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The influence of the epitaxial strain on the structural evolution with temperature of AuNi metastable alloys
thin films is investigated. Samples with different initial configuratigosdeposited Ay ,Ni, solid solutions
and artificially layered structurgsvere grown by molecular-beam epitaxy on differé@®1)-oriented buffer
layers(Au, Pt, and Pil The epitaxial strain was varied by changifigthe Ni content of the AuNi layer for a
given kind of buffer layer(ii) the nature of the buffer layer for a fixed Ni content, dfit) the AuNi layer
thickness for a fixed Ni content and buffer layer. The structural evolution upon annealing in the 180—-300 °C
temperature range was studied oy situ temperature x-ray diffraction as well as high-resolution electron
microscopy. It is shown that a modulated structure develops along the growth direction of the AuNi layer,
when the temperature reaches 200—240 °C, provided that the residual strain is high er@égh This
structure consists of a periodic stacking of 1 Ni-rich plane and 2 or 3 Au-rich planes, depending on the Ni
content. The results are explained in terms of a strain-stabilized ordering effect, as supported by energetic
calculations based on semiempirical interatomic potentials within the tight-binding scheme.

[. INTRODUCTION temperature(RT).*® The out-of-equilibrium AuNi system
was first studied through quenched bulk alléysnetastable
Obtaining materials in a nonequilibrium state or with ar- disordered fcc AuNi solid solutions have been obtained for
tificial structures has always been an attractive challenge ithe whole composition range at RT by rapid quenching from
materials science research for the novel physical propertied temperature at which the single-phase AuNi mixture is the
that may be hoped for. Nonthermodynamimetastablg equilibrium stat_e. Ay Ni, solid solutions thin films have
phases may be formed by using classical metallurgical way8!So been obtained at RT by a MBE growth on a(@ai)
(quenching and annealingr during irradiation processes. buffer layer, with atomic fractions of Ni up tx=0.6, i.e.,
But employing epitaxial growth to induce such metastablgNuch above the bulk solubility~0.01). The strain effect is

materials has been gathering much attention in the lagtfoPably the dominant effect in this alloying mechanism
decad& 2 since accurate control of the film growth is pos- since large epitaxial stresses are expected to lower drastically

. P 8-19 .
sible on an atomic scaf€.Peculiar phenomena to molecular the miscibility gap®~** (see the dashed curve of Fig. and

beam epitaxy(MBE) have been reported in the literature: 1200

these includéi) structural phase transitiong,(ii) the stabi- o
lization of new ordered compounds® or (iii) alloying in 1000 miscibility gap
systems where the materials are immiscible in their bulk —_
forms’~° These phenomena are essentially governed by a < gqg
strain effectdue to the lattice mismatch between the sub- '; ' a—chemical
strate (or the buffer layer and the deposited thin film, as S 600 spinodal herent
supported by theoretical calculatiotfs:>**But specific ef- © C;;Jir?gzgl
fects occurring during the epitaxial growth process also have & 400
to be taken into account: they involve surface diffusion and £
segregation mechanisms?!® 2 200
In the case of the AuNi system to which the present work
is dedicated, the two elements have the same fcc structure o5 '0!2' . '0!4' . '0!6' . '0!8' ——
but their lattice cell parameters differ by 214%ay( Au x, Ni atomic fraction Ni

=4.08A, ay=3.52A), thus indicating that a high strain
effect may be expected. The solid-state portion of the bulk FIG. 1. Bulk equilibrium AuNi phase diagram calculated from
equilibrium phase diagraifsee Fig. 1 exhibits a wide asym-  Ref. 19: miscibility gap—), chemical spinodat—) and coher-
metrical miscibility gap with almost no solubility at room ent spinodal— — —).
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also because kinetic effects are limited at RT due to the low
atomic mobility of the incoming atoms.

The study of the structural evolution of these metastable
AuNi alloys upon annealing takes on particular importance
in order to determine the evolving path towards the equilib-
rium state.

In the bulk state, periodic compositional modulatithé?
have been observed during annealing below 300 °C. The re-
ported modulations were along the thr&00 directions,
with a period depending on the Ni content and with an am-
plitude estimated to be a few percéftt has been suggested
that these modulated structures may result from a spinodal
decomposition mechanism although, in some cases, they do
not evolve towards phase separation during the later stages, 0 0.2 0.4 0.6 0.8 1
as predicted by Cahn’s formal theory of the spinodal Au x, Ni atomic fraction Ni
decompositiorf> Renaudet al?* have suggested that the

rocess may be blocked for thermodynamical reasons linke : . . .
?o the anhar¥‘nonicity of the elastic coztribution to the mixing %C AuyxNiy solid solutions(dashed lingand of Z, , type ordered
) .. . . structureg(symbols.
energy: the compositional modulations induce large struc-

tural distortions, which rapidly increase the elastic energyhas been clarified by Wu and Coh&they have determined,
The chemical energy gain is therefore reduced and the ev@rom experimental data, the chemical and elastic contribution
lution is stopped. o to the mixing energy of a AyeNig 4 alloy atT=1083K, i.e.,

~ We have shown in a recent pafiethat periodic compo-  jyst above the miscibility gap. They found tt{aj the chemi-
sitional modulations also develop upon annealing of AuNizg energy is slightly negativeAE.,= — 0.63 kd/mol) indi-
epitaxial ultrathin films grown on A001), but only along cating an ordering tendency ar(@) the elastic energy is
the growth direction due to the biaxial stress. The variatior|arge and positive 4E = 8.45kJ/mol) making the total
of the period with the Ni content is consistent with the ONemixing energyA E = AE g+ AE g0 POSItive.

observed in the bulk state in the same temperature range. These results have been confirmed theoretically by com-
However the composition amplitude is greatever 40%  ytational models based on first-principles calculations—full
and no evolution of the period with temperature and time iSyotential linear muffin-tin orbital¢FP-LMTO),2! full poten-
observed, which may indicate that an ordering process tak§gy| |inearized augmented plane-wav@&LAPW)32%_or
place rather than a spinodal decomposition mechanism.  semiempirical potentials within the tight bindingTB)

In both cases, the elastic strain seems to play a leadingchema! (for details on the interatomic potential, see Refs.
part in the appearance and evolution of the modulated strucg 5ng 37. In both methods, the ground state is found to be
tures. The aim of this paper is to detail the influence of thgpe phase-separated alloy and a tendency to SRO ordering
epitaxial strain on the structural evolution in temperature ofgyists. given by the negative sign of the ordering energy
AuNi thin films and to understand the involved mechanisms., E,o) of Ni.Au, (001 ordered structures, where

