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Magnetic multilayers ofsSrRuO3dmsSrMnO3dn were grown artificially using the pulsed-laser deposition
technique on(001)-oriented SrTiO3 substrates. The state of strain at the interfaces and the structural coherency
are studied in details utilizing asymmetrical x-ray diffraction and the sin2 c method. First, the evolution of the
lattice parameters and the crystallinity and epitaxy of the films are evaluated as a function of the number of
SrMnO3 unit cells using x-ray diffraction and transmission electron microscopy. Second, our results on the
stress indicate that the SrRuO3/SrMnO3 superlattices show a larger residual strain as compared to the single-
layer film of SrRuO3. This suggests a lattice stiffening from interfacial strain, which inhibits the dislocation by
composition modulation. Finally, these results bring insights into the interfacial stress measurements of oxide
multilayers that can be used to control the physical properties at the level of the atomic scale.
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Magnetic multilayer structures based on transition
metals1,2 and their compounds1–14 have high potential for
technological applications as their transport and magnetic
properties can be controlled with the nonmagnetic spacer
layer thickness. However, to use these materials for applica-
tions, it is necessary to understand and control precisely the
physical properties that depend on various parameters such
as the layer materials, their thicknesses, and the interfaces
between them. In the case of magnetic multilayers, the inter-
faces are rich in magnetic and structural coordinations.
Moreover, the lattice mismatch and thickness between the
two constituent materials will also modify the strength of the
interfaces. Furthermore, the lattice-mismatch-induced strain
changes the physical properties of the oxide thin films, in-
cluding the transition temperature in high-temperature
superconductors15,16 and in ferroelectric oxides.17 A similar
effect in the Mn-based multilayers is responsible for signifi-
cant variation in magnetization as well as in electronic, trans-
port, and structural properties.13,14,18 For example, Kreisel
et al.19 have observed a tensile-strain-induced rhombohedral-
to-orthorhombic phase transition in La0.7Sr0.3MnO3/SrTiO3
by Raman scattering. In this system, these two phases
La0.7Sr0.3MnO3 and SrTiO3 coexist in the superlattice with
an intermediate range of layer thickness. Lue and
co-workers10 have also studied the structural and transport
properties of La2/3Ba1/3MnO3/SrTiO3 structure. They ob-
served that electrical transport properties of these samples
strongly depend on the strain-induced distortion in the
La2/3Ba1/3MnO3 layer.

Considering the above points, it is interesting first to fab-
ricate magnetic multilayers using thin-film deposition pro-
cesses. Second, artificial control of their properties as a func-
tion of the spacer layer thickness is required. Third, the
interfacial stress that plays an important role upon the struc-
tural and magnetotransport properties needs to be evaluated.

In this article, we report a structural study of the superlat-
tices consisting of 20-unit-cell-(u.c.-) thick SrRuO3 (SRO)
andn-u.c.-thick SrMnO3 (SMO) wheren varies from 1 to 20
grown on (001)-oriented SrTiO3 (STO, cubic with a
=3.905 Å). We choose these materials because SRO is a fer-
romagnetic metal20 whereas SMO is a highly insulating

antiferromagnet.21 Moreover, the lattice parameter of bulk
SRO saSRO=3.93 Åd is larger thanaSTO with a lattice mis-
match +0.6% whereas the lattice parameter of SMOsaSMO
=3.805 Åd is smaller thanaSROwith lattice mismatch −3.0%.
Though there is a large lattice mismatch between SRO and
SMO, we have chosen this combination because theA-site
ions are the same and the reduction ofB-site distortion22 is
expected at the interfaces between SRO and SMO. The state
of strain at the interfaces and the structural coherency are
studied using the sin2 c method, and our results are reported
in this article. The superlattices show larger residual strain
compared to the single-layer film of SRO, suggesting that a
lattice stiffening from interfacial strain and inhibiting dislo-
cation by composition modulation.

