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The interdependence between the microstructure of sputter-deposited Nis111d /Mos110d superlattices and
their elastic behavior is investigated as a function of the bilayer periodsLd. Brillouin light scattering measure-
ments show that a drastic softening of the effective shear modulus occurs with decreasingL, until L=2 nm
where it reaches −62%. Ion irradiation is here used to trigger stress relaxation and to induce, in a controlled
way, interdiffusion and structural changes allowing us thus to investigate their influence on the elastic anomaly.
At a very low irradiation doses0.1 displacements per atomd, the relief of the lattice expansion and associated
compressive stresses does not induce any change of the elastic response, which indicates that the elastic
behavior of the as-grown multilayers is not correlated with the presence of elastic strains. Furthermore, a
detailed x-ray diffraction analysis shows that the unstrained lattice parameter of Mo layers exhibit a linear
dependence with the interface density, while the Ni unstrained lattice parameter remains nearly unchanged in
the sameL range. This effect can be attributed to an interfacial mixing of a constant Ni amounts,1.5
monolayersd into the Mo layers, as a consequence of a dynamic segregation of Ni atoms during growth. Thus,
the formation of interfacial metastable and supersaturated solid solutions, structurally and mechanically un-
stable, appears as the origin of the huge elastic softening observed in this system. At high ion fluences, when
the mixing process becomes dominant, the present study also provides experimental data on phase transfor-
mation in “driven” alloys, by addressing the issue of the stability of out-of-equilibrium structures under
irradiation.

DOI: 10.1103/PhysRevB.71.045422 PACS numberssd: 68.65.Ac, 68.60.Bs, 61.80.Jh, 68.35.Dv

I. INTRODUCTION

It is now well known that interesting and unexpected
physical properties departing from the bulk properties are
currently observed for artificially layered systems when layer
thicknesses are reduced to the nanoscale. The mechanical
behavior of metallic superlattices does not provide an excep-
tion and has been the subject of much interest and contro-
versy in the recent years.1,2 The presence of deviations in the
elastic behavior of some multilayered systems, compared to
what continuum elasticity predicts, has given rise to the de-
velopment of considerable experimental and theoretical stud-
ies. A strong hardening involving an increase of the in-plane
biaxial modulus of more than 100%, referred historically as
the “supermodulus” effect, has been seen in some fcc/fcc
systems3–5 from bulge-test techniques. Although this effect
has been later refuted and ascribed to some artifacts in the
experimental measurements, it is, however, well recognized
that significant elastic anomalies do exist in some peculiar
bcc/fcc systemssCu/Nb,6–8 V/Ni,9 Mo/Ni,10–13 W/Ni,14

Fe/Cu,15 etc.d and more scarcely in bcc/bccfMo/Ta sRef.
16dg or fcc/fcc fAg/Pd sRef. 17d, Ag/Ni sRefs. 18 and 19dg
systems. A strong softenings<30–50%d of the effective
shear modulus with decreasing bilayer periodsLd of the su-
perlattices is usually observed; this effect sometimes coexists
with a slight stiffenings,10%d of the in-plane Young and

biaxial effective moduli. It is also noteworthy that such an
elastic behavior mostly occurs in systems for which constitu-
ents exhibit a large lattice mismatch and are rather immis-
cible, i.e., systems for which incoherent and sharp interfaces
are expected. In very rare instances and more especially in
miscible fcc/fcc systemssAg/Pdd, strong hardening is re-
ported for both the shear and biaxial effective moduli.17

Quantitative structural information on lattice strains and
structural disorder has been mainly obtained from analysis of
x-ray scattering in specular or grazing geometries. To deter-
mine the out-of-plane interplanar spacings of the constituent
layers, it is necessary to fit the diffraction spectra to model
calculations. Experimentally, it has been reported that the
softening of the shearsC44 elastic constantd and compres-
sional sC33 elastic constantd moduli was correlated with an
expansion of the average interplanar spacing along the

growth direction10,12 sd̄d and also possibly with an increased
structural disorder at the interfaces able to trigger a crystal-
line to amorphous transition at smallL.10,14 Different theo-
retical models involving eithersid bulk lattice deformations
induced by a modified band structure due to the artificial
periodicity20,21or by the difference in the Fermi energy level
between the two metallic layers,22 sii d a localized strain due
to interface stresses at noncoherent interfaces23,24 or siii d co-
herency strains,25,26,15 have been proposed to correlate the
elastic response to different electronic or structural mecha-
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nisms. Finally, Wolf and co-workers have developed a model
based on the idea of “grain boundary” interfaces and related
atomic-level disorder,27–29 which allowed them to account
for both shear elastic softening and biaxial modulus enhance-
ment observed in some systems. The role of the interfaces in
governing the elastic behavior of nanoscale metallic super-
lattices is now well determined, but their intrinsic nature and
the underlying physical mechanisms are not yet well under-
stood.

The Ni/Mo system has been extensively studied10,12,30

and exhibits the largest elastic anomalies of any system re-
ported in the literature. For instance, a large softening of the
C44 shear moduluss,−44%d andC33 compressional modu-
lus s,−33%d has been observed by Khanet al.10 and Clem-
ens and Eesley12 at smallL, in Ni/Mo multilayers grown by
magnetron sputtering. However, the physical origin is still
subject to controversy since contradictory conclusions have
been drawn: Clemens and Eesley claimed that the commonly

observed expansion ofd̄ was localized at the interface,12

while Khanet al.10 and Schuller and Raman31 have ascribed
it to a bulk strain in the Ni lattice, arising from a bulk relax-
ation attributed to electronic transfer effects. Finally, through
a complete determination of the stress state of the two con-
stituents, Bainet al.32 demonstrated that the observed out-of-
plane lattice expansion was completely accounted for by
elastic strains arising from coherency and substrate-
interaction stresses, ruling out implicitly the interface con-
traction stresses and associated dilatation strains as the
causes for the shear elastic softening in Ni/Mo superlattices.
Considering these conflicting explanations, we have first un-
dertaken an investigation to reexamine the Ni/Mo system.
For this purpose, a detailed structural characterization by
x-ray Diffraction sXRDd coupled with Brillouin light scatter-
ing sBLSd measurements was carried out in sputtered Ni/Mo
multilayers, withL ranging from 0.8 to 87.5 nm.33

The originality of the present study lies in the use of the
ion-irradiation technique as a powerful tool to induce, in a
controlled way, structural changes and to investigate how
they relate to the elastic properties. Irradiation was per-
formed using 380 keV Ar ions in a large range of fluences to
study the influence of stress relaxation and ion-driven inter-
diffusion on the evolution of the shear elastic modulus. By
combining the structural and elastic investigation techniques
with ion irradiation, we obtain a complete characterization of
the interplanar spacings as a function ofL for the as-
deposited and irradiated samples, and show that the huge
softening of the shear moduluss−62%d is not related to an

expansion ofd̄, as stated previously,1,10,12,15but rather corre-
lated with structural changes in the individual Mo and Ni
sublayers due to an interfacial alloying effect. This picture is
reinforced by recent results obtained on Ni1−xMox supersatu-
rated solid solutions elaborated by co-sputtering, for which a
strong softening ofC44 is observed as a function of the solute
concentration.33 The present study also provides experimen-
tal data on phase transformation in “driven” alloys, by ad-
dressing the issue of the stability of nonequilibrium struc-
tures.

