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Interfacial structure in (111) Au:Ni multilayers investigated by anomalous x-ray diffraction
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We have investigated the structure of buried interface$lirl) Au:Ni multilayers. Conventional x-ray
diffraction at constant energy as well as anomalous x-ray scattering across the Ni abd¢gdige 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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[. INTRODUCTION tem: a purely elastic behavior in Au and an isotropic lattice
expansion in Ni. Nevertheless, and until now, Au mixing was
Metallic multilayers, with periods in the nanometer range,only hypothesized. Indeed, all these studies were based on
present novel properties compared to mixtuesy., mag- interplanar distance measurements, so no direct chemical
netic, magneto-optic, transport, gtcThe average properties evidence for the Au:Ni interfacial mixture was obtained. One
of these layered systems are expected to be related to tishould quote, however, the study by Bayeall® where
structure of the interfaces. A rather large number of experielectron energy loss spectroscofBELS) studies onK001)
mental and theoretical studies have been devoted to the traAu:Ni multilayers indicated mixing at the Ni/Au interface.
sition from a coherent interface to an incoherent bf2, The purpose of this study is twofold:(1) to get direct
driven by the elastic energy stored in the layer. In the case dfchemical” evidence for the presence of Au in the Ni layers,
nanometric films, the mechanisms at work still raise fundadin the as-grown(111) multilayers, and(2) to obtain more
mental questioffssince the film thickness is comparable to detailed information on the interfacial composition and strain
the dislocation core radius. Many fewer studifscus on the  gradients, compared to the average one deduced from Bragg
chemical gradients that may exist close to interfaces. It ipeak positions. To fulfill these objectives we present a simu-
seldom realized that interfacial mixing may be a way to dedation of diffracted intensities combined with x-ray anoma-
crease the elastic enefgip a lattice parameter-mismatched lous scattering. We have used the anomalous x-ray scattering
system. effect around the Ni absorptiod edge(8333 eV} since the
In this work we have studied in detail the interfacial struc-chemical information from the interface is expected to be
ture in (111) Au:Ni multilayers. The Au-Ni system has been more important using the Ni edge rather than the Au one
the object of many investigations for many years. The siz€11919 eV. Indeed, the multilayer that has been studied
difference between these two elements is hit#) and here is Au rich with a thickness ratio Au:Ni3:1. Thus, in
thought to be responsidiefor the large miscibility gap proportion, there are more Ni atoms close to interfaces than
present in the equilibriufhphase diagram. The difference Au ones. It is well established that x-ray anomalous scatter-
between Au and Ni is also apparent when one lookg ) ing provides information from spatially distinct regions of a
surface energiés(y"'=1.333Jm?*, yN=2.080Jm?') or  multilayer’~2* when the sample contains atoms whose ab-
for elastic constant® [(111) biaxial moduli: YAY  sorption edges are sufficiently separated in energy. More-
=189 GPa,YN'=390 GPa In a previous stud}* we have over, anomalous x-ray scatterfiigs a powerful method to
investigated the lattice parameters of Au and Ni in differentinvestigate the local chemical nature in order to separate at
(111 multilayers. It was found that the Au lattice is under the nanometric scale a mixed filfsolid solution from a
compression and that the deformation state of the unit cetack of films with similar cell parametefsnultilayen. In
can be described in a purely elastic framework. At varianceconclusion, anomalous x-ray scattering is a technique per-
with this behavior, the Ni lattice exhibits an isotropic expan-fectly adapted for our purpose, i.e., to investigate the struc-
sion that was attributéd to the presence of Au in the Ni ture of buried interfaces in Au:Ni multilayers.
sublayers. Similar findings have been reported by other This paper is organized as follows. Section Il describes
groupst?~1* although some authors attributed the deforma+the experimental procedure. In Sec. lll the analysis of sym-
tion of Ni to a negative Poisson ratté.Moreover, the dis- metric 6/26 x-ray diffraction (XRD) scans is reported. Two
crepancy between stress and strain measuresitu during  clearly different structures, both in agreement with XRD
the growtt® pointed also to the occurrence of mixing. Fi- data, are derived: one with interfacial mixing and another
nally, it is important to underline that all the studies reportedone with chemically abrupt interfaces. No reliable informa-
so far agree on the highly asymmetric behavior of the systion on the actual chemical nature of the interface could be
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extracted. In Sec. IV we show how a semiquantitative
anomalous data analysis removes the latter indetermination
The oscillatory part of the signal, which contains the x-ray __
absorption fine structure information on the short-range or-2
der, is not analyzed in this paper. This diffraction anomalous 3
fine structure(DAFS) study lies on a more complex fitting
proces$® and will be done in a further work.

