of
y
-
,

lf-
n

-

-

-

e

ite

its
i-
tic

o-
h-

nological challenge. SRO has been epitaxially grown
pulsed laser deposition and sputtering on several substr
SrTiO3 ,10,11 LaAlO3 ,12–14 STO/LaAlO3 and buffered Si.15

SrRuO3 grows on a singular (100)LaAlO3 ~LAO! surface in
3D growth mode, and exhibits two possible out-of-plane o
entations:@110#SRO//@001#LAO ~Refs. 13 and 14! or 45°-
rotated cube-on-cube@001#SRO//@001#LAO,12,14 as shown
below. LAO has a rhombohedral structure (a55.357 Å and
a560.1°! that can be simplified in terms of a pseudocub
unit cell with lattice parameterac53.79 Å. In this work, the
crystallographic indices of SRO and LAO are referred
their orthorhombic and pseudocubic unit cells, respective

The SRO films were pulsed laser deposited
~100!LAO using a KrF excimer laser with 16 ns pulses~5
J/cm2 and 10 Hz! at 248 nm. The deposition was made in
high vacuum chamber~base pressure: 131025 mbar!, in the
presence of oxygen dynamic pressure of 0.5 mbar at 700
The films grew at a rate of 0.18 Å/pulse. The morpholo
was characterized by atomic force microscopy~AFM! using
equipment manufactured by Surface Imaging System in n
contact mode. A Si cantilever with a nominal radius of 10 n
and a spring constant ofk540 N/m, was used.u–2u and
f-scan x-ray measurements were performed in a X’Pert P
ips diffractometer using CuKa radiation. The film thickness
was determined from the x-ray interference fringes in a l
angleu–2u scan, and checked by transmission electron
croscopy.

Figure 1 shows the steps in the morphologic evolution
the SRO film. The surface symmetries provided by th
height–height correlation maps were included in the cor
sponding insets. The surface of the 1 nm~two or three unit
cells! thick film @Fig. 1~b!# grown on flat LAO @Fig. 1~a!#
shows a periodic ripple structure, which is a result of t
relief of stress that appears in the coherent SRO/L
interface14 due to the high lattice mismatch~;3%–4%! be-
tween the two materials. In the absence of plastic relaxa
at these thicknesses,14 the film releases stress via the creati
of additional surface roughness. In fact, the surface of
elastically strained film is unstable with respect to grow
and generates perturbations with wavelength larger tha
certain crossover:j'5pwM /s2,16 w being the interface ten
il:
7 © 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp



.
ce
ne
s
o
he
c

cl

al
n
lm

re
tu
n
p

pa
le
on

ym

-
nd
gh
ho

he

-
of

ed

t,
p-
ng
wn

ease

lies

on-
by

k-

tio

re

of

to

2498 Appl. Phys. Lett., Vol. 82, No. 15, 14 April 2003 Vasco et al.
sion; M the elastic SRO modulus; ands the average stress
Additional nucleation centers form on the rippled surfa
@Fig. 1~b!#, clear evidence of the fact that the ripples confi
the nucleation area, and prevent the formation of center
the interripple regions. The ripple structure produces a n
uniform distribution of stress at the film surface. Thus t
interripple areas remain stressed and unfavorable to nu
ation. 3D irregular islands are developed from these nu
ation centers in the 2.5 nm thick film@Fig. 1~c!#. The islands
are arranged in unconnected rows while remaining later
confined, and form a nanoassembled pattern. The isla
coarsen into more regular form and uniform size as the fi
thickness increases@Fig. 1~d!#. The inset in Fig. 1~d! demon-
strates that the row symmetry of the growth surface is p
served even when a more disordered surface struc
emerges. Anisotropic grain coalescence in the nonconfi
direction produces a compact regular array of wires se
rated by abrupt boundaries@Fig. 1~e!#. This anisotropy is
likely connected to the fact that surface stress relaxation
tially hinders the diffusion of mobile species between ripp
through an increase of the hopping barrier in this directi
Early evidence of wire coalescence is shown in Fig. 1~e!.
Finally, as a result of this coalescence, the surface row s
metry disappears at thicknesses higher than 20 nm@Fig.
1~f!#.

Figure 2 shows typical height profiles in two high sym
metry directions of the growth surface. The patterned isla
exhibit flat tops separated by abrupt steps. The step hei
correspond to the number of unit-cell parameters in ort

FIG. 1. Evolution of the surface morphology of SRO with the film thic
ness: 0 nm or LAO~001! surface~a!, and 1~b!, 2.5 ~c!, 5 ~d!, 12 ~e! and 20
nm ~f!. The upper insets show the corresponding height–height correla
maps. The lower inset in~d! displays details for 131 mm2. The area
scanned by AFM was 535 mm2. Areas of early wire coalescence a
pointed out in~e!. The height scale for all pictures are shown in~a!.
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rhombic @110# directions~;3.92 Å!, suggesting that growth
proceeds unit cell by unit cell. This is in agreement with t
SrO-terminated SRO model proposed by Choiet al.,11 based
on the high volatility of Ru atoms.