II. EXPERIMENTAL DETAILS

A. Elaboration

The Mo/Ni multilayers were grown at room temperature
sRTd on Sis001d substrates covered with a thins,1–2 nmd
native SiO2 amorphous layer. Bilayer periodsL ranged from
0.8 to 87.5 nm, with a constant Mo:Ni thickness ratio. The
multilayered films were elaborated in a high-vacuum,
computer-controlled Nordiko 3000 sputtering device fitted
with a rf-plasma ion gun and two cryogenic pumps. The
initial pressure in the deposition chamber was 1–2
310−6 Pa, while the working pressure after Ar introduction
was fixed at,10−2 Pa. The acceleration voltage and ion cur-
rent were kept constant at 1.2 kV and 80 mA, respectively,
resulting in a deposition rate of 0.06 and 0.082 nm s−1 for
Mo and Ni, respectively. Total film thickness was,280 nm.
The global composition of the film was chosen to be
Mo0.25Ni0.75, which corresponds roughly to a Mo:Ni thick-
ness ratio equal to 1:2. The exact composition was deter-
mined from energy dispersive x-ray spectroscopy measure-
mentssEDXd carried out in a scanning electron microscope
using an accelerating voltage of 20 kV.

B. X-ray diffraction

Structural characterizations were carried out on a Bruker
D5005 x-ray diffractometer equipped with a graphite second-
ary beam monochromatorsselecting the CuKa radiation l
=0.1542 nmd and a proportional counter. Measurements
were recorded in the Bragg-Brentano geometry. Scattering
angular ranges useds35° –70° and 75° –110°d were chosen
to cover both first and second scattering orders from the
Nis111d and Mos110d Bragg reflections. The lack of any
other reflection indicates that the multilayers are highly tex-
tured, with an alternate stacking of bcc Mos110d and fcc
Nis111d dense planes. Moreover, the presence of the high-
angle superlattice peaks indicates that the interfaces are crys-
talline even at the smallestL investigated. A determination

of the exact values ofL and d̄ defined by

d̄ =
NModMo + NNidNi

NMo + NNi
s1d

can be obtained directly from the positions of the superlattice
maxima, using the relation

q = m
2p

d̄
± n

2p

L
, s2d

whereNMosNid and dMosNid are the number of atomic planes
and the out-of-plane interplanar distance of the individual
Mo or Ni sublayer, respectively,q is the modulus of the
scattering vectorq=4 p sin u /l, m the scattering order and
n the peak index. So, the zero-order peaksn=0d gives di-

rectly d̄.
The information on the structural parameters of the indi-

vidual constituent layers requires modeling the multilayer
and a refinement procedure, which compares the calculated
intensities from the model structure with the measured inten-

MARTIN et al. PHYSICAL REVIEW B 71, 045422s2005d

045422-2



sities. Here, the kinematic modelSUPREX was used.34 No
interdiffusion profile was introduced at the interfaces; thus,
only averagestructural parameters of the individual Mo and
Ni layers were determined. ForL ranging from 4.3 to
10.8 nm, the simultaneous adjustment of the first-and
second-order XRD profiles provides good accuracy on the
values of the average interplanar spacing,dNi and dMo, and
number of atomic planes,NNi andNMo, and gives a reliable
determination of these values. For large periodssL
.14 nmd, when the structural coherency length becomes
similar or lower thanL, only the values ofdNi anddMo could
be reasonably deduced from the adjustments of the XRD
spectra. Lastly, for small periodssL,4.3 nmd, only infor-

mation ond̄ andL could be extracted.
X-ray reflectometrysXRRd measurements were also car-

ried out on a Seifert XRD 3000 diffractometer, using a
Cu Ka1 radiation selected by a channel-cut Ges220d mono-
chromator and a fine slit. XRR measurements were per-
formed in the specularu−2u configuration, using a knife
device to maintain a constant irradiated area on the specimen
surface throughout the whole scan. The data were analyzed
on the basis of Parrat’s recursive formalism.35 Therefore,
quantitative information onL, the layer refractive index, in-
terface roughness, and thickness ratio could be extracted.

C. Ion irradiation

Ni/Mo multilayers were subsequently irradiated at RT
with 380 keV Ar ions, in another chamber with a vacuum of
,10−5 Torr. The ion current was always maintained below
0.8 mA/cm2 in order to avoid any sample heating. The ion
energy was selected so that the profile of displaced atoms,
deduced fromSRIM simulations,36 was as flat as possible
throughout the whole multilayer thickness. An average dose
of 0.14 displacements per atomsdpad could be estimated for
a fluence of 1014 Ar/cm2, by referring to the displacement
threshold energies of Mo and Ni.37 A low fluence of 7
31013 ion/cm2 scorresponding to 0.1 dpad was first per-
formed and, as previously shown,38 was sufficient to induce
an almost complete relaxation of the intrinsic stresses.
Higher fluences, from 1014 to 1017 ions/cm2, were also car-
ried out on selected multilayers,L=2.8, 7.7, and 28.4 nm, in
order to follow the structural and elastic properties during the
progressive interfacial mixing and until the formation of a
final homogeneous solid solution.