For this purpose, experiments were undertaken on severale () is defined as the difference between the formation

MBE—grown Au!\!l aIons. with @fferent compositions, states energyAE(o,) of the ordered compound in the structure

of strain and initial configurations. The structural character-,,4 the mixing energyAE,;, of the random alloy of the
mix

ization was performed using situ temperature x-ray dif-  g5me composition. But the calculations based on the semi-
fraction (XRD) as well as high resolution electron micros- gmpirical potentials, though convenient for treating systems
copy (HREM). The paper is organized as follows: section Il \yit, 5 jarge number of atoms and configurations, give values
is devoted to thermodynamical considerations on the stability AE(c,) and AE,,;, smaller than those predicted from

X mix

of the AuNi system in the bulk state and under epitaxialg st principles(accurate but time-consumingiethods, indi-
constraints. Section Ill describes the samples preparation al ting that the chemical effects are not properly taken into

Sec. IV the structural evolution upon annealing. The wholé;.cqint. To overcome this deficiency, the heteroatomic
results are discussed in Sec. V by comparing them to numefia i ms of the TB potential developed by Deutsthal 3’ were

cal simulations. adjusted to reproduce the energy values of Ref. 31 calculated
from FP-LMTO. The adjustmentswere performed on a set
Il. THERMODYNAMICAL CONSIDERATIONS of metastable ordered structures: sNi(L1,), AuNis(L1,),
AuNi(L1,) and AuNi(Z2). The transferability of the poten-
tial adjusted in this way was tested on several other struc-
The thermodynamics of the AuNi system has been widelytures, mainly Nj/Au,, superlattices along théd01) direc-
studied®**because of its peculiar energetic and elastic feation, which is the elastically soft direction for Au/Ni
tures, which makes it a testing ground for theories of alloycoherent layerd’ Good agreement was obtained with the
stability. Indeed, the large size mismatch makes the effect dirst-principles results.
atomic relaxation critical and despite a strong phase- The values al =0 K of the mixing energ\AE,; of ran-
separation tendency at low temperature and positive mixingom alloys are reported on Fig. 2 as well as the formation
enthalpies® an ordering-type short-range ordé8RO has energy of some ordered compounds: »(&usNi),
been observed experimentaff®® This surprising behavior L1,(AuNiy), L1, “Z,5°, “ Zss', “Zi7', “Zi3’,

random
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FIG. 2. Calculated formation energat T=0 K) of disordered
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“Z,7', and “Z3 ", where the notation Z, ,,” refers to

Ni,/Au,, superlattices along th@®01) direction. Several rel- 16 — L1, o L1,ab
evant points may be stressed: - )
(i) The value of AEx (x=0.5) is 113 meV/at, very 12

PY L10,C

close to the value obtained from FLAP\(WRef. 32 (118
meV/ad, but higher than the experimental vaiti€76 meV/
at) measured at 1150 K, i.e., just above the miscibility gap
where a SRO has been reported. Wolverton and Zdhger

total formation energy (kJ/mol)

have shown, by Monte Carlo simulations, that taking into 4

account SRO lowers the mixing energy 825 meV/at. We

can therefore estimate to 88 meV/at the valueAd ., (x e
=0.5), i.e., close to the experimental vale). Z, , (includ- A?u 02 0.4 0.6 0.8 l\}i

ing L1, and L1, ordered structures are metastable phases: x, Ni atomic fraction
their energy is lower than that of the random alloy but higher
than the phase-separated state. Consequently, (@8th
ordering-type and clustering-type fluctuations of the random
alloy may be expectediii) The ordering energy of 4, (n

>1) structures is much lower than that gf Zones. Thus, if

an ordering may occur, ordered structures with the alterna-
tion of 1 Ni plane / 2 or 3 Au planes are more favorable than
those with an alternation of 1 Au plarf 2 or 3 Niplanes.

®
&

B. Epitaxial effects

oo b b b e Ly

total formation energy (kJ/mol)

0 0.2 0.4 0.6 0.8 1
x, Ni atomic fraction Ni

Under epitaxial constraints, the phase equilibria in the
AuNi system are expected to be drastically altered by the
elastic strain energy required to accommodate the substrate
and the deposited film lattices, due to the large size effect. FIG. 3. Calculated total formation energgt T=0 K) of some

Ozolins et al®® have calculated from first-principles the Ordered compounds under epitaxial constraifésas=3.60 A and
stability of elementalepitaxial films (pure Au and Ni films () a=4.06 A.
coherently grown on a substratelheir description of the i o ,
elastic strain energy takes into account anharmonic effects. ioMe Simple structures epitaxially strained on(G01-
is noteworthy that, for pure Ni film, they found that under OTiénted substrate having a lattice parametgr Al (pure
biaxial tension, thé001) axis is the soft direction and under AU @nd Ni, L1, (NisAu and AwNi) with cubic symmetry
compression the soft direction changeg201). This “epi- and L1, with tetragonal symmetry. The three variants pf the
taxial softening” along(001) is a consequence of geometric L1, structure are noted, b, andc for the respective orien-
properties of the(001) “epitaxial Bain path” (connecting &tions(100, (010, and{001). _ _ _
cubic symmetry fcc and bec structupd®*! and a low The results are reported on F'|g. 3, vyhlch displays the
bec/fee energy differences. For Ni, a local minimum is foundground state at =0 K of the epitaxial AuNi system for two
for a bt structure with an in-plane lattice parameter verySubstrate lattice parametees;=3.60 A (Ni-rich) and 4.06 A
close to that of A2 As a direct consequence, when growing (Au-rich). For a;=3.60A, phase separation is expected to
Ni,/Au,, superlattices, the system rich in Am¢&n) will occur since the.ground stgte is Ali. For as=.4.06./5\, the
have a low001) elastic energy due to the easy expansion of-1o structure with the variant along th@01) direction be-