Cu 200 Buffer

IN (arb.un

Il. EXPERIMENT

0.001

The 21-period(111) Au:Ni multilayers were grown by 3 44

molecular beam epitaxy on a 500-A-thi¢k00) Cu buffer
layer deposited on 4100 Si wafer. The samples were  [iG. 1. Raw data normalized by the incoming intensigyof a
capped with a gold layer. More detdilon the growth can symmetric scan of the Au/Ni multilayer recordedet 8215 eV.

be found elsewhere. The nominal superlattice period is 40 A.

One bilayer is nominally made of 3.30'A'th'0k gold layer The fluorescence signal and DAFS spectra were recorded
and a 10-A-thick nickel layer. The thickness was monitoredy;ith a Nal scintillator or with a photodiodélepending on

with & quartz oscillator during growth. First, an XRD analy- the intensity. During the DAFS measurements, the fluores-
sis was performed with a laboratory apparatus. The measurgdnce signal was recorded near the considered superlattice
total multilayer thickness is 850 A, in agreement with the peak (with a y shift of about 6% to maintain geometrical
expected one. The coherence length in the growth directiopgnditions close to the diffraction ones. It was important to
is at least about 500 A, estimated from the width of the 1%eep the same recording geometrical conditions because the

peak (see Sec. Il A strong(L11) texture axis® with four  experimental fluorescence was used for the absorption cor-
variants{(111)110)Au,Nill(100X110Cu} occurs. The mo- rection of the DAFS spectra.

saicity around the texture axis is about 4°.

Experiments were carried out at the beamline D2AM,
which is dedicated to anomalous scattering anaffsig, the IIl. QUANTITATIVE ANALYSIS OF THE
European Synchrotron Radiation FacilityfESRF in SCANS
Grenoble, France. The seven-circle diffracto_m(_ater ava_ilable In multilayers when the coherent domain size is larger
at D2AM was used to put thel1l) texture axis in the dif-  than the superperiod\, the peak positions are given by
fraction plane§W|th tilt angle y). We performed all the. mea- 7 sing.=nn/A, wheren is an integerd, the Bragg angles,
surements with momentum transfgrnormal to the inter- g4\ the wavelength. For convenience, the high-angle peak
faces of the multilayer(symmetric scans Data were ,sitions are usually indexed about the average interplanar
collected with the x-ray polarization vector normal to the distanced= A /(Ny; + N,) whereNy; andN,, are the num-

scattering plane. All the_angul_ar motions have a resolutiorber of atomic planes of Ni and Au, respectively, in one unit
lower than 0.001°. The incoming monochromatic beam in cell (one bilayey: ' '

tensityl, was measured with a scintillator using the scatter-
ing of a thin film of Kapton. A 1-mm slit in front of the
detector(in the 29 direction improves the resolution and
reduces the fluorescence background during the diffraction
data acquisition. High-energy resolutida few eV corre-
sponding toAE/E~2x 10 %) and highg resolution Ag/q
~10 3-10 %) are achieved.

On D2AM we performed two different kinds of experi-
ments: (1) conventional XRD#/260 symmetric scans at dif-
ferent, but fixed during the scans, energies éghdop-DAFS

6 40
26(deg)
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N
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P
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Here p labels the order of the peak related to the average
distance andch labels the order of the satellite around the
average Bragg peak. In our casee Fig. 1, p=1 because
we present first-order symmetric spectra. Without any simu-

lation,d and A may be directly extracted from the data. With

scans(i-e., intensity measurements at a constgnorre- a linear regression on the positions of the satellite peaks, we
sponding to the peak top position, as a function of ener ) ) ) ’
b 9 P b P ergy extractedA = 38.7+ 0.3 A in agreement with the nominal su-

In the case o#/260 experiments, the symmetric scans and the il

fluorescence signal were recorded with a 500-A-thick silicorPerperiod.d was precisely determined from the position of
photodiode in photovoltaic mode. In the case of DAFS ex-the 1° peakd is 2.27+0.02 A. The individual lattice param-
periments, the Bragg peak tracking versus energy was peeters, the number of atomic planes, the interfacial chemical
formed using a linear regression for #if1/E) obtained by a composition, and the disorder require fine modeling. Fits in
diffraction preexperiment to find peak positions at severahgreement with the experimental relative intensities of the
energies in the range 8200—8800 @¥., around the Ni edge different peaks and with the global line profile of the first
which lies at 8333 e} To track the position of the different order 6/26 scans were derived. This procedure allows the
Bragg peaks, the characteristics of D2AM were sufficientdetermination of the average cell and the devidfidrom

because the superlattice peaks were broad enduljfvidth
at half maximum(FWHM) around 0.4° orAq~5x102].