D. Brillouin light scattering

BLS measurements were used to determine the phase ve-
locity of the surface acoustic waves. The spectra were re-
corded in air at RT by means of a high-contrast Sandercok-
type tandems3+3 passesd Fabry-Perot interferometer. A
single-mode Ar+ laser sl=514.5 nmd of ,400 mW power,
polarized in the incidence plane, was focused onto the
sample surface. Measurements were recorded in the back-
scattering interaction geometry for two incidence angles
s65° and 45°d. Since the acoustic wavelengthsstypically
300 nmd are large compared toL, the elastic properties of
the multilayered films can be described within the elastic

continuum approximation. The set of elastic constants can in
principle be determined by fitting the complete BLS spectra.
It is assumed for the calculation that the ripple mechanism at
the free surface is the only efficient one.39

The total thickness of the film required for the simulation
of the BLS spectra was obtained from the refinement of the
XRR profiles. The effective densitysrd was obtained using
the bulk densities of the two materials and the thickness ratio
calculated from the global composition of the multilayers.

In the present case, among the five independent elastic
constants that are necessary to describe the elastic hexagonal
symmetry, onlyC11, C33, C13, and C44 are related to the
observed surface waves polarized in the sagittal plane. Nev-
ertheless, an unambiguous determination is only possible for
C44.

18 The expected effective shear elastic constant of the
superlattices, notedC44

ref, was calculated from the respective
C44 values of the two constituents, using the rule of the
weighted harmonic average, accordingly the theoretical
analysis of Grimsditch and Nizzoli.40 Since the layers are
polycrystalline in the planesfiber-textured filmsd, the C44
elastic constant has to be averaged over all possible in-plane
orientations, which requires the use of a grain interaction
model. Taking into account the observed texture,s111d and
s110d for fcc Ni and bcc Mo layers, respectively, the corre-
sponding values were calculated from the values of Ni and
Mo single-crystal elastic constants,41 using the Reuss42 or
Voigt averages43 around thek111l andk110l axis, depending
on whether the continuity of stress or strain across crystallite
boundaries is assumed. Since it is usually observed that mea-
sured macroscopic values in thin textured films lie between
the Reuss and Voigt values, the retained one was that calcu-
lated using the so-called Hill average,44 which is a median
value between the Reuss and Voigt estimates. This gives
C44

ref=79 GPa.

III. RESULTS

A. As-deposited multilayers

1. Elastic properties

Figure 1sad displays typical experimental and calculated
BLS spectra of the as-grown multilayer withL=2.8 nm re-
corded under an incidence angle of 65° in the as-deposited
state. In this example, the Rayleigh surface modesnotedRd
is fitted with C44=32 GPa, whereas a convenient fit of the
so-called Sezawa modes is obtained withC11=310 GPa,
C33=320 GPa, andC13=151 GPa. The evolution of theC44
effective elastic constant, deduced from the BLS measure-
ments, is reported in Fig. 2 as a function ofL. The expected
C44

ref value calculated using the Hill average is also reported.
It appears that such a value is never reached, even for the
largestL values where the influence of the interfaces is ex-
pected to be small. We ascribe this apparent reduction ofC44
at largeL scompared toC44

refd to an intrinsic elastic softening
of the Mo sublayers. Indeed, a value ofC44=98 GPa was
measured for a pure Mos110d thin film sthickness 200 nmd,
which is 23% lower than the bulk ones127 GPad. For small
L values, a strong decrease of the shear modulus withL is
clearly observed, reaching a lowest value ofC44=31 GPa for

STRAIN, INTERDIFFUSION, AND MICROSTRUCTURAL… PHYSICAL REVIEW B 71, 045422s2005d

045422-3



Lø2 nm. This latter value corresponds to a softening of
,62% with respect to theC44

ref value. Such a behavior has
also been reported previously by different groups;10,12,30

however, in the present case, theL range where this soften-
ing is observed is much larger than that in previous studies,
and the magnitude of the softenings−62%d is the highest
ever reported. It is important to point out that the multilayers
remain crystalline under the present deposition conditions
even forL,2 nm, and no increase inC44 is observed in this
rangesexcept however for the multilayer withL=0.8 nmd,
contrary to a previous report.10 The strong decrease ofC44

with decreasingL clearly demonstrates the role of interfaces
or more specifically of the interface densitys2/Ld. In a pre-
vious paper,33 the remarkable linearity between 1/C44 and
the interface density was seen, and a simple phenomenologi-
cal model, based on a description of the system as parallel
elastic layers, involving an extremely soft layer at each in-
terface, was proposed. Adjustment of this model with the
experimental data indicated a thickness of 1.2 nm and aC44
value of 31 GPa for this interfacial layer. This interpretation
was supported by the drastic drop ofC44 observed for crys-
talline Ni1−xMox solid solutions elaborated by co-sputtering,
when the induced solubility of Ni in Mo or of Mo in Ni is
increased.

2. XRD analysis

Representative XRDu–2u scans of Ni/Mo multilayered
films with L ranging from 2 to 28.4 nm are shown in Fig. 3.
As previously emphasized, the presence of superlattice re-
flections in the diffracted intensity indicates a rather good
structural coherency, with a Nis111d /Mos110d stacking
along the growth direction. For smallL, the presence of
satellite peaks is even preserved. These peaks are neverthe-
less wide due to a small grain size or a strong structural
disorder. For largeL, the overlapping of the superlattice
peaks leads to their smearing out and disappearance. This is
particularly visible at the second scattering order.

The main structural parameters were extracted following
the procedure described in Sec. II B. Experimental and cal-
culated profiles obtained for a multilayer withL=7.7 nm are
shown, for illustration, in Fig. 4. It is worth noticing that a
good adjustment of the x-ray profiles to the kinematical
model requires an apparent reduction of 25% of the Mo
atomic diffusion factor. However, this effect appears fully
accounted for by considering the larger mosaicity of the Mo
planes compared to that of the Ni ones. Indeed, the full width
at half maximumsFWHMd of the Mo s110d reflection in a
v-scan is systematically 1° larger than that of the Nis111d
reflection. Typical FWHM rocking curves values for Ni were
in the range 4°−5° forL between 4 and 15 nm.

Figures 5 and 6 display the evolutions withL of dMo and

dNi as well asdd̄/ d̄nom, whered̄nom is the expected average
value, calculated from the bulk lattice spacings,dMo

bulk

=0.22254 nm anddNi
bulk=0.20345 nm, and the average num-

bers of Mo and Ni atomic planes,NMo andNNi. The values of

dMo, dNi, and d̄ are obtained from the refinement of the cal-
culated spectra to fit the experimental ones. It may be

pointed out that the value ofd̄ obtained from the fitting pro-
cedure is consistent with that obtained directly from the zero
order Bragg reflection.

