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Experimental evidence for the role of supersaturated interfacial alloys on the shear elastic
softening of NiÕMo superlattices
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The importance of the interfaces in governing the elastic behavior of nanometer-scale metallic superlattices
has long been recognized, although their intrinsic nature and the underlying physical mechanisms are still
subject to controversy. In the present study, the key role of an interfacial alloying effect on the dramatic
softening~262%! in the shear elastic constantC44 of Ni/Mo multilayers is clearly evidenced. By combining
x-ray diffraction and Brillouin light scattering experiments on both Ni/Mo superlattices and Ni12xMox solid
solution samples, we show that the formation of metastable alloys, obtained either by cosputtering or stabilized
at the interfaces, induces an elastic lattice instability. In addition, the extremely low value ofC44 observed for
the multilayers, at small modulation periods, suggests the stabilization under epitaxial growth of a highly
supersaturated interfacial alloyed layer.
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The presence in some multilayers systems of deviation
the elastic behavior compared with that predicted by the c
tinuum elasticity, so-called elastic ‘‘anomalies,’’ has giv
rise to the development of both considerable experime
and theoretical studies in the past ten years, in order to
termine the underlying mechanisms responsible for these
culiar physical properties.1 Strong hardenings involving a
increase of the in-plane biaxial modulus by more than 100
referred as a ‘‘supermodulus’’ effect,2 have been originally
evidenced in some fcc/fcc systems from bulge-tester te
niques. Although after reexamination this effect has been
nied, it is now well established that significant elastic anom
lies do exist for some peculiar bcc/fcc systems@e.g., Cu/Nb
~Ref. 3!, W/Ni ~Ref. 4!, and Mo/Ni ~Refs. 5–7!# and less
frequently for fcc/fcc ones@e.g., Ag/Ni ~Ref. 8!#: a drastic
softening~;30%–50%! in shear elastic moduli is observe
as the bilayer period~L! decreases.

It has been shown that the softening of the shear
compressional moduli is directly correlated with the expa
sion of the average lattice spacing along the growth direc
(d̄) and also possibly to an increased structural disorder n
the interfaces able to drive a crystalline-to-amorphous tr
sition at smallL.4 Different models1 involving either a bulk
lattice deformation~due to a modified electronic band stru
ture! or a localized strain~due to interface stresses!, or even
a model based on the concept of ‘‘grain boundary’’ interfac
and related atomic-level disorder,9 have been proposed. De
spite a considerable effort, the issue of the elastic prope
of metallic superlattices is not yet well elucidated.

These conflicting results have led us to reconsider
Ni/Mo system, for which the elastic anomaly is one of t
most pronounced among those of the metallic binary syst
reported in the literature.1 By carrying out a detailed struc
tural study coupled with Brillouin light scattering~BLS!
measurements on both Ni/Mo multilayers and Ni12xMox
solid solution samples, we show that the formation of sup
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saturated metastable alloys, obtained either by cosputte
or stabilized at the interfaces, induces a strong elastic sof
ing of the shear modulus. The present experimental res
bring not only a clear evidence of the prime role of t
interfaces in governing the elastic behavior of meta
superlattices, but also permit us to specify the und
lying mechanism, i.e., an alloying-induced elastic latti
instability.

Ni/Mo multilayered~with L ranging from 16 to 1000 Å!
and Ni12xMox solid solutions ~in the entire composition
range! samples were elaborated at room temperature~RT!
using a high-vacuum~base pressure<1028 Torr! sputtering
apparatus equipped with a RF-plasma ion gun. They w
grown on natural-oxydized~001! Si substrates using a
1.2-kV accelerated Ar ion beam and with a deposition r
lower than 1 Å/s. The Ni/Mo thickness ratio of the multilay
ers corresponds to a global composition ofxMo50.25
60.02, as measured by energy-dispersive x-ray spect
copy. The total thickness of the multilayers always amou
to ;2800 Å, and the solid solutions one is;2000 Å.

