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Experimental evidence for the role of supersaturated interfacial alloys on the shear elastic
softening of NYMo 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(—62%) in the shear elastic consta@t, of Ni/Mo multilayers is clearly evidenced. By combining
x-ray diffraction and Brillouin light scattering experiments on both Ni/Mo superlattices and,Mb, 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 vallig 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 deviations isaturated metastable alloys, obtained either by cosputtering
the elastic behavior compared with that predicted by the coner stabilized at the interfaces, induces a strong elastic soften-
tinuum elasticity, so-called elastic “anomalies,” has givening of the shear modulus. The present experimental results
rise to the development of both considerable experimentdbring not only a clear evidence of the prime role of the
and theoretical studies in the past ten years, in order to denterfaces in governing the elastic behavior of metallic
termine the underlying mechanisms responsible for these pasuperlattices, but also permit us to specify the under-
culiar physical properties.Strong hardenings involving an lying mechanism, i.e., an alloying-induced elastic lattice
increase of the in-plane biaxial modulus by more than 100%instability.
referred as a “supermodulus” effetthave been originally Ni/Mo multilayered(with A ranging from 16 to 1000 A
evidenced in some fcc/fcc systems from bulge-tester techand Ni_,Mo, solid solutions(in the entire composition
niques. Although after reexamination this effect has been deange samples were elaborated at room tempera{R®)
nied, it is now well established that significant elastic anomausing a high-vacuuntbase pressure10~8 Torr) sputtering
lies do exist for some peculiar becc/fcec systefaegy., Cu/Nb  apparatus equipped with a RF-plasma ion gun. They were
(Ref. 3, WINi (Ref. 4, and Mo/Ni (Refs. 5-7] and less grown on natural-oxydized001) Si substrates using a
frequently for fcc/fcc onesge.g., Ag/Ni (Ref. 8]: a drastic  1.2-kV accelerated Ar ion beam and with a deposition rate
softening(~30%-50% in shear elastic moduli is observed lower than 1 AJs. The Ni/Mo thickness ratio of the multilay-
as the bilayer perio@A) decreases. ers corresponds to a global composition ®f,=0.25

It has been shown that the softening of the shear and0.02, as measured by energy-dispersive x-ray spectros-
compressional moduli is directly correlated with the expan-Copy. The total thickness of the multilayers always amounts
sion of the average lattice spacing along the growth directiofio ~2800 A, and the solid solutions one 2000 A.

(d) and also possibly to an increased structural disorder near <@y diffraction (XRD) experiments performed in the
the interfaces able to drive a crystalline-to-amorphous tran-2¢ Bragg-Brentano geometry reveal at high angles the
sition at smallA.* Different modeld involving either a bulk ~ Présence of sharp and intense diffraction pedkehis indi-
lattice deformatior(due to a modified electronic band struc- cates the existence of crystalline interfaces with no coher-
ture) or a localized strairidue to interface stresseor even  €NCY loss, even at very small (<20 A) where amorph_ous

a model based on the concept of “grain boundary” interfacesStructures have often been obser(8ch strong crystalline
and related atomic-level disordehave been proposed. De- texture within the constituent layers is found in all samples,

spite a considerable effort, the issue of the elastic propertied€ (111 fcc planes of the Ni layers being parallel with the
of metallic superlattices is not yet well elucidated. 110 bcc planes of the Mo layers. The high-angle XRD