A multitarget pulsed laser deposition system16 was used to
grow SRO thin films and SRO/SMO superlattices on(001)
SrTiO3 substrates. The thin films of SRO and the superlat-
tices were deposited at 720 °C in oxygen ambient of
30 mtorr. The deposition rates(typically ,0.26 Å/pulse) of
SRO and SMO were calibrated for each laser pulse of energy
density ,3 J/cm2. After the deposition the chamber was
filled to 300 torr of oxygen at a constant rate, and then the
samples were slowly cool down to room temperature at the
rate of 20°C/min. The superlattice structures were synthe-
sized by repeating 15 times the bilayer comprising of 20 u.c.
SRO andn u.c. SMO. In all samples SRO is the bottom
layer, and the modulation structure was covered with 20 u.c.
SRO to keep the structure of the top SMO layer stable. These
periodic modulations in composition, created on the basis of
established deposition rates of SRO and SMO, were con-
firmed from the positions of superlattice reflections in x-ray
u-2u scans. The epitaxial growth and the structural charac-
terization of the multilayer and single-layer films were per-
formed using x-ray diffraction, electron dispersive spectros-
copy (EDS), and transmission electron microscopy(TEM).
The u-2u, F, and v scans were performed using Seifert
XRD 3000P and Philips MRD X’pert diffractometerssl
=1.540 69 Åd. The TEM is a JEOL 2010 with a point reso-
lution of 1.8 Å. Resistivitysrd was measured as a function of
temperaturesTd in PPMS Quantum Design.
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In bulk form SRO exhibits only pseudocubic perovskite
structure.20 In contrast, stoichiometric SMO crystallizes in a
cubic as well as hexagonal phase.23 The cubic perovskite
structure of SMO is not stabilized in its single-layer thin-film
form; however, our results of x-ray diffraction and transmis-
sion electron microscopy show the formation of cubic perov-
skite structure of SMO layer in the superlattices as previ-
ously observed.18,23 This result indicates that SMO can be
stabilized as a cubic structure between two SRO layers.24

Our samples with alternate layers of SRO and SMO on
STO shows00ld diffraction peaks of the constituents, indi-
cating the growth of an epitaxial pseudocubic phase with the
c-axis orientation—i.e., thec axis perpendicular to the sub-
strate plane. In Fig. 1, we show theu-2u scan for several
samples with different spacer layer thickneses. These scans
are around the(002) reflection (42° –49° in 2u) of these
pseudocubic perovskites. As the SMO layer thickness in-
creases above 1 u.c., the fundamental(002) diffraction peak
of the constituents shifted towards the angular position of the
STO and overlapped it forn.10. The sample withn=1
shows two weak satellite peaks on the lower-angle side of
the (002) diffraction peak of the constituents. The presence
of higher-order strong satellite peaks on either side of the
(002) diffraction peak for samples withnù2 clearly indi-
cates the formation of a new structure having a periodic
chemical modulation of the constituents.

In SRO/SMO superlattices, the two constituents have per-

ovskite structure and the difference in the lattice parameters
between them is significant(3.93 Å vs 3.805 Å). Also the
atomic scattering factor of Ru is higher than Mn. Higher-
order satellite peaks with strong intensity are expected to be
observed in the x-ray diffraction. To extract information
about the coherency at the interfaces and the periodic chemi-
cal modulationsLd of these superlattices fromu-2u scans,
we have carried out a quantitative refinement of the superlat-
tice structure using theDIFFAX program.25 The experimental
and simulated diffraction profiles of the sample withn=5 are
shown in Fig. 2(a). It shows only the 2u range close to the
fundamental(002) reflection(42° –51° in 2u). The simulated
profile is in good agreement with the measuredu-2u scan
with respect to the satellite peak position and relative inten-
sity ratio. The inset in Fig. 2(a) shows the rocking curve(v
scan) recorded around the fundamental(002) diffraction
peak of the sample withn=5. The full width at half maxi-
mum (FWHM) of the rocking curve is 0.125°, close to the
instrumental limit, suggesting a high crystalline quality of
the structure in the samples. The FWHM of the rocking
curve also correlates the structural coherence lengthj of the
sample with the relationj=2p /Q3FWHM (Ref. 26), where
Qs<1/dd is the scattering vector length and the FWHM is in
radians. The coherence length of the sample in the out-of-
plane direction is nearly the same as the total thickness of the
multilayer structure, confirming the coherency and single
crystallinity of the samples.

FIG. 1. Q-2Q scan recorded around the 002 reflection of STO
for various multilayersSROd20sSMOdn sn=1–20d. Note the pres-
ence of satellites peaks(denoted by arrows) of several orders(from
−3 to +3) around the main(fundamental) peak(order 0) attesting
to the formation of superlattices.