X-ray diffraction ~XRD! experiments performed in th
u-2u Bragg-Brentano geometry reveal at high angles
presence of sharp and intense diffraction peaks.10 This indi-
cates the existence of crystalline interfaces with no coh
ency loss, even at very smallL ~,20 Å! where amorphous
structures have often been observed.4,6 A strong crystalline
texture within the constituent layers is found in all sampl
the ~111! fcc planes of the Ni layers being parallel with th
~110! bcc planes of the Mo layers. The high-angle XR
spectra were fitted using theSUPREX program11 until a con-
sistent solution was found for both first- and second-or
peaks. This procedure allows us to obtain accurate value
the average lattice spacing of the individual Mo and Ni la
ers, respectively,dMo and dNi . The value ofd̄ is measured
directly from the main Bragg peak position. A relative e
pansion ofd̄ of ;1% is found in the whole range of th
©2002 The American Physical Society05-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 212105
investigatedL.10 This suggests that the layers are unde
global compressive stress state.

BLS measurements were used to determine the phase
locity of the surface acoustic phonons for both the multila
ers and solid solution samples. The spectra were recorde
air at RT on a high-contrast Sandercok-type 313 pass tan-
dem Fabry-Perot interferometer with use of;400 mW of
l55145 Å radiation from a single-moded Ar1 laser in the
backscattering configuration. Since the phonons acou
wavelength~typically 300 nm! is larger than theL values
investigated, the elastic properties of the multilayers can
described within the elastic continuum approximation. T
set of elastic constants was determined by fitting the B
louin spectra~see Fig. 1! for different angles of incidence o
the laser beam, assuming that the ripple mechanism a
free surface12 is the only efficient one. Total thickness an
density ~r! required for the calculation were obtained fro
x-ray reflectometry. In the present case of hexagonal ef
tive symmetry, among the five independent constants, o
C11, C33, C13, andC44 are related to the observed Brilloui
spectra lines. Nevertheless, an unambiguous determinati
only possible forC44.8 In fact, for layer thicknesses close o
higher than the wavelength of the surface acoustic wave,
measured velocity of the Rayleigh surface mode mainly
pends on the shear elastic constant through the simple
tion vR5b(C44/r)1/2, whereb is a slightly dependent func
tion of the other elastic constants.8 The expected value ofC44
for the superlattice was calculated from theC44 values of the
two constituents, using the rule of the weighted harmo
average.13 The retainedC44 values for Mo~110! and Ni~111!
polycrystalline layers are those corresponding to the
called Hill average,14 which is a median value between th
Reuss and Voigt estimates.

Figure 2 displays the evolution withL of the shear elastic
modulus determined by BLS. A huge elastic softening is
served with decreasingL, which gives evidence for the
prime role of aninterfacial contribution. It is worth pointing
out that the drastic drop, which reaches262% for L
520 Å, is the strongest ever reported in the literature
metallic superlattices. In this context, it is interesting to n

FIG. 1. Typical experimental Brillouin spectrum~dots! com-
pared with the calculated one~line! for a Ni/Mo multilayer with
L575 Å. The Rayleigh surface mode~notedR! is fitted with C44

548 GPa~C115310 GPa,C335370 GPa,C135151 GPa allow a
convenient fit of the other modes!.
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tice that, under the present deposition conditions, the st
ture remains crystalline even for the smallest values ofL,
and no increase inC44 due to the formation of amorphou
phases is observed for 10 Å,L,20 Å, as reported
previously.3–6 This suggests that the lattice collapse into
amorphous state could be a relaxation path for the system
avoid the mechanical instability.

