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Epitaxial-strain-stabilized ordering in Au 1ÀxNix alloy thin films grown by MBE
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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 configurations~codeposited Au12xNix solid solutions
and artificially layered structures! were grown by molecular-beam epitaxy on different~001!-oriented buffer
layers~Au, Pt, and Pd!. The epitaxial strain was varied by changing~i! the 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, and~iii ! 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 byin 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 enough~.2%!. 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.
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I. INTRODUCTION

Obtaining materials in a nonequilibrium state or with a
tificial structures has always been an attractive challeng
materials science research for the novel physical prope
that may be hoped for. Nonthermodynamic~metastable!
phases may be formed by using classical metallurgical w
~quenching and annealing! or during irradiation processes
But employing epitaxial growth to induce such metasta
materials has been gathering much attention in the
decade1–12 since accurate control of the film growth is po
sible on an atomic scale.13 Peculiar phenomena to molecul
beam epitaxy~MBE! have been reported in the literatur
these include~i! structural phase transitions,1,2 ~ii ! the stabi-
lization of new ordered compounds,3–6 or ~iii ! alloying in
systems where the materials are immiscible in their b
forms.7–9 These phenomena are essentially governed b
strain effectdue to the lattice mismatch between the su
strate ~or the buffer layer! and the deposited thin film, a
supported by theoretical calculations.10,11,14But specific ef-
fects occurring during the epitaxial growth process also h
to be taken into account: they involve surface diffusion a
segregation mechanisms.9,12,15

In the case of the AuNi system to which the present w
is dedicated, the two elements have the same fcc struc
but their lattice cell parameters differ by 14% (aAu
54.08 Å, aNi53.52 Å), thus indicating that a high strai
effect may be expected. The solid-state portion of the b
equilibrium phase diagram~see Fig. 1! exhibits a wide asym-
metrical miscibility gap with almost no solubility at room
PRB 610163-1829/2000/61~10!/6495~12!/$15.00
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temperature~RT!.16 The out-of-equilibrium AuNi system
was first studied through quenched bulk alloys:17 metastable
disordered fcc AuNi solid solutions have been obtained
the whole composition range at RT by rapid quenching fr
a temperature at which the single-phase AuNi mixture is
equilibrium state. Au12xNix solid solutions thin films have
also been obtained at RT by a MBE growth on a Au~001!
buffer layer,7 with atomic fractions of Ni up tox50.6, i.e.,
much above the bulk solubility~;0.01!. The strain effect is
probably the dominant effect in this alloying mechanis
since large epitaxial stresses are expected to lower drasti
the miscibility gap18–19 ~see the dashed curve of Fig. 1! and

FIG. 1. Bulk equilibrium AuNi phase diagram calculated fro
Ref. 19: miscibility gap~—!, chemical spinodal~ ! and coher-
ent spinodal~ !.
6495 ©2000 The American Physical Society
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also because kinetic effects are limited at RT due to the
atomic mobility of the incoming atoms.

The study of the structural evolution of these metasta
AuNi alloys upon annealing takes on particular importan
in order to determine the evolving path towards the equi
rium state.

In the bulk state, periodic compositional modulations20–22

have been observed during annealing below 300 °C. The
ported modulations were along the three^100& directions,
with a period depending on the Ni content and with an a
plitude estimated to be a few percent.20 It has been suggeste
that these modulated structures may result from a spin
decomposition mechanism although, in some cases, the
not evolve towards phase separation during the later sta
as predicted by Cahn’s formal theory of the spinod
decomposition.23 Renaudet al.24 have suggested that th
process may be blocked for thermodynamical reasons lin
to the anharmonicity of the elastic contribution to the mixi
energy: the compositional modulations induce large str
tural distortions, which rapidly increase the elastic ener
The chemical energy gain is therefore reduced and the
lution is stopped.

We have shown in a recent paper25 that periodic compo-
sitional modulations also develop upon annealing of Au
epitaxial ultrathin films grown on Au~001!, but only along
the growth direction due to the biaxial stress. The variat
of the period with the Ni content is consistent with the o
observed in the bulk state in the same temperature ra
However the composition amplitude is greater~over 40%!
and no evolution of the period with temperature and time
observed, which may indicate that an ordering process ta
place rather than a spinodal decomposition mechanism.

In both cases, the elastic strain seems to play a lea
part in the appearance and evolution of the modulated st
tures. The aim of this paper is to detail the influence of
epitaxial strain on the structural evolution in temperature
AuNi thin films and to understand the involved mechanism
For this purpose, experiments were undertaken on sev
MBE-grown AuNi alloys with different compositions, state
of strain and initial configurations. The structural charact
ization was performed usingin situ temperature x-ray dif-
fraction ~XRD! as well as high resolution electron micro
copy ~HREM!. The paper is organized as follows: section
is devoted to thermodynamical considerations on the stab
of the AuNi system in the bulk state and under epitax
constraints. Section III describes the samples preparation
Sec. IV the structural evolution upon annealing. The wh
results are discussed in Sec. V by comparing them to num
cal simulations.

II. THERMODYNAMICAL CONSIDERATIONS

A. Bulk state

The thermodynamics of the AuNi system has been wid
studied26–34because of its peculiar energetic and elastic f
tures, which makes it a testing ground for theories of al
stability. Indeed, the large size mismatch makes the effec
atomic relaxation critical and despite a strong pha
separation tendency at low temperature and positive mix
enthalpies,35 an ordering-type short-range order~SRO! has
been observed experimentally.26,36 This surprising behavior
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has been clarified by Wu and Cohen:27 they have determined
from experimental data, the chemical and elastic contribut
to the mixing energy of a Au0.6Ni0.4 alloy atT51083 K, i.e.,
just above the miscibility gap. They found that~1! the chemi-
cal energy is slightly negative (DEch520.63 kJ/mol) indi-
cating an ordering tendency and~2! the elastic energy is
large and positive (DEelas58.45 kJ/mol) making the tota
mixing energyDEmix5DEch1DEelas positive.

