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We present a quantitative surface x-ray analysis of the buried Ni=Cu�001� interface structure after
deposition of 3 and 5 monolayers of Ni at room temperature. Interface mixing is found where 27� 10%
of top layer Cu atoms are exchanged by Ni. Atomic scale simulations reveal a kinetic pathway for the
Ni=Cu-exchange process and explain the observed limited degree of intermixing. A disperse distribution
of Ni within the Cu surface with a preferential Ni-Ni separation of 3–4 nearest neighbor distances is
determined.
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Seemingly simple epitaxial systems often exhibit strik-
ing physical properties in the nanometer thickness range. A
wealth of structural and magnetic peculiarities has been
identified for ferromagnetic monolayers on Cu(001) [1].
Prototypes are the growth of fcc Fe with both ferromag-
netic and antiferromagnetic order [1,2], and the inverse
spin reorientation transition of Ni from an easy magneti-
zation direction in-plane to out-of-plane with increasing
film thickness [3,4].

One major factor which plays a key role for the peculiar
properties of monolayers is the lattice misfit between film
and substrate. The misfit-induced 3-dimensional strain
renders the cubic film material in a tetragonally distorted
lattice, which is the origin of a significant contribution to
the magnetic anisotropy [3,5,6]. Recent theoretical works
on Ni=Cu�001� have clearly identified that in addition to
the structural distortion of the film, also both interfaces,
substrate-film and film-vacuum, influence the magnetic
anisotropy considerably [4,7,8].

The outer film-vacuum interface has been subject to
numerous investigations which convincingly demonstrated
that adsorption and structural relaxation at the film-vacuum
interface offer a handle to influence the magnetic anisot-
ropy of the film [4,9]. However, the buried interface is
covered by several atomic layers of Ni, and therefore its
detailed structural and chemical analysis is demanding,
and corresponding studies are scarce [10]. A most impor-
tant issue in this respect is exchange between film and
substrate atoms. It has been reported to modify not only
the magnetic anisotropy [11], but also the transport prop-
erties through the interface drastically [12].

Previous analyses of the interface structure were unable
to provide an unambiguous picture of the Ni=Cu-interface
structure. Scanning tunneling microscopy did either not
detect interface mixing [13] or was not able to attribute
different gray levels to definite alloy compositions [14].
The analysis of low energy electron diffraction experi-
ments [15–17] suffers from the very similar scattering
amplitudes of Ni and Cu and from the limited penetration

depth of the electrons, seriously complicating the analysis
of the buried interface. Consequently, conflicting structure
models have been proposed: e.g., in contrast to Müller
et al. [15] and Platow et al. [17], Kim et al. [16] propose
a Cu-cap layer on top of the Ni film.

In our combined surface x-ray diffraction (SXRD) and
molecular dynamics (MD) study of the Ni=Cu�001� inter-
face we find sizeable intermixing between Ni and Cu to
occur for growth at 300 K, where up to 30% of the interface
atoms are exchanged. Intermixing is confined to the layers
directly adjacent to the interface. The Ni atoms are non-
regularly dispersed within the Cu matrix at a preferential
separation of more than 2 nearest-neighbor distances.
Expelled Cu atoms, however, form compact Cu islands
within the growing Ni film.

The experiments were carried out at the beamline ID03
of the European Synchrotron Radiation Facility in
Grenoble (France) using an UHV diffractometer. The
Cu(001) crystal was prepared by standard methods and
Ni films of 3 and 5 ML thickness were deposited in situ
by evaporation from a Ni rod heated by electron bombard-
ment. The deposition rate (F � 0:16 ML=min ) was cali-
brated with high precision from the measurement of
reflection intensity oscillations at the (1 0 0.1) position
along the (10‘) crystal truncation rod (CTR) [18,19].
Here, we use the primitive setting of the surface unit cell.

Integrated x-ray reflection intensities were collected
under grazing incidence of the primary x-ray beam (� �
0:72 �A) by rotating the sample about its surface normal
[18]. The average standard deviation of in total 182 sym-
metry equivalent reflection intensities along the (10‘),
(11‘), (20‘) and (21‘) CTRs is as low as 3.9%, comparable
in quality only with experiments in bulk crystallography.

The structure factor amplitudes jFj were derived from
the integrated intensities by correcting the data for geo-
metric factors [20]. Symbols in Fig. 1 represent the jFj’s
for the 3 ML (lower curves) and the 5 ML samples (upper
curves), respectively. Solid lines represent the best fits to
the experimental data. The fit quality is expressed by the
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unweighted residuum (Ru) and by the goodness of fit
parameter (GOF) [18]. We find GOF values of 0.94 and
1.06 and residua of 0.058 and 0.053 for the 3 and 5 ML
samples, respectively, which can be considered excellent.
In the following we discuss the structure model on the basis
of the 3 ML sample, whose interface structure is represen-
tative for the 5 ML sample also.

