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Interfacial structure in „111… Au:Ni multilayers investigated by anomalous x-ray diffraction

T. Bigault, F. Bocquet, S. Labat, and O. Thomas
TECSEN, CNRS, Faculte´ des Sciences de Saint Je´rôme, 13397 Marseille Cedex 20, France
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We have investigated the structure of buried interfaces in~111! Au:Ni multilayers. Conventional x-ray
diffraction at constant energy as well as anomalous x-ray scattering across the Ni absorptionK edge have been
used. Whereas the fitting of the spectra at a single energy leads to two different possible interfacial structures,
the anomalous diffracted intensity variation unambiguously favors a model with an interfacial concentration
gradient at one interface. The multilayer presents an intermixed region extending on six atomic planes around
the Ni/Au interface, whereas the Au/Ni interface is chemically abrupt. This structure can explain the unusual
stress-strain relation previously reported on this system.
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I. INTRODUCTION

Metallic multilayers, with periods in the nanometer rang
present novel properties compared to mixtures~e.g., mag-
netic, magneto-optic, transport, etc.!. The average propertie
of these layered systems are expected to be related to
structure of the interfaces. A rather large number of exp
mental and theoretical studies have been devoted to the
sition from a coherent interface to an incoherent one,1,2,3

driven by the elastic energy stored in the layer. In the cas
nanometric films, the mechanisms at work still raise fun
mental questions4 since the film thickness is comparable
the dislocation core radius. Many fewer studies5 focus on the
chemical gradients that may exist close to interfaces. I
seldom realized that interfacial mixing may be a way to d
crease the elastic energy6 in a lattice parameter-mismatche
system.

In this work we have studied in detail the interfacial stru
ture in ~111! Au:Ni multilayers. The Au-Ni system has bee
the object of many investigations for many years. The s
difference between these two elements is huge~14%! and
thought to be responsible7 for the large miscibility gap
present in the equilibrium8 phase diagram. The differenc
between Au and Ni is also apparent when one looks for~111!
surface energies9 ~gAu51.333 J m21, gNi52.080 J m21! or
for elastic constants10 @~111! biaxial moduli: YAu

5189 GPa,YNi5390 GPa#. In a previous study,11 we have
investigated the lattice parameters of Au and Ni in differe
~111! multilayers. It was found that the Au lattice is und
compression and that the deformation state of the unit
can be described in a purely elastic framework. At varian
with this behavior, the Ni lattice exhibits an isotropic expa
sion that was attributed11 to the presence of Au in the N
sublayers. Similar findings have been reported by ot
groups,12–14 although some authors attributed the deform
tion of Ni to a negative Poisson ratio.14 Moreover, the dis-
crepancy between stress and strain measuredin situ during
the growth15 pointed also to the occurrence of mixing. F
nally, it is important to underline that all the studies report
so far agree on the highly asymmetric behavior of the s
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tem: a purely elastic behavior in Au and an isotropic latt
expansion in Ni. Nevertheless, and until now, Au mixing w
only hypothesized. Indeed, all these studies were based
interplanar distance measurements, so no direct chem
evidence for the Au:Ni interfacial mixture was obtained. O
should quote, however, the study by Bayleet al.16 where
electron energy loss spectroscopy~EELS! studies on̂ 001&
Au:Ni multilayers indicated mixing at the Ni/Au interface.

The purpose of this study is twofold:~1! to get direct
‘‘chemical’’ evidence for the presence of Au in the Ni layer
in the as-grown~111! multilayers, and~2! to obtain more
detailed information on the interfacial composition and str
gradients, compared to the average one deduced from B
peak positions. To fulfill these objectives we present a sim
lation of diffracted intensities combined with x-ray anom
lous scattering. We have used the anomalous x-ray scatte
effect around the Ni absorptionK edge~8333 eV! since the
chemical information from the interface is expected to
more important using the Ni edge rather than the Au o
~11 919 eV!. Indeed, the multilayer that has been studi
here is Au rich with a thickness ratio Au:Ni53:1. Thus, in
proportion, there are more Ni atoms close to interfaces t
Au ones. It is well established that x-ray anomalous scat
ing provides information from spatially distinct regions of
multilayer17–21 when the sample contains atoms whose
sorption edges are sufficiently separated in energy. Mo
over, anomalous x-ray scattering22 is a powerful method to
investigate the local chemical nature in order to separat
the nanometric scale a mixed film~solid solution! from a
stack of films with similar cell parameters~multilayer!. In
conclusion, anomalous x-ray scattering is a technique
fectly adapted for our purpose, i.e., to investigate the str
ture of buried interfaces in Au:Ni multilayers.

