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Interfacial strain measurements of SrRuG;/SrMnO 3 magnetic multilayers
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Magnetic multilayers of(STRuQG;),,(SrMnG;),, were grown artificially using the pulsed-laser deposition
technique or{001)-oriented SrTiQ substrates. The state of strain at the interfaces and the structural coherency
are studied in details utilizing asymmetrical x-ray diffraction and thé gimethod. First, the evolution of the
lattice parameters and the crystallinity and epitaxy of the films are evaluated as a function of the number of
SrMnO; unit cells using x-ray diffraction and transmission electron microscopy. Second, our results on the
stress indicate that the SrRg&rMnO; superlattices show a larger residual strain as compared to the single-
layer film of SrRuQ. 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 transitionantiferromagnet’ Moreover, the lattice parameter of bulk
metals? and their compounds'* have high potential for SRO (agre=3.93 A) is larger thanagro with a lattice mis-
technological applications as their transport and magnetigatch +0.86 whereas the lattice parameter of SMéxyo
properties can be controlled with the nonmagnetic spacet3.805 A) is smaller tharaggowith lattice mismatch —3 %.
layer thickness. However, to use these materials for applicarhough there is a large lattice mismatch between SRO and
tions, it is necessary to understand and control precisely thgmMO, we have chosen this combination becauseAtisite
physical properties that depend on various parameters sughns are the same and the reductionBeite distortioR? is
as the layer materials, their thicknesses, and the interfac§pected at the interfaces between SRO and SMO. The state
between them. In the case of magnetic multilayers, the intefs¢ srain at the interfaces and the structural coherency are
faces are rich in magnetic and structural coordinationsgy,qieq using the sty method, and our results are reported

Moreover, the lattice mismatch and thickness between thfn this article. The superlattices show larger residual strain

two constituent materials will also modify the strength of the ., 1, 2 04 16 the single-layer film of SRO, suggesting that a
interfaces. Furthermore, the lattice-mismatch-induced StralPa’[tice stiffening from interfacial strain and inhibiting dislo-

changes the physical properties of the oxide thin films, in- " tion by composition modulation.

cluding the transition temperature in high-temperature A mult lsed | d . i d
superconductot&6 and in ferroelectric oxide¥. A similar muftitarget pulsed laser deposition systemas used to

effect in the Mn-based multilayers is responsible for signifi-9r@W SRO thin films and SRO/SMO superlattices (601)
cant variation in magnetization as well as in electronic, transS' 110 substrates. The thin films of SRO and the superlat-
port, and structural propertiéd418 For example, Kreisel tices were deposited at 720 °C in oxygen ambient of
et al1® have observed a tensile-strain-induced rhombohedra0 mtorr. The deposition rategypically ~0.26 A/pulsg of
to-orthorhombic phase transition in §.#r, ;MnO3/SrTiO;  SRO and SMO were calibrated for each laser pulse of energy
by Raman scattering. In this system, these two phasedensity ~3 J/cnt. After the deposition the chamber was
Lag 1Sth sMnO; and SrTiQ coexist in the superlattice with filled to 300 torr of oxygen at a constant rate, and then the
an intermediate range of layer thickness. Lue andsamples were slowly cool down to room temperature at the
co-workerd® have also studied the structural and transportate of 20°C/min. The superlattice structures were synthe-
properties of LasBa;sMnO4/SITiO; structure. They ob- sized by repeating 15 times the bilayer comprising of 20 u.c.
served that electrical transport properties of these samplgsRO andn u.c. SMO. In all samples SRO is the bottom
strongly depend on the strain-induced distortion in thelayer, and the modulation structure was covered with 20 u.c.
Lay;3Ba,sMnO; layer. SRO to keep the structure of the top SMO layer stable. These
Considering the above points, it is interesting first to fab-periodic modulations in composition, created on the basis of
ricate magnetic multilayers using thin-film deposition pro- established deposition rates of SRO and SMO, were con-
cesses. Second, artificial control of their properties as a fundirmed from the positions of superlattice reflections in x-ray
tion of the spacer layer thickness is required. Third, the-20 scans. The epitaxial growth and the structural charac-
interfacial stress that plays an important role upon the structerization of the multilayer and single-layer films were per-
tural and magnetotransport properties needs to be evaluaté@rmed using x-ray diffraction, electron dispersive spectros-
In this article, we report a structural study of the superlat-copy (EDS), and transmission electron microscogyEM).
tices consisting of 20-unit-celku.c.9 thick SIRuQ (SRO  The 6-26, @, and w scans were performed using Seifert
andn-u.c.-thick SrMnQ (SMO) wheren varies from 1 to 20 XRD 3000P and Philips MRD X'pert diffractometer@
grown on (001-oriented SrTiQ (STO, cubic with a  =1.54069 A. The TEM is a JEOL 2010 with a point reso-
=3.905 A). We choose these materials because SRO is a fettion of 1.8 A. Resistivity(p) was measured as a function of
romagnetic metd? whereas SMO is a highly insulating temperaturéT) in PPMS Quantum Design.
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FIG. 2. (a) ©-20 scan around the 002 reflection of STO for a
multilayer (SRO),(SMO)s. The calculated intensity using ther-