FIG. 2. (a) Q-2Q scan around the 002 reflection of STO for a
multilayer sSROd20sSMOd5. The calculated intensity using theDIF-

FAX program is also indicated. Note the perfect agreement between
experimental and calculated intensities. The inset depicts thev scan
recorded around the main peak for the same film. The low value of
the FWHM close to 0.12° confirms the high quality of the superlat-
tice. (b) F scans recorded around the{103} of the film and the STO
substrate showing a fourfold symmetry and an in-plane alignment.
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An asymmetric diffractometer configuration provides a
quantitative measure of the in-plane coherency, pseudomor-
phic growth, and stress in all three directions. In this con-
figuration, theF scan of the sample withn=5 from the
asymmetric{103} planes is shown in Fig. 2(b). TheF scans
of the substrate and film correspond to the angular position
of the substrate and the constituents in theu-2u scan at
asymmetric{103} planes. The presence of symmetric and
periodic peaks with a period of 90° confirms the fourfold
symmetry of these pseudocubic perovskites. The negligibly
small difference between the angular position of the peak(in
theF scan) of the substrate and film clearly shows the cube-
on-cube growth morphology of the film. The in-plane align-
ment is as follows:f100gSTO/ / f100gF and f010gSTO/ / f010gF

(where the indexF refers to the film).
The quality of the superlattices is confirmed by the elec-

tron diffraction(ED) study. An example of an ED cross sec-
tion, for asSROd20 sSMOd5 superlattice, is given in Fig. 3(a).
Note that the ED is a superposition of SRO and SMO. The
perfect ED patterns confirms thec-axis orientation of the
superlattice and, also, the perovskite structure. Moreover, the
satellite spots[see inset of Fig. 3(a)], due to the periodic
stacking of the SRO and SMO layers, are clearly visible. The
corresponding cross-section high-resolution electron micros-
copy (HREM) image is shown in Fig. 3(b). It confirms the
presence of superstructure and sharp heteroepitaxial SRO-
SMO interfaces. The image also indicates that the SMO per-
ovskite type is stabilized between two SRO layers and, actu-
ally, adopts a pseudocubic structure.24

Having the epitaxial and pseudocubic growth morphol-
ogy, it is necessary to verify the periodicity of all samples
with different spacer layer thickness. Ins20 u.c.d
SRO/sn u.c.d SMO structure, the average superlattice
period is

L

20 +n
= S20aSRO+ naSMO

20 +n
D = S20aSRO+ naSMO

N
D , s1d

whereN=20+n. Since the fundamental diffraction peak of
the superlattice is due to the diffraction from the constituent,
we have assumed the lattice parameter of the superlatticesad
as a.saSRO+aSMOd /2. The superlattice period can be ex-
pressed as

L . s20 +nda. s2d

.
For higher spacer layer thickness(i.e., n=20) the super-

lattice period is.156 Å. This suggests that the coherence
length of the sample is much higher than the superlattice
period. Therefore, the higher angle satellite peak positions27

can be indexed abouta, s2 sinud /l=1/a±n/L, whereu is
the angular position of the satellite peak andl is the x-ray
wavelength. We used the following equation27 to extract the
superlattice period from the satellite peak positions in the
u-2u scan:

L =
l

2ssinui − sinui+1d
, s3d

whereui andui+1 are the angular position of theith- andsi
+1dth-order satellite peak, respectively. The calculated val-
ues ofL from the different successive satellite peak positions
are given in Fig. 4(a) for different values ofn. The superlat-
tice period is linear withn and follows Eq.(2), indicating a
high quality of the different samples and a clear correlation
as a function of the spacer layer thickness.

As previously stated, the physical properties of magnetic
thin films (Mn-based system) are strongly dependent on the
strains imposed by the substrate.28 This dependence has also
been reported in the case of SRO thin films29 whereaSRO is
larger thanaSTO which indicates the presence of compressive
in-plane stress on the SRO film. The substrate-induced stress

FIG. 3. (a) Electron diffraction of a cross-section for a
sSROd20sSMOd5 multilayer taken along the[010] direction. The
inset is the enlargement of the 001 spot showing one satellite spot
(SL) resulting from the superstructure.(b) Overall cross-section im-
age showing the STO substrate and the superlattice
sSROd20sSMOd5. The inset is an enlargement showing the stacking.
The SRO and SMO layers are clearly visible. The arrows indicate
the substrate-film interface.
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modifies the interatomic distance in SRO and this is maxi-
mum close to the STO substrate. However, the substrate-
induced stress relaxed as the number of SRO layers in-
creases. This is evidenced when the lattice parameter of SRO
approaches to bulk value. SinceaSMO is smaller thanaSRO,
the SMO layer on SRO will experience a tensile strain within
the plane. Consequently, the strain of the SRO/SMO super-
lattices is a combined effect of substrate-induced strain as
well as the strain originated from the interfaces.

