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We report experimental evidence for the violation of the “diffusional parabolic law”sx~ t0.5, wherex is the
interface shift andt is timed as predicted recently by computer simulationfZ. Erdélyi et al., Phys. Rev. B69,
113407s2004dg for a binary system with restricted mutual solubility. Using x-ray photoelectron spectroscopy
we investigated the shift of the interface between a thin Ni layers3 nmd deposited under UHV conditions on
top of a Aus111d single crystal during its thermally driven dissolution into the Au substrate. From the temporal
evolution of the Ni-2p and Au-4f core level intensities at various fixed temperatures, a power law could be
extracted for the time dependence of the interface shifts~tkcd with exponents in the range of 0.6–0.7. Thus,
clear experimental evidence is provided that the kinetics of such a shift might differ from the well known
parabolic law if restricted to the nanometer scale.
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I. INTRODUCTION

Studies of diffusional movement of atoms through inter-
faces and of the resulting interface shift are nowadays of
great interest not only from a fundamental research point of
view—search of diffusion laws valid on the nanoscale—but
they are of practical importance as well. Recent progress in
device technology allows one to directly approach structures
on the nanoscale, for which the knowledge of the corre-
sponding diffusion laws is indispensable. Also related to this
topic is the possible degradation of parts of electronic de-
vices being often due to material transport through inter-
faces. Accordingly, in order to extend the lifetime of such
devices a detailed picture of the underlying diffusional pro-
cesses is required.

During the past years several papers were published about
the interface motion during thin film dissolution into semi-
infinite substrates.1–4 Recently, both computer simulations
and experiments on the Ni dissolution into a Cu substrate4

gave first hints for nonclassical diffusion by revealing that
the interface shift in this completely mutual soluble system
evolves linearly in time. The simulations additionally
indicated4 that this deviation from the classical parabolic law
is restricted to the nanoscale: with increasing time or, alter-
natively expressed, for shifts exceeding approximately 10
nm, the system gradually turns back to classical diffusion.

A similar behavior has been predicted recently5 from cal-
culations for phase separating systems in contrast to earlier
simulations1–3 where, neglecting the composition depen-
dence of the diffusivitysdiffusion asymmetryd, a parabolic
law had been obtained. In the present contribution—in ac-
cordance with theoretical prediction5—clear experimental
evidence will be provided for a nonparabolic shiftsx~ tkc,
wherekc.0.5d of an initially steplike interface in a nonmis-
cible binary system.

It is important to note that there are numerous examples
of experimentally observed nonparabolic growth kinetics in

the literature. However, in all of these cases the linear growth
of phasessd in solid state reactions was interpreted as a con-
sequence of the reaction rate control at the interfacessd.6–9

The deviation from the parabolic law in our case has pure
diffusional origin and, for a givenA-B system of restricted
mutual solubility, depends on two parameters:sid the strength
of the composition dependence of the diffusion coefficient
parametrized here bym8, which gives the difference between
the diffusion coefficients in pureA andB matrixes in orders
of magnitude andsii d the parameter characterizing the phase
separation tendencyV/kT sV is the mixing energy or regular
solution parameter,5,10 which measures the phase separating
or ordering strength,k is the Boltzmann constant, andT the
absolute temperatured. As has been shown in Ref. 5, for
small values ofV/kT the kinetic exponentkc can even ap-
proach one for increasingm8, while this deviation from clas-
sical behavior decreases with increasingV/kT.

In order to prove a nonparabolic behavior experimentally,
the Ni-Au system is a good candidate, since it has limited
mutual solubilityf<3% at about 680 K,V=0.019 eVsRef.
11dg. Additionally, it can be estimated for the temperatures
investigateds643–733 K, i.e.,V/kT=0.343−0.301d, that the
diffusion of Ni in Au is about 6 orders of magnitude faster12

than the corresponding self-diffusion makingm8<6. To
measure the interface shift, a similar experimental setup was
chosen as in Ref. 4: a thinf<13 monolayerssML d thickg Ni
film is deposited onto the Aus111d single crystalline substrate
under ultrahigh vacuumsUHVd conditions and the time de-
pendence of the Ni and Au XPS intensities is determined
during controlled heat treatments.