FIG. 2. Dependence of the shear elastic constantsC44d as de-
duced from BLS measurements on superlattice bilayer periodsLd.
Open symbols refer to as-grown multilayers and filled symbols to
irradiated multilayers after a low ion fluence of 731013

Ar/cm2 s0.1 dpad. The solid line is only a guide for the eyes.

FIG. 1. Typical experimental BLS spectrasopen symbolsd com-
pared with the calculated onesssolid linesd for a Ni/Mo multilayer
with L=2.8 nmstotal thickness 288.4 nm, angle of incidence 65°d:
as-grown multilayersad; irradiated with 2.531014 Ar/cm2 sbd; and
531015 Ar/cm2 scd. The Rayleigh surface modesnotedRd is fitted
with C44=32, 41, 51 GPasthe constantsC11=310, 285, 285 GPa;
C33=320, 325, 360 GPa;C13=151, 134, 134 GPa allow a conve-
nient fit of the so-called Sezawa modesd for casessad, sbd, scd,
respectively.
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For the as-grown samples, the relative expansion ofd̄
sFig. 5d suggests that the layers are under a global compres-
sive stress state, even at highL. In previous studies, an
abrupt increase ofd̄ was observed with decreasingL in the
range 2–20 nmssee the inset in Fig. 5d. In the present case,
a slight but monotonic increase is observed with decreasing
L. Moreover, the evolution is not correlated with the huge
elastic softening in the shear modulussFig. 2d.

Figure 6 shows a strong difference in the structural char-
acteristics of both materials. A significant decrease ofdMo is
clearly observed forL,20 nm. On the other hand, a small
change indNi is only observed forL,6 nm. The reduction
of dMo with decreasingL may appear quite striking, since,
intuitively, one would expect an increase due to the enhance-
ment of coherency stresses at smallL, owing to the epitaxial
relationship between the two lattices.45

The distinct evolutions ofdMo, dNi, and d̄ deserve some
discussion: onlydMo exhibits a strong evolution while neither

dNi nor d̄ show any similar behavior. This implies that the
ratio of the number of atomic planes per layerNMo/NNi de-
viates from the nominal value. Figure 7 shows the number of
planes in the Mo layers extracted from the XRD analysis
s N

Mo
d, as a function of the nominal values deduced from the

global composition of the multilayerssNMo
nomd. Data are re-

ported forL in the 4.3–10.8 nm range, for which a consis-
tent refinement of the structural parameters was possible. Ex-
perimental points are clearly aligned on a straight line,
parallel to the N

Mo
=NMo

nom line, but shifted towards higher
values. This constant shift corresponds to,1.5 monolayers

sML d. This means that the Mo layers are thicker than ex-
pected; symmetrically, the Ni layers are thinner. Accordingly,
this indicates that a constant amount of Ni is incorporated
into the Mo layers, at least for thisL range. This result
supports the assumption previously put forward that a mixed
NiMo layer is formed during deposition.33 The origin of this
interfacial mixing will be discussed later.

B. Low dose ion irradiation: Stress relaxation

Ion irradiation was performed with 380 keV Ar ions to a
fluence as low as 731013/cm2. Atomic rearrangements in
the displacement cascades due to the high density of recoil
displacements and subsequent Frenkel pair recombination
are able to trigger stress relaxation in metallic multilayered
films. No significant interdiffusion is expected for such ion
doses. Indeed, fromSRIM calculations, the spread of the in-
terface can be estimated to only,1 ML. Therefore, this pos-
sibility offers an interesting means to investigate the respec-
tive influence of stress on the elastic properties of
multilayers.

Asymmetric XRD measurements using the sin2C method
were performed on some irradiated multilayers.45 We ob-
served that the elastic strain was almost entirely relaxed in
this low-dose irradiation regime. Therefore, the out-of-plane
interplanar distances determined from XRD analysis on the
irradiated samples may be considered as stress-free lattice

spacings. This is clearly visible in Fig. 5: the values ofd̄
after low-dose ion irradiation are equal, within the limit of
experimental uncertainties, to the expected one.

FIG. 3. High-angle symmetricu -2u XRD
scans for representative Nis111d /Mos110d multi-
layers recorded at the first and second scattering
orders. Dashed lines indicate the expected posi-
tions of Mos110d and Nis111d or Mos220d and
Nis222d bulk reflections.
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Figure 8 shows the evolution of XRDu–2u scans of a
multilayer withL=7.7 nm before and after ion irradiation at
a fluence of 731013 Ar/cm2. A shift of the Mo envelope
position towards higher angles is clearly visible, particularly
at the second order, contrarily to the Ni position that remains
almost constant. The spectra have been analyzed following
the procedure described above. The values ofdMo and dNi
after ion-induced stress relaxation are reported in Fig. 6. As
expected from the observed changes of XRD scans,dMo is
found to decrease after ion irradiation, whiledNi remains
unchanged. However, the global shape of the evolution of
dMo and dNi with L is unaltered. This suggests that no sig-
nificant mixing had occurred in this fluence range, at least for
L.4.3 nm for which quantitative information could be ex-
tracted from the XRD analysis. Therefore, ion-induced Ni
diffusion in the Mo sublayers may be disregarded. It is inter-
esting to notice that, for large values ofL, dMo drops down to
a value close to the bulk value, confirming that elastic strains
originating from residual stresses have been mainly relaxed.
For L,20 nm, dMo becomes smaller than the bulk value,
while dNi appears slightly higher than the bulk one only for

L,7 nm. This anomalous behavior ofdMo anddNi for small
L cannot be attributed to a stress effect, since their variation
with L remains similar after ion irradiation. Thus, it may be
concluded that the variations ofdMo and dNi observed at
smallL originate from an intermixing effect, which could be
ascribed to a chemical interdiffusion occurring during the
growth at the Ni/Mo or/and Mo/Ni interface.

If we assume that the intermixed layer thickness is the
same for allL, its influence will be greater for smallL
values due to the larger interface density. Figure 9 shows that
the relaxed lattice parameter scales linearly with the interface
density, supporting the idea of an intermixing process. In-
deed, such a dependence is expected as much as the thick-
ness of the intermixed layer is smaller than the sublayer
thickness. Assuming that the reduction ofdMo is caused by
the presence of Ni atoms in the Mo sublattice, the average Ni
concentration in the Mo layers,xNi may be estimated by
referring to the best linear laws fitting the measured lattice
parameters determined for metastable Ni-rich and Mo-rich
MoxNi1−x solid-solution sputtered thin films.45 The Ni aver-
age content can be estimated to,24% for L=4.9 nm and
would reach 50% forL,2.5 nm. If we convert these con-
centrations in terms of equivalent mass transfer of Ni atoms,
one obtains a constant value of 1.5–2 equivalent Ni ML,
whatever the Mo thickness. This value is in a rather good
agreement with the one deduced from Fig. 7.