In this superlattice system, these strains are opposite in
nature(substrate-induced strain is compressive, whereas the
strain at the interfaces is tensile). Also the lattice parameter
calculations suggest that the interfacial strain is larger com-
pared to the substrate-induced strain. So it is important to
understand both the influence of strain on the lattice param-
eter of this structure and the influence of the SMO layer
thickness upon the strain. In Fig. 4(b), we report the average
out-of-plane lattice parameter of various samples as a func-
tion of spacer layer thickness. The out-of-plane lattice pa-
rameter of 20-u.c.-thick SRO on STO is 4.05 Å, while it is
4.003 Å for the superlattice with 1 u.c. spacer layer. From
the figure, we observed that as the spacer layer thickness
increases, the out-of-plane lattice parameter of the superlat-
tice decreases and approaches the bulk value of SRO, which
indicates a smooth relaxation of the strain within the film.

In the transition metal multilayers each layer of the con-
stituent has a single element where the lattice mismatch leads
to a planar deformation at the interfaces and hence its struc-
ture. While in a multilayer designed from various transition
metal compounds, the lattice mismatch introduces a defor-
mation in the three-dimensional(3D) coordination of the
transition metal element. To understand the structural corre-

lation of this SRO/SMO system at the interfaces, we have
studied the asymmetric reflection of these samples using the
conventional sin2 c method30 (wherec is the angle between
the lattice plane normal and the sample surface normal). This
method is commonly used to calculate Poisson’s ratiosnd,
in-plane and out-of-plane strain, and the strain free lattice
parameter of the films. The lattice mismatch between the
deposited material and the substrate is the source of strain in
epitaxial thin film. In addition, the strains«d of the film along
the direction of diffractionfhlkg from anyhkl reflection for a
biaxial strain state is defined as30

« =
dhklsfcd − d0

d0
= «11 − «33 sin2 c + «33, s4d

wheref is the angle between the projected lattice plane nor-
mal and an in-plane axis. The parametersdhklsfcd andd0 are
the strained and unstrained(i.e., bulk value) shkld plane spac-
ing of the sample, respectively.«11=«22 are the in-plane
strain components and«33 is the out-of-plane strain compo-
nent in the film. The values ofd0 and«ii si =1,2,3d depend
on the elastic constant(or Young’s modulusE) andn.

We have chosen a unique direction with constanth andk
to measure the diffracted x-ray intensity as well asc from
the 10l (l =1,2,3, and 4) asymmetric reflection. The value of
c is sensitive to the alignment of the sample, and to avoid the
misaligned contribution ofc, we have averaged over allf
directions. In Fig. 5(a) we show thed10lsfcd vs sin2 c10l plot
for two samples(n=1 andn=12). The values are similar for
both samples whose strain-free lattice parameter of the bi-
layer is expected to be different. From the experimental
viewpoint the values ofc are also expected to be the same
for a known plane in each sample.

Assuming the same strain-free lattice parameter for all
samples, we have calculated the in-plane and out-of-plane
strain from thed10lsfcd vs sin2 c10l plot. We have deter-
mined the value ofd0 from the Fig. 5(a) at sin2 c0=2n / s1
+nd, using then value(n=0.327 in agreement with previous
reports on manganite thin films31) calculated from the[111]
direction. The value ofn was calculated using the relation30

SaF − aSTO

aF
D = ScF − cSTO

cF
DS1 − n

1 + n
D , s5d

whereaF andcF are thea-axis andc-axis lattice parameters
of the film saSTO=cSTO=3.905 Åd. These valuesaF and cF

are calculated from the[111] direction for the multilayer
with n=1. Using this value ofd0 in Eq. (4), we have calcu-
lated the strain components for different samples are shown
in Fig. 5(b). The «11 and «33 are opposite in nature and the
in-plane strain is stronger as expected from lattice parameter
considerations. From this figure, we found that the strain is
independent of the superlattice period although the out-of-
plane lattice parameter shows relaxation of the stress at
higher spacer layer thickness[see Fig. 4(b)]. However, this
analysis does not make a distinction between the strain in the
multilayer and the single-layer SRO film. Also the(111) dif-
fraction peak of the sample overlaps with that of the sub-
strate peak which prohibits calculatingd0 of each sample.