These conflicting results have led us to reconsider th&P&ctra were fitted using thesPREX progrant” until a con-
Ni/Mo system, for which the elastic anomaly is one of the Sistent sol_utlon was found for both fII’St'- and second-order
most pronounced among those of the metallic binary system@eaks. This procedure allows us to obtain accurate values of
reported in the literaturbBy carrying out a detailed struc- 1€ @verage lattice spacing of the individual Mo and Ni lay-
tural study coupled with Brillouin light scatteringBLS)  €rs, respectivelydy,, anddy;. The value ofd is measured
measurements on both Ni/Mo muliilayers and, NMo, ~ directly from the main Bragg peak position. A relative ex-
solid solution samples, we show that the formation of superpansion ofd of ~1% is found in the whole range of the
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FIG. 1. Typical experimental Brillouin spectruifuoty com- FIG. 2. Effective elastic constaf,, (determined from BLBvs

pared with the calculated ondine) for a Ni/Mo multilayer with A for the multilayers samples. The arrow indicates the expected
A=75A. The Rayleigh surface modeotedR) is fitted with C, value (Hill average: 80 GPa.
=48 GPa(C;;=310 GPa,C33;=370 GPa,C,3;=151 GPa allow a

convenient fit of the other modes tice that, under the present deposition conditions, the struc-

ture remains crystalline even for the smallest values\pf

investigatedA.*® This suggests that the layers are under aand no increase i€,, due to the formation of amorphous
global compressive stress state. phases is observed for 108A<20A, as reported

BLS measurements were used to determine the phase vereviously’ ® This suggests that the lattice collapse into an
locity of the surface acoustic phonons for both the multilay-amorphous state could be a relaxation path for the system to
ers and solid solution samples. The spectra were recorded @void the mechanical instability. B
air at RT on a high-contrast Sandercok-type 3 pass tan- A monotonous but very slight increase efvith decreas-
dem Fabry-Perot interferometer with use 8400 mW of  ing A (not shown here: see Ref. 1@ith no apparent corre-
A=5145 A radiation from a single-moded Adaser in the lation with the sharp elastic softening, is observed in the
backscattering configuration. Since the phonons acoustiange 20—-200 A, in marked departure from previous studies
wavelength(typically 300 nn) is larger than theA values of this systent:® However, a clear correlation is found be-
investigated, the elastic properties of the multilayers can béween the evolution ofly, (Fig. 3) andC,, with decreasing
described within the elastic continuum approximation. TheA. This significant and apparent reduction af, for A
set of elastic constants was determined by fitting the Bril-<250 A is quite striking since, intuitively, one would expect
louin spectrasee Fig. ] for different angles of incidence of an augmentation due to the enhancement of the coherency
the laser beam, assuming that the ripple mechanism at thstresses at smalk owing to the epitaxial relationship be-
free surfac is the only efficient one. Total thickness and tween the two lattice¥> Regardingdy; , its value is close to
density (p) required for the calculation were obtained from the bulk one, except foA <80 A where an increase is ob-
x-ray reflectometry. In the present case of hexagonal effecserved(Fig. 3). The anomalous behaviors df;, anddy; for
tive symmetry, among the five independent constants, onl\ <250 A, which cannot be explained in terms of elastic
Ci1, Css, Cy3, andCy, are related to the observed Brillouin strains—if one takes into account the persistence of these
spectra lines. Nevertheless, an unambiguous determinationvarriations after ion-induced stress relaxatfbti—suggest
only possible forC,,.2 In fact, for layer thicknesses close or the presence oélloyed layers This alloying effect, which
higher than the wavelength of the surface acoustic wave, the
measured velocity of the Rayleigh surface mode mainly de-

[ Mo d2.14

pends on the shear elastic constant through the simple rela-  2-26 | .
tion vr=B(C.4/p)*? whereg s a slightly dependent func- 5 ]
tion of the other elastic constarft§he expected value &, r ]

for the superlattice was calculated from 1Bg, values of the 2 [ bk 2.1
two constituents, using the rule of the weighted harmonic @ : 1 =
averagée The retainedC,, values for M@110) and Ni111) 2 - 1 =
polycrystalline Iaye4rs are those corresponding to the so- © 2.13:_ _32_06\'
called Hill ave.ragé, which is a median value between the [ Nip ]
Reuss and Voigt estimates. ‘&5@@ ____________________________________________ -