These results have been confirmed theoretically by co
putational models based on first-principles calculations—
potential linear muffin-tin orbitals~FP-LMTO!,31 full poten-
tial linearized augmented plane-wave~FLAPW!32,33—or
semiempirical potentials within the tight binding~TB!
scheme31 ~for details on the interatomic potential, see Re
28 and 37!. In both methods, the ground state is found to
the phase-separated alloy and a tendency to SRO orde
exists, given by the negative sign of the ordering ene
DEord(sx) of NinAum ~001! ordered structures, wher
DEord(sx) is defined as the difference between the format
energyDE(sx) of the ordered compound in thes structure
and the mixing energyDEmix of the random alloy of the
same composition. But the calculations based on the se
empirical potentials, though convenient for treating syste
with a large number of atoms and configurations, give val
of DE(sx) and DEmix smaller than those predicted from
first-principles~accurate but time-consuming! methods, indi-
cating that the chemical effects are not properly taken i
account. To overcome this deficiency, the heteroato
terms of the TB potential developed by Deutschet al.37 were
adjusted to reproduce the energy values of Ref. 31 calcul
from FP-LMTO. The adjustments38 were performed on a se
of metastable ordered structures: Au3Ni~L12!, AuNi3~L12!,
AuNi~L10! and AuNi ~Z2!. The transferability of the poten
tial adjusted in this way was tested on several other str
tures, mainly Nin /Aum superlattices along thê001& direc-
tion, which is the elastically soft direction for Au/N
coherent layers.39 Good agreement was obtained with th
first-principles results.

The values atT50 K of the mixing energyDEmix of ran-
dom alloys are reported on Fig. 2 as well as the format
energy of some ordered compounds: L12~Au3Ni!,
L12~AuNi3!, L10, ‘‘ Z2,2’ ’ , ‘‘ Z3,3’ ’ , ‘‘ Z1,2’ ’ , ‘‘ Z1,3’ ’ ,

FIG. 2. Calculated formation energy~at T50 K! of disordered
fcc Au12xNix solid solutions~dashed line! and of Zn,m type ordered
structures~symbols!.
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‘‘ Z2,1’ ’ , and ‘‘ Z3,1’ ’ , where the notation ‘‘Zn,m’’ refers to
Nin /Aum superlattices along thê001& direction. Several rel-
evant points may be stressed:

~i! The value ofDEmix (x50.5) is 113 meV/at, very
close to the value obtained from FLAPW~Ref. 32! ~118
meV/at!, but higher than the experimental value35 ~76 meV/
at! measured at 1150 K, i.e., just above the miscibility g
where a SRO has been reported. Wolverton and Zung32

have shown, by Monte Carlo simulations, that taking in
account SRO lowers the mixing energy by;25 meV/at. We
can therefore estimate to 88 meV/at the value ofDEmix(x
50.5), i.e., close to the experimental value.~ii ! Zn,m ~includ-
ing L10! and L12 ordered structures are metastable phas
their energy is lower than that of the random alloy but high
than the phase-separated state. Consequently, both^001&
ordering-type and clustering-type fluctuations of the rand
alloy may be expected.~iii ! The ordering energy of Z1,n (n
.1) structures is much lower than that of Zn,1 ones. Thus, if
an ordering may occur, ordered structures with the alter
tion of 1 Ni plane / 2 or 3 Au planes are more favorable th
those with an alternation of 1 Au plane / 2 or 3 Niplanes.

B. Epitaxial effects

Under epitaxial constraints, the phase equilibria in
AuNi system are expected to be drastically altered by
elastic strain energy required to accommodate the subs
and the deposited film lattices, due to the large size effe

Ozolins et al.39 have calculated from first-principles th
stability of elementalepitaxial films ~pure Au and Ni films
coherently grown on a substrate!. Their description of the
elastic strain energy takes into account anharmonic effec
is noteworthy that, for pure Ni film, they found that und
biaxial tension, thê001& axis is the soft direction and unde
compression the soft direction changes to^201&. This ‘‘epi-
taxial softening’’ alonĝ 001& is a consequence of geometr
properties of thê 001& ‘‘epitaxial Bain path’’ ~connecting
cubic symmetry fcc and bcc structures!,40,41 and a low
bcc/fcc energy differences. For Ni, a local minimum is fou
for a bct structure with an in-plane lattice parameter v
close to that of Au.42 As a direct consequence, when growin
Nin /Aum superlattices, the system rich in Au (m.n) will
have a low^001& elastic energy due to the easy expansion
Ni on Au. Experimentally, (Nin /Au20) multilayers have been
grown coherently by MBE on Au~001! for n,4.42,43 This
stabilization may be explained in terms of an epitaxial so
ening in agreement with the calculations of Ozolinset al.
But an alloying effect driven by surface segregation mec
nisms also occurs during growth.37,43

Regarding the stability of epitaxialalloys, the only avail-
able data in the literature correspond to random alloys.19 The
calculations were performed within Cahn’s continuum mo
and cannot predict the stability of ordered compounds.
account for both random alloys and ordered compounds
the same footing, we have used a cluster-based descriptio
coherent binary alloys, according to the basic model
Wood and Zunger.11 We have worked within the tetrahedro
approximation and used the TB interatomic potentials
scribed above to calculate the energetic and elastic inp
Details of the calculations will be presented in a separ
publication.38 We have calculated the formation energies
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some simple structures epitaxially strained on a~001!-
oriented substrate having a lattice parameteras : A1 ~pure
Au and Ni!, L12 ~Ni3Au and Au3Ni! with cubic symmetry
and L10 with tetragonal symmetry. The three variants of t
L10 structure are noteda, b, andc for the respective orien-
tations^100&, ^010&, and^001&.

The results are reported on Fig. 3, which displays
ground state atT50 K of the epitaxial AuNi system for two
substrate lattice parameters:as53.60 Å ~Ni-rich! and 4.06 Å
~Au-rich!. For as53.60 Å, phase separation is expected
occur since the ground state is Au1Ni. For as54.06 Å, the
L10 structure with the variant along thê001& direction be-
comes a stable state atT50 K for x50.5. Thus an L10-type
ordering may be obtained in epitaxial Au0.5Ni0.5 alloys
grown on Au~001!. Our calculations38 show that there exis
a threshold strain for the L10 structure to become stable
which corresponds to a value ofas53.95 Å. In addition,
ordered structures with cubic symmetry~such as L12! are
energetically unfavorable under a biaxial constraint due
their high elastic epitaxial strain energy.