this averaged/26 experiments were recorded at 8215, 8315,
and 8415 eV.
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wherew(E) is the average linear absorption coefficient com-
bining resonan{Ni) and nonresonanfAu) atoms. u(E) is
calculated with the atomic absorption of Ni and /Ref. 26

FIG. 2. Absorption coefficient for Au, Ni, and the Au:Ni and the nominal thickness ratio Au:NB:1. The absorption
multilayer. The absorption of the multilayer is an average of theCoefficient variation with energy is shown in Fig. 2. Normal-
pure material ones weighted by the respective thickness ratio of thiged spectra are shown in Fig. 3. The anomalous intensity

8100 8200 8300 8400 8500 8600 8700 8800
energy (eV)

materials in the multilayer. variation modifies only slightly the global scan profile. As
one can see, only the'? satellite is clearly modified. But
A. Intensity normalization the contribution of these peaks to the global fitting is weak

: ; . .. (the intensity is two or three orders of magnitude smaller
All the data were normalized by the incoming mtensﬂyéﬁlan the ma)i/n peaksTherefore, we present ?its only fe

lo. The normalized fluorescence intensity was subtracted i .
from the normalized diffracted intensity. Spectra recorded af_ 8215 eV because the best refinement done at other energies

different energies were first normalized with respect to eaciyaVe the same structural parameters.
other by using the peak intensity of the Cu buffer lafeor- -
rected for absorption from the multilayeas reference. The B. Fitting procedure and results

experimental *"(q,E) intensity, whereq is the momentum The purpose of this section is to extract information on
transfer vector ané the energy, is proportional to the struc- the interfacial structure by performing fittings of ti#26
ture factorF(q,E) squared: scans. We have focused on the possible occurrence of inter-
facial mixing by determining the composition profile at each
1®%"{q,E)=|F(q,E)|?K(E)LP(q,E)A(q,E). (1) interface. We chose to perform quantitative analyses of the
spectra with the superlattice refinement by x-ray diffraction
Here K represents a global experimental scaling factor. ItSSuPREX program version 9.0. A general kinematical diffrac-
small variation with energy does not depend on the anomation one-dimensionallD) formula, which includes continu-
lous variation of the atomic scattering factor. The contribu-ous and discrete fluctuations from the average strudiare
tion of K(E) was eliminated with the normalization using the growth directioh is used insuPREX The plane scatter-
the Cu peak. LR{,E) is the Lorentz-polarization correction. ing factors were calculated by multiplying the density by the
The polarization vector was normal to the scattering planetomic scattering factor of the in-plane material. The scatter-
during experiments, so the polarization correction was unitying factor of a mixed plane was calculated assuming a simple
The Lorentz correction in this geometry is EAsin 26). rule of mixture considering the in-plane concentration of Ni
Here A(q,E) is the absorption correction multiplied by the and Au. The nonanomalous part of atomic scattering factors
exposed area factor. The absorption correction is calculateaind their variations witlg are tabulated irsSUPREXs librar-
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= FIG. 3. Symmetric scans at
2 500 8215, 8315, and 8415 eV in loga-
8 rithmic scale. The data have been
>

first normalized with respect to

each other using the Cu peak. Ab-

sorption and Lorentz corrections

have also been performed. The

two insets are enlargements of the
- 12 and 1 2 peaks in linear scale.
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TABLE I. Best-fit concentration and interplanar distance profiles for the two mddedsd(b) from data
at E=8215eV. Only the profile for the Ni/Au interface is described. See the text for the parameters and
model signification. The table has to be read from the left to the right, which corresponds to the growth
direction. Only the region affected by the interface presence is shown in the table. The other interplanar
distances arel,,, and the other in-plane concentrations are 100% in the Au-rich layer.

day int Au-rich layer profile Ni-rich layer profile
dyi Tint Nay N i Au concentration%) Ni concentration(%)
R) A Opu oni Interplanar distancé?) Interplanar distancél)
Model  2.373 2.16 11.95 49 .., 100; 100; 100; 100 100; 100; 100; 100
@
2.095 0.15 0.96 01 .., 237, 2368, 2.34, 2.17 2.14,2.12, 2.10, 2.08
Model  2.371 2.22 11.8 5.09 .., 100, 82.7, 60.9 60.9, 82.7, 100
(b)
2.066 0.14 0.9 0.06 .., 2.37,2.352,2.285 2.16, 2.086, 2.066