The root mean square roughness,w, of the sample sur-
faces@h(r )# was calculated from 10310 mm2 AFM images.
The ripple period,j' , and grain size in the ripple axis di
rection,j i , were estimated from an average of the points
interest (x1 andx2) of one-dimensional~1D! height–height
correlation functions, hhc(x)5^@h(r 1x)2(h)#@h(r )
2(h)#&. x1 and x2 are defined ashhc(x1)50 and
hhc(x2/2)5hhc(0)/2, respectively. The data were scal
with respect to the film thickness,d, ~i.e., w;db, j' and
j i;dp; with b andp the growth and coarsening coefficien
respectively! in order to determine the mechanisms that o
erate during film growth according to the dynamic scali
theory.17 The data obtained as well as the best fits are sho
in Fig. 3. The roughness and the average grain size incr
monotonously at a log–log rate ofb5pi50.75 asd in-
creases up to film thicknesses of around 10 nm. This imp
that the 3D grains maintain their form~height/diameter ratio
'const! during coarsening, and suggests that growth is c
trolled by instabilities that hinder surface relaxation, there

n

FIG. 2. Height profiles in two directions of high symmetry of the surface
the 2.5 nm thick SRO film.

FIG. 3. Evolution of surface roughness~a!, the ripple period and the grain
average~b! with the SRO film thickness. The straight lines correspond
fitted scaling expressions whose coefficients are shown.
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inhibiting lateral redistribution of incident particle
~b.0.5!.17 These perturbations can be ascribed to the in
ence of stress on the film growth dynamics, as seen in Fig
The slow increase (p'50.25) of the ripple period reveal
progressive stress relaxation with an increase in film thi
ness ~see the equation above!, which is a result of two-
dimensional~2D! to 3D Stranski–Krastanov growth mod
Since the ripple structure laterally confines grain coarsen
oncej i'j' , the grain form is lost and the grains tend
grow mainly along the ripple’s axis. This preferential grow
gives rise to the anisotropic coalescence process, which
ates the array of ‘‘infinite’’ wires. After wire coalescence, th
roughness decreases abruptly and remains constant (w'0.5
nm!.

In order to investigate the origin of the anisotropy
SRO growth mode, studies of the epitaxial arrangement
tween the nanoassembled SRO film and the LAO~001! sur-
face by u–2u and f-scan x-ray measurements were p
formed. Theu–2u spectra~not presented here! show only the
SRO 110/001 peak~2u522.6°!, harmonics, and characteris
tic diffractions of the substrate. Thef-scan spectra~Fig. 4!,
however, revealed the existence of at least two epitaxial
rangements, each one formed by two in-plane match
SRÔ110&//LAO^001& ~arrangement type A! with SRO@001#//
LAO@100# and SRO@001#//LAO@010#; and SRÔ001&//
LAO^001& ~arrangement type B! with SRO@100#//LAO@110#
and SRO@100#//LAO@2110#. The lattice mismatch,m, of
each arrangement was estimated from the lattice param
obtained by deconvoluting the SRO 110/001 peak into t
pseudo-Voight contributions and the 2u positions of the SRO
221 and SRO 206 diffractions. Thus, for arrangement
m//SRO@001#'23.5% andm//SRO@2110#'23.6%; for the ar-
rangement B:m//SRO@100#'23.9% andm//SRO@010#'23.3%.
Note that although both arrangements result in signific
biaxial compression of the SRO film, the degree of anis
ropy produced by arrangement B is meaningfully higher.
a consequence, we suggest the presence of arrangemen
related to the origin of surface row symmetry.

FIG. 4. f-scan spectra of the 12 nm thick film of LAO 103 diffractio
~spectrum LAO!; SRO 221 diffraction, assuming arrangement type A~a! and
SRO 206 diffraction, assuming arrangement type B~b!.
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Preliminary studies demonstrate that nanopatterned fi
keep characteristic functional properties~i.e., metallic con-
ductivity and ferromagnetic nature! of the compact SRO
films. The resistivity,r, of row-patterned SRO increase
with the temperature fromr(T540 K)'86 mV-cm up to
r(T5273 K)'279 mV-cm. The Curie temperature
(TC'155 K! was slightly lower than that of bulk SRO
which is likely due to stress in the system.18

In conclusion, nanopatterned epitaxial SRO was succ
fully prepared on LAO by pulsed laser deposition. The co
pressive biaxial stress originating in the coherent SRO/L
interface induces a ripple structure in the SRO growth s
face. The ripple structure plays a crucial role in the devel
ment of nanoarrays of islands and wires. Scaling and x-
analysis suggested that the stress anisotropically destab
the growth surface and results in Stranski–Krastanov gro
mode.

The authors thank S. Stein for the preliminary function
results and Dr. A Teren for help with the manuscript. Th
work was supported by the Deutsche Bundesministerium¨r
Bildung und Forschung under Grant No. 13N8361.
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