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Abstract. Structural investigation wusing X-ray synchrotron radiation has been performed on
SrRu03/SrTiO3/SrRuOs3 epitaxial heterostructures, with each constituent layer a few unit cell thick grown
on (001) SrTiOs substrate. Detailed information on the evolution of the in-plane lattice structure has been
obtained, in these heterostructures, by grazing incidence diffraction measurements. The samples have been
grown by low-pressure pulsed laser deposition. Under our deposition conditions, STRuOs3; layers grow with
an elongated cell perpendicular to the substrate surface. The in-plane pseudocubic lattice parameters do
not match the in-plane square SrTiOs structure even in the case of very thin SrRuOgs layers. Such a
distortion was found to decrease with increasing the thickness of the SrTiO3 barrier layer.

PACS. 81.15.Fg Laser deposition — 61.10.Nz X-ray diffraction — 68.55.Ac Nucleation and growth: micro-

scopic aspects

1 Introduction

Heterostructures based on perovskite oxides can be
relevant for device applications, due to the broad
range of technologically important properties (ranging
from insulating to metallic and from paramagnetic to
ferromagnetic) and the structural and chemical similar-
ities of such materials [1-3]. It is well known that the
strain and lattice distortions or even the film thickness
can strongly affect the electrical and magnetic proper-
ties of perovskite oxide films, such as the manganite-
[4] and ruthenate- [5] based films. In the case of het-
erostructures, these effects are even more pronounced due
to the larger number of interfaces. However, the choice
of the relative thickness of the constituent layers in an
heterostructure is motivated by the targeted device per-
formances. Therefore, for the fabrication of specific het-
erostructures, the influence of the relative layer thickness
on the crystallographic structure must be understood in
detail. In this paper, we report a structural investiga-
tion by synchrotron radiation of StTRuO3/SrTiO3/SrRuO3
trilayers. Because of their interesting physical prop-
erties and structural similarity, SrRuOs and SrTiOsj
are very important building blocks for designing het-
erostructures for device applications. Strontium ruthenate
SrRuOj3 (SRO) is a conducting ferromagnet with a Curie
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temperature of ~150-160 K [6]. Because of its high chem-
ical and thermal stability SRO has attracted considerable
interest as an electrode [7] or barrier layer [8]. Stron-
tium titanate SrTiOsz (STO), owing to its electric field
dependence of the dielectric constant, is a very attrac-
tive material for microwave applications [9]. Some papers
have been published on the stress relaxation mechanism
of SRO/STO bilayers [10,11], composed by thick con-
stituent layers (from tens to thousands of nanometers).
In this study we investigate the structural properties of
SRO/STO/SRO trilayers which are composed of very thin
blocks (a few unit cells). Most of devices are based on the
trilayer structure. However a different propagation of the
strain field along the whole structure, can give rise to a
different stress experienced by each constituent layer in
the trilayers respect to the bilayers. Indeed, in the case of
a partial relaxation of the first SRO layer, the thin STO
intermediate layer can be itself strained, thus influencing
the growth of the second SRO layer in a different man-
ner respect to the first SRO layer deposited on the STO
substrate. Therefore, SRO/STO/SRO trilayers represent
a useful model to understand the variation of the struc-
tural properties when perovskite oxide layers are stacked
on top of each other to form nano-sized heterostructures
for device applications.

At room temperature bulk SRO exhibits the GdFeOs5
orthorhombic structure [12], but it can be indexed as
a pseudo-cubic perovskite with a lattice constant of
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a =3.930 A. The degree of the orthorhombic distortion
decreases with increasing temperature, and the structure
transforms to tetragonal at 547 °C and to the standard
cubic perovskite structure at 677 °C [13]. Bulk STO has
a simple cubic perovskite structure, at room temperature,
with a lattice constant asto = 3.905 A. It undergoes a
cubic to tetragonal antiferrodistortive transition at about
378 °C.