II. EXPERIMENTAL

The measurements were carried out in a multichamber
UHV system at a base pressure,10−10 mbar, equipped with
XPS, ultraviolet photoelectron spectroscopysUPSd, scanning
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tunneling microscopysSTMd, low-energy electron diffrac-
tion sLEEDd, and evaporation facilitiessOmicron EFTM-3d.
The XPS/UPS system is equipped with a 100 mm hemi-
spherical electron analyzer, a Mg-Ka x-ray source for XPS
and a He discharge lampsHe-I, 21.2 eV was usedd for UPS
measurements. The Ni/Aus111d samples were prepared us-
ing a commercial gold single crystal with a miscut of,2°.
The Au crystal was cleaned and its surface quality improved
in situ prior to the nickel deposition by applying repeated
cycles of 1 keV Ar+ bombardments and annealing at 973 K
with the temperature determined by a pyrometer. As demon-
strated by STMfFig. 1sAdg after the above cycles, a clean
Aus111d surface with approximately 10 nm wide terraces
was obtained. This terrace width corresponds well to the mis-
cut of the crystal. The surface quality and orientation has
also been checked by LEED. XPS analysis was finally used
to prove the cleanliness of the sample surface after the vari-
ous preparation steps.

After these pretreatments, a 3 nmthick sapproximately 13
ML d Ni film was evaporated at room temperature onto the
Aus111d surface at a deposition rate of 1 nm/min. The film
quality could be checked by STMfFig. 1sBdg UPS, XPS, and
LEED allowing the conclusion that closed, textured nano-
crystalline Ni layers were obtained with grains preferentially
oriented ins111d direction and a lateral size ofd<10 nm.

Figure 2 presents the corresponding UPS spectrum of the
clean Au surfacesbottom curved and that after Ni deposition
stop curved. The latter exclusively shows features originating
from Ni if compared to a Ni reference samplesnot shown
hered. Therefore, taking into account the sampling depth of
the UPS experiments<2 MLd, the completely missing Au
signal after Ni evaporation unequivocally proves that this 3
nm Ni film is closed. In addition, several UPS spectra were
acquired to analyze the near surface regions2 MLd during
annealing. Since gold atoms have the tendency to segregate
on the top of Ni sRef. 13d and the evaporated Ni film is
nanocrystalline, a fast appearance of Au on the surface is
expected due to short circuit diffusion along the twist grain
boundaries. Such a behavior can indeed be observed in Fig.
2, where the temporal evolution of the UPS valence band
spectrum is also presented at 673 K. After a short annealing
time of 13 minsduring which no significant interface shift is
expectedd a fast decrease of the Ni-3d band intensity, accom-
panied by an equally fast increase of the Au-5d band signal,
is observed. Even after a long term heat treatments250 mind
traces of the Ni-3d band can still be observed as compared to

pure Aussee arrowd. This gives clear evidence for saturation
behavior of the segregation process which finally results in a
Au film thickness which does not significantly exceed the
information depth of the UPS techniques<2 MLd.

In order to investigate the shift of the Ni/Aus111d inter-
face, the sample was heat treated at temperatures between
643 and 733 K. During annealing XPS spectra of the Au-
4f and Ni-2p levels were repeatedly taken in intervals of two
minutes, the time needed to acquire both spectra.

The XPS results are presented in Fig. 3 where the ratio of
the integrated Au-4f and Ni-2p core line intensities is given
as function of the annealing time. This ratio is expected to
increase with time for both processes, i.e., for segregation of

FIG. 1. STM images of the Au single crystal surface before
sA: 46346 nm2, z scale 2.8 nmd and after sB: 46346 nm2, z
scale 2.3 nmd deposition of 3 nm Ni.