This paper is organized as follows. Section II describ
the experimental procedure. In Sec. III the analysis of sy
metric u/2u x-ray diffraction ~XRD! scans is reported. Two
clearly different structures, both in agreement with XR
data, are derived: one with interfacial mixing and anoth
one with chemically abrupt interfaces. No reliable inform
tion on the actual chemical nature of the interface could
©2001 The American Physical Society14-1
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extracted. In Sec. IV we show how a semiquantitat
anomalous data analysis removes the latter indetermina
The oscillatory part of the signal, which contains the x-r
absorption fine structure information on the short-range
der, is not analyzed in this paper. This diffraction anomalo
fine structure~DAFS! study lies on a more complex fittin
process23 and will be done in a further work.

II. EXPERIMENT

The 21-period~111! Au:Ni multilayers were grown by
molecular beam epitaxy on a 500-Å-thick~100! Cu buffer
layer deposited on a~100! Si wafer. The samples wer
capped with a gold layer. More details11 on the growth can
be found elsewhere. The nominal superlattice period is 40
One bilayer is nominally made of a 30-Å-thick gold lay
and a 10-Å-thick nickel layer. The thickness was monitor
with a quartz oscillator during growth. First, an XRD anal
sis was performed with a laboratory apparatus. The meas
total multilayer thickness is 850 Å, in agreement with t
expected one. The coherence length in the growth direc
is at least about 500 Å, estimated from the width of the
peak ~see Sec. III!. A strong ^111& texture axis11 with four
variants$(111)̂ 110&Au,Nii(100)̂ 110&Cu% occurs. The mo-
saicity around the texture axis is about 4°.

Experiments were carried out at the beamline D2A
which is dedicated to anomalous scattering analysis,24 at the
European Synchrotron Radiation Facility~ESRF! in
Grenoble, France. The seven-circle diffractometer availa
at D2AM was used to put thê111& texture axis in the dif-
fraction plane~with tilt angle x!. We performed all the mea
surements with momentum transferq normal to the inter-
faces of the multilayer~symmetric scans!. Data were
collected with the x-ray polarization vector normal to t
scattering plane. All the angular motions have a resolut
lower than 0.001°. The incoming monochromatic beam
tensity I 0 was measured with a scintillator using the scatt
ing of a thin film of Kapton. A 1-mm slit in front of the
detector~in the 2u direction! improves the resolution an
reduces the fluorescence background during the diffrac
data acquisition. High-energy resolution~a few eV corre-
sponding toDE/E'231024! and high-q resolution (Dq/q
'1023– 1024) are achieved.

On D2AM we performed two different kinds of exper
ments: ~1! conventional XRDu/2u symmetric scans at dif
ferent, but fixed during the scans, energies and~2! top-DAFS
scans~i.e., intensity measurements at a constantq, corre-
sponding to the peak top position, as a function of energ!.
In the case ofu/2u experiments, the symmetric scans and
fluorescence signal were recorded with a 500-Å-thick silic
photodiode in photovoltaic mode. In the case of DAFS e
periments, the Bragg peak tracking versus energy was
formed using a linear regression for sinu(1/E) obtained by a
diffraction preexperiment to find peak positions at seve
energies in the range 8200–8800 eV~i.e., around the Ni edge
which lies at 8333 eV!. To track the position of the differen
Bragg peaks, the characteristics of D2AM were sufficie
because the superlattice peaks were broad enough@full width
at half maximum~FWHM! around 0.4° orDq'531022#.
12541
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The fluorescence signal and DAFS spectra were recor
with a NaI scintillator or with a photodiode~depending on
the intensity!. During the DAFS measurements, the fluore
cence signal was recorded near the considered superla
peak ~with a x shift of about 6°! to maintain geometrica
conditions close to the diffraction ones. It was important
keep the same recording geometrical conditions because
experimental fluorescence was used for the absorption
rection of the DAFS spectra.

III. QUANTITATIVE ANALYSIS OF THE uÕ2u SYMMETRIC
SCANS

In multilayers when the coherent domain size is larg
than the superperiodL, the peak positions are given b
2 sinun5nl/L, wheren is an integer,un the Bragg angles,
andl the wavelength. For convenience, the high-angle p
positions are usually indexed about the average interpla
distanced̄5L/(NNi1NAu) whereNNi andNAu are the num-
ber of atomic planes of Ni and Au, respectively, in one u
cell ~one bilayer!:

2 sinun

l
5

p

d̄
6

n

L
.