FIG. 1. ®-20 scan recorded around the 002 reflection of STOFAX program is also indicated. Note the perfect agreement between
for various multilayer(SRO,o(SMO), (n=1-20. Note the pres- experimental and calculated intensities. The inset depicts Swan
ence of satellites peakdenoted by arrowsof several ordergfrom recorded around the main peak for the same film. The low value of
-3 to +3 around the mairiffundamentgl peak(order Q attesting  the FWHM close to 0.12° confirms the high quality of the superlat-
to the formation of superlattices. tice. (b) ® scans recorded around th#03} of the film and the STO
substrate showing a fourfold symmetry and an in-plane alignment.

In bulk form SRO exhibits only pseudocubic perovskite gyskite structure and the difference in the lattice parameters
structure?? In contrast, stoichiometric SMO crystallizes in a petween them is significanB.93 A vs 3.805 A Also the
cubic as well as hexagonal phaSeThe cubic perovskite atomic scattering factor of Ru is higher than Mn. Higher-
structure of SMO s not stabilized in its single-layer thin-film order satellite peaks with strong intensity are expected to be
form; however, our results of x-ray diffraction and transmis-observed in the x-ray diffraction. To extract information
sion electron microscopy show the formation of cubic perov-about the coherency at the interfaces and the periodic chemi-
skite structure of SMO layer in the superlattices as prevical modulation(A) of these superlattices from26 scans,
ously observed®23 This result indicates that SMO can be we have carried out a quantitative refinement of the superlat-
stabilized as a cubic structure between two SRO lasfers. tice structure using theiFFAX progran?® The experimental

Our samples with alternate layers of SRO and SMO orand simulated diffraction profiles of the sample with5 are
STO show(00l) diffraction peaks of the constituents, indi- shown in Fig. 2a). It shows only the 2 range close to the
cating the growth of an epitaxial pseudocubic phase with théundamenta(002) reflection(42°—51° in &). The simulated
c-axis orientation—i.e., the axis perpendicular to the sub- profile is in good agreement with the measu®@@6 scan
strate plane. In Fig. 1, we show th®26 scan for several with respect to the satellite peak position and relative inten-
samples with different spacer layer thickneses. These scaisgly ratio. The inset in Fig. @) shows the rocking curvéw
are around thg002) reflection (42°—-49° in %) of these scar recorded around the fundamentd@02 diffraction
pseudocubic perovskites. As the SMO layer thickness inpeak of the sample with=5. The full width at half maxi-
creases above 1 u.c., the fundame@8@) diffraction peak mum (FWHM) of the rocking curve is 0.125°, close to the
of the constituents shifted towards the angular position of thénstrumental limit, suggesting a high crystalline quality of
STO and overlapped it fon>10. The sample witm=1  the structure in the samples. The FWHM of the rocking
shows two weak satellite peaks on the lower-angle side ofurve also correlates the structural coherence leégththe
the (002 diffraction peak of the constituents. The presencesample with the relatio§=27/Q X FWHM (Ref. 26, where
of higher-order strong satellite peaks on either side of th€)(=1/d) is the scattering vector length and the FWHM is in
(002 diffraction peak for samples with=2 clearly indi- radians. The coherence length of the sample in the out-of-
cates the formation of a new structure having a periodiglane direction is nearly the same as the total thickness of the
chemical modulation of the constituents. multilayer structure, confirming the coherency and single

In SRO/SMO superlattices, the two constituents have pererystallinity of the samples.
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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, the® scan of the sample witimn=5 from the
asymmetric{103} planes is shown in Fig.(B). The® scans
of the substrate and film correspond to the angular position
of the substrate and the constituents in 6 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 g@ak
the @ 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[100]|s7o/ /[100]z and[010]sto/ /[010]¢
(where the indeX refers to the filn.