FIG. 2. UPSsHe-Id spectra beforesbottom curved and after Ni
depositionstop curved together with results showing the time evo-
lution during heat treatment at 673 K.

FIG. 3. Time evolution of the ratio between the Au-4f and the
Ni-2p core line intensities measured atT=643 K sdotsd. The sudden
increase at the beginning is due to the fast grain-boundary diffusion
and segregation of Au on top of the Ni surface. The solid line
represents the fit of the first time domainsHwang-Balluffi typed
combining Eqs.s1d and s2d and using the initial thickness of the
deposited Ni layer, as described later in the text.
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Au atoms on top of the Ni film as well as for dissolution of
Ni atoms into the Au single crystal, respectively. Obviously,
a monotonous increase can indeed be recognized in Fig. 3.
However, there clearly exist two different time domains in-
dicating a fast change of this ratio at the beginningsup to
about 60 mind and a slow, but still monotonous increase for
longer times. While the first can easily be identified as being
due to the fast segregation of Au mentioned before, the latter
reflects the interface shift during the dissolution of Ni atoms
into the Au single crystal.

This dissolution can not be traced by the UPS experiment
because of the very limited information depths2 MLd. For
XPS, on the other hand, the sampling depth of about 2 nm is
much larger due to the significantly increased kinetic energy
of the outgoing photoelectrons. At first sight, this value
might seem to be too small, as compared to the thickness of
the as-prepared Ni film of 3 nm, to allow Au atoms from the
buried Au single crystal to contribute to the measured spec-
tra. However, in the present case, there is a damping of the
photoelectron intensity emitted from the Au substrate by
only a factor of exps−3 nm/2 nmd.5 due to the Ni top
layer. Such a reduction still allows the collection of statisti-
cally well-defined data with reasonable effort, especially due
to the very narrow intrinsic line widthfAu-4f: 0.3 eV full
width at half maximumsFWHMdg as compared to the Ni
intensity sNi-2p: 1.5 eV FWHMd. The above intensity esti-
mate is confirmed by closer inspection of Fig. 3 where a well
detectable Au signal can be recognized att=0. Therefore, it
can be safely assumed that the thickness of the Ni film and,
thus, the shift of the interface between the Au substrate and
the Ni layer can be reliably studied by means of a proper
analysis of the XPS results given in Fig. 3.

III. ANALYSIS OF THE EXPERIMENTAL DATA

In order to arrive at a quantitative picture, the results
given in Fig. 3 have been analyzed taking into account not
only the shift of the Ni/Aus111d interface but also the fast
Au grain-boundary diffusion leading to surface saturation
and to the formation of an ultrathin Au layer on top of the Ni
surface. For this purpose the model sketched in Fig. 4 has
been used assuming that the surface is asymptotically cov-
ered with 1–2 ML of Au during the very first stage of the
heat treatment.

Denoting the time dependent thickness of the segregated
Au top layer byn* and that of the evaporated Ni layer byn,
respectively sboth expressed as equivalent monolayersd,
these quantities can be extracted from the measured XPS
intensity ratios as reported previously in Refs. 4 and 14:

INi

IAu
=

saNi
Audn*

f1 − saNi
Nidng

saAu
Audn*

saAu
Ni dn + 1 − saAu

Audn* S. s1d

HereaB
A is the attenuation coefficient for photoelectrons from

B atoms in matrixA, andS is the relative sensitivity factor,
which can be obtained from reference XPS measurements on
Au and Ni bulk samples.

Since the present Au segregation and saturation through
the nanocrystalline Ni film—occurring at the early stage of

the time development—is in complete analogy to the classi-
cal Hwang-Balluffi-type experiment on grain-boundary
diffusion,15,16 it is plausible to assume a corresponding expo-
nential time dependence for the growing Au top layer:

n*std = n`
Auf1 − exps− vtdg. s2d

Here

v =
2dDbsb

N`
AuN0

Nissd
, s3d

whered=0.5 nm is the grain-boundary width,sb and ss are
the grain-boundary and surface segregation factors, respec-
tively, N`

Au andN0
Ni are the Au and Ni thicknesses in nanom-

eter respectively, andDb is the grain-boundary diffusion co-
efficient.