III. EXPERIMENTAL DATA

A. Growth

The samples were grown by MBE in an ultrahigh vacuu
chamber in which the base pressure was approx. 10210 Torr.
The deposition at RT of the materials was carried out us
two electron beam evaporators of pure Au and Ni sour
and controlled using quartz microbalances. Sample gro
was monitored using reflection high energy electron diffra

FIG. 3. Calculated total formation energy~at T50 K! of some
ordered compounds under epitaxial constraints:~a! as53.60 Å and
~b! as54.06 Å.
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6498 PRB 61G. ABADIAS, I. SCHUSTER, A. MARTY, AND B. GILLES
tion ~RHEED! operating at 40 kV and an angle of inciden
of 1.5°. The AuNi alloy layers were grown on a 50 nm-thi
~001! buffer layer,44 this latter being deposited on a Mg
~001!-oriented substrate via a 3 nm-thick Fe seed layer.45

The pressure in the MBE chamber rose to approx. 1029 Torr
during the deposition of the AuNi or the buffer layers.

The MgO ~001! substrates used for sample growth we
simply degreased before the transfer into the MBE syst
where they were heated at 150 °C for 1 h to remove water
from the surface, then at 350 °C for 3 h to remove miscella-
neous hydrocarbons and finally at 450 °C for 0.5 h to ma
chlorine radicals desorb. Growth began with the deposit
at RT of the Fe seed layer at a rate of 0.5 Å/s, immedia
followed by the deposition of the buffer layer~Au, Pt, or Pd!
at a rate of 1 Å/s, again at RT. Prior to the deposition of
AuNi layers, the buffer layer was heated for 10 mn at 400
in order to have a smooth surface, which has the class
(135) reconstruction46 for the case of Au or Pt. The AuN
alloy was then grown by coevaporating the Au and
sources at a growth rate ranging from 0.3 Å/s to 0.6 Å
depending on the chosen composition. The AuNi film w
finally covered by a capping layer of the same nature t
that of the buffer layer. This ensures the same state of st
both at the top and at the bottom interface of the AuNi lay
For the three different types of buffer layers used in t
study, the RHEED pattern reveals the cube-on-cube epita
relationship@001# ~001! buffer // @001# ~001! AuNi. In addi-
tion, no significant C or O contamination has been detec
in Auger measurements during the time required for our
periments.

In this geometry and assuming that the buffer layer is s
and infinitely thick relative to the AuNi film, the in-plan
~biaxial! strain is imposed by the buffer layer and localiz
only in the AuNi layer. This in-planemisfit strain due to
lattice mismatch may be written as

«mis5
as2a~x!

a~x!
, ~1!

whereas is the lattice parameter of the buffer layer,x is the
Ni content anda(x) is the lattice parameter of bulk meta
stable fcc AuNi solid solutions. The variation ofa(x) with
the Ni content has been studied both experimentally17 and
theoretically.19,28 The results show a positive deviation fro
Vegard’s law.

The relevant parameter of this study is the effective
planeresidualstrain« r

i given by

« r
i
5

ai2a~x!

a~x!
, ~2!

whereai is the in-plane lattice parameter of the AuNi ep
taxial layer, measured using asymmetrical XRD. The va
of ai depends on the degree of the strain relaxation of
AuNi layer and is function, among others, of the AuNi lay
thickness~h! and ofas .

If the AuNi layer iscoherently strained, i.e., no relaxation
occurs, thenai5as and the residual strain« r

i is equal to the
misfit strain«mis.

If the thickness of the AuNi layer is higher than a critic
thickness depending on the Ni content and on the value
as, then partial relaxation may take place via the introduct
,
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of defects~dislocation and/or twinning!. In that case, the re
sidual strain is lower than the misfit strain:u« r

i u,u«misu. So
the state of strain of the AuNi layer, given by the value of« r

i ,
may be varied by changing~i! the value ofas , i.e., the nature
of the buffer~here Au, Pt, and Pd!, for a fixed composition,
~ii ! the Ni content, i.e., the value ofa(x), for a given kind of
buffer layer, ~iii ! the AuNi layer thickness~h!—to allow
relaxation—for fixed values ofas anda(x).

The in-plane lattice parameters of the various buffer la
ers (as) and AuNi layers (ai) were deduced from XRD mea
surements around the (11̄̄3) Bragg reflection. The out-of-
plane lattice parameters of the AuNi alloys (a') were
measured from conventionalu–2u XRD scans. The XRD
measurements showed that the values ofas for the 500 Å
thick buffer layers were equal, within the limits of exper
mental precision (5.1023 Å), to that of bulk values, respec
tively 4.078 Å, 3.889 Å, and 3.925 Å for Au, Pd, and Pt. Th
measured values ofai anda' are reported in Table I for the
AuNi alloys.

For the case of coherent layers, the Ni content may
estimated from theai anda' values of the AuNi layer, in the
linear elasticity theory approximation. Assuming an hom
geneous and tetragonal deformation of the AuNi layer an
zero stress of theszz component, we have47

« r
'522

C12~x!

C11~x!
« r

i , ~3!

where

« r
'5

a'2a~x!

a~x!
~4!

is the out-of-plane residual strain andC11 and C12 are the
elastic constants of the AuNi alloys. By using Eqs.~2!–~4!,
one obtains

a~x!5
C11~x!a'12C12~x!ai

C11~x!12C12~x!
. ~5!

For simplicity we have used a linear variation of the elas
constants with the Ni content, while the variation ofa(x)
takes into account the deviation from Vegard’s law.45 Once
the experimental values ofai anda' are determined, the N
contentx may be calculated from the implicit Eq.~5!.

B. Samples description

Three sets of samples were elaborated at RT by code
sition of Au and Ni: ~i) Au12xNix alloys with 0.14,x
,0.5 coherentlygrown on a Au ~001! buffer, the corre-
sponding thickness ranges between respectively 8 and
nm to avoid relaxation,~ii ! Au0.5Ni0.5 and Au0.6Ni0.4 alloys
coherentlygrown on Au, Pt, and Pd~001! buffers, and~iii !
partially relaxedAu0.5Ni0.5 and Au0.6Ni0.4 alloys grown on a
Au ~001! buffer, with a thickness of about 35 nm.