The quality of the superlattices is confirmed by the elec-
tron diffraction(ED) study. An example of an ED cross sec-
tion, for a(SRO), (SMO)5 superlattice, is given in Fig.(8).

Note that the ED is a superposition of SRO and SMO. The
perfect ED patterns confirms theaxis orientation of the
superlattice and, also, the perovskite structure. Moreover, the
satellite spotgsee inset of Fig. @&)], 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. ®). 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 structdfe. u

Having the epitaxial and pseudocubic growth morphol- g o
ogy, it is necessary to verify the periodicity of all samples o STO substrate
with  different spacer layer thickness. In(20 u.c) o)

SRO/nu.c) SMO structure, the average superlattice

period is FIG. 3. (a) Electron diffraction of a cross-section for a
(SRO,((SMO)5 multilayer taken along thg01Q] direction. The
inset is the enlargement of the 001 spot showing one satellite spot

A _ (20aSRO+ nasmo) _ (203.3RO+ nasMO) (1) (SL) resulting from the superstructur@) Overall cross-section im-

20+n 20+n N ' age showing the STO substrate and the superlattice

(SRO,((SMO)s. The inset is an enlargement showing the stacking.

. . ) The SRO and SMO layers are clearly visible. The arrows indicate
where N=20+n. Since the fundamental diffraction peak of o substrate-film interface.

the superlattice is due to the diffraction from the constituent,

we have assumed the lattice parameter of the superléétice

as a=(agrotasmwo)/2. The superlattice period can be ex- =+
pressed as 2(sin 6, - sin 6,1’

3

A = (20 +n)a. ) where ¢, and 6,1 are the angular ppsition of thénh- and(i
+1)th-order satellite peak, respectively. The calculated val-
ues ofA from the different successive satellite peak positions
are given in Fig. &) for different values oh. The superlat-

For higher spacer layer thickne@se., n=20) the super- tice period is linear witm and follows Eq.(2), indicating a
lattice period is=156 A. This suggests that the coherencehigh quality of the different samples and a clear correlation
length of the sample is much higher than the superlatticas a function of the spacer layer thickness.
period. Therefore, the higher angle satellite peak positfons  As previously stated, the physical properties of magnetic
can be indexed abow, (2 sind)/N=1/axn/A, where@dis  thin films (Mn-based systejare strongly dependent on the
the angular position of the satellite peak ands the x-ray  strains imposed by the substra®elhis dependence has also
wavelength. We used the following equafiéto extract the been reported in the case of SRO thin fiffhahereaggg is
superlattice period from the satellite peak positions in thdarger tharnagto which indicates the presence of compressive
6-26 scan: in-plane stress on the SRO film. The substrate-induced stress
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= lation of this SRO/SMO system at the interfaces, we have
&) Lol studied the asymmetric reflection of these samples using the
g conventional sifiy method® (wherey is the angle between
i 120k the lattice plane normal and the sample surface norrhls
8 method is commonly used to calculate Poisson’s réii
E 20} l in-plane and out-of-plane strain, and the strain free lattice
& 0 5 10 15 20 parameter of the films. The lattice mismatch between the
@ SMO layer thickness (u.c.) deposited material and the substrate is the source of strain in
epitaxial thin film. In addition, the straifx) of the film along
< the direction of diffractiof hlk] from anyhkl reflection for a
§ 404} biaxial strain state is defined3s
4.00f -
g 8=M2811—8335inz Y+ £33, (4)
g 3.96] do
ﬁ e whereg is the angle between the projected lattice plane nor-
§ 0 2 4 6 8 10 12 mal and an in-plane axis. The parametdys( ) andd, are
SMO layer thickness (u.c.) the strained and unstrainéck., bulk value (hkl) plane spac-

ing of the sample, respectively,,=¢e,, are the in-plane
strain components angks is the out-of-plane strain compo-
nent in the film. The values af, ande; (i=1,2,3 depend