Figure 2 displays the evolution with of the shear elastic T A
modulus determined by BLS. A huge elastic softening is ob- 274 == - T 0 T o0 s00 1000

served with decreasing\, which gives evidence for the
prime role of aninterfacial contribution It is worth pointing
out that the drastic drop, which reaches62% for A FIG. 3. Average M6110 and Ni111) out-of-plane interplanar
=20A, is the strongest ever reported in the literature forspacings determined by x-ray refinementA/gor the multilayers
metallic superlattices. In this context, it is interesting to no-samples. The solid lines are drawn to guide the eyes.
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had been mentioned earlier by Bagal,'” but not corre- A (A)
lated to the elastic behavior of the multilayers, is confirmed 0.04 _30.0 %0 e L
by recent investigations based on the determination of the :
stress-free lattice paramet8t® Thus the apparent correla-
tion observed between the variation @y, and C44 with A
seems to indicate that a chemical interfacial alloying could s
be responsible for the elastic softening.

In order to give a more quantitative proof of this state- g
ment, the experimental data of Fig. 2 were fitted using a c% 0.02 |
model already proposed to account for interfacial s N

(GPa™)

0.03 |

1/¢c

effects®*13Whereas interfacial atomic disorder or dilatation : l‘

effects were previously introduced as cause for softening, the P T IR TN S ST
alloying effect is here explicitly taken into account. So we 0 0.01 002 003 004 005 006 0.07
suppose that at every interface there is an alloyed layer of 1/a (AT

thicknesg;,; and, if isolated, would have a shear elastic con-

stantCI''. The effectiveC,, elastic constant of the layered = FIG. 4. Plotof 1€, vs 1/A (same data as in Fig)2Solid line
structure is then given by is a fit to the experimental data using E8g).

A twe  tai 2t pected one for an ideal superlatti@&® GPa. This significant
C._ CMo ™ oM + ot (2) reduction suggests that volume effects also contribute to the
a4 a4 44 a4 elastic softening observed for the Mo/Ni superlattices. This
whereC[‘('f (CQ‘D andty, (ty;) are the shear elastic constant could be attributed to the Mo sublayer since a reduction of

and effective thickness of the individual Mdli) layers. By ~ Cas is Observed for pur€110) Mo films (see legend of Fig.
writing that 2t is the sum of two contributionsty,, and  5)- _ .
Styi, which denote part of the nominal thickne€&™ and From the overall set of experimental data, the formation

t19M of the Mo and Ni layers involved in the formation of the ©f an interfacial alloyed layercan be unambiguously put
alloyed interfacial layer, Eq(1) becomes forward. Nevertheless, the direct I|_nk betwgen such an alloy-
ing effect and the observed elastic softening remains to be

1 tOMA T A demonstrated. For this purpose, BLS measurements were
C_44: Ci\tﬂf + TZ,:‘— performed on Ni_,Mo, solid solutions obtained by cosput-

tering, in the entire composition range. Figure 5 reports the
2t 1 Styo/2tine Stail2ting evolution of theCy, elastic constant versus the Mo atomic
[ ( cWo cN ” fraction. It can be seen that a drastic decreasg, n(up to
44 44 40%-50% occurs in the regions where crystalline solid so-
1 2t 1 1 lutions are formed. This clearly points out that the formation
E|:C_oc + A o Fq:| 2 of metastable solid solutions in the Ni-Mo system induces an
44 44 a4 elastic lattice instability.
where Cj, is the effective value in the limi —o (corre- With increasing Mo or Ni atomic fraction, a dramatic
sponding to an ideal superlatticend C$J traduces the effec- structural transition into an amorphous phase occurs fpr
tive value for an equivalent multilayer with a Mo/Ni thick- Xm0~ 0.28 andxy;~0.27. These values far exceed the equi-
ness ratio equal tty,/dty; . librium bulk solubility limits, which are, respectivelyy,
The variation of 1C,, as a function of 1A is reported on
Fig. 4. A linear dependence is observed for-25A in
agreement with the proposed modEQ. (2)], while for the 100 |-
smallest values oA, C4, remains constant, which allows one
to obtain directly an estimate of the interfacial effective
modulus: CJ3~31 GPa. The observed evolution is cor- T 80 | .
rectly reproduced when an interfacial alloy layer of thickness & b
tin~12 A is incorporated in the above model. This rather 3
thick value oft;,, means that chemical gradients extend to Ol m
five to six atomic planes. During the deposition process, bal- 50 |- H . " % wa L
listic effects and/or an increased surface mobility due to the ) g :
high energy of the incoming sputtered atoms may promote L W77/
atomic exchanges on several atomic planes. Nevertheless, 0 0.2 0.4 0.8 0.8 1