The C44 elastic constants measured by BLS on the ion-
irradiated samples are reported in Fig. 2. Since no stiffening
of C44 is observed after stress relaxation, the present data
demonstrate that elastic strains are not responsible for the
huge elastic softening observed at smallL, as stated

FIG. 4. Experimental high-angleu -2u XRD scansssymbolsd
and refined calculationsssolid linesd of an as-grown Ni/Mo
multilayer with a bilayer periodL=7.7 nm. On the upper part is
shown the profile recorded at the first scattering ordersad and on the
lower part at the second ordersbd.

FIG. 5. Out-of-plane average lattice spacing changesdd̄/ d̄nom as
a function ofL. The open circles correspond to the as-grown mul-
tilayers and the filled circles to the same multilayers irradiated at a
low ion fluence of 731013 Ar/cm2 s0.1 dpad. Also shown in the
insert is a comparison with data of the literaturesRefs. 10 and 12d,
for which larger changes were evidenced. The solid lines are only
guides for the eyes.
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previously.10,12,13 This result also differs from the observa-
tions reported by Hueset al. in Ag/Co multilayers irradiated
with 6 MeV C ions, where a hardening of the shear elastic
constant was seen with increasing dose.46 These authors sug-
gested that this effect was related to a strain release. How-
ever, the evolution of XRD patterns rather suggests a slight
destratification to occur in this immiscible system.

There were attempts to use thermal treatment47–49 to de-
sign structural changes, but destratification and grain growth
did occur, preventing clear conclusions on the elastic prop-
erties of the multilayered systems. An essential feature of the
ion irradiation technique is that it allows inducing atomic
rearrangements and exchanges in a semicontrolled way. To
illustrate this point, we have performed XRR experiments on
the samesamplesL=4.9 nmd before and after irradiation.
The spectra shown in Fig. 10 are very similar: no significant
roughening effect is observed and the bilayer period,L, re-
mains unchanged. Since a strong decrease ofdMo is concur-
rently observed, then this result suggests that an anisotropic
stress-driven atomic transport along the growth direction of
the multilayer occurs during the ion-induced stress relief
stage.

C. High-dose irradiation: Ion mixing

Ion-irradiation was pursued up to large doses on three
multilayers samples having different bilayer periods:L
=2.8, 7.7, and 28.4 nm. The induced structural changes were
deduced from the evolution of theu–2u XRD scans, while
the elastic properties were determined from BLS measure-
ments after successive irradiation doses. In order to compare
the elastic behavior of the selected multilayers, we will use
in the following the normalized doseanorm=sf /L2d1/2,
which characterizes also the mixing yield. This allows us to
compare the elastic properties for equivalent mixing yields,
since ballistic mixing models as well as radiation-enhanced
diffusion ones predict interface spread to increase as the
square root of the ion fluence.

1. Structural changes

Selected XRDu–2u scans recorded on the irradiated
samples are shown in Fig. 11. These scans are representative
of the four observed different stages, hereafter labeled from 0
to 3. Stage 0, for values of the normalized doseanorm
,0.1 ion1/2/nm2, corresponds to the ion-induced stress re-
laxation described in the preceding section.

In stage 1 s0.1,anorm,0.25 ion1/2/nm2d, ion-induced
mixing is clearly evidenced from the evolution of the XRD
profiles. For the two multilayers withL=2.8 and 7.7 nm, a
significant change in the relative intensities of the superlat-
tice peaks is noticed, leading to the enhancement of the zero-
order peak. ForL=2.8 nm, due to the limited number of
satellite reflections, no information on the composition pro-
file could be extracted. At variance, for multilayers withL
=7.7 and 28.4 nm, the mixing may be mainly detected from
the change in angular position of the Mo and Ni envelope
function. This is clearly visible on the XRD scans of the
multilayer with L=28.4 nm recorded both at the first and
second orders. A significant decrease ofdMo is deduced from
the shift of the Mos220d Laue function towards high angles,
which is attributed to interdiffusion of Ni in the Mo sublay-
ers. Concurrently, an increase ofdNi is observed, owing to
interdiffusion of Mo in the Ni sublayers. The evolutions with

FIG. 7. Number of atomic planes in the Mo layerssNMod de-
duced from the structural refinement procedure, as a function of the
nominal expected value. The shift of the straight line towards larger
values indicates a transfer of 1.5 ML from the Ni to the Mo layer.

FIG. 6. Interplanar lattice spacing of Mosad and Ni sbd layers
obtained from the refinement procedure of the XRD spectra. The
open circles correspond to the as-grown multilayers and the filled
circles to the irradiated ones after a low ion fluence of 7
31013 Ar/cm2s0.1 dpad. The horizontal dashed lines correspond to
the bulk values.
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f1/2 sor also withanormd of the lattice spacings,dMo anddNi,
deduced from the analysis for the multilayer withL
=28.4 nm are reported in Fig. 12 in a significant dose range.
The corresponding ion-induced solubilities in the two el-
emental sublayers are also shown by referring to measured
lattice parameters determined for metastable Ni-rich and Mo-
rich solid-solution sputtered thin films.45

In stage 2s0.25,anorm,1 ion1/2/nm2d, a significant and
rather abrupt loss of coherency is detected from the large
broadening of the superlattice peaks for the multilayers with
L=7.7 and 28.4 nm. In this stage, no change is observed in
the angular position of the Mo envelope and we even ob-
serve a quasicomplete disappearance of the Mo envelope
with increasing dose. Concomitantly, an angular shift of the
Nis111d envelope towards lower angles is observed, showing
that atomic mixing continues by atomic motion of Mo atoms
in the Ni sublayers. These observations suggest that the ion-
induced solubility of Ni in the Mo sublayers reaches an up-
per limit above which a strong atomic disordering or even

possibly a bcc to fcc transition takes place. Nevertheless, it
may be inferred that no crystalline-to-amorphous transition
occurs during the ion-induced interdiffusion process. Indeed,
the amorphization of a mixed layer with a spread of only 1
monolayersML d would involve the loss of coherency in the
x-ray scattering, which in turn would lead to the complete
disappearance of satellite peaks.