Furthermore, the shift of the Ni/Aus111d interface is de-
scribed by a power law in time similarly to the computer
simulations given in Ref. 5:

nstd = n0
Ni − vtkc. s4d

Using Eq.s1d for the XPS intensities obtained after depo-
sition we can calculate the initial thickness of the deposited
Ni layer sn0

Nid usingn* =0 sthe thickness of the segregated Au
layer is 0d.

Combining Eqs.s1d and s2d and using the previously ob-
tained initial thickness of the deposited Ni layer as a fixed
value for the Ni thicknessn it is possible to calculate the
final thickness of the segregated Au layersn`

Aud swhich can
be used to check the reliability of the fit by comparing to the
experimental UPS resultd as well as the correspondingv
from the first time domain of the processswhich corresponds
to the segregation of Au on top of Nid.

Using thisn`
Au value obtained from the above analysis as

a fixed value for the segregated Au thicknesssn*d we can
calculate the thickness of the buried Ni layer as a function of
time in the second time regime. Thus, according to Eq.s4d it
is plausible to fit the log10fn0

Ni −nstdg vs log10t plot with a
linear function. This way the slope of the plot will give the
value ofkc.

FIG. 4. The model used for analysis of the XPS data. The sur-
face is asymptotically covered with 1–2 ML of Au during the very
first stage of the heat treatment. The arrows represent the XPS sig-
nals from the different parts of the sample.
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IV. RESULTS AND DISCUSSION

Figure 3 shows the result of the fitssolid lined of the first
time domainscorresponding to the Au segregation and satu-
ration processd for 643 K using n0

Ni =13.5. The fit yields
n`

Au=1.3 ML andv=2310−3 s−1. Since in a Hwang-Ballufi
type experiment the surface coverage is usually 1–2 ML, the
value for the final Au thicknesss1.3 MLd indeed confirms the
reliability of the fit, and is in agreement with the thickness
deduced from UPS measurements. Fromv and the values of
all the parameters in Eq.s3d, one can calculateDbsb/ss, ar-
riving at 2310−20 m2 s−1 at 643 K. Moreover, for Ni diffu-
sion via Ni twist grain boundaries the value ofDb is known
to be 1.35310−19 m2 s−1 from literature.12 Considering that
sb/ss is certainly less than 1, but very likely higher than 0.1,
the above value forv is really satisfying.

Figure 5 shows the log10fn0
Ni −nstdg vs log10t plot for 643

K in order to determine the kinetic exponentskcd. The solid
line represents the fit to the plot and yieldskc=0.64. Addi-
tionally a line with a slope of 0.5sdashed lined is also pre-
sented to show the deviation from the parabolic behavior.

Figure 6 finally presents the values for the kinetic expo-
nentskc as determined experimentally along the route de-
scribed above together with corresponding computer
simulations5 for differentm8 values. From this plot, the main
result of this work can clearly be seen: The experimental data
of kc are significantly higher than 0.5 providing convincing
evidence for the predicted deviation of the diffusional inter-
face shift from classical behavior. One step further, even

quantitative agreement between simulation and experiment is
found within the limits set by the accuracy of the data forV
andm8 as well as the uncertainty of the parameter fit.

We must note, that in generalkc is time dependent,5 but
within our time window the change of the Ni thickness was
only about 5–6 MLsinitial thickness of Ni<13 MLd, mak-
ing this time dependence unobservable.

In conclusion, following the temporal evolution of XPS
signals during the dissolution of a thin Ni deposit into a
Aus111d single crystalline substrate, we have demonstrated
that the diffusional shift of a chemically sharp interface can
deviate from the classical parabolic lawst0.5d changing into a
more general power lawx~ tkc with kc<0.6−0.7. This de-
viation is found to be in very good agreement with predic-
tions based on recent computer simulations.5
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