A monotonous but very slight increase ofd̄ with decreas-
ing L ~not shown here: see Ref. 10! with no apparent corre-
lation with the sharp elastic softening, is observed in
range 20–200 Å, in marked departure from previous stud
of this system.5,6 However, a clear correlation is found be
tween the evolution ofdMo ~Fig. 3! andC44 with decreasing
L. This significant and apparent reduction ofdMo for L
,250 Å is quite striking since, intuitively, one would expe
an augmentation due to the enhancement of the coher
stresses at smallL owing to the epitaxial relationship be
tween the two lattices.15 RegardingdNi , its value is close to
the bulk one, except forL,80 Å where an increase is ob
served~Fig. 3!. The anomalous behaviors ofdMo anddNi for
L,250 Å, which cannot be explained in terms of elas
strains—if one takes into account the persistence of th
variations after ion-induced stress relaxation10,16—suggest
the presence ofalloyed layers. This alloying effect, which

FIG. 2. Effective elastic constantC44 ~determined from BLS! vs
L for the multilayers samples. The arrow indicates the expec
value ~Hill average!: 80 GPa.

FIG. 3. Average Mo~110! and Ni~111! out-of-plane interplanar
spacings determined by x-ray refinement vsL for the multilayers
samples. The solid lines are drawn to guide the eyes.
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BRIEF REPORTS PHYSICAL REVIEW B 65 212105
had been mentioned earlier by Bainet al.,17 but not corre-
lated to the elastic behavior of the multilayers, is confirm
by recent investigations based on the determination of
stress-free lattice parameter.10,15 Thus the apparent correla
tion observed between the variation ofdMo andC44 with L
seems to indicate that a chemical interfacial alloying co
be responsible for the elastic softening.

In order to give a more quantitative proof of this sta
ment, the experimental data of Fig. 2 were fitted using
model already proposed to account for interfac
effects.6,9,13Whereas interfacial atomic disorder or dilatatio
effects were previously introduced as cause for softening,
alloying effect is here explicitly taken into account. So w
suppose that at every interface there is an alloyed laye
thicknesst int and, if isolated, would have a shear elastic co
stantC44

int . The effectiveC44 elastic constant of the layere
structure is then given by

L

C44
5

tMo

C44
Mo 1

tNi

C44
Ni 1

2t int

C44
int , ~1!

whereC44
Mo (C44

Ni) andtMo (tNi) are the shear elastic consta
and effective thickness of the individual Mo~Ni! layers. By
writing that 2t int is the sum of two contributionsdtMo and
dtNi , which denote part of the nominal thicknesstMo

nom and
tNi
nom of the Mo and Ni layers involved in the formation of th

alloyed interfacial layer, Eq.~1! becomes

1

C44
5F tMo

nom/L

C44
Mo 1

tNi
nom/L

C44
Ni G

1
2t int

L F 1

C44
int2S dtMo/2t int

C44
Mo 1

dtNi/2t int

C44
Ni D G

[F 1

C44
` G1

2t int

L F 1

C44
int2

1

C44
eqG , ~2!

whereC44
` is the effective value in the limitL→` ~corre-

sponding to an ideal superlattice! andC44
eq traduces the effec

tive value for an equivalent multilayer with a Mo/Ni thick
ness ratio equal todtMo /dtNi .

The variation of 1/C44 as a function of 1/L is reported on
Fig. 4. A linear dependence is observed forL.25 Å in
agreement with the proposed model@Eq. ~2!#, while for the
smallest values ofL, C44 remains constant, which allows on
to obtain directly an estimate of the interfacial effecti
modulus: C44

int;31 GPa. The observed evolution is co
rectly reproduced when an interfacial alloy layer of thickne
t int;12 Å is incorporated in the above model. This rath
thick value of t int means that chemical gradients extend
five to six atomic planes. During the deposition process, b
listic effects and/or an increased surface mobility due to
high energy of the incoming sputtered atoms may prom
atomic exchanges on several atomic planes. Neverthe
such a value of 12 Å is probably an overestimation of
real interfacial transition layer since it implicitly include
any contribution due to additional interfacial effects, such
atomic disorder.9 The extrapolation at 1/L50 gives C44

`

564.5 GPa. This latter value is lower~220%! than the ex-
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pected one for an ideal superlattice~80 GPa!. This significant
reduction suggests that volume effects also contribute to
elastic softening observed for the Mo/Ni superlattices. T
could be attributed to the Mo sublayer since a reduction
C44 is observed for pure~110! Mo films ~see legend of Fig.
5!.