Ni on Au. Experimentally, (Nj/Au,g) multilayers have been cOmes a stable state =0 K for x=0.5. Thus an Lé-type
grown coherently by MBE on A001) for n<44?*3This  ordering may be obtained in epitaxial fNios alloys
stabilization may be explained in terms of an epitaxial soft-grown on Au(003). Our calculationd’ show that there exist
ening in agreement with the calculations of Ozoligtsal. @ threshold strain for the lglstructure to become stable,
But an alloying effect driven by surface segregation mechawhich corresponds to a value af=3.95A. In addition,
nisms also occurs during growth*® ordered structures with cubic symmetfsuch as L} are

Regarding the stability of epitaxialloys, the only avail- ~ €nergetically unfavorable under a biaxial constraint due to
able data in the literature correspond to random alt8yghe  their high elastic epitaxial strain energy.
calculations were performed within Cahn’s continuum model

—_
(=2
~

and cannot predict the stability of ordered compounds. To Ill. EXPERIMENTAL DATA
account for both random alloys and ordered compounds on A Growth
the same footing, we have used a cluster-based description of - orow

coherent binary alloys, according to the basic model of The samples were grown by MBE in an ultrahigh vacuum
Wood and Zunget! We have worked within the tetrahedron chamber in which the base pressure was approx:%.dorr.

approximation and used the TB interatomic potentials deThe deposition at RT of the materials was carried out using
scribed above to calculate the energetic and elastic inputéwo electron beam evaporators of pure Au and Ni sources
Details of the calculations will be presented in a separat@and controlled using quartz microbalances. Sample growth
publication®® We have calculated the formation energies ofwas monitored using reflection high energy electron diffrac-
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tion (RHEED) operating at 40 kV and an angle of incidence of defects(dislocation and/or twinning In that case, the re-
of 1.5°. The AuNi alloy layers were grown on a 50 nm-thick sidual strain is lower than the misfit straif}|<|emd. SO
(001) buffer layer this latter being deposited on a MgO the state of strain of the AuNi layer, given by the valuehf
(001-oriented substrate &ia 3 nm-thick Fe seed layet. may be varied by changin@) the value ofa, i.e., the nature
The pressure in the MBE chamber rose to approx.*®rr  of the buffer(here Au, Pt, and Pdfor a fixed composition,
during the deposition of the AuNi or the buffer layers. (i) the Ni content, i.e., the value af(x), for a given kind of
The MgO (001 substrates used for sample growth werepyffer layer, (iii) the AuNi layer thicknesgh)—to allow
simply degreased before the transfer into the MBE systenye|axation—for fixed values ods anda(x).
where they were heated at 150 °G fb h to remove water The in-plane lattice parameters of the various buffer lay-
from the Surface, then at 350 °Crf8 h toremove miscella- ers (as) and AuN| |ayers e”) were deduced from XRD mea-
neous hydrocarbons and finally at 450 °C for 0.5 h to makey .o ents around the {8) Bragg reflection. The out-of-
chlorine radicals desorb. Growth began with the depositio lane lattice parameters of the AuNi aIIdysa 0 were
at RT of the Fe seed layer at a rate of 0.5 A/s, immediatel casured from conventiona@-20 XRD scans +he XRD
followed by the deposition of the buffer laygku, Pt, or Pd measurements showed that the valuesofor .the 500 A

at a rate of 1 A/s, again at RT. Prior to the deposition of th(=T ; e - .
. ’ .~thick buffer layers were equal, within the limits of experi-
AuNi layers, the buffer layer was heated for 10 mn at 400 ental precisi)(gn (5.10° A),qto that of bulk values, resppec-

in order to have a smooth surface, which has the classic Vely 4.078 A, 3.889 A, and 3.925 A for Au, Pd, and Pt. The
(1x5) reconstructioff for the case of Au or Pt. The AuNi .measured values @, anda, are reported in Table | for the
alloy was then grown by coevaporating the Au and N'AuNi alloys

sources at a growth rate ranging from 0.3 A's to 0.6 A/s For the case of coherent layers, the Ni content may be

?ir?gl? n(cj:lg\?e?en dtge ghg:er}ncogpgrslg?rtlhgzil n’,?‘;ﬁ;{ﬂ:g mzsr(lestimated from the, anda, values of the AuNi layer, in the
that ())/f the buffer){ayer E)I'Fr)ﬂsgensyures the same state of strai|r|1near elasticity theory approximation. Assuming an homo-
both at the top and at fhe bottom interface of the AuNi Iayer.geneous and tetragonal deformation of the AuNi layer and a

For the three different types of buffer layers used in this“€" stress of the-,, component, we ha?é
study, the RHEED pattern reveals the cube-on-cube epitaxial

relationship{001] (001 buffer //[001] (001) AuNi. In addi- o —p X 3
tion, no significant C or O contamination has been detected Cu(x)
in Auger measurements during the time required for our ex-

. where
periments.

In this geometry and assuming that the buffer layer is stiff a, —a(x)
and infinitely thick relative to the AuNi film, the in-plane el=— (4)
(biaxial) strain is imposed by the buffer layer and localized a(x)

only in the AuNi layer. This in-planamisfit strain due to

) . ) is th -of-plane residual strain n re th
lattice mismatch may be written as s the out-of-plane residual strain a@, and Cy, are the

elastic constants of the AuNi alloys. By using E¢(@)—(4),

as—a(x) one obtains
Smis:Wi (1)
~ Cp(x)a, +2C(X)q, 5
whereag is the lattice parameter of the buffer layaris the a(x)= Ci(X)+2Co(X) ®

Ni content anda(x) is the lattice parameter of bulk meta-

stable fcc AuNi solid solutions. The variation afx) with For simplicity we have used a linear variation of the elastic
the Ni content has been studied both experimentadyd  constants with the Ni content, while the variation affx)
theoretically'®? The results show a positive deviation from takes into account the deviation from Vegard's fawDnce

Vegard’s law. the experimental values @fj anda, are determined, the Ni
The relevant parameter of this study is the effective in-contentx may be calculated from the implicit E¢5).
planeresidualstraine! given by B. Samples description
a—ax) Three sets of samples were elaborated at RT by codepo-
5T a0 (2)  sition of Au and Ni: (i) Au;_,Ni, alloys with 0.14<x

< 0.5 coherentlygrown on a Au(001) buffer, the corre-
wherea, is the in-plane lattice parameter of the AuNi epi- sponding thickness ranges between respectively 8 and 3.5
taxial layer, measured using asymmetrical XRD. The valugim to avoid relaxation(ii) AugsNigs and Ay Nig 4 alloys
of &, depends on the degree of the strain relaxation of theoherentlygrown on Au, Pt, and P@01) buffers, and(iii)
AuNi layer and is function, among others, of the AuNi layer partially relaxedAug sNig s and A, ¢Nig 4 alloys grown on a

thickness(h) and ofas. Au (001) buffer, with a thickness of about 35 nm.