In addition to alloys thin films, artificially modulated
structures~AMS! were elaborated by MBE, with nomina
periods different from those which have been observed
codeposited samples after annealing. AMS coherently gro
on Au or Pd buffer layers and having an average Ni cont
of 0.4 and 0.5 were investigated to see if the period
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TABLE I. Samples characteristics: thickness (h), Ni content (x) deduced from the RHEED and XRD measurements, lattice param
~ai anda'! measured from XRD, misfit strain («mis) and effective residual strain (« r

i)

h ~nm! x ai ~Å! a' ~Å! « r
i

Specimen Buffer ~60.2! RHEED XRD ~60.005! ~60.005! «mis ~60.1%! Coherency?

Au0.87Ni0.13 Au 8 0.1460.01 0.1460.01 4.074 3.934 1.4% 1.4% Yes
Au0.8Ni0.2 Au 6 0.2060.01 0.1960.01 4.076 3.880 2.1% 2.1% Yes
Au0.7Ni0.3 Au 6 0.2860.01 0.2860.01 4.072 3.787 3.2% 3.1% Yes
Au0.6Ni0.4 Au 3.6 0.3960.01 0.4060.01 4.070 3.648 4.6% 4.4% Yes
Au0.5Ni0.5 Au 3.5 0.4960.02 a 4.071 3.462 6.1% 5.9% Yes
Au0.6Ni0.4 Pd 5 0.4160.01 3.884 3.891 20.2% 20.3% Yes
Au0.6Ni0.4 Au 35 b 3.984 3.715 4.8% 2.4% No
Au0.5Ni0.5 Pt 17 0.5260.01 3.937 3.683 2.8% 2.8% Yes
Au0.5Ni0.5 Au 37 b 3.875 3.731 6.2% 0.9% No
(Au1Ni1!15 Au 5.2 0.560.02 a 4.079 3.440 6.2% 6.2% Yes

@Ni1 /~Au0.7Ni0.3!6#5 Au 6.3 0.3760.02 a 4.064 3.593 4.4% 4.0% Yes
@Ni1 /~Au0.7Ni0.3!6#5 Pd 6.8 0.4260.02 a 3.896 3.891 20.3% 20.3% Yes

a
The linear elasticity limit is no longer valid.

b
The strain is not homogeneous along the growth direction.
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changed from the nominal one upon annealing. The gro
of the AMS was achieved using the ‘‘phase-locked’’ epita
technique,48 which proved to be a very efficient way of de
signing AuNi alloys in the L10 structure.49

The samples characteristics~thickness, composition, mis
fit strain, and residual strain! are reported in Table I. The
composition values are those deduced from the RHE
measurements during growth~see Sec. IV A! and, for the
case of coherent layers, from XRD measurements using
~5!.

C. Characterization

1. X-ray diffraction

Room temperature XRD measurements were perform
with a conventionalu–2u diffractometer equipped with a
primary graphite monochromator selecting the Cu Ka radia-
tion (l51.5418 Å).

Another u–2u diffractometer operating with a seconda
graphite monochromator was used forin situ temperature
XRD experiments~see Fig. 4!. The sample is fixed on a
plane sample holder by a specially designed cover, wh
ensures thermal homogeneity around the sample. A ther
couple is placed in a channel grooved at the sample ho
surface with its tip coming exactly behind the sample.
heating element and its regulating thermocouple are inse
in the sample holder shell. The whole set is fixed onto
th

D

q.

d

h
o-
er

ed
e

vacuum chamber. Two windows covered with berylliu
foils are cut in the chamber to allow the primary and seco
ary x-ray beams to go through. The vacuum level in t
chamber reaches 1029 Torr at RT and rises to som
1028 Torr at 300 °C.

The sample positioning is accurately controlled at RT a
at 100 °C. The displacement of the sample holder due
thermal dilatation has been calibrated versus the regula
temperature. Its variation is strictly linear in the 50–550
range with a slope of 1.003 1026 m/ °C.

The sample holder temperature is permanently record
Its stability range is60.5 °C during several hundreds hour
A gold layer deposited on a MgO substrate, then annea
has been used to calibrate the equilibrium temperature on
sample surface versus the regulating temperature. Becau
the measurement and calibration methods uncertainties
sample temperature is known within65 °C.

2. HREM

The samples were also characterized by HREM. For
purpose, plan view and cross-sectional specimens ha
@001# and@110# foil normals, respectively, were prepared b
mechanical thinning followed by Ar ion milling. The HREM
observations were carried out on a JEOL 4000EX mic
scope operating at 400 kV with a spherical aberration
51 mm and equipped with a top entry goniometer stage
FIG. 4. In situ temperature
XRD device: sample holder~left!
and diffractometer~right!.



th
ult
m
u

e
tu
le
b

n
po
cil
.

y
ti
on

d

ed
w
o
o
th
e

de
th

en
ed
s

a

ffe

lu-

if-
the

s,
face

ome

gO

d
e
cat-

e

ting

no
the

of

h

t
n-

6500 PRB 61G. ABADIAS, I. SCHUSTER, A. MARTY, AND B. GILLES
IV. RESULTS

A. As-grown samples

It has to be pointed out that the accurate control of
molecular fluxes during codeposition is usually a diffic
procedure in MBE growth. In the case of the AuNi syste
we have taken advantage of the high quality and reprod
ibility of the RHEED intensity oscillations to monitor th
molecular fluxes towards an accurate control of the ac
stoechiometry during the growth of the codeposited samp
The relative incertitude on the composition is estimated to
64% following this type of calibration.

Indeed, for all of the samples studied, the RHEED inte
sity of the specular reflection registered during the code
sition of Au and Ni shows strong and weakly damped os
lations~see Fig. 5!, indicating a layer-by-layer growth mode
These oscillations are present up to 30–70 monolayers~ML !
thickness, depending on the Ni content and surface qualit
the buffer layer. Oscillations also occur during the sequen
deposition of Au and Ni and are used for the feedback c
trol of the opening and closure of the shutters~phase-locked
epitaxy!. This growth technique results in AMS with a goo
periodicity along the growth direction.