Finally, in stage 3sanorm.1 ion1/2/nm2d, the observed
XRD profiles attest to the presence of a single-phase alloy,
suggesting the complete disappearance of the interfaces and
the stabilization of a homogeneous solid solution. The lattice
parameter deduced from the observed Bragg reflection near
2u,43° is consistent with that obtained for a MoxNi1−x solid

FIG. 8. Experimental high-angleu -2u XRD scansssymbolsd
and refined calculationsssolid linesd of an irradiated Ni/Mo
multilayer sL=7.7 nmd with a low ion fluence 731013

Ar/cm2 s0.1 dpad. On the upper part are shown the profiles taken at
the first scattering ordersad and on the lower part at the second
order sbd. The experimental profiles of the as-frown multilayer are
shown for comparisonsgray linesd.

FIG. 9. Unstrained lattice parameter of Mos110d layers mea-
sured after ion-induced stress relaxation as a function of the inter-
face densitys2/Ld. The corresponding average Ni concentration
derived from these data using the best linear fit to the lattice param-
eters of terminal solid solutions MoxNi1−x scf. textd is shown on the
right scale.

FIG. 10. Specular x-ray reflectivitysXRRd spectra of the as-
grown multilayer withL=4.9 nm beforeslower curved and after
irradiation with a low ion fluencesupper curved. The irradiated
XRR spectrum is offset by one decade for clarity.
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solution thin film withx,0.25, obtained by co-sputtering.45

To summarize, several dominant features concerning the
mixing process have been seen:

sad In the first stages, stress relaxation of the Mo sub-
layers and ion-induced interfacial atomic transport are
clearly seen. The solubility of Ni in the Mo sublayers in-
creases asf1/2, in good agreement with a diffusional process.

sbd For a Ni average solubility threshold of,0.18, a
strong atomic disordering is observed in the Mo sublayers.
Subsequently, atomic transport becomes highly asymmetrical
favoring the long-range diffusion of Mo in the Ni sublayers.
This contrasts with the rather symmetrical profiles predicted
from collisional simulations. It is worth noting that the Ni

solubility limit observed during the mixing process is close
to the critical Ni atomic fraction thresholdsxcrit=0.27d above
which an amorphous phase is observed in co-sputtered
MoxNi1−x alloys.33

scd The mixing process leads eventually to the forma-
tion of a homogeneous Mo-Ni solid solution, without any
intermediate amorphous state. Therefore, the interfaces seem
to act as a nucleation barrier to the crystalline-to-amorphous
transition.

These results suggest, that in addition to a ballistic flux,
chemically guided atomic transportalso occurs during the
ion-irradiation process. This will be discussed in Sec. IV.

FIG. 11. Evolution of high-angle symmetricu -2u XRD scans with the irradiation ion fluence for three representative Nis111d /Mos110d
superlattices withL=28.4 nm, 7.7 nm, and 2.8 nmsfrom left to rightd. The selected profiles illustrate the distinct mixing stages noted ass0d,
s1d, s2d and s3d observed versus the normalized doseanorm scf. textd.
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2. Elastic response

A monotonic but distinct evolution of the elastic proper-
ties under ionirradiation is observed for the three multilayers
ssee Fig. 13d. A remarkable result is that a commonC44 value
of ,50 GPa is obtained in the final stage, whatever the
nominalL is. This result is consistent with the formation of
a final homogenous solid solution. It is interesting to notice
that this value is close to that measured for a metastable fcc
Ni0.75Mo0.25 crystalline solid solution obtained by
co-sputtering.33 However, it is 38% lower than that of an
ideal Ni0.75Mo0.25 solid solution sC44=81 GPad, calculated
by assuming a rule of weighted average from pure Ni and
Mo elastic constants.

A drastic hardening of theC44 elastic constant is found for
the multilayer withL=2.8 nmsas shown in Fig. 1 from the
gradual frequency shift of the Rayleigh surface mode with
increasing ion fluenced, while a pronounced softening takes
place for the multilayer withL=28.4 nm, and no significant
change is observed forL=7.7 nm. At first sight, such oppo-
site behaviors would suggest that a clear interdependence
between the effective elastic properties and ion mixing does

not exist. However, it is noteworthy to remember that elastic
constants reflect the strength of the atomic bonding and, ac-
cordingly characterize the stability of the system. In this re-
gard, the observed changes in the mechanical properties can
be explained in light of the ion-induced structural changes
described above. Thus, irradiation of the multilayer withL
=2.8 nm, for which the growth-induced intermixed layer
dominates the effective elastic response of the system, in-
duces a significant hardening at the first stages of the mixing
process. This trend can be consistently interpreted by assum-
ing a destabilization of the growth-induced supersaturated
interfacial-alloyed layer under irradiation, due to chemically
guided atomic transport. This is consistent with a mixing
evolution path where, not onlyrandom ballisticmotion but
alsochemically guidedatomic transport occur, which tend to
smear out the locally strong chemical potential gradient
present in the intermixed layers, biasing accordingly the sta-
bilization of phases characterized by high free enthalpies
samorphous phase or supersaturated solid solutionsd, that
may trigger a mechanical collapse of the system.

In the multilayer with largeL, which consists mainly in
the as-grown state in pure Mo and Ni layers, the progressive

FIG. 12. Average out-of-plane interplanar
spacings ofs110dMo sad ands111dNi sbd sublay-
ers of a Ni/Mo superlattice withL=28.4 nm ir-
radiated with 380 keV Ar ions as a function of
the square root of the ion fluencef1/2 falso
shown on the top scale is the corresponding nor-
malized doseanorm=sf /L2d1/2g. The correspond-
ing ion-induced NisMod and MosNid average
concentrations derived from these data are indi-
cated on the right scale. The solid lines are drawn
to guide the eyes.
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C44 softening is mainly dominated by the mixing process in
the volume layers. The interfaces will only marginally influ-
ence the total evolution until the formation of a complete
solid solution. The lack of change under irradiation in the
elastic properties of the multilayer withL=7.7 nm is prob-
ably quite fortuitous and would be the result of a balance
between the two different mixing processes. Conversely, the
influence of the ion irradiation on the elastic properties of the
multilayers with ultra thin layer thickness entirely supports
the existence in the as-grown state of a strong interfacial
chemical gradient involving metastable supersaturated solid
solutions and its destabilization under irradiation.