When SRO films are deposited on (001) STO sub-
strate, they can grow epitaxially with two different growth
directions: with the orthorhombic [001] or the [110] axis
normal to the (001)STO surface. Several articles [14-16]
reported the growth along the orthorhombic [110] direc-
tion with the presence of 90° domains in the plane. How-
ever, the results reported in references [14] and [16] in-
dicate that the misorientation of the substrate induces
the growth of single domain films. It has also been
reported [17] that SRO thin films, on stepped STO sub-
strate, grow with the prototypical cubic perovskite struc-
ture. At the end of the deposition process, the transition
to orthorhombic symmetry upon cooling involves a tilt-
ing of the oxygen octahedral and an angular distortion
of the unit cell which results in a pseudo monoclinic per-
ovskite subcell. Due to the relatively small mismatch be-
tween SRO and STO lattice parameters, it is possible
to obtain epitaxial SRO/STO/SRO heterostructures [18].
In this paper we investigate the influence of the relative
thickness of the STO and SRO layers on the in-plane
distortions in such heterostructures, by grazing incidence
diffraction measurements with synchrotron radiation. Dif-
ferent SRO/STO/SRO heterostructures were investigated
keeping the total thickness constant but varying the num-
ber of unit cells of the STO and SRO layers. The thickness
of all SRO layers is well below the threshold value for the
occurring of the ferromagnetic transition [5].

2 Experimental details

SRO/STO/SRO heterostructures were grown by pulsed
laser deposition with the in-situ reflection high energy
electron diffraction diagnostic (RHEED). The growth was
performed with about 3 J/cm? energy density of ex-
cimer pulsed laser source. The target-to-substrate sepa-
ration distance was 10 cm and growth pressure was in the
10~* Pa range, obtained with a mixture of molecular oxy-
gen and 10% ozone. The samples were deposited on (001)
STO single crystal substrates. Prior to deposition, the sub-
strates were chemically etched following the procedure of
Kawasaki et al. [19], and subsequently degassed in oxy-
gen atmosphere [20]. This process reduced the step den-
sity on the surface as demonstrated by RHEED specular
spot intensity. The miscut of the substrate was experimen-
tally determined and the angle between the surface normal
and the crystallographic [001] direction was found to be
about 0.25° (see below). By monitoring the RHEED inten-
sity oscillations, a precise control on the thickness of each
layer of the heterostructure was possible. We obtained het-
erostructures with an error on the thickness of each indi-
vidual layer much smaller than a single unit cell and a
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Fig. 1. Isointensity contour plot in logarithmic scale of H — L
map around the (021) and (022) reflections of the 11/5/11
heterostructure.

low interface roughness, as confirmed by specular X-ray
reflectivity measurements [18]. Further details on the de-
position process and the transport properties of SRO films
are reported elsewhere [5].

X-ray diffraction measurements were carried out at
the European Synchrotron Radiation Facility in Greno-
ble (France) at the ID32 insertion device beamline with
16 KeV X-ray radiation. Structural characterization was
performed by grazing incidence X-ray diffraction (GID) at
an incidence angle of the X-rays with the sample surface
of 0.2°. At this angle of incidence, the attenuation length
of 16 keV X-rays was around 200 nm inside our sam-
ples. Therefore, with this measurement configuration, the
scattering from the substrate was extremely reduced. We
investigated SRO s /STO N /SRO); heterostructures with
N + 2M = 27 unit cells (u.c.) and with the number N of
STO barrier layer from zero to 13 u.c. The measurements
were performed by recording reciprocal space maps (RSM)
around several reciprocal lattice points. In the following,
the measurement units of the RSM are given normalized
to the STO substrate lattice parameters and are denoted
as reciprocal lattice units (r.l.u.). The coordinate system
is defined by the cubic unit cell of the crystalline STO
substrate.