Here p labels the order of the peak related to the avera
distance andn labels the order of the satellite around th
average Bragg peak. In our case~see Fig. 1!, p51 because
we present first-order symmetric spectra. Without any sim
lation, d̄ andL may be directly extracted from the data. Wi
a linear regression on the positions of the satellite peaks
extractedL538.760.3 Å in agreement with the nominal su
perperiod.d̄ was precisely determined from the position
the 1° peak.d̄ is 2.2760.02 Å. The individual lattice param
eters, the number of atomic planes, the interfacial chem
composition, and the disorder require fine modeling. Fits
agreement with the experimental relative intensities of
different peaks and with the global line profile of the fir
order u/2u scans were derived. This procedure allows t
determination of the average cell and the deviation25 from
this average.u/2u experiments were recorded at 8215, 831
and 8415 eV.

FIG. 1. Raw data normalized by the incoming intensityI 0 of a
symmetric scan of the Au/Ni multilayer recorded atE58215 eV.
4-2
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A. Intensity normalization

All the data were normalized by the incoming intens
I 0 . The normalized fluorescence intensity was subtrac
from the normalized diffracted intensity. Spectra recorded
different energies were first normalized with respect to e
other by using the peak intensity of the Cu buffer layer~cor-
rected for absorption from the multilayer! as reference. The
experimentalI expt(q,E) intensity, whereq is the momentum
transfer vector andE the energy, is proportional to the stru
ture factorF(q,E) squared:

I expt~q,E!5uF~q,E!u2K~E!LP~q,E!A~q,E!. ~1!

Here K represents a global experimental scaling factor.
small variation with energy does not depend on the ano
lous variation of the atomic scattering factor. The contrib
tion of K(E) was eliminated with the normalization usin
the Cu peak. LP(q,E) is the Lorentz-polarization correction
The polarization vector was normal to the scattering pla
during experiments, so the polarization correction was un
The Lorentz correction in this geometry is 1/(E3 sin 2u).
Here A(q,E) is the absorption correction multiplied by th
exposed area factor. The absorption correction is calcul

FIG. 2. Absorption coefficient for Au, Ni, and the Au:N
multilayer. The absorption of the multilayer is an average of
pure material ones weighted by the respective thickness ratio o
materials in the multilayer.
12541
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by integrating over the different possible path lengths in
multilayer of thicknesse. In symmetrical reflection,A(q,E)
is

A~q,E!5

12expS 22m~E!e

sinu D
2m~E!

sinu

1

sinu
, ~2!

wherem(E) is the average linear absorption coefficient co
bining resonant~Ni! and nonresonant~Au! atoms.m(E) is
calculated with the atomic absorption of Ni and Au~Ref. 26!
and the nominal thickness ratio Au:Ni53:1. The absorption
coefficient variation with energy is shown in Fig. 2. Norma
ized spectra are shown in Fig. 3. The anomalous inten
variation modifies only slightly the global scan profile. A
one can see, only the 112 satellite is clearly modified. But
the contribution of these peaks to the global fitting is we
~the intensity is two or three orders of magnitude sma
than the main peaks!. Therefore, we present fits only forE
58215 eV because the best refinement done at other ene
gave the same structural parameters.

B. Fitting procedure and results

The purpose of this section is to extract information
the interfacial structure by performing fittings of theu/2u
scans. We have focused on the possible occurrence of i
facial mixing by determining the composition profile at ea
interface. We chose to perform quantitative analyses of
spectra with the superlattice refinement by x-ray diffractio25

~SUPREX! program version 9.0. A general kinematical diffra
tion one-dimensional~1D! formula, which includes continu-
ous and discrete fluctuations from the average structure~in
the growth direction!, is used inSUPREX. The plane scatter-
ing factors were calculated by multiplying the density by t
atomic scattering factor of the in-plane material. The scat
ing factor of a mixed plane was calculated assuming a sim
rule of mixture considering the in-plane concentration of
and Au. The nonanomalous part of atomic scattering fac
and their variations withq are tabulated inSUPREX’s librar-
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FIG. 3. Symmetric scans a
8215, 8315, and 8415 eV in loga
rithmic scale. The data have bee
first normalized with respect to
each other using the Cu peak. Ab
sorption and Lorentz correction
have also been performed. Th
two insets are enlargements of th
12 and 122 peaks in linear scale.
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TABLE I. Best-fit concentration and interplanar distance profiles for the two models~a! and~b! from data
at E58215 eV. Only the profile for the Ni/Au interface is described. See the text for the parameter
model signification. The table has to be read from the left to the right, which corresponds to the g
direction. Only the region affected by the interface presence is shown in the table. The other inte
distances aredAu , and the other in-plane concentrations are 100% in the Au-rich layer.

dAu

dNi

~Å!

dint

s int

~Å!
NAu

sAu

NNi

sNi

Au-rich layer profile
Au concentration~%!

Interplanar distance~Å!

Ni-rich layer profile
Ni concentration~%!