FIG. 4. (a) Evolution of the superlattice peridd\) as a function
of the number of SMO layer calculated from the position of the
satellite peaks of Fig. {see text for details The solid line is the fit . ,
to the data.(b) Evolution of the average-axis lattice parameter on the elastic constargor _Young_s mpdului) and .
[=A/(20+n)] as a function of the number of SMO layers, calcu- We have chosgn a unique dlrectlon .Wlth constaandk
lated from the position of the satellite peaks of Figisge text for to measure the diffracted x-ray |_nten5|ty as wellyagrom
detaily. The line is only a guide for the eyes. Theaxis value of ~ th€ 10 (1=1,2,3, and fasymmetric reflection. The value of
the bulk SRO as well as theaxis value obtained for a 20-u.c.-thick ¥ IS sensitive to the alignment of the sample, and to avoid the
SRO film are also indicated for comparison. misaligned contribution off, we have averaged over afl

directions. In Fig. &) we show thed; (i) vs Sirf ¢4 plot

modifies the interatomic distance in SRO and this is maxifor two samplegn=1 andn=12). The values are similar for
mum close to the STO substrate. However, the substratgsoth samples whose strain-free lattice parameter of the bi-
induced stress relaxed as the number of SRO layers iNayer is expected to be different. From the experimental

creases. This is evidenced when the lattice parameter of SR\Qewpoint the values of are also expected to be the same
approaches to bulk value. Sinegyo is smaller tharesro  for a known plane in each sample.

the SMO layer on SRO will experience a tensile strain within Assuming the same strain-free lattice parameter for all

the_ plan_e. Conseq.uently, the strain of the .SRO/SMO S!Jpers'amples, we have calculated the in-plane and out-of-plane
lattices is a combined effect of substrate-induced strain ag

well as the strain originated from the interfaces. train from thed,o(¢4) vs Siff yaq plot. We have deter-

In this superlattice system, these strains are opposite ined the value ofl, from the Fig. %a) at sirf yo=2v/(1

nature(substrate-induced strain is compressive, whereas thg ) using the value(»=0.327 in agreement with previous
strain at the interfaces is tengil@lso the lattice parameter reports on manganite thin filrAs calculateo! from the111]
calculations suggest that the interfacial strain is larger com3iréction. The value ob was calculated using the relatin
pared to the substrate-induced strain. So it is important to ag — aso Ce—Csto)\[1-v
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(b}, we report the average whereaz andcy are thea-axis andc-axis lattice parameters
out-of-plane lattice parameter of various samples as a fun®f the film (agro=Cs10=3.905 A. These valuese and c¢
tion of spacer layer thickness. The out-of-plane lattice paare calculated from th¢111] direction for the multilayer
rameter of 20-u.c.-thick SRO on STO is 4.05 A, while it is with n=1. Using this value ofl, in Eq. (4), we have calcu-
4.003 A for the superlattice with 1 u.c. spacer layer. Fromlated the strain components for different samples are shown
the figure, we observed that as the spacer layer thickness Fig. 5b). The g;, and e;3 are opposite in nature and the
increases, the out-of-plane lattice parameter of the superlain-plane strain is stronger as expected from lattice parameter
tice decreases and approaches the bulk value of SRO, whiaonsiderations. From this figure, we found that the strain is
indicates a smooth relaxation of the strain within the film. independent of the superlattice period although the out-of-
In the transition metal multilayers each layer of the con-plane lattice parameter shows relaxation of the stress at
stituent has a single element where the lattice mismatch leadsgher spacer layer thicknegsee Fig. 4b)]. However, this
to a planar deformation at the interfaces and hence its stru@nalysis does not make a distinction between the strain in the
ture. While in a multilayer designed from various transition multilayer and the single-layer SRO film. Also thELl) dif-
metal compounds, the lattice mismatch introduces a deforfraction peak of the sample overlaps with that of the sub-
mation in the three-dimension&BD) coordination of the strate peak which prohibits calculating of each sample.
transition metal element. To understand the structural corre- Equation(4) is applicable for a thin film where the struc-

a,: CF 1+v
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ponents. The values af;; and e33 are 4.0876 and —0.678,
respectively. To compare these strain components, we have
plottedd; o4 ¢4) with the corresponding sty o5 for various
samples in the inset of Fig(&. The do4 ¢) and sift ¢g3

of these series satisfy E¢4), and the values of;; andeg;

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 ofly(s1;—e339) and dy(es3+1)
obtained from the inset of Fig.(® and the slope and inter-
cept of Fig %c) in Eq. (6b), we have calculated the value of
strained lattice parameter @fzo and agyo along the 00
direction. The values aigroandagyo are 3.99 and 3.864 A,
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 Ry@nd MnQ,. In a
superlattice withn=1 the out-of-plane lattice parameter is
4.003 A 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 alongctlagis.