If the AuNi layer iscoherently strainedi.e., no relaxation In addition to alloys thin films, artificially modulated
occurs, thera, = a, and the residual strais| is equal to the  structures(AMS) were elaborated by MBE, with nominal
misfit straing p;s. periods different from those which have been observed in

If the thickness of the AuNi layer is higher than a critical codeposited samples after annealing. AMS coherently grown
thickness depending on the Ni content and on the value abn Au or Pd buffer layers and having an average Ni content
as, then partial relaxation may take place via the introductionof 0.4 and 0.5 were investigated to see if the period is
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TABLE I. Samples characteristics: thickness ( Ni content &) deduced from the RHEED and XRD measurements, lattice parameters
(ay anda, ) measured from XRD, misfit straire(,;) and effective residual straire{)

h (nm) X a A  a A er
Specimen Buffer (*0.2 RHEED XRD (+0.005 (+0.005 Emis (£0.1%  Coherency?
Aug gNig 13 Au 8 0.14-0.01  0.14-0.01 4.074 3.934 1.4% 1.4% Yes
Aug Nig. Au 6 0.20:0.01  0.19-0.01 4.076 3.880 2.1% 2.1% Yes
Aug Nig 3 Au 6 0.28£0.01  0.28:-0.01 4.072 3.787 3.2% 3.1% Yes
Aug Nig.a Au 3.6 0.39:0.01  0.46:0.01 4.070 3.648 4.6% 4.4% Yes
Aug Nig 5 Au 35 0.49-0.02 a 4.071 3.462 6.1% 5.9% Yes
Aug Nig. Pd 5 0.41-0.01 3.884 3891 —-02% —0.3% Yes
AugNig 4 Au 35 b 3.984 3.715 4.8% 2.4% No
Aug sNigs Pt 17 0.520.01  3.937 3.683 2.8% 2.8% Yes
Aug Nig s Au 37 b 3.875 3.731 6.2% 0.9% No
(Au;Niy)s Au 5.2 0.5-0.02 a 4.079 3.440 6.2% 6.2% Yes
[Ni;/(AupNig2els  Au 6.3 0.37:0.02 a 4.064 3.593 4.4% 4.0% Yes
[Niy/(Aug Nig 2es Pd 6.8 0.42-0.02 a 3.896 3891 -03% —0.3% Yes

*“The linear elasticity limit is no longer valid.
The strain is not homogeneous along the growth direction.

changed from the nominal one upon annealing. The growtlvacuum chamber. Two windows covered with beryllium
of the AMS was achieved using the “phase-locked” epitaxyfoils are cut in the chamber to allow the primary and second-
technique’® which proved to be a very efficient way of de- ary x-ray beams to go through. The vacuum level in the
signing AuNi alloys in the L structure®® chamber reaches 18 Torr at RT and rises to some
The samples characteristi@hickness, composition, mis- 10-8 Torr at 300 °C.

fit strain, and residual strairare reported in Table I. The  The sample positioning is accurately controlled at RT and
composition values are those deduced from the RHEEDRyt 100°C. The displacement of the sample holder due to
measurements during growlsee Sec. IVA and, for the  hermal dilatation has been calibrated versus the regulating
case of coherent layers, from XRD measurements using Eqemperature. Its variation is strictly linear in the 50—550 °C

(5). range with a slope of 1.003 16m/ °C.
The sample holder temperature is permanently recorded.
C. Characterization Its stability range is+0.5 °C during several hundreds hours.
A gold layer deposited on a MgO substrate, then annealed,
has been used to calibrate the equilibrium temperature on the

Room temperature XRD measurements were performegample surface versus the regulating temperature. Because of
with a conventional¢-26 diffractometer equipped with a the measurement and calibration methods uncertainties, the
primary graphite monochromator selecting the Cat&dia-  sample temperature is known within5 °C.
tion (\=1.5418A).

Another 6—26 diffractometer operating with a secondary
graphite monochromator was used for situ temperature
XRD experiments(see Fig. 4. The sample is fixed on a The samples were also characterized by HREM. For this
plane sample holder by a specially designed cover, whiclpurpose, plan view and cross-sectional specimens having
ensures thermal homogeneity around the sample. A therm$©01] and[110] foil normals, respectively, were prepared by
couple is placed in a channel grooved at the sample holdenechanical thinning followed by Ar ion milling. The HREM
surface with its tip coming exactly behind the sample. Aobservations were carried out on a JEOL 4000EX micro-
heating element and its regulating thermocouple are insertestope operating at 400 kV with a spherical aberration Cs
in the sample holder shell. The whole set is fixed onto the=1 mm and equipped with a top entry goniometer stage.

1. X-ray diffraction

2. HREM

sample holder

rays - FIG. 4. In situ temperature
XRD device: sample holdefleft)
and diffractometefright).

sample

reflecting
B screen

i )
therm le for measur goniometer
thermocoup F Totation axis

| (goniometerplatform)_

table

vacuum chamber

\ Nal detector
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IV. RESULTS

A. As-grown samples

It has to be pointed out that the accurate control of the oi
molecular fluxes during codeposition is usually a difficult ~
o

procedure in MBE growth. In the case of the AuNi system,
we have taken advantage of the high quality and reproduc-
ibility of the RHEED intensity oscillations to monitor the
molecular fluxes towards an accurate control of the actual
stoechiometry during the growth of the codeposited samples.
The relative incertitude on the composition is estimated to be
+4% following this type of calibration.
Indeed, for all of the samples studied, the RHEED inten- 0.79)
sity of the specular reflection registered during the codepo-
sition of Au and Ni shows strong and weakly damped oscil-
lations(see Fig. 5, indicating a layer-by-layer growth mode.
These oscillations are present up to 30—70 monolajéts _ o
thickness, depending on the Ni content and surface quality of FIG- 6. (@ RT 6-20 scans(decimal logarithmic scajeof the
the buffer layer. Oscillations also occur during the sequentiafS9rown Ay Nio 4 alloy grown on Au: coherent layeicurve A
deposition of Au and Ni and are used for the feedback con2"d Partially relaxed layefcurve B, (b) Iso-intensity reciprocal
trol of the opening and closure of the shuttgshase-locked SPace map in the vicinity of the (B) reflection for the coherent
epitaxy. This growth technique results in AMS with a good AUosNio.4salloy, (c) Iso-intensity reciprocal space map in the vicin-
periodicity along the growth direction. ity of the (113) reflection for the partially relaxed AyNig 4 alloy.
Oscillations in the RHEED intensity are also observed