Interplanar distance~Å!

Model
~a!

2.373 2.16 11.95 4.9 ..., 100; 100; 100; 100 100; 100; 100; 100

2.095 0.15 0.96 0.1 ..., 2.37, 2.368, 2.34, 2.17 2.14, 2.12, 2.10, 2.08
Model

~b!
2.371 2.22 11.8 5.09 ..., 100, 82.7, 60.9 60.9, 82.7, 100

2.066 0.14 0.9 0.06 ..., 2.37, 2.352, 2.285 2.16, 2.086, 2.066
a
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ies. We added the anomalous part given by Sasaki27 to the
libraries. The mean parameters describing the structure
the following:N, the number of deposited periods fixed at
in our case;dNi anddAu , the interplanar distance in the re
gion far from the interfaces in the Ni and Au layers;NNi and
NAu , the number of planes, allowed to be noninteger, in
Ni and Au layers; anddAu-Ni

int anddNi-Au
int , the interfacial dis-

tances at the interface Au/Ni and Ni/Au, respectively.28 The
influence of these parameters on the diffraction spectr
important, but their physical meaning is difficult to unde
stand. We chose to fixdAu-Ni

int and dNi-Au
int as an average be

tween the last interplanar distance in Au and Ni, respectiv
layer and the first interplanar distance in the Ni and Au la
ers, respectively.

In SUPREX, two different models exist to describe chem
cal and/or structural modifications~arounddNi and dAu! in
the regions influenced by the interface. In the first one@called
model~a! in the following#, an adjustable exponential grad
ent of interplanar distances is allowed. This gradient exte
on three planes on each side of the interfaces and ca
fixed independently at the Au/Ni and Ni/Au interfaces.
composition profile, uncorrelated with the latter gradient p
file, extending exponentially on three planes on each sid
the interfaces, may also be introduced. Nevertheless, in
~a! model, the chemical profiles of the intermixed regions
exactly the same at the Au/Ni and Ni/Au interfaces. Int
faces chemically asymmetric are not available in this mod
The second model@called model~b! in the following# com-
bines simultaneously a composition and a distance pro
The interplanar distance gradient is linearly linked to t
composition profile by assuming a simple rule of mixtu
The concentration profile is linear, symmetric, and exte
on Nmix atomic planes around the interface. In this~b! model,
the Au/Ni and Ni/Au interfaces can be described indep
dently by two distinct adjustable parametersNAu-Ni

mix and
NNi-Au

mix . No intralayer fluctuations or static Debye-Waller fa
tors are considered. Cumulative layer thickness fluctuatio
because they imply fluctuations of the superperiod,29 are
very important for the relative intensities of the peaks and
their broadening. This disorder is included in theSUPREX

formula, which considers random and independent fluct
tions in each layer. Two parameters are used:sNi andsAu
12541
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being the rms of a discrete Gaussian distribution aroundNNi
andNAu . Interfacial disorder is simulated with a continuou
Gaussian distribution~rms: s int! arounddint. The combined
effects ofs int , sNi , andsAu can be related to the interfacia
roughness and to the loss of coherency in the growth di
tion.

We performed the fitting procedure as follows: First, fi
ting of NNi , NAu , dAu , and dNi to reproduce exactly the
peaks positions. Then we fitted the different disorder para
eters to describe the broadening. To finish, we perform
refinements with all parameters free for the different mod
available in SUPREX. To reproduce exactly the profile an
relative intensities, the fitting procedure converges to
gradual structure in the layers with two different interface
Two satisfying models@models~a! and~b!# are obtained and
detailed in Table I. Figure 4 presents a graphic representa
of the ~b! model. Figure 5 shows the agreement between
two fits and the experimental data. The Au/Ni interface
chemically abrupt~no intermixing! in models ~a! and ~b!.
The distance profile at the interface Au/Ni is, for the A
layer, exactly abrupt in model~b!, while the first Au inter-
planar distance is expanded~0.17 Å! in model~a!. The Ni/Au
interface presents a distance gradient and no intermixed
gion in model~a!. In model~b!, the Ni/Au interface presents
an intermixed region and a coupled distance gradient.
agreement factorx2 is calculated using the following for
mula:

x25
1

Npts
(

1

Npts

~ ln I cal2 ln I meas!
2.

Here x25831023 for model ~a! and x25731023 for
model ~b!. The x2, achieved using the~b! model, is not
significantly better than the one achieved using the~a!
model. The number of adjustable parameters is smalle
model ~b! than in model~a!. So it seems that model~b! is
better than model~a!, but no real quantitative arguments a
available to choose between the two models.