Equation(4) is applicable for a thin film where the struc-

FIG. 4. (a) Evolution of the superlattice periodsLd as a function
of the number of SMO layer calculated from the position of the
satellite peaks of Fig. 1(see text for details). The solid line is the fit
to the data.(b) Evolution of the averagec-axis lattice parameter
f=L / s20+ndg as a function of the number of SMO layers, calcu-
lated from the position of the satellite peaks of Fig. 1(see text for
details). The line is only a guide for the eyes. Thec-axis value of
the bulk SRO as well as thec-axis value obtained for a 20-u.c.-thick
SRO film are also indicated for comparison.
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ture has a single interface between the film and substrate. In
the case of a multilayer, which has more than one interface,
its lattice parameter depends on the thickness of the bilayer.
We have assumeddhklsfcd=af /Îh2+k2+ l2, whereaf is the
average lattice parameter of the bilayer. The average lattice
parameter of the bilayer can be expressed as a function ofN:

af = aSMO +
20

N
saSRO− aSMOd. s6ad

Using this value ofaf, Eq. (4) can be written as

faSMO + s20/NdsaSRO− aSMOdg
Îh2 + k2 + l2

= d0s«11 − «33dsin2 c + d0s«33 + 1d. s6bd

To apply this relation to the SRO/SMO multilayer series,
we have measured the value ofc from the 103 asymmetric
reflection. The values of sin2 c103 for different bilayer thick-
nesses as a function ofs1/Nd are shown in the Fig. 5(c). The
plot shows excellent agreement with Eq.(6b). Using aSRO
and aSMO as the bulk value and the value ofd0 calculated
from Fig. 5(a), we have calculated the values of strain com-

ponents. The values of«11 and «33 are 4.0876 and −0.678,
respectively. To compare these strain components, we have
plottedd103sfcd with the corresponding sin2 c103 for various
samples in the inset of Fig. 5(c). Thed103sfcd and sin2 c103

of these series satisfy Eq.(4), and the values of«11 and«33
are 4.419 and −0.69, respectively. These values are consis-
tent with the values of strain components calculated from
Fig. 5(c). Using the values ofd0s«11−«33d and d0s«33+1d
obtained from the inset of Fig. 5(c) and the slope and inter-
cept of Fig 5(c) in Eq. (6b), we have calculated the value of
strained lattice parameter ofaSRO and aSMO along the 00l
direction. The values ofaSROandaSMO are 3.99 and 3.864 Å,
respectively, confirming the expansion and compression in
the out-of-plane direction.

In the SRO/SMO multilayer structure, the out-of-plane
direction has alternate stacking of RuO6 and MnO6. In a
superlattice withn=1 the out-of-plane lattice parameter is
4.003 Å which is larger than the lattice parameter of the
constituents as well as the substrate. This state of strain in-
dicates the elongation of these octahedra along thec axis.
This superlattice has a larger strain state compare to the
single layer of SRO film, although the total thickness of the
structure is larger than a strain-relaxed film[150 Å (Ref.
32)]. The lower strain-relaxed thickness of SRO on STO and
larger difference in the lattice parameter between the two
compounds of the superlattice suggest that the modulation of
bilayer strain is the larger contribution to the total strain in
the superlattice. As the bilayer thickness—i.e., as the spacer
layer thickness increases—the strain level in the bilayer re-
laxed and the distortion of these octahedra decreases. This
strain at room temperature due to the interfaces is analyzed
by sin2 c methods. The strain in Eq.(4) depends on thehkl
orientations provided the strain is biaxial and uniform. How-
ever, Eq.(4) is valid for a thin film with single interfaces and
is not restricted to whether the strain is due to the volume
conserving modification or not. Thin films of transition metal
compounds have been observed to have a strain gradient
along the growth direction. The presence of small steps and
terraces on the surface of the substrate may also induce non-
uniformity in the in-plane strain. This suggest that the value
of sin2 c may not follow Eq.(4) for arbitrary hkl orienta-
tions. For this reason, the samples are studied along 10l ori-
entations. The values of strain components are similar to that
of the 1000-Å-thick film of SRO on STO seen in Fig. 5(b).
In Eq. (4) the parameters that include the stacking nature of
the samples ared0, E, and n. In the strain calculation, we
have used the samed0 for all samples though the average
bilayer lattice parameter is different. This could be the reason
that we could not extract any signature of the strain gradient
along the 10l direction using Eq.(4). Thus, we consider only
the 103 direction and comparedd103sfcd with sin2 c103 of
the samples with different spacer layer thickness[Fig. 5(c)].
The linearly dependentd103sfcd with sin2 c103 for different
sample allows us to calculate the strain. The values of the
strain components are 2 times larger than the values calcu-
lated along the 10l direction. Also we have calculated the
values of strain components from sin2 c103 using Eq.(6b).
Both calculations show approximately the same values of
strain. The sign of the strain components in the multilayer is