Oscillations in the RHEED intensity are also observ
during the deposition of the Au capping layer, which sho
that the growth is still two-dimensional and attests the go
structural quality of the AuNi layer. In this case, the comp
sition of the codeposited alloys may be deduced from
periods TAuNi and TAu measured during the respectiv
growth of the AuNi and Au layers~see Fig. 5!, according to
the following equation:

x512
TAuNi

TAu
. ~6!

The composition values calculated from Eq.~6! are reported
in Table I. They are in close agreement with the ones
duced from XRD measurements and the difference with
nominal composition is less than 2 at. %.

The structural characterization of the as-grown specim
studied by XRD and HREM has been publish
elsewhere.45,50,51 We will mention below the main result
through the description of Fig. 6.
• Symmetrical XRDu–2u scans along the@001# direction of
the Au buffer layer are shown on Fig. 6~a! for coherentand
partially relaxed Au0.6Ni0.4 layers. The scans drawn on
decimal logarithmic scale exhibit, in addition to the~002!
fundamental reflections of the MgO substrate and Au bu

FIG. 5. Oscillations in RHEED intensity during the growth
the Au0.7Ni0.3 film on the Au ~001! buffer layer and during the
subsequent deposition of the Au capping layer. The vertical das
line corresponds to the closure of the Ni shutter.
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layer, only one single~002! AuNi peak, indicating that the
MBE codeposition of Au and Ni does stabilize a solid so
tion. For the coherent layer, the AuNi~002! peak is large
because of the thin thickness of the layer~3.6 nm! and is also
modulated in intensity due to the interferences with the d
fracted intensity of the capping layer. For the case of
partially relaxed layer, because the thickness is higher~36
nm!, the ~002! peak has a well-defined form. At low angle
interferences between the reflected beam at the top sur
and the reflected beam~s! at the bottom interface~s!, known
as Kiessig’s fringes, are observable in both cases. In s
samples, a weak Au~111! peak is observed near 2u538° and
probably comes from incoherent growth regions on the M
substrate.
• The XRD maps around the (11̄̄3) reflections are presente
on Fig. 6~b! and 6~c!. For the 3.6 nm-thick layer, the in-plan
coherency is attested by the same value of the in-plane s
tering vectorqi of the Au and AuNi peaks. Moreover, th
AuNi layer is under a tetragonal distortion (a',ai) since
the AuNi peak is not located on the dashed line represen
the locus of points for whichai5a' , i.e., relaxed layers
with cubic symmetry. HREM images50 confirm that the
AuNi layer is homogeneous and coherently strained and
defects have been detected. For the 36 nm-thick layer,

ed

FIG. 6. ~a! RT u–2u scans~decimal logarithmic scale! of the
as-grown Au0.6Ni0.4 alloy grown on Au: coherent layer~curve A!
and partially relaxed layer~curve B!, ~b! Iso-intensity reciprocal

space map in the vicinity of the (11̄̄3) reflection for the coheren
Au0.6Ni0.4 alloy, ~c! Iso-intensity reciprocal space map in the vici

ity of the (1̄1̄3) reflection for the partially relaxed Au0.6Ni0.4 alloy.
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relaxation occurs via the introduction ofa/6^112& partial dis-
locations on$111% gliding planes. These dislocations gene
ate stacking faults as well as microtwins, which are made
of an agglomeration ofa/6^112& partials.45 But the AuNi
layer has not entirely relaxed since the (11̄̄3) AuNi peak
differs from the (1̄1̄3) AuNi bulk position located on the
dashed line. The AuNi layer is therefore partially relaxed a
a relatively high residual strain is still present (« r

i
53.0%).

The state of coherency of the different samples is reporte
Table I.

B. Annealing effects

The structural evolution upon annealing of codeposi
Au12xNix solid solutions coherently grown on Au~001! has
been first described in Refs. 25 and 51. We will just rec
the results obtained on the coherent Au0.6Ni0.4 alloy ~h
53.6 nm,« r

i
54.4%! with the help of Fig. 7, which describe

the general evolution of theu–2u scans with temperature. A
significant evolution was observed for annealing abo
200 °C. Below this temperature, the time required for an
servable modification is too long~more than 300 h!. Two
regimes may be pointed out:

~1! In the 200–240 °C range, a modification of the x-r
diffraction spectrum is noted in the first hours and continu
to develop. After about ten hours~curve B!, two main fea-
tures are observed: more pronounced Kiessig’s fringes at
angles, indicating an improvement in the structural quality
the sample, and one or two sets of superlattice peaks~↓!
arising from a compositional modulation along the grow
direction. The intensity of these additional peaks is a
modulated by interference effects due to the finite thickn
of the AuNi layer, as explained in Sec. IV A.

For the case of the Au0.6Ni0.4 alloy grown on Au, two sets
of superstructure peaks are observable~curves C and D!.
They may be related to the coexistence of two different
perlattice periods, respectively 3 and 3.8 ML. About the l
ter noninteger period, we have shown51 that a noninteger
period in the XRD spectrum may be well reproduced by
simulation on a structural model consisting of a mixture

FIG. 7. Evolution of theu–2u scans during the annealing of th
Au0.6Ni0.4 film coherently grown on Au~001!: ~A! at RT, ~B! after
4.7 h at 202 °C,~C! after 90 h at 202 °C,~D! after 540 h at 202 °C.
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two kinds of modulated domains having two different integ
periods, respectively 3 and 4 ML for the present case. T
atomic structure of these modulated domains has also b
refined and the result gives a mixture of two atomic perio
stackings made up with atomic superstructures having
spectively 1 Ni-rich plane/2 Au-rich planes and 1 Ni-ric
plane/3 Au-rich planes. The compositional total amplitude
in both cases higher than 80 at. % in order to reproduce
superstructure peak intensities. The noninteger period
ticed in the XRD spectrum comes from the statistical mixtu
of these two different periodic structures. Indeed the XR
pattern will reproduce either the sum of the diffract
intensities—distinct peaks are therefore observed—or
sum of the diffracted amplitudes—an average broad pea
therefore observed—depending on the size of the dom
compared with the lateral coherency length of the x-r
beam~which we have calculated to be about 20 nm!. The
broad contribution at midangles~↔! is reproduced by the
simulation and is related to this statistical distribution of p
riods. This lateral structure with domains of different siz
and periods is confirmed by HREM observations.50