The mean interplanar distance in the Au layers is for
two models 2.35560.005 Å in agreement with the value11

deduced from asymmetric XRD measurements. For b
models, the mean interplanar distance in the Ni layers w
4-4
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INTERFACIAL STRUCTURE IN ~111! Au:Ni . . . PHYSICAL REVIEW B 64 125414
found to be 2.1060.01 Å @compared to the bulk distanc
~2.034Å!#. Ni is largely expanded in the growth direction a
previously reported. In model~b!, the intermixed region ex-
tends on 4.6 planes~theNmix parameter!. The quantity of Au
involved in the intermixing is equivalent to two planes. U
ing a different calculation procedure and assuminga priori
some intermixing, Gladyszewskiet al.30 performed an analy-
sis of the symmetric scan on a similar sample. Their simu
tion concluded that the intermixed quantity of Au is equiv
lent to the 1.5 plane in agreement with our previous11 results.
We also obtained disorder parameters given by the rms v
in SUPREX. These rms values are important and linked to

FIG. 4. Graphic representation of the~b! model ~see also Table
I!. Top: representation of the evolution of the interplanar distan
in a bilayer. Bottom: representation of the evolution of the go
concentration in a bilayer. Note the position of the interfaces
the respective notation used to describe the interfaces.

FIG. 5. Comparison between fits~in solid line! and data~open
circle! recorded atE58215 eV. Model~a!: deformation around
the interfaces is allowed. Model~b!: deformation and intermixing
around the interfaces are allowed.
12541
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interfacial roughness. X-ray reflectivity31 also indicates an
important correlated and cumulative roughness in the gro
direction. Models~a! and~b! are consistent with all previou
works done on this system.

The simulations presented in this section, even if they
in good agreement with experimental data, do not allow a
clear conclusion on the chemical nature of the interface
global fitting procedure~even if it is improved! including the
disorder parameters of the multilayer does not seem to b
good way to remove the indetermination on the structu
Therefore, we chose to focus only on the average struc
that one can extract from top-DAFS measurements thro
the Ni absorptionK edge.

IV. ANALYSIS OF X-RAY ANOMALOUS SCATTERING
DATA

This technique exploits the high sensitivity, with ener
and momentum transfer vector, of the diffracted intensity.
a kinematic 1D approximation, the diffracted intensi
I (E,q) of a perfect multilayer is given by the structure fact
F(E,q) squared:

I ~E,q!5U(
i

„cAu
i rAuf Au~E,q!

1cNi
i rNi f Ni~E,q!…exp~ jq.di !U2

, ~3!

wheredi , ci , andr are the interplanar distance between t
i and i 11 planes, the concentration in thei plane, and the
density of each material, respectively.f i(E,q)5 f i

0(q)
1 f i8(E)1 j f i9(E)1D f i9(E)x(E) is the atomic scattering
factor. In f i(E,q), the first term is the Thomson scatterin
factor. The second and third ones are the resonant and
resonant corrections, respectively, as for a single isola
atom. The last oscillating term is small compared to the ot
ones.x(E) is produced by the neighboring atoms23 and con-
tains XAFS-like information. The variable resonant contrib
tion in F(E,q) around the NiK edge provides a way to
modulate the ‘‘Ni chemical weight’’ in the diffracted inten
sity. The strong intensity dependence onq ~i.e., the satellite
order!, arising from thed andq coupling inF(E,q), gives a
spatially resolved sensitivity. Due to the two combined
fects, anomalous x-ray scattering is a fine spatial chem
probe.

A. Simulation

In this part, we focus on simulation of the nonoscillatin
part of the intensity variations with energy at a constanq
~corresponding to the peak maximum! for each satellite peak
To simulate these experimental variations, the sample st
ture was described plane by plane~i.e., an in-plane chemica
composition for each plane and each interplanar distance! in
one bilayer. The number of atomic planes is thus an inte
This description takes into account the distance and/or
composition modifications close to the interfaces, compa
to the regions far from the interfaces. Nevertheless, no
order parameters~i.e., static Debye Waller factors, laye

s

d
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thickness cumulative or noncumulative fluctuations, inter
cial distance fluctuations! were considered.