during the deposition of the Au capping layer, which showslayer, only one singlé002 AuNi peak, indicating that the
that the growth is still two-dimensional and attests the goodBE codeposition of Au and Ni does stabilize a solid solu-
structural quality of the AuNi layer. In this case, the compo-tion. For the coherent layer, the AuNDO2) peak is large
sition of the codeposited alloys may be deduced from thdecause of the thin thickness of the lay@6 nm and is also
periods Ta,n and T, measured during the respective modulated in intensity due to the interferences with the dif-
growth of the AuNi and Au layerésee Fig. 5, according to  fracted intensity of the capping layer. For the case of the
the following equation: partially relaxed layer, because the thickness is higBér

nm), the (002) peak has a well-defined form. At low angles,

interferences between the reflected beam at the top surface
(6)  and the reflected beds) at the bottom interfade), known

as Kiessig's fringes, are observable in both cases. In some

The composition values calculated from E6) are reported ~Samples, a weak A(L11) peak is observed neap238° and

in Table I. They are in close agreement with the ones deProbably comes from incoherent growth regions on the MgO

duced from XRD measurements and the difference with thubstrate. o

nominal composition is less than 2 at. %. * The XRD maps around the {B) reflections are presented
The structural characterization of the as-grown specimenen Fig. 6b) and Gc). For the 3.6 nm-thick layer, the in-plane

studied by XRD and HREM has been publishedcoherency is attested by the same value of the in-plane scat-

elsewheré>>°*1 \We will mention below the main results tering vectorq, of the Au and AuNi peaks. Moreover, the

through the description of Fig. 6. AuNi layer is under a tetragonal distortiom (<a,) since

« Symmetrical XRD#-26 scans along thEd01] direction of  the AuNi peak is not located on the dashed line representing

the Au buffer layer are shown on Fig(eb for coherentand  the locus of points for whicheyy=a, , i.e., relaxed layers

partially relaxed Au, ¢Nig 4 layers. The scans drawn on a with cubic symmetry. HREM imagé$ confirm that the

decimal logarithmic scale exhibit, in addition to ti@02  AuNi layer is homogeneous and coherently strained and no

fundamental reflections of the MgO substrate and Au buffedefects have been detected. For the 36 nm-thick layer, the

0.75 ]
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two kinds of modulated domains having two different integer
periods, respectively 3 and 4 ML for the present case. The
atomic structure of these modulated domains has also been
refined and the result gives a mixture of two atomic periodic
stackings made up with atomic superstructures having re-
spectively 1 Ni-rich plane/2 Au-rich planes and 1 Ni-rich
plane/3 Au-rich planes. The compositional total amplitude is
A in both cases higher than 80 at. % in order to reproduce the
' | superstructure peak intensities. The noninteger period no-
\/\r\,\l\ﬁ ticed in the XRD spectrum comes from the statistical mixture
e AV ‘ of these two different periodic structures. Indeed the XRD
T *’W—«W, pattern will reproduce either the sum of the diffracted
, ! , ‘ intensities—distinct peaks are therefore observed—or the
‘ ' ' ' ) ‘ sum of the diffracted amplitudes—an average broad peak is
5 15 = o (deg) % 8 i therefore observed—depending on the size of the domains
20(deq compared with the lateral coherency length of the x-ray
FIG. 7. Evolution of theg—26 scans during the annealing of the béam(which we have calculated to be about 20)nmhe
Au, Ni 4 film coherently grown on A{001): (A) at RT,(B) after ~ broad contribution at midangles-) is reproduced by the
4.7 h at 202 °C(C) after 90 h at 202 °C(D) after 540 h at 202°C. simulation and is related to this statistical distribution of pe-
riods. This lateral structure with domains of different sizes
and periods is confirmed by HREM observatidfs.
The intensity of the superlattice peaks increases with time
until it reaches an asymptotic value. Beyond 300 h, the in-

MgO , pAu

AuNi

log (Intensity) (arb.units)

relaxation occurs via the introduction af6(112) partial dis-
locations on{111} gliding planes. These dislocations gener-
ate stacking faults as well as microtwins, which are made u ensity ratiol/I;, wherel, and I, are, respectively, the

H H 45 H sihf, s f ’ ’
of an agglomerat!on 08/8(112) pamals._But the' AuNI intensity of the satellite and fundamental reflections, no
layer has not entirely relaxed since thel@) AuNi peak |onger evolves. This indicates that a stable state has been

differs from the (T3) AuNi bulk position located on the reached. For the case of the AdNig 4 film, it may be noted
dashed line. The AuNi layer is therefore partially relaxed anchat after about 90 h the intensity of the 3 ML period set

a relatively high residual strain is still presemﬁ,‘(:S.O%). becomes greater than that of the 3.8 ML period set, which
The state of coherency of the different samples is reported imay indicate that the 3 ML period domains have grown to
Table I. the detriment of the 4 ML period ones.

No evolution of the period with the time and temperature
is found with any sample.
B. Annealing effects (2) At 240 °C the AuNi(002 peak shifts towards the Au

The structural evolution upon annealing of codeposited 002 Peak but the superlattice peaks are still present. For
Au; _,Ni, solid solutions coherently grown on £01) has longer times, the intensity of the supgrlatuce peaks begins to
been first described in Refs. 25 and 51. We will just recalidecrease and the AuNDO2 peaks is no more separable
the results obtained on the coherent MNig, alloy (h from t_he Au (.002). peak. These effects may be explained by
—=3.6nm, 5! =4.49%) with the help of Fig. 7, which describes the Ni bulk diffusion from the alloy layer towards the buffer

the general evolution of th@-26 scans with temperature. A g:lg Caepapr!\]r?céagl‘Gtrﬁgvrzlggu?acigtcirlgturtjecstu?éogrrﬁ:?ilxg:ystzet?:a
significant evolution was observed for annealing abov pp :