The intensity of the superlattice peaks increases with t
until it reaches an asymptotic value. Beyond 300 h, the
tensity ratio I s /I f , where I s and I f are, respectively, the
intensity of the satellite and fundamental reflections,
longer evolves. This indicates that a stable state has b
reached. For the case of the Au0.6Ni0.4 film, it may be noted
that after about 90 h the intensity of the 3 ML period s
becomes greater than that of the 3.8 ML period set, wh
may indicate that the 3 ML period domains have grown
the detriment of the 4 ML period ones.

No evolution of the period with the time and temperatu
is found with any sample.

~2! At 240 °C the AuNi~002! peak shifts towards the Au
~002! peak but the superlattice peaks are still present.
longer times, the intensity of the superlattice peaks begin
decrease and the AuNi~002! peaks is no more separab
from the Au ~002! peak. These effects may be explained
the Ni bulk diffusion from the alloy layer towards the buffe
and capping layer, which contributes progressively to
disappearance of the modulated structure. The final state
Ni dilute solid solution. No demixtion is observed with an
sample.

C. Strain effect

The role of the epitaxial strain was studied on a Au0.6Ni0.4
alloy for three specimens having different residual stra
specimen A~h55 nm, « r

i
520.3%! coherently grown on

Pd, specimen B~h535 nm, « r
i
53.0%! partially relaxed on

Au and specimen C~h53.6 nm, « r
i
54.4%! coherently

grown on Au. Theu–2u scan recorded on the specimen A
shown on Fig. 8 after 90 h at 220 °C~curve A!. It seems clear
from curve A that some minimum strain is required for t
modulated structure to develop: with the Pd buffer, no sup
lattice peak is observed after an annealing time of 300 h,
only interfaces sharpening, while satellite peaks were
served for the same alloy grown on Au~curve C!. Annealing
at a higher temperature leads to the bulk diffusion of Ni.

For the partially relaxed alloy, theu–2u scan recorded
after 90 h at 220 °C~curve B! displays well-defined satellite
peaks. They result from a compositional modulation havin
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6502 PRB 61G. ABADIAS, I. SCHUSTER, A. MARTY, AND B. GILLES
periodicity of 3.1 ML, close to the one observed for t
coherent layer~curve C!. Simulation of the XRD spectrum
confirms that the composition profile is asymmetrical:1 N
rich plane (x50.72) and 2.1 Au-rich planes (x50.24). Nev-
ertheless, the width of the satellite peaks is greater and
intensity ratioI s /I f is lower. Therefore, it may be inferre
that the size of the ordered domains is lower than the
observed for the coherent layer. This statement is confirm
by HREM observation: Fig. 9 shows a cross-sectional vi
of the partially relaxed AuNi layer along the^110& direction.

FIG. 8. Influence of the residual strain for a fixed alloy comp
sition x50.4: evolution of theu–2u scans after 90 h at 220 °C
recorded for~A! the coherent layer grown on Pd~001! and for~B!
the partially relaxed layer grown on Au~001!. The curveC corre-
sponding to the coherent Au0.6Ni0.4 film @same curve as Fig. 7~C!# is
shown for comparison.

FIG. 9. @110# cross-section HREM image of the partially re
laxed Au0.6Ni0.4 layer grown on Au~001!, after a heat treatment a
220 °C for 360 h~courtesy of J. Thibault!. Part of the misfit strain
has been relaxed by twins on$111% planes. Inside the AuNi layer, a
periodic modulation of the contrast is observed along the gro
direction ~see the arrows!.
-

he

e
d

A modulated structure with a periodicity of 3 ML is clearl
visible along the growth direction, but within small domain
~5 to 8 nm in lateral size!: the contrast of the HREM image
is made up of one bright and two darker atomic planes, c
responding, respectively, to 1 Ni-rich plane and 2 Au-ri
planes. The lateral extension of the domains is limited
twins along $111% planes, which have contributed to rela
part of the misfit strain imposed by the Au buffer layer.
would be interesting to know what would occur for a ful
relaxed AuNi layer. But this would require the growth of
very thick layer, which is not without practical difficulty in
MBE.

D. Composition effect

The influence of the composition was studied on seve
Au12xNix alloys coherently grown on Au. The compositio
range used in the present study is 0.14–0.5, the corresp
ing residual strain range being 1.4–5.9 %. For higher co
positions, the required thickness to keep coherency is
low to detect significant evolutions of the XRD scans. F
x50.14 andx50.19, no composition modulation was ob
served after 150 h at several temperature stages, ran
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
the modulated structure is found to decrease with the
content: 4.4 ML forx50.28 to about 3 ML forx50.5.

The curve B of Fig. 10 shows theu–2u scan of the
Au0.7Ni0.3 alloy ~h56.0 nm, « r

i
53.1%! after annealing at

220 °C. The average period is 4.4 ML and corresponds
ordered domains having either a 1 Ni-rich plane/3 Au-rich
planes structure or a 1 Ni-rich plane/4 Au-rich planes struc
ture. The curveC of Fig. 10 corresponds to theu–2u scan of
the Au0.6Ni0.4 alloy and has been described above„same
curve as Fig. 7~C!…. For the Au0.5Ni0.5 alloy ~h53.5 nm, « r

i

55.9%! after annealing at 208 °C during 150 h, several a
ditional peaks are visible between 2u58° and 16° and be-
tween 2u528° and 38°~curve D!. They are related to inter
ference fringes, as confirmed by a Fourier analysis of
u–2u scan: the two main contributions in the diffracted i
tensity arise from layers having a characteristic thickness
3.560.1 nm and 12.260.1 nm, which corresponds, respe

-

h

FIG. 10. Influence of the composition for a given in-plane latti
parameterai54.07 Å: evolution with temperature of theu–2u
scans recorded for~A! the Au0.8Ni0.2 film after 65.4 h at 220 °C,~B!
the Au0.7Ni0.3 film after 94 h at 220 °C,~C! the Au0.6Ni0.4 film after
90 h at 202 °C and~D! the Au0.5Ni0.5 film after 150 h at 208 °C.
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PRB 61 6503EPITAXIAL-STRAIN-STABILIZED ORDERING IN . . .
tively, to the thickness of the alloy and the capping lay
However, these fringes are not visible on the scanbefore
annealing because they are too weak. Thus, without the p
ence of an additional contribution near 12° and 32°, wh
would increase the background level intensity, these frin
would not be visible. By analogy with the previous resul
this contribution may be attributed to the development o
modulated structure. The period is estimated to be
60.5 ML due to the uncertainty in the determination of t
position of the superstructure peaks.