By using this simple description of the structure, we im
plicitly assumed that the disorder effects do not affect
intensity anomalous variations. Nevertheless, the underst
ing of the actual influence of disorder on the intens
anomalous variation is a difficult task. Experimentally,18 by
studying the relative variation of the peak intensity, it w
assumed that the influence of many disorder parame
might be eliminated. This assumption is clearly true if t
effect of disorder can be treated as a multiplying factor,
dependent of energy, in the structure factor. Sevenh
et al.29 showed that a cumulative or a noncumulative lay
thickness fluctuation may be described with the latter form

FIG. 6. Real part~f8! and imaginary part (f 9) of the Ni and Au
atomic scattering factors.
12541
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ism. On the contrary, Proiettiet al.32 showed that the Debye
Waller factors, which have an important effect on the DAF
spectra, could not be simply described by a multiplying fa
tor. In this latter study, the different Debye-Waller facto
were found to be correlated and had to be fitted, with
other structural parameters, in the structure factor.A priori,
in the Au-Ni multilayers all the different kinds of latter dis
orders have to be considered, and it is difficult to conclu
on their influences on the DAFS spectra. Nevertheless,
attempted to clarify this point via an empirical approach u
ing the experimental data. It is well known that the disord
effect is very important on peak broadening. If the width
each peak is constant with energy, one can interpret the
served top intensity variation without considering a
disorder-dependent anomalous effect. Thus we measure
width of several peaks on the symmetricu/2u scans recorded
at 8215, 8315, 8415, and 8815 eV. The shape of the pe
including their mutual overlapping, was fitted by a pseud
Voigt function with very good agreement. We found that t
width of all the peaks varied less than 5.5% inq(Å 21). The
peak widths are roughly constant with energy; thus, one
conclude,a posteriori, that the disorder describing the Au/N
multilayers does not modify the anomalous intensity var
tions. A more theoretical treatment of the influence of dis
der on DAFS spectra would be interesting, but is out of
scope of this paper.

Our purpose is to distinguish between an abrupt and
intermixed interface with different models that do not i
clude disorder. We calculated the intensity variations of
peaks with two simple models~a8! and ~b8!. The distance
FIG. 7. Simulation of the anomalous variation of the intensity at the top of different peaks. Model~a8! refers to a simplified model~a!
~no disorder and deformationwithout intermixing around the Ni/Au interface!. Model ~b8! refers to a simplified model~b! ~no disorder and
deformationwith intermixing around the Ni/Au interface!. Intensity is normalized to match the experimental one atE58200 eV. Notice the
clearly different shapes of the 12 and 122 peaks in models~a8! and ~b8!.
4-6
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FIG. 8. Shape of the anomalous variation of the Bragg peaks intensity with modifications of the structure around models~a8! and ~b8!.
~1! Maximum deformation around interface~see text!; ~2! minimum deformation around interface~see text!; ~3! intermixed zone equivalen
to one plane on each side of the interface;~4! intermixed zone equivalent to four planes on each side of the interface. Simulated inte
are arbitrarily normalized to the one atE58200 eV. For each comparison, when the intensities are strongly different, the factor to adju
smallest in the range of the largest is mentioned.
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gradient at a Ni/Au and Au/Ni interface is the same in~a8!
and ~b8!, and it is an average of the distance gradient
tained in the~a! and~b! model. The~a8! model is chemically
abrupt. The~b8! model has a concentration profile given b
the concentration profile of the~b! fit ~see Table I!. In the~a8!
and~b8! models,NAu512, NNi55, anddAu52.367 Å to ad-
just the superperiod. Interfacial distances were calculate
in Sec. III B. We calculated the smooth part@the x(E) de-
pendence is omitted# of the anomalous variation of each pe
using formula ~3!. The variations off 8 and f 9 used27 in
formula ~3! are shown in Fig. 6.

The top anomalous intensity variations are, of cour
quantitatively different for each peak depending on the~a8!
and ~b8! model. Nevertheless, we note that the variation
the 12 and 122 peaks is qualitatively characteristic of th
model used for the simulation. As one can see in Fig. 7,
shape is clearly reversed if intermixing is allowed or not. T
anomalous variation of all the other peaks is quantitativ
12541
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different, but the global shape is the same for the two m
els. Figure 7 shows the 12,122 and 123,11 peaks as ex-
amples. The behavior of the 12 and 122 peaks gives,a pri-
ori, a semiqualitative criterionto evidence the chemica
nature of the interface. For this criterion to be reliable, t
characteristic shape of the DAFS spectra should be stable
a little variation of the structure. We tested the stability of
the peaks around models~a8! and ~b8!. The intermixing was
allowed to extend from one to four planes at each side of
interface. The concentration profile gradient is linear, and
intermixed equivalent quantity ranges from one-half to tw
atomic planes. The stability related to the interplanar d
tance profile was also tested. The variations range from
abrupt interface~all distances in the Au- and Ni-rich layer
are set todAu anddNi, respectively! to a maximum linear and
symmetric deformation model. In this latter model, four i
terplanar distances at each side of the interface are modi
decreasing the Au interplanar distances and increasing th
4-7
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interplanar distances. The extreme deformations area priori
unphysical, but they allow for testing the stability of th
criterion in a large range. Figure 8 shows the shape of
anomalous variation of the 12 and 122 peaks when one var
ies the structure around the~a8! and~b8! models. The anoma
lous variation shape of the 12 peak is clearly reversed whe
the structure is modified. Modifying the profile, the sha
qualitatively goes from the shape related to the~b8! model to
the shape related to the~a8! model. Misinterpretation of the
actual nature of the interface can be done using the 12 peak.
The shape of the 122 peak is modified but not reversed whe
the deformation or the concentration profile is changed
model~b8!. In model~a8! the shape of the 122 peak is largely
modified, but never seems like the shape reached in
model ~b8!. In conclusion,the semiqualitative criterion is
stable only for the122 peak. When variations around~a8!
and~b8! are allowed, the peak top intensity, for a givenq, is
roughly constant except for the 122 peak~see in Fig. 8 the
factors globally applied to the spectra to adjust the inten
at 8200 eV!. We note that the intensity of the 122 peak is
two orders of magnitude smaller when neither deformat
nor intermixing is allowed. The 122 peak vanishes when th
structure is abrupt. Experimentally, the 122 peak is clearly
present, which means that the interface is unambiguo
under deformation and/or intermixed. Moreover, we dedu
from this stability study that the 12 peak is largely influenced
by the exact interfacial distance profile and less by the ex
interfacial concentration profile.