ies. We added the anomalous part given by S&Sa#iithe  being the rms of a discrete Gaussian distribution ardigd
libraries. The mean parameters describing the structure aghdN,,. Interfacial disorder is simulated with a continuous
the following: N, the number of deposited periods fixed at 21 Gaussian distributiofrms: o) aroundd™. The combined
in our casedy; andd,,, the interplanar distance in the re- effects ofoy, o, andoa, can be related to the interfacial
gion far from the interfaces in the Ni and Au layeMNsy; and  roughness and to the loss of coherency in the growth direc-
Ny, the number of planes, allowed to be noninteger, in theajon.
Ni and Au layers; andfa,.y; anddyi,, the interfacial dis- We performed the fitting procedure as follows: First, fit-
tances at the interface Au/Ni and Ni/Au, respectivifhe  ting of Ny;, Na,, day, anddy; to reproduce exactly the
influence of these parameters on the diffraction spectra ipeaks positions. Then we fitted the different disorder param-
important, but their physical meaning is difficult to under- eters to describe the broadening. To finish, we performed
stand. We chose to fidy, ; and dyi,, as an average be- refinements with all parameters free for the different models
tween the last interplanar distance in Au and Ni, respectivelyavailable insuPrReEx To reproduce exactly the profile and
layer and the first interplanar distance in the Ni and Au lay-relative intensities, the fitting procedure converges to a
ers, respectively. gradual structure in the layers with two different interfaces.
In suPREX two different models exist to describe chemi- Two satisfying model$models(a) and(b)] are obtained and
cal and/or structural modificationgrounddy; andd,,) in  detailed in Table |. Figure 4 presents a graphic representation
the regions influenced by the interface. In the first pradled  of the (b) model. Figure 5 shows the agreement between the
model(a) in the following], an adjustable exponential gradi- two fits and the experimental data. The Au/Ni interface is
ent of interplanar distances is allowed. This gradient extendshemically abrupt(no intermixing in models(a) and (b).
on three planes on each side of the interfaces and can Gée distance profile at the interface Au/Ni is, for the Au
fixed independently at the Au/Ni and Ni/Au interfaces. A layer, exactly abrupt in modeb), while the first Au inter-
composition profile, uncorrelated with the latter gradient pro-planar distance is expandé@17 A) in model(a). The Ni/Au
file, extending exponentially on three planes on each side dhterface presents a distance gradient and no intermixed re-
the interfaces, may also be introduced. Nevertheless, in thigion in model(a). In model(b), the Ni/Au interface presents
(a) model, the chemical profiles of the intermixed regions arean intermixed region and a coupled distance gradient. The
exactly the same at the Au/Ni and Ni/Au interfaces. Inter-agreement factoy? is calculated using the following for-
faces chemically asymmetric are not available in this modelmula:
The second modédkalled model(b) in the following] com-
bines simultaneously a composition and a distance profile. ) 5
The interplanar distance gradient is linearly linked to the X TN . (Inlea=INTmead”.
composition profile by assuming a simple rule of mixture. s
The concentration profile is linear, symmetric, and extend$ere y?>=8x10"2 for model (a) and x?=7x10 2 for
onN™ atomic planes around the interface. In tthsmodel,  model (b). The x?, achieved using théb) model, is not
the Au/Ni and Ni/Au interfaces can be described indepensignificantly better than the one achieved using tag
dently by two distinct adjustable parametektyy; and  model. The number of adjustable parameters is smaller in
Niwa - No intralayer fluctuations or static Debye-Waller fac- model (b) than in model(a). So it seems that modéb) is
tors are considered. Cumulative layer thickness fluctuationdjetter than modefa), but no real quantitative arguments are
because they imply fluctuations of the superpefibdre  available to choose between the two models.
very important for the relative intensities of the peaks and for The mean interplanar distance in the Au layers is for the
their broadening. This disorder is included in thePREx  two models 2.35%0.005A in agreement with the valtte
formula, which considers random and independent fluctuadeduced from asymmetric XRD measurements. For both
tions in each layer. Two parameters are usedy; ando,, models, the mean interplanar distance in the Ni layers was

Npts
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oa - Au/Ni NilAu - interfacial roughness. X-ray reflectivityalso indicates an
s L important correlated and cumulative roughness in the growth
2 23 [ s . y direction. Modelga) and(b) are consistent with all previous
8 . Nickel | Gold Nickel | works done on this system. ' '
g 22 ] ] The simulations presented in this section, even if they are
& F o " ] in good agreement with experimental data, do not allow any
gi 21 .. Growth direction . L] clear conclusion on the chemical nature of the interface. A
£ T 1 global fitting proceduréeven if it is improved including the
A L disorder parameters of the multilayer does not seem to be a
Plane index good way to remove the indetermination on the structure.
AN NiAu Therefore, we chose to focus only on the average structure
100 s wmmEEEE, . that one can extract from top-DAFS measurements through
. ] the Ni absorptiorK edge.
£ 8 [ Nickel Gold Nickel
% 6o - 1 IV. ANALYSIS OF X-RAY ANOMALOUS SCATTERING
§ DATA
S a0 Growth direction ] ) . . . o .
2 _ > " ] This technique exploits the high sensitivity, with energy
° bk, . ] and momentum transfer vector, of the diffracted intensity. In
i a kinematic 1D approximation, the diffracted intensity
0 e ‘ P‘Ian‘e in‘de)‘( — Bl I(E,q) of a perfect multilayer is given by the structure factor