The same Au0.5Ni0.5 alloy was coherently grown on
Pt~001! buffer, but with a thickness of 17 nm due to th
smaller imposed misfit strain («mis52.8%). We have seen
previously that varying the imposed strain without chang
the Ni content doesn’t affect the superstructure period but
size and the volume of the ordered domains. The scan
corded after annealing at 216 °C reported on Fig. 11~curve
A! shows two satellite peaks, the position of which cor
sponds to a 3.0 ML period modulated structure, in clo
agreement with the one deduced from Fig. 10~curve D!.
Rocking-curves measurements reveal that the width of
satellite peaks is high (Du54.8°) compared to the AuN
~002! one ~0.43°!. This means that the coherency length
the ordered domains is low~about 3 nm!.

E. Stability of the modulated structure

In order to determine whether these modulated structu
are a new-ordered phase or an intermediate state tow
further decomposition, we have studied the structural evo
tion of AMS having a periodicity very different from the on
coming out upon the annealing of the codeposited alloys.
report on Fig. 11 the results obtained from t
(Au1Ni1!15 AMS, corresponding to a 2 ML period structure
~L10-type!. The scan recorded on the as-grown sample
veals the presence of a strong~001! AuNi reflection. The
long-range order parameter, extracted from the integratio
the superlattice peaks~001! and ~003! and two fundamenta
reflections~002! and ~004!, is 0.38. During annealing, th
intensity of the~001! superlattice peak decreases and a n

FIG. 11. u–2u scan recorded for the Au0.5Ni0.5 film grown on Pt,
after 187 h at 216 °C~A! as compared to theu–2u scan recorded for
the ~Au1Ni1!15 AMS grown on Au, after 0.7 h~B! and 376 h~B8! at
216 °C.
.

s-
h
s

,
a
.0

g
e
e-

-
e

e

f

es
rds
-

e

-

of

w

contribution related to the development of a 3.0 ML peri
structure appears~see curves B and B8!.

In conclusion, the artificial period imposed to the AuN
layer doesn’t alter the period of the modulated structure
served upon annealing. This means that the modulated s
ture is a stable state of the strained AuNi alloy, in a relativ
limited range of temperature. To confirm this assumpti
two other AMS were elaborated with a Ni average compo
tion equal to 0.4, on Au and Pd buffer layers. The stacking
@Ni1 /~Au0.7Ni0.3)6] 5 and the thickness is 6.5 nm. The r
sidual strain is 3.9% for the layer coherently grown on t
Au buffer and20.3% for the one grown on the Pd buffe
The AMS grown on Au evolves towards a 3.3 ML perio
modulated structure whereas the same AMS grown on
evolves towards a stable solid solution.52 These observations
confirm ~i! the stability of the modulated structure and~ii !
that it is strain driven.

F. Summary

The in situ temperature diffraction experiments perform
on several samples sets with different residual strains
initial configurations~coherent and partially relaxed alloys
artificially modulated structures! have shown that a strain
driven modulated structure, consisting of the alternation o
Ni-rich plane / 2 or 3 Au-rich planes, develops upon anne
ing between 200 and 240 °C. The whole results are syn
sized on Figs. 12 and 13, which display the variation of
period versus the Ni content and versus the residual strai
may be seen that~1! the period is essentially Ni-content de
pendent even if the period variation range is narrow and~2!
a threshold strain is necessary for the modulated structur
appear.

V. DISCUSSION

A. Comparison with the bulk state

In the bulk state, such modulated structures have b
observed along the threê100& directions, either by XRD
~Refs. 21, 26, 53! or by transmission electron micro
scopy,20,22,54 on AuNi metastable alloys obtained by rap
quenching and annealed below 300 °C. The evolution of

FIG. 12. Variation of the period of the modulated structure w
the Ni content: coherent layers~l!, partially relaxed layers~L!,
and AMS ~3, initial state!, ~s, final state!.
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wavelength with the Ni content is reproduced on Fig.
~dashed line!. In the range of high-Ni content (x.0.3), the
variation is consistent with our observations on thin all
films. But for x,0.3, we do not detect the development
modulated structures inside the AuNi layers, whereas lo
period compositional modulations have been reported in
bulk state. In addition, the compositional amplitude dedu
from the simulations of theu–2u scans is large~;50 to 80
at. %!, while, in bulk alloys, Woodilla and Averbach20 esti-
mated it to about 5 at. %. This explains why our XRD sca
display well-defined superstructure peaks whereas broad
weak satellite peaks were observed in bulk specimens.53

But the involved mechanisms have not up to now be
clearly identified. Some authors20,22 put forward a spinoda
decomposition mechanism, others26 a clustering process
which gives rise to Ni monoatomic platelets.

In the present study, two remarks may be stated:~1! the
period of the modulated structure does not evolve with ti
neither with temperature, as it would be expected if a sp
odal decomposition mechanism occurred23 ~2! a threshold
residual epitaxial strain is necessary for the modulated st
ture to develop, but beyond this threshold, the period va
essentially between 3 and 4 ML~see Fig. 13!. We have re-
cently studied the influence of the epitaxial strain on
spinodal decomposition.19 Our model is an extension o
Cahn’s original theory. We have included in the express
of the total free energy the contribution due to the coher
epitaxy on to a substrate. We obtain a significant evolution
the composition fluctuation period with the substrate latt
parameter. For example, forx50.4, the period is found to
increase from 6.0 ML foras54.08 Å ~Au substrate!, to 20
ML for as53.92 Å ~Pt substrate! and over 30 ML foras
53.89 Å ~Pd substrate!. Such a variation is not observe
experimentally. We may therefore infer from the results~1!
and ~2! that a spinodal decomposition mechanism does
satisfactorily explain the origin of the modulated structu
observed in our samples.