To summarize, we showed that the shape of the ano
lous variation of the 122 peak is stable by considering varia
tions of the structure and also characteristic of the ac
chemical nature of the interface. Thus a reliable conclus
concerning the occurrence of intermixing can be achieved
qualitatively examining the 122 peak DAFS spectra. The
refinement of the structure implies a quantitative fitting p
cedure and has to be simultaneously performed with ano
lous variation of all the peaks~mainly with the 12, 122, and
123 peaks!.

B. X-ray anomalous scattering data fitting

The data normalization is done using formula~1!. The K
factor cannot be directly retrieved from the top-DAFS sp
tra. We setK to vary linearly with energy. This variation i
due to experimental causes like, for example, the efficie
of the detector as a function of energy. For each peak s
rately,m(E) is deduced from the fluorescence measurem
The fluorescence is normalized to match, at energies far f
the Ni edge, the meanm(E) calculated in Sec. III A. For
example, Fig. 9 shows the normalized fluorescence nea
122 peak. Figure 10 shows the raw (I /I 0) and the normal-
ized ~for fluorescence and absorption! top-DAFS spectra of
the 122 and 12 peaks. The normalization does not change
general shape of the spectra. Corrections are relatively
portant only for the 122, 123, and 124 peaks~not shown!.
But the relative anomalous variations of intensity are v
similar after the corrections. The corrections act like a glo
scale factor and/or a small background effect.
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Due to the shape of the anomalous variation of the 122

peak~see Fig. 7! and remembering that this shape provide
stable criterion, the interface is clearly chemically diffus
We refined the actual structure, taking as initial conditio
the structural parameters extracted from the~b! model. We
chose to perform a simple fitting procedure with only tw
independent parameters rather than to introduce, as fit
variables, each interplanar distance and each in-plane
centration. The first parameter describes the steepness o
linear and symmetric concentration profile: the second
rameter describes the steepness of a linear and symm

FIG. 9. The calculated absorption for Au3Ni ~dashed line!. The
experimental absorption extracted from the fluorescence data
the 12 peak and normalized, far from the edge, on the calcula
one~solid line!. Note that the edge crossing is softer in the expe
mental spectra.

FIG. 10. Top anomalous variation of the intensity of the 122

and 12 peaks. Solid line: data corrected for the absorption and
fluorescence effects. Dots: raw data (I /I 0).
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FIG. 11. Solid line: anomalous variation of the best fit~see Table II!. Dots: experimental data~corrected for the absorption an
fluorescence effects!.
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interplanar distance profile. We assume a linear interfa
profile since it is the model available inSUPREX. This shape
clearly induces a limit in the fitting procedure. The ma
peaks can be fitted with a large number of parameter pa
The possible solutions are clearly reduced for the wea
peaks. We deduced the best fitting structure as follows:~1!
Among all the satisfying couples of parameters, we chose
ones common to all the peaks.~2! For each peak, the top
intensity ratio~at 8250 and 8750 eV! between the simulated
11 peak and the considered simulated peak has to be as
as possible to the corresponding experimental ratio. This
est Rietveld-like33 constraint is very strong and limits large
the possible couples of parameters. For the best struc
most of the peaks are in good agreement with this constra
Only the 124 peak does not satisfy the Rietveld-like co
straint ~the calculated ratio is 40% smaller than the expe
mental one!. We assumed that the disorder does not exp
this disagreement. We point out that in the symmetric sc
~see Fig. 5!, the intensity of the 124 peak was not well simu-
lated either. The disagreement observed for the 124 peak
12541
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seems to be related to the simplified~linear and symmetric!
interfacial structure which was used in both~b! and ~b8!
models.