F(E,q) squared:
FIG. 4. Graphic representation of tfi® model(see also Table
1). Top: representation of the evolution of the interplanar distances [(E.q)= c f (E
in a bilayer. Bottom: representation of the evolution of the gold (E.q) Z (Chupaul au(E. Q)
concentration in a bilayer. Note the position of the interfaces and

. . . . 2
the respective notation used to describe the interfaces.

+cyionifai(E,@))expjq.dp)| )

found to be 2.180.01A [compared to the bulk distance i : .

(2.034A)]. Ni is largely expanded in the growth direction as Whe;e.di ~ ’I andp ahre the |nterplz';.mar.d|sﬁ:ar;ce betwdeeﬂ the
previously reported. In modéb), the intermixed region ex- ' @ndi+1 planes, the concentration in theplane, and the
tends on 4.6 planeiéhe N™ parametex The quantity of Au  density of each material, respectively;(E,q)=f;(q)
involved in the intermixing is equivalent to two planes. Us- +fi (E) +jf{(E) + Af{(E)x(E) is the atomic scattering

ing a different calculation procedure and assumangriori ~ factor. Infi(E,q), the first term is the Thomson scattering
some intermixing, Gladyszewskt al° performed an analy- factor. The second and third ones are the resonant and anti-
sis of the symmetric scan on a similar sample. Their simulal€sonant corrections, respectively, as for a single isolated
tion concluded that the intermixed quantity of Au is equiva-atom. The last oscillating term is small compared to the other
lent to the 1.5 plane in agreement with our previduesults.  ones.x(E) is produced by the neighboring atofhand con-

We also obtained disorder parameters given by the rms Va“j@.lns XAFS-like information. The variable resonant contribu-
in SUPREX These rms values are important and linked to thefion 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 afi.e., the satellite
ordep, arising from thed andq coupling inF(E,q), gives a
spatially resolved sensitivity. Due to the two combined ef-
fects, anomalous x-ray scattering is a fine spatial chemical
probe.

A. Simulation

Arbitrary St \ . ) ) o
shift . v / N\ = In this part, we focus on simulation of the nonoscillating

part of the intensity variations with energy at a constgnt
(corresponding to the peak maximufor each satellite peak.
o To simulate these experimental variations, the sample struc-

Intensity (arb.units)

2 02 24 26 28 3 32 ture was described plane by plafie., an in-plane chemical
a(k") composition for each plane and each interplanar disjance
one bilayer. The number of atomic planes is thus an integer.
FIG. 5. Comparison between fits solid line) and datalopen ~ This description takes into account the distance and/or the
circle) recorded atE=8215eV. Model(a): deformation around Ccomposition modifications close to the interfaces, compared
the interfaces is allowed. Modéh): deformation and intermixing to the regions far from the interfaces. Nevertheless, no dis-
around the interfaces are allowed. order parametergi.e., static Debye Waller factors, layer
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10 T T T ism. On the contrary, Proiettit al*? showed that the Debye-
e e e e e A ] Waller factors, which have an important effect on the DAFS

5 ¢ £ spectra, could not be simply described by a multiplying fac-
i 1 tor. In this latter study, the different Debye-Waller factors

0 f'w,i_; were found to be correlated and had to be fitted, with the

other structural parameters, in the structure fadtopriori,

f
ST T A in the Au-Ni multilayers all the different kinds of latter dis-
10 g A orders have to be considered, and it is difficult to conclude

F ] on their influences on the DAFS spectra. Nevertheless, we
A5 S I R B, attempted to clarify this point via an empirical approach us-
8200 8300 8400 8500 8600 8700 8800 8900 ing the experimental data. It is well known that the disorder