IV. DISCUSSION

A. Interfacial mixing: Segregation effects

The analysis of the XRD spectra recorded on the as-
deposited and irradiated multilayers reveals the presence of
an asymmetrical mixing in the as-deposited Mo/Ni multilay-
ers, with a preferential diffusion of Ni in the Mo sublayers.
The concentration gradient at the interface leads to the for-
mation of metastable and supersaturated solid solutions. The
issue of interfacial mixing is of great importance in multilay-
ers, especially in nanoscale systems. Nonequilibrium struc-
tures and new phases can be stabilized during growth. As
shown here, the presence of such structures has a marked
consequence on the effective elastic properties of the multi-
layers. This concerns especially theC44 and C33 effective
elastic constants, which are very sensitive to interfacial ef-
fects, compared to other effective elastic constants
sC11,C12,C22d.40

In the bulk state, the Ni-Mo equilibrium phase diagram
exhibits only a few intermetallic compounds and terminal
solid solutions with a very limited solubility, even at high
temperatures.50 For instance, for the Mo-rich side the maxi-
mal solubility limit is only 1.8% forT.1646 K and,0% at
RT. However, it is well recognized that the formation of non-

equilibrium phases generally takes place at the growth front,
where dynamical segregation effects may occur. Conse-
quently, the driving force for stabilization is therefore sup-
plied by a lowering of surface or interface energies. Asym-
metrical interfacial mixing has already been seen in several
metallic multilayers, e.g., Au/Ni,51–54 Co/Sb,55 and ex-
plained by the surfactant nature of one element during the
growth due to enhanced surface mobility.56 In the present
system, the calculated surface energy for Nis111d and
Mos110d planes are 1.44 and 1.83 J/m2, respectively.57,58

Such a small difference in surface energies cannot solely
account for the observed dynamic segregation in the Mo/Ni
system. Interface energy also plays an important role for very
thin layers. A strong chemical bonding or a misfit strain re-
laxation due to intermixing could favor the lowering of the
interface energy, as reported in the Fe/Pt system.59 The pro-
pensity for epitaxial growth between Ni and Mo is undeni-
ably related to the strength of the Ni-Mo bonding. Although
the contribution of the bulk chemical mixing enthalpy is
positive, the overall free energy of the supersaturated inter-
facial layer, including interfacial and elastic contributions,
may become negative. The large strains and the tendency of
the adatoms to avoid some unfavorable positions may there-
fore promote exchange mechanisms.60 Various mechanisms
for the formation of interfacial alloys have been put forward
from recent molecular dynamics simulations. In the case of
Co on Cu, Stepanyuket al.61 found that, due to the inhomo-
geneous stress distribution related to heteroepitaxy, the va-
cancy activation energy was drastically reduced near the
cluster edges. Such a mechanism may promote burrowing of
Co clusters on Cus001d, as recently observed by Zimmer-
mannet al.62 At variance, in the case of Pt on Coscompres-
sive islandsd, Goyhennexet al.63 pointed out an ejection of
the Co atoms near the coalescence threshold between islands,
according to a “fountain effect.” Both mechanisms are trig-
gered by the occurrence of large stress distributions. There-
fore, accounting for the large lattice mismatch between Mo
and Ni s9% by referring to the distances between neighbor-
ing atomsd, such mechanisms could explain the intermixing
in strained Ni/Mo superlattices. Obviously, these atomic re-
arrangements will only occur under enhanced surface mobil-
ity conditions, e.g., for low deposition rate, high temperature,
or energetic incident particles.

In the case of ion beam sputtering, sputtered atoms are
highly energetic. Estimation of the adatom energy distribu-
tions, usingSRIM simulations,36 gives mean values of 30 and
18 eV for Mo and Ni, respectively, but with a long tail ex-
tending to the hundreds of eV. Although numerous experi-
mental studies attest to the formation of a high concentration
of defects and related specific growth stresses forT
,0.25Tm sTm being the melting temperatured, the exact
mechanisms of their production in this energy range and in
the near-surface region are not yet fully understood.64 Mo-
lecular dynamics simulations show, however, that self-
interstitials are formed by focused replacement collision se-
quences in close-packed directions at depths beyond 4 ML,
whereas vacancies annihilate at the surface.65,66 Therefore,
the influence of such high concentrations of defects on the
formation and stability of nonequilibrium interfacial struc-
tures remains to be established. To address this issue, de-

FIG. 13. Dependence of the shear elastic constant on the nor-
malized doseanorm=sf /L2d1/2 for Ni/Mo multilayers with L
=2.8 nm, 7.7 nm, and 28.4 nm. The solid lines are drawn to guide
the eyes.
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tailed comparative studies on multilayers grown by thermal
vapor deposition and ion beam sputtering need to be carried
out. Finally, one cannot ignore direct ballistic effects, such as
forward recoils, but their contribution does not allow to ex-
plain the asymmetrical mixing.

B. Ion-induced stress relaxation and mixing

The originality of the present study lies in the use of en-
ergetic heavy ions in the keV range to induce, in a semi-
controlled way, structural modifications and to study their
relationship with elastic properties. There is a clear differ-
ence between the effects of such irradiations and those in-
duced by incoming sputtered atoms, since the transferred en-
ergy and affected depths differ by 2–3 orders of magnitude.
The keV heavy ions are mainly slowed down in the multi-
layered film by two processes: electronic excitations and
elastic collisions with the lattice atoms. This last contribution
dominates the irradiation-induced effects, in particular for
metallic systems. Moreover, since the typical transferred en-
ergies to the primary recoil atoms are larges,10 keV
ranged, an increasing number of atoms are displaced locally
in displacement cascades distributed all along the ion path.
Vacancies and interstitials are produced, but defect clusters
or complexes may also be formed. Spontaneous vacancy-
interstitial recombination may occur if the separation dis-
tance between a vacancy and an interstitial is not too large
stypically several atomic distancesd. In addition to defect
production, several non equilibrium or equilibrium processes
may occur: ballistic mixing, lattice disordering and, depend-
ing on the temperature, enhanced atomic mobility. Thus, op-
posite consequences can be observed and the dominating ef-
fect depends on the irradiation conditionssenergy, ion mass,
temperature and related cascade size and density, atomic mo-
bility d and also on the thermodynamics of the system.