200°C. Below this temperature, the time required for an o 3\“ dilute solid solution. No demixtion is observed with any

servable modification is too longmore than 300 h Two sample.
regimes may be pointed out:

(1) In the 200-240 °C range, a modification of the x-ray
diffraction spectrum is noted in the first hours and continues The role of the epitaxial strain was studied on gANig 4
to develop. After about ten houfsurve B, two main fea- alloy for three specimens having different residual strain:
tures are observed: more pronounced Kiessig's fringes at lowpecimen A(h=5nm, &;=—0.3%) coherently grown on
angles, indicating an improvement in the structural quality ofPd, specimen Bh=35nm, ¢} =3.0%) partially relaxed on
the sample, and one or two sets of superlattice pgaks Au and specimen C(h=3.6nm, sﬂ=4.4%) coherently
arising from a compositional modulation along the growthgrown on Au. Thed—26 scan recorded on the specimen A is
direction. The intensity of these additional peaks is alsashown on Fig. 8 after 90 h at 220 {Curve A). It seems clear
modulated by interference effects due to the finite thicknesfrom curve A that some minimum strain is required for the
of the AuNi layer, as explained in Sec. IV A. modulated structure to develop: with the Pd buffer, no super-

For the case of the AyNig 4 alloy grown on Au, two sets lattice peak is observed after an annealing time of 300 h, but
of superstructure peaks are observafdarves C and @  only interfaces sharpening, while satellite peaks were ob-
They may be related to the coexistence of two different suserved for the same alloy grown on Acurve Q. Annealing
perlattice periods, respectively 3 and 3.8 ML. About the lat-at a higher temperature leads to the bulk diffusion of Ni.
ter noninteger period, we have shairihat a noninteger For the partially relaxed alloy, thé—260 scan recorded
period in the XRD spectrum may be well reproduced by aafter 90 h at 220 °Gcurve B displays well-defined satellite
simulation on a structural model consisting of a mixture ofpeaks. They result from a compositional modulation having a

C. Strain effect
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FIG. 10. Influence of the composition for a given in-plane lattice
parametera,=4.07 A: evolution with temperature of thé-26
scans recorded fdA) the Ay, gNig » film after 65.4 h at 220 °Q;B)
the Ay, Nig 5 film after 94 h at 220 °C(C) the Ay, ¢Nig 4 film after
90 h at 202 °C andD) the Ay, sNig s film after 150 h at 208 °C.

FIG. 8. Influence of the residual strain for a fixed alloy compo-
sition x=0.4: evolution of thed—26 scans after 90 h at 220°C
recorded for(A) the coherent layer grown on RA01) and for (B)
the partially relaxed layer grown on A@01). The curveC corre-
sponding to the coherent fgNig 4 film [same curve as Fig(@)] is
shown for comparison. A modulated structure with a periodicity of 3 ML is clearly

visible along the growth direction, but within small domains
periodicity of 3.1 ML, close to the one observed for the (5 t0 8 nm in lateral size the contrast of the HREM image
coherent layefcurve Q. Simulation of the XRD spectrum IS made up of one bright and two darker atomic planes, cor-
confirms that the composition profile is asymmetrical:1 Ni_respondlng, respectively, to 1 Ni-rich plane and 2 Au-rich

rich plane &=0.72) and 2.1 Au-rich planes & 0.24). Nev- planes. The lateral extension of the domains is limited by

ertheless, the width of the satellite peaks is greater and thtWInS along{111} planes, which have contributed to relax

intensity ratiol ¢/l is lower. Therefore, it may be inferred Sart of the misfit strain imposed by the Au buffer layer. It

; S would be interesting to know what would occur for a fully
that the size of the ordered domains is lower than the ong,j5xed AuNi layer. But this would require the growth of a
observed for the coherent layer. This statement is confirme ery thick layer, which is not without practical difficulty in

by HREM observation: Fig. 9 shows a cross-sectional viewy gg.
of the partially relaxed AuNi layer along tH&10) direction.
D. Composition effect

The influence of the composition was studied on several
Au, _,Ni, alloys coherently grown on Au. The composition
range used in the present study is 0.14-0.5, the correspond-
ing residual strain range being 1.4-5.9%. For higher com-
positions, the required thickness to keep coherency is too
low to detect significant evolutions of the XRD scans. For
x=0.14 andx=0.19, no composition modulation was ob-
served after 150 h at several temperature stages, ranging
from 220°C to 250°C(see curve A of Fig. 10 For
0.28<x<0.5, satellite peaks were observed and the period of
the modulated structure is found to decrease with the Ni
content: 4.4 ML forx=0.28 to about 3 ML forx=0.5.

The curve B of Fig. 10 shows thé-20 scan of the
AugNig 3 alloy (h=6.0nm, s}=3.1%) after annealing at
220°C. The average period is 4.4 ML and corresponds to
ordered domains having eitha 1 Ni-rich plane/3 Au-rich
planes structurerca 1 Ni-rich plane/4 Au-rich planes struc-
ture. The curveC of Fig. 10 corresponds to th#-26 scan of
the Auw¢Nig4 alloy and has been described aboigame
curve as Fig. ). For the Ay gNigs alloy (h=3.5nm, &/
=5.9%) after annealing at 208 °C during 150 h, several ad-

FIG. 9. [110] cross-section HREM image of the partially re- ditional peaks are visible betweer§28° and 16° and be-
laxed Au, Nig 4 layer grown on Au001), after a heat treatment at tween 2/=28° and 38%curve D). They are related to inter-
220 °C for 360 h(courtesy of J. Thibault Part of the misfit strain ~ ference fringes, as confirmed by a Fourier analysis of the
has been relaxed by twins ¢h11} planes. Inside the AuNi layer, a 6—26 scan: the two main contributions in the diffracted in-
periodic modulation of the contrast is observed along the growttiensity arise from layers having a characteristic thickness of
direction (see the arrows 3.5£0.1nm and 12.2 0.1 nm, which corresponds, respec-

growth direction
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20(deg) FIG. 12. Variation of the period of the modulated structure with

o the Ni content: coherent laye(# ), partially relaxed layer$<),
FIG. 11. 6—26 scan recorded for the AyNigsfilm grownon Pt, 5.4 AMS (X, initial state, (O, final staté.
after 187 h at 216 °CA) as compared to thé-26 scan recorded for

the (Au;Ni;);5 AMS grown on Au, after 0.7 B) and 376 h(B’) at

216°C contribution related to the development of a 3.0 ML period

structure appearsee curves B and 'R
. . . In conclusion, the artificial period imposed to the AuNi
tively, to the thickness of the alloy and the capping Iayer'Iayer doesn't alter the period of the modulated structure ob-