We also verified that the linearK(E) variation is roughly
the same for all the peaks.K(E) is really describing an ex-
perimental variation and does not introduce any artifact
the fit.

The result of the latest combined fitting procedure
shown, as an example, for the 124, 122, 11, and 12 peaks
~see Fig. 11!. Two interplanar distances are modified on ea
side of the Ni/Au interface. The concentration profile exten
on three planes on each side of the Ni/Au interface. The
fitting parameters were independently optimized. Howev
the two profiles, i.e., distance and concentration, are rela
through Vegard’s law within an error smaller than 1.2% a
0.8% in the Au- and Ni-rich layers, respectively. The Au/N
interface is chemically abrupt, and around this interface
interplanar distances are not modified. The smooth par
the anomalous variation is fitted with the structure given
Table II. The best fit shown in Table II is in agreement wi
nsity.

e
sence
TABLE II. Best-fit concentration and interplanar distance profiles from the anomalous diffracted inte
Only the interface Ni/Au is described. The number of Au and Ni planes in one bilayer isNNi andNAu . The
nondeformed interplanar distances~far from the interfaces! aredAu anddNi . The table has to be read from th
left to the right, which corresponds to the growth direction. Only the region affected by the interface pre
is shown. The other distances and concentrations in the Au-rich layer are equal todAu and 100%.

nAu

dAu ~Å!
NNi

dNi ~Å!

Au-rich layer profile
Au concentration~%!

Interplanar distance~Å!

Ni-rich layer profile
Ni concentration~%!

Interplanar distance~Å!

12 5 ..., 100; 100; 90; 74; 57.9 57.9; 74; 90, 100, 100
2.3670 2.0587 ..., 2.367; 2.367; 2.3253; 2.2691 2.1565; 2.100; 2.0587; 2.0587
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the ~b! model of Table I. The small differences are due to t
constraints assumed in the x-ray anomalous scattering an
sis ~mainly an integer number of planes!.

The shape of the anomalous variation is globally w
fitted for all peaks. Nevertheless, even for the main pe
~see the 11 peak, for example!, which are weakly structure
dependent, the crossing of the edge is always overestim
It seems that an improvement of the structural fitting para
eters~for example, a concentration and an interplanar d
tance for each plane! would not be sufficient to describe th
actual edge. The anomalous variation of thef 8 and f 9 fac-
tors, calculated by Sasaki27 and used in this study, do no
take into account either the finite lifetime of the core level
the true solid state. According to Ravelet al.,34 the fitting can
be improved by calculating refined anomalous scatter
variations from the absorption data~see Fig. 9!. We can
clearly see in Fig. 9 that the actual absorption edge is so
than the calculated one. Thef 9 coefficient is given by the
absorption function using the optical theorem.35 The truef 9
and the related, via Kramers-Kronig transformation, truef 8
could also be softer. This softening could produce a l
abrupt cusp in the DAFS spectra. Nevertheless, this refi
ment is out of the scope of this paper and will be done i
further work.

In conclusion, the semiqualitative criterion given by t
122 peak and the results of the fitting procedure, even if
edge is not perfectly simulated, permit us to conclude una
biguously that the Au:Ni multilayers are chemically diffus
on six planes at the interface Ni/Au and are abrupt at
interface Au/Ni.
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V. CONCLUSION

Different studies dealing with the~111! Au:Ni multilayers
suggested an interfacial mixing to explain the behavior of
system, but until now no direct evidence was found. O
work clearly shows, using an anomalous x-ray diffracti
analysis, that the Ni/Au interface is mixed, though the Au/
one is chemically abrupt. In the direction perpendicular
the interfaces, the concentration profile and the deforma
profile were determined. We showed that the intermixed
gion extends on six planes at the Ni/Au interface and co
sponds to two exchanged equivalent Au planes. The inter
nar distance profile and the concentration profile around
Ni/Au interface satisfy Vegard’s law. In the~111! Au/Ni mul-
tilayers, the asymmetric structure of the Au/Ni and Ni/A
interfaces probably indicates that the mixing is due to a g
dynamical segregation during the growth.

More generally, a fine characterization of interfaces is i
portant in order to understand the mixing mechanism in b
immiscible and highly mismatched multilayer systems. T
combined analysis used in this work is a powerful method
study, at the atomic scale, the actual interfacial structure
nanolayered materials. We particularly showed how the x-
anomalous diffraction analysis can unambiguously concl
on the chemical nature of buried interfaces.
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