energy (eV) effect is very important on peak broadening. If the width of
each peak is constant with energy, one can interpret the ob-
FIG. 6. Real partf’) and imaginary partf(’) of the Niand Au  served top intensity variation without considering any
atomic scattering factors. disorder-dependent anomalous effect. Thus we measured the
width of several peaks on the symmetéi26 scans recorded
thickness cumulative or noncumulative fluctuations, interfa-at 8215, 8315, 8415, and 8815 eV. The shape of the peaks,
cial distance fluctuationsvere considered. including their mutual overlapping, was fitted by a pseudo-
By using this simple description of the structure, we im-Voigt function with very good agreement. We found that the
plicitly assumed that the disorder effects do not affect thewidth of all the peaks varied less than 5.5%qjfA ~1). The
intensity anomalous variations. Nevertheless, the understangeak widths are roughly constant with energy; thus, one can
ing of the actual influence of disorder on the intensity concludea posteriorj that the disorder describing the Au/Ni
anomalous variation is a difficult task. Experimentaftyyy multilayers does not modify the anomalous intensity varia-
studying the relative variation of the peak intensity, it wastions. A more theoretical treatment of the influence of disor-
assumed that the influence of many disorder parameterter on DAFS spectra would be interesting, but is out of the
might be eliminated. This assumption is clearly true if thescope of this paper.
effect of disorder can be treated as a multiplying factor, in- Our purpose is to distinguish between an abrupt and an
dependent of energy, in the structure factor. Sevenhanstermixed interface with different models that do not in-
et al®® showed that a cumulative or a noncumulative layerclude disorder. We calculated the intensity variations of the
thickness fluctuation may be described with the latter formalpeaks with two simple model&’) and (b’). The distance
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@ 165 | 7 092 [ " Model (@) 7
= E r O b
S 16 F 3 o9 F E
£ E € L e . p
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2 - 2 Pzl b e L ]
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FIG. 7. Simulation of the anomalous variation of the intensity at the top of different peaks. N&detfers to a simplified modeh)
(no disorder and deformatiomithoutintermixing around the Ni/Au interfageModel (b’) refers to a simplified modeb) (no disorder and
deformationwith intermixing around the Ni/Au interfagelntensity is normalized to match the experimental onE-ai8200 eV. Notice the
clearly different shapes of the?land 1°2 peaks in model$a’) and (b’).
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FIG. 8. Shape of the anomalous variation of the Bragg peaks intensity with modifications of the structure aroundahaatedgb’).
(1) Maximum deformation around interfa¢see text, (2) minimum deformation around interfa¢see text (3) intermixed zone equivalent
to one plane on each side of the interfa@h;intermixed zone equivalent to four planes on each side of the interface. Simulated intensities
are arbitrarily normalized to the one &t=8200 eV. For each comparison, when the intensities are strongly different, the factor to adjust the
smallest in the range of the largest is mentioned.

gradient at a Ni/Au and Au/Ni interface is the same(a@h) different, but the global shape is the same for the two mod-
and (b’), and it is an average of the distance gradient obels. Figure 7 shows the?11 2 and 1 31! peaks as ex-
tained in the(@) and(b) model. The(a') model is chemically amples. The behavior of the? and 1 2 peaks givesa pri-
abrupt. The(b’) model has a concentration profile given by ori, a semiqualitative criterionto evidence the chemical
the concentration profile of thd) fit (see Table)l In the(a’) nature of the interface. For this criterion to be reliable, the
and(b’) models,N,,=12, Ny =5, andd,,=2.367 A to ad-  characteristic shape of the DAFS spectra should be stable for
just the superperiod. Interfacial distances were calculated aslittle variation of the structure. We tested the stability of all
in Sec. llIB. We calculated the smooth péathe y(E) de- the peaks around modela’) and(b’). The intermixing was
pendence is omittdaf the anomalous variation of each peak allowed to extend from one to four planes at each side of the
using formula(3). The variations off’ and f” used’ in interface. The concentration profile gradient is linear, and the
formula (3) are shown in Fig. 6. intermixed equivalent quantity ranges from one-half to two
The top anomalous intensity variations are, of courseatomic planes. The stability related to the interplanar dis-
guantitatively different for each peak depending on W@  tance profile was also tested. The variations range from an
and (b") model. Nevertheless, we note that the variation ofabrupt interfacgall distances in the Au- and Ni-rich layers
the 12 and 12 peaks is qualitatively characteristic of the are set tal,, anddy;, respectivelyto a maximum linear and
model used for the simulation. As one can see in Fig. 7, theymmetric deformation model. In this latter model, four in-
shape is clearly reversed if intermixing is allowed or not. Theterplanar distances at each side of the interface are modified,
anomalous variation of all the other peaks is quantitativelydecreasing the Au interplanar distances and increasing the Ni
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interplanar distances. The extreme deformationsagoéori 3600
unphysical, but they allow for testing the stability of the 3500
criterion in a large range. Figure 8 shows the shape of the

anomalous variation of the?land 1 2 peaks when one var- <~ 3400 E
ies the structure around ti@) and(b’) models. The anoma- § 3300 - E
lous variation shape of the?Ipeak is clearly reversed when § ]
the structure is modified. Modifying the profile, the shape % 8200
qualitatively goes from the shape related to the model to § 3100

the shape related to th@') model. Misinterpretation of the
actual nature of the interface can be done using thpehk.
The shape of the 12 peak is modified but not reversed when 2900