3 Results and discussion

In order to obtain information on the perpendicular struc-
tural properties of the film, H — L. maps with a fixed value
of K were performed. In Figure 1, the isointensity H — L
contour map around the 02L rod of the substrate is shown
for the sample with NV = 5 u.c. of STO barrier layer. Two
intense peaks associated with the substrate at L = 1 and
L = 2 r.l.u. are evident in the map. Two vertical straight
lines are drawn along the L-direction, i.e, the direction of
the diffuse scattering from the sample surface, through the
(021) and (022) reflections of the film. The two lines do not
coincide and their distance AH is proportional to the mis-
cut angle of the substrate. The value of the miscut angle is
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Fig. 2. Isointensity contour plots on a logarithmic scale of
the (202) and (022) RSMs in H — K r.L.u. of SRO/STO/SRO
heretostructures. The four samples are grown on STO sub-
strates and (a) refers to the SRO film (0 u.c. of STO as barrier
layer), while (b), (c¢) and (d) refer to the 11/5/11, 9/9/9 and
7/13/7 heterostructures respectively. All the r.l.u. intervals are
0.04 large.

obtained by tan"!(AH/AL) and in this case results to be
0.25£0.01°. For L < 2 it is possible to distinguish, in the
map, the presence of the intensity oscillations related to
SRO(022). The oscillations are caused by the splitting of
the SRO peak due to the interference effects generated by
the intermediate STO layer in the sandwiched heterostruc-
ture. It is difficult to identify the same effect on the (021)
reflection due to the smaller separation between the SRO
and STO reflections. This interference effect was already
shown in the specular diffraction measurements performed
on the same samples, as reported in reference [18], and it
is also an indication of sharp and well-defined interfaces.

In-plane structural properties were investigated by
H — K mapping around several reciprocal lattice points.
In Figure 2 the results obtained for the (202) and (022)
reflections are reported in the case of samples with 0, 5,
9, 13 u.c. of STO barrier layer. (202) and (022) reflections
allow to determine the a and b lattice parameters sepa-
rately and the in-plane relationship between the film and
the substrate. In all the RSMs of Figure 2 the SRO reflec-
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Table 1. Lattice parameters of the SRO perovskite subunit
cell in SRO/STOxN/SRO heterostructures. The in-plane a
and b lattice parameters are the longer and the shorter axes
respectively, obtained by GID measurements. The c-axis pa-
rameter were previously obtained by specular diffraction mea-
surements [18].

Sample a(A) b(A) c(A)
(M/N/M u.c.) 4£0.002  40.002  +0.002
27/-/- (domain A) 3.928 3.886
4.094
27/-/- (domain B) 3.921 3.881
11/5/11 3.927 3.883 4.094
9/9/9 3.915 3.886 4.041
7/13/7 3.917 3.898 4.041

tions close to the (202) and (022) STO reflections can be
distinguished.

In the case of no STO barrier layer (maps in Fig. 2a),
two different peaks for SRO can be distinguished. They
are labeled as A and B in Figure 2a. The two peaks can-
not be associated with the typical twin domains, i.e., the
two possible orientations of the rectangular unit cell of
the orthorhombic SRO on the square unit cell of the cubic
STO, because they are not symmetric relative a 90 degrees
rotation in the reciprocal lattice space. We have indicated
with A and B the stronger and weaker peaks respectively,
in both STO(202) and (022) maps of Figure 2a. Therefore,
we associate one domain to the couple of A-peaks and the
other domain to the couple of B-peaks. However, in the
case of 5, 9 and 13 u.c. of STO barrier layers (Figs. 2b—d),
only one domain can be distinguished in the maps. Dif-
fering with many reports [14-16], we have not observed
any twin-domains in our samples. This finding can be ex-
plained by the misorientation angle of the substrate which
is sufficient to destroy the fourfold symmetry of the (001)
STO surface. Since no extra peaks are observed in the
maps, the STO intermediate layer must assume either the
SRO or most likely the STO bulk lattice constant. The in-
plane a and b lattice parameters (reported in Tab. 1) can
be obtained from the (202) and (022) RSMs of Figure 2
by asto Hsto/Hsro and asto Ksro/Ksro respectively,
showing that that a and b are the longer and the shorter
in-plane axes, respectively.