Besides, Dressleret al. have performedin situ HREM
experiments to observe the first stages of the phenomen55

Preliminary results show that Ni-rich platelets, 5 nm in si
nucleate inside the AuNi layer. Then, their lateral size
creases up to 20 nm during annealing. These Ni-rich plate

FIG. 13. Variation of the period of the modulated structure w
the residual strain: coherent layers~l!, partially relaxed layers
~L!, and AMS~s, final state!.
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seem to be the precursors of the modulated structures tha
observe from XRD, once a periodicity along the growth d
rection has been established. These monoatomic plat
could be related to the formation of Guinier-Preston zon
as it is the case in the bulk Al-Cu system.56,57 In this system,
precipitation of monoatomic Cu platelets occurs for heat
treatment below 150 °C. The structure subsequently evo
towards the formation ofu8 ~Al2Cu! and u9 ~Al3Cu,Z1,3

structure! ordered phases. But the elementary mechanis
governing the transformation stages are not well identifi
and can therefore be hardly transposed to thin films case

B. Epitaxial strain ordering

The results obtained on the AMS clearly demonstrate t
a stable phase with a periodicity between 3 and 4 ML
obtained under high enough epitaxial strain. This acts in
vor of a strain-stabilized ordering process, based on nu
ation and growth mechanisms. We have seen in Sec. II
tetragonal-ordered structures are expected to be stabi
under large biaxial expansion. Experimentally, we obtain
threshold residual strain of« r

i
52%, which corresponds, fo

x50.4, to a substrate lattice parameteras53.97 Å, close to
the theoretical value calculated for a L10 structure~3.95 Å!.
In the bulk state, a threshold strain cannot be defined exp
itly but some internal stresses, originating from the quen
ing process, are obviously present and could therefore fa
the development of compositional modulations along
three^001& elastic soft directions.

The modulated structure, which consists of a periodic
ternation of 1 Ni-rich plane/2 or 3 Au-rich planes may pro
ably be identified to aZ1,3 or Z1,4-ordered structure, depend
ing on the Ni content. To check this hypothesis, we ha
performed numerical simulations to study the stability
Z1,n-type ordered structures coherently strained on a
buffer layer. We have considered three different average
contents:x50.3, 0.4, and 0.5. As it is observed experime
tally, the modulated structure is not made up of pure Au
Ni planes. Therefore the possibility of mixing the atoms
the different planes of theZ1,n-type structure has to be in
cluded in the calculation. This can be realized easily by
merical simulation using the TB interatomic potentials d
scribed in Sec. II. The Ni content on each plane of theZ1,n

structure is calculated from the average compositionx and
the period (n11) of the Z1,n structure. The results are re
ported on Fig. 14. Forx50.5, the L10 structure has the low-
est energy among the different ordered structures conside
For x50.4 orx50.3, theZ1,2 or Z1,3-ordered phase become
energetically more favorable than the L10 structure. These
calculations clearly suggest that during annealing one
theseZ1,n structures may be selected depending on the
content. The general trend may be the following one
atomic Ni plane is periodically phase-separated to decre
the total elastic contribution of the total free energy. The
fore the selected period may be the one that minimizes the
content on the remainingn Au-rich planes. This satisfactorily
explains the experimental results but the agreement is
fully quantitative, since the experimental values of the pe
ods are systematically shifted by11 ML in comparison with
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the expected periods deduced from our calculations.
have not for the moment a clear explanation for this sli
deviation.

VI. SUMMARY AND CONCLUSIONS

Despite a strong phase-separation tendency in the
state, metastable~001! AuNi alloyed thin films may be
elaborated by MBE. We have investigated the influence
the epitaxial strain on the structural evolution with tempe
ture. Numerous specimens with different structures~solid so-
lutions and AMS! and various Ni contents~0.14 to 0.5! were
deposited on several buffer layers~Au, Pd, and Pt! in order
to vary the residual epitaxial strain. The two relevant para
eters of the study are the composition and the residual st
which have been both carefully controlled by RHEED duri
the growth process. The samples were characterized by
perature XRD and HREM. It has been evidenced that, u
annealing between 200 and 240 °C, these out-of-equilibr

FIG. 14. Total formation energy calculated atT50 K for sev-
eral Z1,n-type ordered structures coherently strained on a Au bu
layer and having three different average Ni contents: 0.3, 0.4,
0.5.
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AuNi alloys evolve towards a modulated structure along
growth direction, provided that the residual strain is h
enough. The period of the modulated structure is betwe
and 5 ML, depending on the Ni content. It doesn’t evo
with time neither with temperature. The compositional a
plitude of these chemical modulations is large~more than 50
at. %! and the chemical profile is asymmetrical: 1 Ni-ri
plane and 2 or 3 Au-rich planes.

The origin of this phenomenon has been discussed
compared with the observations on AuNi bulk samples
ported in the literature. We suggest that a strain-stabil
ordering process occurs rather than a spinodal decompos
mechanism. Numerical simulations based on interatomic
tentials within the tight binding scheme were performed
order to calculate the total formation energy~under epitaxial
strain! of Z1,n-type ordered compounds. The calculations s
isfactorily explain the experimental results, though the ag
ment is not fully quantitative regarding the exact period
the modulated structure. We probably face with the limits
the computational techniques:~i! in first-principles methods
energy calculations under epitaxial strain are extremely ti
consuming besides the fact that compositional fluctuat
cannot be taken into account, and~ii ! in semiempirical inter-
atomic potentials, the finite range of the interactions up to
third or the fourth nearest-neighbors limits their ability
reproduce accurately the energy of long-period ordered c
pounds. Therefore, the results obtained in the AuNi sys
could be a promising challenge to improve the current st
of-the-art in computational methods.
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