However, these fringes are not visible on the stafore . .
. ; served upon annealing. This means that the modulated struc-
annealing because they are too weak. Thus, without the preg

ence of an additional contribution near 12° and 32°, WhiChIure is a stable state of the strained AuNi alloy, in a relatively

: : . . imited range of temperature. To confirm this assumption,
would increase the background level intensity, these fringe . . .
o ) . wo other AMS were elaborated with a Ni average composi-

would not be visible. By analogy with the previous results

this contribution may be attributed to the development of t'ﬁ?jﬁ:ﬂ ;[l?lig;é]zn;:cliatﬂi I?ﬁigltllf']‘eesrsle%egs.ST:g St?ﬁ';”}g_ls

ngSU :\E/llf_e%uztrtléctﬁ;eﬁn?:ta?r?t;(;g tlhse (cajséttlénr?rﬁc;tifn lg? trf’e'sidual strain is 3.9% for the layer coherently grown on the

- Au buffer and—0.3% for the one grown on the Pd buffer.

poﬂ:on of theA'supgrstruEture peaks.h | The AMS grown on Au evolves towards a 3.3 ML period

Pt(0016) Ei?:r t?IUStl\l:/(\)/i?haao{hi\::vI?r?egs ;relr;tﬁrgrzvgg t%n tr?e modulated structure wherea_s the same AMS grown on Pd
ller | ' d misfit strains(..—2.8%) We h evolves towards a stable solid solutitfiThese observations

smaller Imposed misiit S ra_ms(n,s : °).' € have Seen ., nfirm (i) the stability of the modulated structure atid

previously that varying the imposed strain without changmgthat it is strain driven

the Ni content doesn’t affect the superstructure period but the '

size and the volume of the ordered domains. The scan re-

corded after annealing at 216 °C reported on Fig(dirve F. Summary

A) shows two satellite peaks, the position of which corre-  hgin sjtutemperature diffraction experiments performed
sponds to a 3.0 ML period modulated structure, in Clos& several samples sets with different residual strains and
agreement with the one deduced from Fig. @@rve D.  jnitial configurations(coherent and partially relaxed alloys,
Rocking-curves measurements reveal that the width of theificially modulated structurgéshave shown that a strain-
satellite peaks is highX¢=4.8°) compared to the AuNi yyen modulated structure, consisting of the alternation of 1
(002 one (0.439. This means that the coherency length of Njrich plane / 2 or 3 Au-rich planes, develops upon anneal-
the ordered domains is lovabout 3 nm. ing between 200 and 240 °C. The whole results are synthe-
sized on Figs. 12 and 13, which display the variation of the
E. Stability of the modulated structure period versus the Ni content and versus the residual strain. It

In order to determine whether these modulated structure¥'®Y be seen thall) the period is essentially Ni-content de-

are a new-ordered phase or an intermediate state towar@?ndem even if the period variation range is narrow ¢d

further decomposition, we have studied the structural evolu® threshold strain is necessary for the modulated structure to
’ ppear.

tion of AMS having a periodicity very different from the one a
coming out upon the annealing of the codeposited alloys. We
report on Fig. 11 the results obtained from the V. DISCUSSION
(Au;Niq)15 AMS, correspondingd a 2 ML period structure
(L1s-type). The scan recorded on the as-grown sample re-
veals the presence of a strofi@0l) AuNi reflection. The In the bulk state, such modulated structures have been
long-range order parameter, extracted from the integration afbserved along the thre@00 directions, either by XRD
the superlattice peak901) and (003 and two fundamental (Refs. 21, 26, 5B or by transmission electron micro-
reflections(002) and (004), is 0.38. During annealing, the scopy?®?>54on AuNi metastable alloys obtained by rapid
intensity of the(001) superlattice peak decreases and a newguenching and annealed below 300 °C. The evolution of the

A. Comparison with the bulk state
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8 ; seem to be the precursors of the modulated structures that we

3 observe from XRD, once a periodicity along the growth di-
rection has been established. These monoatomic platelets
could be related to the formation of Guinier-Preston zones,
as it is the case in the bulk Al-Cu systéftt’ In this system,

RN AN RN RN RS RRR R RRRE
2
L 4

Modulated structure period (ML)
A

precipitation of monoatomic Cu platelets occurs for heating
o Ja 23 treatment below 150 °C. The structure subsequently evolves

: « o towards the formation off’ (Al,Cu) and 6" (AlsCu/Z; 3

2 : structure ordered phases. But the elementary mechanisms
: governing the transformation stages are not well identified
5 and can therefore be hardly transposed to thin films case.

[y “L_L?\III|I\II|I|11‘III\||III‘IIII

0o 1 3 4 5 6 7 8
€ (cyo)

(v B. Epitaxial strain ordering

FIG. 13. Variation of the period of the modulated structure with ~ The results obtained on the AMS clearly demonstrate that
the residual strain: coherent layef#), partially relaxed layers @ stable phase with a periodicity between 3 and 4 ML is
(¢), and AMS(O, final state. obtained under high enough epitaxial strain. This acts in fa-

vor of a strain-stabilized ordering process, based on nucle-

wavelength with the Ni content is reproduced on Fig. 12ation and growth mechanisms. We have seen in Sec. Il that
(dashed ling In the range of high-Ni conteni(0.3), the tetragonal-ordered structures are expected to be stabilized
variation is consistent with our observations on thin alloyunder large biaxial expansion. Experimentally, we obtain a
films. But for x<0.3, we do not detect the development of threshold residual strain aff =2%, which corresponds, for
modulated structures inside the AuNi layers, whereas longx=0.4, to a substrate lattice paramesgr-3.97 A, close to
period compositional modulations have been reported in théhe theoretical value calculated for addtructure(3.95 A).

bulk state. In addition, the compositional amplitude deducedn the bulk state, a threshold strain cannot be defined explic-
from the simulations of th&-26 scans is largé~50 to 80 itly but some internal stresses, originating from the quench-
at. %), while, in bulk alloys, Woodilla and Averbaghesti-  ing process, are obviously present and could therefore favor
mated it to about 5 at. %. This explains why our XRD scanghe development of compositional modulations along the
display weII.—defined superstructure p(_eaks wherea}s broad a@ﬁree(OOD elastic soft directions.