The c-axis parameters of the perovskite subunit cell
reported in the same table were previously calculated by
simulation of the diffraction measurements in specular
configuration around the (002) reflection [18]. For SRO
thin films and SRO/STO/SRO heterostructures, grown
under our deposition conditions, the values of the ¢ lat-
tice parameters are very large and cannot be explained
by simply applying elasticity theory, because it would re-
sult in a too large Poisson coefficient. Nevertheless, in the
case of 600 A thick SRO films, grown with the same de-
position conditions, the ¢ lattice parameter resulted to
be 3.96 A [5]. This value is already larger compared to
the pseudocubic bulk value of 3.93 A commonly quoted
for polycrystalline and single crystal SRO samples. This
effect, noticed also in thicker SRO films, could be as-
cribed to ion bombardment during the growth process [21].
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Fig. 3. Behavior of the angles @ and § between the in-plane
SRO axes and the [100] and the [010] STO directions respec-
tively, as a function of the number of STO u.c. of the barrier
layer.

Furthermore, for manganites compounds, structurally
very similar to SRO, it had been shown that the c-axis lat-
tice parameter of thin films increases in the case of growth
by PLD in low oxygen pressure environment [22,23].

In the RSMs of Figure 2 it can be also seen that the
in-plane crystallographic directions of the SRO layers, in-
dexed in the pseudocubic notation, are not perfectly par-
allel to the unit cell axes of STO substrate. From the peak
positions we can calculate the angles « and 8 which the
in-plane directions form with the [100] and [010] STO in-
plane directions respectively, by a = tan~!(K/H) and
B = tan"'(H/K), where (H, K) are the Miller indices
for the SRO reflections. The absolute values of the angles
calculated from the maps are reported in Figure 3 as a
function of the number of unit cells of STO barrier layer.

The larger angle « is the angle that the a-axis (the
longer axis) forms with the [100] crystallographic direc-
tion of STO and the lower angle 3 is the angle that the
b-axis (the shorter axis) forms with the [010] direction.
Therefore, it is the longer axis which rotates the most in
order to accommodate the mismatched STO square cell.
From the behaviour of the angles of rotations as a func-
tion of the number of STO unit cells (Fig. 3), it can be
observed that the smaller angle 3, which is close to zero
anyway, remains almost constant while the higher angle «
decreases drastically on increase in the number of the unit
cells of the STO barrier layer. The in-plane lattice param-
eters (Tab. 1) accordingly become more and more similar
to those of STO. The dependence of the SRO lattice dis-
tortion and parameters on the relative thickness of SRO
and STO, is a clear indication of the effect of the epitax-
ial strain in the SRO/STO/SRO heterostructures grown
on (001) STO substrate.

4 Conclusions

It is well known that the deposition conditions as well
as the films thickness significantly affect the films in-
trinsic properties and the interface characteristics in the
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heterostructures. This aspect becomes particularly rele-
vant for potential devices, since structural distortions at
the interfaces can dramatically influence the tunneling
properties across different layers. In this respect, a detailed
investigation of the structural properties of very thin lay-
ers in the heterostructures becomes fundamental. We have
performed a GID investigation of SRO/STO/SRO het-
erostructures and we have found that, by PLD in low
background oxygen pressure, even the very first SRO lay-
ers are not pseudomorphic. In particular, SRO constituent
layers grow with an elongated cell perpendicular to the
STO surface. No twinning domains have been observed in
SRO layers most likely because of the miscut of the sub-
strate surface. Two different angles of rotation of the SRO
axis parameters with respect to the STO in-plane crystal-
lographic directions, have been observed. The larger angle
is formed by the longer axis. Such a distortion varies as a
function of the SRO layer thickness because of the strain
provided by both the substrate and the STO barrier layer.
By increasing the thickness of the intermediate layer and
thus decreasing the thickness of the SRO layers, the dis-
tortion and the orthorhombicity of the unit cell decrease,
approaching the square unit cell of the STO. In conclu-
sion, PLD is a very versatile growth technique to obtain
perovskite heterostructures with good interfaces quality.
However, our results demonstrate that high structural dis-
tortions can be present at the interfaces, which strongly
depend on the thickness of the constituent layers. It is
fundamental a deeper investigation of the role of such dis-
tortions in the performances of new devices based on per-
ovskite oxides with functional properties.

We would like to thank all the staff of ID32 beamline at ESRF
and in particular T.L. Lee for the helpful assistance during the
experiment.
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