3000

F
J T
o ]

|

the deformation or the concentration profile is changed in 554 N . PN R I
model(b’). In model(a’) the shape of the 12 peak is largely 8.2 8.3 8.4 8.5 8.6 8.7
modified, but never seems like the shape reached in the Energy (keV)

model (b’). In conclusion,the semiqualitative criterion is
stable only for thel 2 peak When variations aroun¢s’)
and(b’) are allowed, the peak top intensity, for a givens
roughly constant except for the ¥ peak(see in Fig. 8 the
factors globally applied to the spectra to adjust the intensit
at 8200 eV. We note that the intensity of the % peak is
two orders of magnitude smaller when neither deformation

nor intermixing is allowed. The 12 peak vanishes when the . . X :
structure is abrupt. Experimentally, the 4 peak is clearly peak(see Fig. j and remembering that this shape provides a
; table criterion, the interface is clearly chemically diffuse.

present, which means that the interface is unambiguousl . ; o o
under deformation and/or intermixed. Moreover, we deduce e refined the actual structure, taking as initial conditions
from this stability study that the?lpeak is largely influenced he structural parameters extracted from (bemodel. We

by the exact interfacial distance profile and less by the exac(fhose to perform a simple fitting proced_ure with only two
interfacial concentration profile. independent parameters rather than to introduce, as fitting

To summarize, we showed that the shape of the anomé’-a”ables' each interplanar distance and each in-plane con-

lous variation of the 12 peak is stable by considering varia- centration. The first parameter describes the steepness of the

tions of the structure and also characteristic of the actuallnear and symmetric concentration profile: the second pa-

chemical nature of the interface. Thus a reliable conclusiorq"’“neter describes the steepness of a linear and symmetric
concerning the occurrence of intermixing can be achieved by

qualitatively examining the 12 peak DAFS spectra. The 2 :
refinement of the structure implies a quantitative fitting pro- =% - 1 2 R
cedure and has to be simultaneously performed with anoma
lous variation of all the peak@nainly with the Z, 12, and

173 peaks.

FIG. 9. The calculated absorption for /i (dashed ling The
experimental absorption extracted from the fluorescence data near
the 1° peak and normalized, far from the edge, on the calculated
one(solid line). Note that the edge crossing is softer in the experi-
¥nental spectra.

Due to the shape of the anomalous variation of thé 1
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B. X-ray anomalous scattering data fitting

The data normalization is done using form@ia. TheK 5300 5400 5500 5600 5700
factor cannot be directly retrieved from the top-DAFS spec- energy(eV)
tra. We setK to vary linearly with energy. This variation is
due to experimental causes like, for example, the efficiency "' £

of the detector as a function of energy. For each peak sepa
rately, u(E) is deduced from the fluorescence measurement2
The fluorescence is normalized to match, at energies far frong
the Ni edge, the meap(E) calculated in Sec. lllA. For
example, Fig. 9 shows the normalized fluorescence near thi
172 peak. Figure 10 shows the raw/[,) and the normal-
ized (for fluorescence and absorptjotop-DAFS spectra of
the 172 and 1 peaks. The normalization does not change the — ——
general shape of the spectra. Corrections are relatively im: 8300 8400 enefso(oe v 8600 8700

portant only for the T2, 173, and 1 % peaks(not shown. &

But the relative anomalous variations of intensity are very FIG. 10. Top anomalous variation of the intensity of the?1
similar after the corrections. The corrections act like a globahnd 2 peaks. Solid line: data corrected for the absorption and the
scale factor and/or a small background effect. fluorescence effects. Dots: raw datdl ).

ensity (a

Int
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FIG. 11. Solid line: anomalous variation of the best(fiee Table ). Dots: experimental datécorrected for the absorption and
fluorescence effects

interplanar distance profile. We assume a linear interfaciabseems to be related to the simplifidothear and symmetric
profile since it is the model available BuPREX This shape interfacial structure which was used in both) and (b")
clearly induces a limit in the fitting procedure. The main models.

peaks can be fitted with a large number of parameter pairs. We also verified that the linedt(E) variation is roughly
The possible solutions are clearly reduced for the weakegshe same for all the peakK.(E) is really describing an ex-
peaks. We deduced the best fitting structure as follddjs: perimental variation and does not introduce any artifact in
Among all the satisfying couples of parameters, we chose ththe fit.

ones common to all the peak®) For each peak, the top- The result of the latest combined fitting procedure is
intensity ratio(at 8250 and 8750 e\between the simulated shown, as an example, for the 4, 172, 11, and ¥ peaks