X
such a value of 12 A is probably an overestimation of the Mo

real interfacial transition layer since it implicitly includes g 5. ¢, elastic constant{determined from BLS vs Mo
any c_ontr_lbutlon due to addltlongl interfacial effe_cts, such asytomic fraction &y,), for the Ni_,Mo, solid solutions. Note that
atomic disordef. The extrapolation at V=0 gives C;,  for x,,,=1, the measured value of 98 GPa is below the expected
=64.5 GPa. This latter value is lowér-20%) than the ex- one(127 GPa
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~0.13 andxy;~0 at RT. It is here important to point out that the glassy state. This suggests thaupersaturated crystal-
the crystal to amorphous{a) transition is accompanied by line alloyed interfacial layer could be stabilized within the
a slight recovering of the shear elastic modulus. By contrasizomposition range where amorphous phases are fotgesd
as the solute concentration is further increaseg,remains  Fig. 5. In multilayered systems, such a stabilization of non-
approximately constant and equal to 50 GPa. These resuleuilibrium phases under epitaxial growth, by reducing the
seem to indicate that the onset of the amorphization processirface and/or elastic strain energies, can be favir&ey-
is triggered by a mechanical instability: tleea transition  eral mechanisms involving atomic exchanges on only a few
being a relaxation path to avoid the mechanical collapsatomic planes may promote an intermixing: dynamical sur-
(characterized by a vanishing shear modulosthe meta- face segregation, stress-induced chemical alloying, or ballis-
stable supersaturated crystalline solid solution. Random locdic effects. Further studies on the influence of the growth
shear stress fields due to the large difference in atomic sizeonditions(energy and flux of the sputtered atoms, tempera-
are assumed to be the root of the occurrence of a local atomtare, etc) should give insights into the understanding of the
structural disorder, in good agreement with the argumenintermixing effect.
originally proposed by Egami and Wasedarhis effect has In summary, the present study provides convincing evi-
been predicted by Zharet al® for Mo-rich solid solutions  dence that the huge elastic softening observed in Ni/Mo mul-
using molecular dynamics simulations. Such a close relatiotilayers, which reaches-62% for A~20 A, is correlated
between the elastic softening and the structural disorder asith the stabilization of a metastable interfacial alloyed layer
precursors of the crystalline lattice collapse has been experinto a crystalline state. The drastic drop in the shear elastic
mentally evidenced several tim&s23 modulus of crystalline Ni_,Mo, solid solutions, when the
The present results support the idea that the formation ahduced solubility is increased, supports this interpretation.
a NiMo alloy at the interfaces is at the origin of the elastic Additional experiments based on the diffraction anomalous
softening observed in the Ni/Mo multilayers. Neverthelessfine-structure technique should give insights into the local
the extremely low value ofZ,,~31 GPa observed foA chemical environment of the interfaces. The present results
<20 A is never reached for Ni,Mo, alloys produced by also provide enlightenment on the frequently reported
cosputtering deposition, neither at the crystalline state nor ainomalous elastic properties of metallic multilayers.
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