From the overall set of experimental data, the format
of an interfacial alloyed layercan be unambiguously pu
forward. Nevertheless, the direct link between such an all
ing effect and the observed elastic softening remains to
demonstrated. For this purpose, BLS measurements w
performed on Ni12xMox solid solutions obtained by cospu
tering, in the entire composition range. Figure 5 reports
evolution of theC44 elastic constant versus the Mo atom
fraction. It can be seen that a drastic decrease inC44 ~up to
40%–50%! occurs in the regions where crystalline solid s
lutions are formed. This clearly points out that the formati
of metastable solid solutions in the Ni-Mo system induces
elastic lattice instability.

With increasing Mo or Ni atomic fraction, a dramat
structural transition into an amorphous phase occurs
xMo;0.28 andxNi;0.27. These values far exceed the eq
librium bulk solubility limits, which are, respectively,xMo

FIG. 4. Plot of 1/C44 vs 1/L ~same data as in Fig. 2!. Solid line
is a fit to the experimental data using Eq.~2!.

FIG. 5. C44 elastic constant~determined from BLS! vs Mo
atomic fraction (xMo), for the Ni12xMox solid solutions. Note that
for xMo51, the measured value of 98 GPa is below the expec
one ~127 GPa!.
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BRIEF REPORTS PHYSICAL REVIEW B 65 212105
;0.13 andxNi;0 at RT. It is here important to point out tha
the crystal to amorphous (c-a) transition is accompanied b
a slight recovering of the shear elastic modulus. By contr
as the solute concentration is further increased,C44 remains
approximately constant and equal to 50 GPa. These res
seem to indicate that the onset of the amorphization proc
is triggered by a mechanical instability: thec-a transition
being a relaxation path to avoid the mechanical colla
~characterized by a vanishing shear modulus! of the meta-
stable supersaturated crystalline solid solution. Random l
shear stress fields due to the large difference in atomic
are assumed to be the root of the occurrence of a local ato
structural disorder, in good agreement with the argum
originally proposed by Egami and Waseda.18 This effect has
been predicted by Zhanget al.19 for Mo-rich solid solutions
using molecular dynamics simulations. Such a close rela
between the elastic softening and the structural disorde
precursors of the crystalline lattice collapse has been exp
mentally evidenced several times.20–23

The present results support the idea that the formation
a NiMo alloy at the interfaces is at the origin of the elas
softening observed in the Ni/Mo multilayers. Neverthele
the extremely low value ofC44;31 GPa observed forL
,20 Å is never reached for Ni12xMox alloys produced by
cosputtering deposition, neither at the crystalline state no
d
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,
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the glassy state. This suggests that asupersaturated crystal
line alloyed interfacial layer could be stabilized within th
composition range where amorphous phases are formed~see
Fig. 5!. In multilayered systems, such a stabilization of no
equilibrium phases under epitaxial growth, by reducing
surface and/or elastic strain energies, can be favored.24 Sev-
eral mechanisms involving atomic exchanges on only a
atomic planes may promote an intermixing: dynamical s
face segregation, stress-induced chemical alloying, or ba
tic effects. Further studies on the influence of the gro
conditions~energy and flux of the sputtered atoms, tempe
ture, etc.! should give insights into the understanding of t
intermixing effect.

In summary, the present study provides convincing e
dence that the huge elastic softening observed in Ni/Mo m
tilayers, which reaches262% for L;20 Å, is correlated
with the stabilization of a metastable interfacial alloyed la
into a crystalline state. The drastic drop in the shear ela
modulus of crystalline Ni12xMox solid solutions, when the
induced solubility is increased, supports this interpretat
Additional experiments based on the diffraction anomal
fine-structure technique should give insights into the lo
chemical environment of the interfaces. The present res
also provide enlightenment on the frequently repor
anomalous elastic properties of metallic multilayers.
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