1! peak and the considered simulated peak has to be as clo&ee Fig. 11 Two interplanar distances are modified on each
as possible to the corresponding experimental ratio. This latside of the Ni/Au interface. The concentration profile extends
est Rietveld-liké® constraint is very strong and limits largely on three planes on each side of the Ni/Au interface. The two
the possible couples of parameters. For the best structuréitting parameters were independently optimized. However,
most of the peaks are in good agreement with this constrainthe two profiles, i.e., distance and concentration, are related
Only the 1% peak does not satisfy the Rietveld-like con- through Vegard's law within an error smaller than 1.2% and
straint (the calculated ratio is 40% smaller than the experi-0.8% in the Au- and Ni-rich layers, respectively. The Au/Ni
mental ong We assumed that the disorder does not explaininterface is chemically abrupt, and around this interface the
this disagreement. We point out that in the symmetric scanmterplanar distances are not modified. The smooth part of
(see Fig. 5, the intensity of the 1% peak was not well simu- the anomalous variation is fitted with the structure given in
lated either. The disagreement observed for thé peak Table Il. The best fit shown in Table Il is in agreement with

TABLE II. Best-fit concentration and interplanar distance profiles from the anomalous diffracted intensity.
Only the interface Ni/Au is described. The number of Au and Ni planes in one bilaygg iandN,, . The
nondeformed interplanar distandéar from the interfacesared,, anddy; . The table has to be read from the
left to the right, which corresponds to the growth direction. Only the region affected by the interface presence
is shown. The other distances and concentrations in the Au-rich layer are egliglaad 100%.

Au-rich layer profile Ni-rich layer profile
Nay Ni Au concentration(%) Ni concentration(%)
day (A) dyi (A) Interplanar distancé}) Interplanar distancél)
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 the V. CONCLUSION
constraints assumed in the x-ray anomalous scattering analy-
sis (mainly an integer number of planes

The shape of the anomalous variation is globally well

Different studies dealing with th@11) Au:Ni multilayers
suggested an interfacial mixing to explain the behavior of the
system, but until now no direct evidence was found. Our
: Work clearly shows, using an anomalous x-ray diffraction
(see the 1 peak, for example which are weakly structure anaiysis. that the Ni/Au interface is mixed, though the Au/Ni
dependent, the crossing of the edge is always overestimateghe is chemically abrupt. In the direction perpendicular to
It seems that an improvement of the structural fitting paramthe interfaces, the concentration profile and the deformation
eters(for example, a concentration and an interplanar disprofile were determined. We showed that the intermixed re-
tance for each planavould not be sufficient to describe the gion extends on six planes at the Ni/Au interface and corre-
actual edge. The anomalous variation of fHeand f” fac-  sponds to two exchanged equivalent Au planes. The interpla-
tors, calculated by Sasgkiand used in this study, do not nar distance profile and the concentration profile around the
take into account either the finite lifetime of the core level orNi/Au interface satisfy Vegard’s law. In th@11) Au/Ni mul-

the true solid state. According to Rawlal.* the fitting can  tilayers, the asymmetric structure of the Au/Ni and Ni/Au
be improved by calculating refined anomalous scatteringnterfaces probably indicates that the mixing is due to a gold
variations from the absorption dataee Fig. 9 We can dynamical segregation during the growth. .
clearly see in Fig. 9 that the actual absorption edge is softer More generally, a fine characterization of interfaces is im-
than the calculated one. TH& coefficient is given by the Portant in order to understand the mixing mechanism in bulk
absorption function using the optical theordhihe truef” ~ immiscible and highly mismatched multilayer systems. The
and the related, via Kramers-Kronig transformation, tfue cOMbined analysis used in this work is a powerful method to
could also be softer. This softening could produce a Ies§tudy, at the atomic scale, the_actual interfacial structure in
abrupt cusp in the DAFS spectra. Nevertheless, this refiné?"’mc’l"’lyerEd .mater.|als. We pa}rtlcularly ShO\.Ned how the x-ray
ment is out of the scope of this paper and will be done in nomalous d_|ffract|on analy5|s_ can unambiguously conclude
further work. on the chemical nature of buried interfaces.

In conclusion, the semiqualitative criterion given by the
1-2 peak and the results of the fitting procedure, even if the
edge is not perfectly simulated, permit us to conclude unam- This work would not have been possible without the epi-
biguously that the Au:Ni multilayers are chemically diffuse taxy skills of B. Gilles(LTPCM-CNRS and A. Marty(CEA-
on six planes at the interface Ni/Au and are abrupt at th@RFMC). It is a pleasure to acknowledge them also for
interface Au/Ni. many stimulating discussions.
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