FIG. 5. (a) d10l vs sin2 c10l (l =1,2,3, and 4) for
sSROd20sSMOdn with n=1 andn=12. The solid line is a fit to the
data. (b) Evolution of the in-plain strains«11d and out-of-plane
strain s«33d as a function of the inverse of the bilayer unit cell
s1/Nd. The line is only a guide for the eyes.(c) Evolution of the
inverse of the bilayer unit cells1/Nd as a function of sin2 c103. The
inset depicts the evolution ofd103 vs sin2 c103 for different multi-
layers. The solid lines in the figure are the fit to the data.
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similar to that of the strain components of the SRO thin film.
This suggests that the in-plane tensile strain induced in SMO
due to 20-u.c.-thick SRO is not so strong as to overcome the
substrate-induced strain. The strained out-of-plane lattice pa-
rameter of SRO and SMO calculated from Eq.(6) indicates
the volume conserving distortion of SRO, whereas the dis-
tortion in SMO does not conserve its volume even if it re-
tains its cubic symmetry. At the interfaces, the modified
structure of SMO is stabilized in the pseudocubic phase and
suppresses the strength of the in-plane tensile strain. In the
multilayer the interfaces between the constituents modulate
the substrate-induced strain which keeps the strain coherency
in the sample. As the bilayer thickness increases, the
substrate-induced strain relaxes and it is reflected in the out-
of-plane lattice parameter of the multilayer.

The zero-field temperature-dependent resistivitysrd of
these superlattices is shown in Fig. 6. The resistivity of
1000-Å-thick film of SRO is metal like in the entire tempera-
ture range with resistivity anomaly at[150 K (Ref. 20)],

while the resistivity of the superlattice with 1-u.c.-thick
SMO layer below room temperature is metal like with a re-
sistivity minima at 20 K and below 20 K the resistivity is
insulator like. As the SMO layer thickness increases the re-
sistivity minima shifted towards the higher temperature and
rsTd shows an insulator-to-metal transition. This indicates
the presence of an interface effect due to the 3D coordination
of Ru and Mn ions, in thersTd, though the top layer is a
20-u.c.-thick SRO. The resistivities in the inset of Fig. 6 at
10 and 300 K of these superlattices show a continuous in-
crease in its magnitude with an increase of SMO layer thick-
ness. For the sample with lower SMO layer thickness where
the strain is larger[Fig. 4(b)], the change in the magnitude of
the resistivity is negligible. Although the transport measure-
ment contains the information of the interfaces, the effect of
strain is dominated by the magnetic state of the mobile car-
rier and the insulating nature of the SMO layer.

In conclusion, we have grown superlattices consisting of
20-u.c.-thick SrRuO3 andn-u.c.-thick SrMnO3 wheren var-
ies from 1 to 20 grown on(001)-oriented SrTiO3 utilizing the
pulsed-laser deposition technique. The evolution of the lat-
tice parameters, the crystallinity, and the epitaxy of the films
are evaluated as a function of the number of SrMnO3 unit
cells using x-ray diffraction and transmission electron mi-
croscopy. We have also studied the state of strain at the in-
terfaces and the structural coherency using the sin2 c
method. The superlattices show larger residual strain com-
pared to the single-layer film of SRO, suggesting that a lat-
tice stiffening from interfacial strain and inhibiting disloca-
tion by composition modulation. These results bring new
insights into the interfacial stress measurements of oxide
multilayers that can be used to control the physical properties
at the level of the atomic scale.
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