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 fi[h50 A (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 sir? ¢y methods. The strain in E@¢4) depends on thakl
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

ture has a single interface between the film and substrate. ffPMPounds have been observed to have a strain gradient
the case of a multilayer, which has more than one interface!ong the growth direction. The presence of small steps and
its lattice parameter depends on the thickness of the bilayet€rraces on the surface of the substrate may also induce non-

We have assumed,(py)=as/Vh?+k?+1?, wherea is the
average lattice parameter of the bilayer. The average latti
parameter of the bilayer can be expressed as a functidh of

20
as=agmot N(aSRO_ asmo) -

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

[asmo * (20/N)(asro— asmo) |

V’h2+ k2+ |2

= do(e11~ 839N ¢ + do(833+ 1),

uniformity in the in-plane strain. This suggest that the value
c%f sir? ¢» may not follow Eq.(4) for arbitrary hkl orienta-
tions. For this reason, the samples are studied alohgrl-0
entations. The values of strain components are similar to that
of the 1000-A-thick film of SRO on STO seen in Figbh

In EqQ. (4) the parameters that include the stacking nature of
the samples aréy, E, and v. In the strain calculation, we
have used the samd# 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 10direction using Eq(4). Thus, we consider only
the 103 direction and comparety i) with Sir? ;o5 of

the samples with different spacer layer thickngsg. 5c)].

To apply this relation to the SRO/SMO multilayer series, The linearly dependerd;oy(¢) with sir? o5 for different
we have measured the value #ffrom the 103 asymmetric sample allows us to calculate the strain. The values of the

reflection. The values of siny, o3 for different bilayer thick-
nesses as a function @f/N) are shown in the Fig.(6). The
plot shows excellent agreement with Eb). Using aggo
and agyo as the bulk value and the value d§ calculated

strain components are 2 times larger than the values calcu-
lated along the ll0direction. Also we have calculated the
values of strain components from $ig 3 using Eq.(6b).

Both calculations show approximately the same values of

from Fig. &), we have calculated the values of strain com-strain. The sign of the strain components in the multilayer is

184419-5
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while the resistivity of the superlattice with 1-u.c.-thick
SMO layer below room temperature is metal like with a re-
18 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

% ’ p(T) shows an insulator-to-metal transition. This indicates
R the presence of an interface effect due to the 3D coordination
’ 10 of Ru and Mn ions, in the(T), though the top layer is a
20-u.c.-thick SRO. The resistivities in the inset of Fig. 6 at

1.0 j 10 and 300 K of these superlattices show a continuous in-

crease in its magnitude with an increase of SMO layer thick-

9

8

7

6

5
—’/ 4 ness. For the sample with lower SMO layer thickness where

05 —// ; the strain is largefFig. 4(b)], the change in the magnitude of

4// 1
_—/ 0

Resistivity (mQ cm)

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

FIG. 6. Temperature-dependent zero-field resistivity for differ-_zo'u'c"thiCk SrRu@andn-u.c.-thick SrMnQ wheren var-

ent multilayers. Inset shows the values of zero-field resistivities al€S from 1 to 20 grown o00l)-oriented SrTiQ utilizing the
10 and 300 K of these multilayers. pulsed-laser deposition technique. The evolution of the lat-

tice parameters, the crystallinity, and the epitaxy of the films
similar to that of the strain components of the SRO thin film.are evaluated as a function of the number of SrMnM@it
This suggests that the in-plane tensile strain induced in SMQells using x-ray diffraction and transmission electron mi-
due to 20-u.c.-thick SRO is not so strong as to overcome theroscopy. We have also studied the state of strain at the in-
substrate-induced strain. The strained out-of-plane lattice pagrfaces and the structural coherency using the® iin
rameter of SRO and SMO calculated from K6) indicates  method. The superlattices show larger residual strain com-
the volume conserving distortion of SRO, whereas the dispareq 1o the single-layer film of SRO, suggesting that a lat-
tortion in SMO does not conserve its volume even if it re-tice siffening from interfacial strain and inhibiting disloca-
tains its cubic symmetry. At the interfaces, the modifiedijon by composition modulation. These results bring new
structure of SMO s stabilized in the pseudocubic phase anghsights into the interfacial stress measurements of oxide

suppresses the strength of the in-plane tensile strain. In thgjiilayers that can be used to control the physical properties
multilayer the interfaces between the constituents modulatg; the level of the atomic scale.

the substrate-induced strain which keeps the strain coherency

in the sample. As the bilayer thickness increases, the We thank M. Morin for the preparation of samples for the
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of-plane lattice parameter of the multilayer. also thank Dr. H. Eng for careful reading of the article.
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