One illustration of this concerns the irradiation effects in-
duced at RT by 380 keV Ar ions in a Mos110d sputtered thin
film. Preliminary measurements show that atomic displace-
ments and related rearrangements induced in the displace-
ment cascades trigger a relaxation of the growth-induced
stresses.67 Ion-induced stress relaxation begins at the very
first stages of the irradiationsdoses ,0.01 dpad and is
achieved at,0.1 dpa. Therefore cascade overlapping does
not seem to be required. Caution should be paid, however,
for multilayers with ultrathin constituent layers, since mixing
effects cannot be entirely disregarded, even at low-dose re-
gimes. Furthermore, a proper analysis of the residual strain
and stress fields present in these multilayers should be car-
ried out to support these results and also to investigate the
mechanisms of the ion-induced stress relaxation. Such a de-
tailed study is in progress in epitaxial Mos110d /Nis111d
multilayers grown onto Al2O3 f112̄0g substrates.45,68

Another notable result is the interplay between ion mixing
effects and elastic properties. Indeed, the interdependence
between the ion-induced elastic changes—stiffening or soft-
ening, depending onL—and mixing supports the idea of an
atomic mixing driven by both ballistic effects and chemically
guided defect motion. Thus, for given irradiation conditions,
the dynamic evolution path of this “driven” system is gov-

erned by thermodynamics, as predicted within the theoretical
framework of Martin and Bellon.69,70 This trend is more es-
pecially seen for very thin layers: the spread of the interfacial
gradient due to chemically guided atomic motion dominates
the structural and mechanical evolution of the system. Start-
ing from an initial state very far from equilibrium, the system
evolves—when submitted to external forcing conditionssion
irradiationd—towards metastable and relaxed macroconfigu-
rations.

From a more fundamental point of view, the present data
shed some light on the understanding of phase transforma-
tion in driven alloys and related chemically guided atomic
diffusion. Chemical guidance and related high mixing effi-
ciencies observed in some metallic systemssAu, Cu, etc.d are
generally explained within the so-called thermal spike
model, i.e. by involving transient and high-temperature re-
gimes in the core of the cascades.71,72 Such effects are not
expected in this system. Indeed, it has been shown from mo-
lecular dynamics simulations that thermodynamic
properties—more especially temperature and thermal
diffusivity—appear unfavorable to the formation of a ther-
mal spike in a refractory metal such as Mo or even Ni.73

However, it is also possible to take the chemical effects into
account in a different approach, where the dominant mixing
mechanism is of ballistic nature but where isolated defects
are mobile at the irradiation temperature, after cascade cool-
ing. Using such an approach, a “chemically guided” atomic
flux may be derived, which represents the product of the
defect mobility by the gradient of the chemical potential.
Accordingly, such an additional atomic flux tends to erase
strong chemical potential gradients and may be efficient even
at low temperature. Thus, Kelly and Miotello74 demonstrated
that the diffusion profile is severely influenced, even when
the ratio of the diffusivities for chemically guided defect mo-
tion to random one lies in the interval 0.01–0.1. Moreover,
they observed the occurrence of a miscibility gap at the in-
terface in systems with large positive mixing enthalpy. This
defines an ion-induced solubility limit larger than the equi-
librium one. In the present case, positive values of mixing
enthalpies for fcc and cc solid solutions of 3.2 and
20.9 kJ/mol, respectively, are estimated following the semi-
empirical description of de Boeret al.75 So, such an ap-
proach constitutes a satisfactory framework to account for
the peculiar behavior exhibited in the Ni/Mo multilayers,
i.e., a miscibility-gap-like occurrence and the highly asym-
metrical atomic flux observed in the last mixing stage. Ob-
viously, the induced-solubility limit may depend on the given
forcing conditionss380 keV Ar ions, RTd and sample char-
acteristicsshere, layer thickness ratiod. Last, since only self-
interstitials are mobile at the temperature of our experiments
s300 Kd, then our results give clear indication that interstitial
motion is at least in part chemically guided. Such an effect
has been put forward to explain radiation-induced segrega-
tion in the low temperature range76 but, comparatively not
often invoked to account for chemical effects in ion beam
mixing.77

V. CONCLUSION

In summary, the interdependence between structural and
elastic properties of Nis111d /Mos110d multilayers in the as-
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deposited state and after ion-induced stress relaxation was
investigated for a largeL ranges0.8–87.5 nmd. BLS mea-
surements show that a drastic softening of the effective shear
modulus occurs with decreasingL, until L=2 nm where it
reaches −62%. XRD analysis reveals that the overall expan-

sion of the average lattice spacingd̄ is period independent.
Ion irradiation in a medium-energy ranges380 keVd and at
relatively low doses,0.1 dpad releases the lattice expansion
and associated compressive stresses. However, no stiffening
of the elastic response is observed, which indicates that the
elastic behavior of these multilayers is not correlated with
the presence of elastic strains.

Analysis of the XRDu–2u scans after ion-induced stress
relief reveals a pronounced decrease ofdMo below the bulk
value asL decreases. Moreover, the unstrained lattice pa-
rameter of Mo layers exhibit a remarkable linear dependence
with the interface density, while the Ni unstrained lattice
parameter remains unchanged in the sameL range. The most
likely explanation for these observations is that a constant Ni
amounts,1.5 MLd substantially intermixes into the Mo lay-
ers during deposition. This interfacial mixing is a conse-
quence of the dynamic segregation of Ni atoms during
growth and leads to an average Ni concentration in the Mo
sublayers of up to 50 % in theL range where the shear
elastic constant is drastically lessened. Thus, the formation of
interfacial metastable and supersaturated solid solutions,
structurally and mechanically unstable, appears as the origin

of the large elastic softening observed in this system.
At high ion fluences, when the mixing process becomes

dominant, irradiation reveals the complex interplay between
ion mixing effects and elastic properties. Ion-induced elastic
changes—stiffening or softening, depending onL—and mix-
ing are observed. A full understanding of such irradiation-
induced effects requires implementation of thermodynamics.
Thus, while atomic mixing is triggered by ballistic effects
si.e. random motiond, a chemically guided atomic motion
must be involved to account for the specific features of the
atomic transport, i.e., both the solubility limit of Ni in Mo
sublayers, indicating the appearance under irradiation of a
miscibility-gap-like phenomenon, and the subsequent asym-
metrical atomic transport. Accordingly, depending on the
yield of the initial interfacial chemical gradient to the layer
thickness, chemical guided atomic motion or ballistic mixing
influences more or less efficiently the effective elastic re-
sponse leading the system towards the more stablesstructur-
ally and mechanicallyd steady state.
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