weak satellite peaks were observed in bulk specinigns. The modulated structure, which consists of a periodic al-

But the involved mechanisérpsgz have not up to now beefgration of 1 Ni-rich plane/2 or 3 Au-rich planes may prob-
clearly identified. Some authofs’ put forward a spinodal 5 pe identified to &, 5 or Z, ;ordered structure, depend-

decomposition mechanism, othétsa clustering process, ing on the Ni content. To check this hypothesis, we have

which gives rise to Ni monoatomic platelets. . . . o
In the present study, two remarks may be statéiithe performed numerical simulations to study the stability of
P v, Y : Zintype ordered structures coherently strained on a Au

period of the modulated structure does not evolve with tim . . .
neither with temperature, as it would be expected if a Spine_buffer layer. We have considered three different average Ni

odal decomposition mechanism occufe®) a threshold contentsxx=0.3, 0.4, and 0.5. As it is observed experimen-
residual epitaxial strain is necessary for the modulated strud@!ly; the modulated structure is not made up of pure Au or
ture to develop, but beyond this threshold, the period varie§li Planes. Therefore the possibility of mixing the atoms on
essentially between 3 and 4 Misee Fig. 18 We have re- the different planes of th&, -type structure has to be in-
cently studied the influence of the epitaxial strain on theCluded in the calculation. This can be realized easily by nu-
spinodal decompositio’r?. Our model is an extension of merical simulation using the TB interatomic potentials de-
Cahn’s original theory. We have included in the expressiorscribed in Sec. Il. The Ni content on each plane of Zhg
of the total free energy the contribution due to the coherenstructure is calculated from the average compositicand
epitaxy on to a substrate. We obtain a significant evolution othe period (+1) of theZ, , structure. The results are re-
the composition fluctuation period with the substrate latticeported on Fig. 14. Fox=0.5, the L} structure has the low-
parameter. For example, for=0.4, the period is found to est energy among the different ordered structures considered.
increase from 6.0 ML forg=4.08 A (Au substratg to 20  Forx=0.4 orx=0.3, theZ, , or Z, yordered phase becomes
ML for a;=3.92A (Pt substrateand over 30 ML fora;,  energetically more favorable than the (L4tructure. These
=3.89A (Pd substrate Such a variation is not observed calculations clearly suggest that during annealing one of
experimentally. We may therefore infer from the resqlts  theseZ;, structures may be selected depending on the Ni
and (2) that a spinodal decomposition mechanism does notontent. The general trend may be the following one: 1
satisfactorily explain the origin of the modulated structuresatomic Ni plane is periodically phase-separated to decrease
observed in our samples. the total elastic contribution of the total free energy. There-
Besides, Dressleet al. have performedn situ HREM  fore the selected period may be the one that minimizes the Ni
experiments to observe the first stages of the phenon@non content on the remainingAu-rich planes. This satisfactorily
Preliminary results show that Ni-rich platelets, 5 nm in size,explains the experimental results but the agreement is not
nucleate inside the AuNi layer. Then, their lateral size in-fully quantitative, since the experimental values of the peri-
creases up to 20 nm during annealing. These Ni-rich plateletsds are systematically shifted Byl ML in comparison with
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120 Yy AuNi alloys evolve towards a modulated structure along the
% growth direction, provided that the residual strain is high

o <= enough. The period of the modulated structure is between 3

’ and 5 ML, depending on the Ni content. It doesn’t evolve

100 e x=0.4 with time neither with temperature. The compositional am-

plitude of these chemical modulations is lafgeore than 50
at. %9 and the chemical profile is asymmetrical: 1 Ni-rich
plane and 2 or 3 Au-rich planes.

LI L B L L B L RS B

total formation energy (meV/at)

80 The origin of this phenomenon has been discussed and
compared with the observations on AuNi bulk samples re-
ported in the literature. We suggest that a strain-stabilized
ordering process occurs rather than a spinodal decomposition

60

mechanism. Numerical simulations based on interatomic po-
n tentials within the tight binding scheme were performed in
order to calculate the total formation energyder epitaxial

FIG. 14. Total formation energy calculated Bt 0 K for sev- . .
) strain of Z, ,-type ordered compounds. The calculations sat-
eralZ, ,-type ordered structures coherently strained on a Au buffer n Ln"tYP P

layer and having three different average Ni contents: 0.3, 0.4, an}?fath.mly explain the e).(pe.”memal r‘?su'ts* though the_agree-

05 ment is not fully quantitative regarding the exact period of
e the modulated structure. We probably face with the limits of

the computational technique@) in first-principles methods,

the expected periods deduced from our calculations. We . D . X
energy calculations under epitaxial strain are extremely time-

have not for the moment a clear explanation for this slight . ; » .
i consuming besides the fact that compositional fluctuations
deviation. . L ; A
cannot be taken into account, afig in semiempirical inter-
atomic potentials, the finite range of the interactions up to the

VI. SUMMARY AND CONCLUSIONS third or the fourth nearest-neighbors limits their ability to

Despite a strong phase-separation tendency in the buﬁgproduce accurately the energy of Ipng—period Ofdefed com-
state, metastablé001) AuNi alloyed thin films may be pounds. Therefore, the results obtained in the AuNi system

elaborated by MBE. We have investigated the influence oFOUId be a promising challenge to improve the current state-

the epitaxial strain on the structural evolution with tempera—Of'the'art in computational methods.

ture. Numerous specimens with different structysssid so-
lutions and AMS and various Ni content.14 to 0.5 were
deposited on several buffer layeisu, Pd, and Btin order The authors wish to thank C. Dressler, P. Bayle-
to vary the residual epitaxial strain. The two relevant param-Guillemaud, and J. Thibault for their work in high resolution
eters of the study are the composition and the residual strairlectron microscopy, J. Moulin for his technical support on
which have been both carefully controlled by RHEED duringthe temperature x-ray-diffraction device, and T. Deutsch for
the growth process. The samples were characterized by terproviding us with the numerical simulation programs. We
perature XRD and HREM. It has been evidenced that, upore greatly indebted to Bernard Legrand and Professor Yves
annealing between 200 and 240 °C, these out-of-equilibriunBréechet for stimulating discussions.
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