Figure 2 shows a side view of the structure model. Bright
and dark spheres represent Ni and Cu atoms, respectively.
Because of the high symmetry (4 mm) of the atomic sites
within the unit cell, only the z position and the Debye
parameter (B), representing thermal disorder [21], need to
be refined for each layer. Including an overall scale factor,
we obtain 15–20 parameters, which—in view of the num-
ber of data points (182)—ensures a sufficient overdetermi-
nation of the refinement problem.

The most important result is that 27� 10% of the top
layer Cu atoms (layer 5) are exchanged by Ni atoms.
Substituted Cu atoms are incorporated into the first Ni

layer (layer 4). In addition, the z positions of the Ni and
Cu atoms and of the first substrate layer were refined.
Numbers in Fig. 2 indicate the interlayer spacings (dij),
with an error bar of �0:03 �A.

The fit quality is improved by allowing the Ni atoms in
layer 4 to relax inward by �z � 0:13 �A leading to a
vertical Ni-Cu spacing across the intermixed interface of
1.71 Å, while the Cu-Cu spacing and the Ni-Ni-spacing are
1.84 and 1.75 Å, respectively.

Figure 3 shows a contour plot of the GOF parameter
versus �z (x axis) and the degree of intermixing given by
�Ni (y axis), the amount of Ni in the top Cu layer and vice
versa. All other parameters were also varied in order to
include the correlations between the parameters.

A GOF minimum of 0.94 is found for �z � 0:13 �A and
�Ni � 0:27 (0.28 for the 5 ML sample). From the variation
of GOF on the parameters we estimate error bars of about
�0:10 for �Ni and about �0:03 �A for �z. For instance,
excluding any intermixing and rumpling (�Ni � 0, �z �
0) leads to a GOF value of about 1 (lower left in Fig. 3), i.e.,
6% worse than the best fit.

The experimental observations are complemented by
ab initio calculations and MD simulations. First, we con-
sider the interaction between two Ni atoms by calculating
the interaction energies between nearest neighbor sites
(NN)[22] in the bulk and at the surface layer. We have
used the ab initio VASP ultrasoft pseudopotential package
within the generalized gradient approximation [23]. The
interaction energies are defined as the total energy differ-
ence between the dimer complex and two isolated impuri-
ties. Calculations are carried out in a fully relaxed
geometry. For bulk NN sites the interaction between
two Ni atoms is attractive (� 30 meV) while it is repulsive

FIG. 2 (color online). Structure model for 3 ML Ni=Cu�001�.
Bright and dark balls represent Ni and Cu atoms, respectively.
Distances are indicated in Å units. Layers are numbered from 1
(top) to 7 (bottom) on the right.
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FIG. 3. Contour plot of GOF versus degree of intermixing in
percent of a ML and layer rumpling expressed by the inward
relaxation of Ni atoms in layer 4.
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FIG. 1. Measured (symbols) and calculated (lines) structure
factor amplitudes along several crystal truncation rods for 3 ML
(lower curves) and 5 ML (upper curves) Ni on Cu(001). Curves
are shifted vertically for clarity.
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(� 10 meV) in the topmost surface layer [24]. Here, posi-
tive values indicate a tendency for the formation of a
dispersed alloy, whereas negative ones reveal a tendency
for phase separation.

These results can be explained by the tight-binding
model of Meunier et al. [25]. For the Ag=Cu system it
has been shown that due to the broken bonds the interaction
energy between impurities at the surface is less attractive
than that in the bulk in a fully relaxed geometry. This
model even predicts a change of the sign of the interaction
energy at a surface. Such a reversal has been reported for
the Au=Ni [26] and the Ag=Cu [27] system. The driving
force for the surface-confined mixing can be attributed to
broken bonds at the surface and to atomic size mismatch
[28]. Tersoff has shown that the strain will cause two
impurities to repel in the surface [28]. However, in marked
contrast to these systems, the interaction energies in Ni=Cu
as well as the strain relaxations are rather small. Therefore
the structure of the Ni=Cu interface could be strongly
determined by kinetics rather than by energetics.

To gain detailed insight into the growth process in the
case of Ni=Cu at the atomic scale we have carried out MD
simulations using the interatomic potentials for Ni and Cu
formulated in the second moment approximation of the
tight-binding approach [29]. The density functional theory
calculations (Korringa-Kohn-Rostocker Green’s function
method [30]) are used to create an ab initio data pool for
the fitting of potential parameters [31,32].

Our simulations reveal that for given experimental con-
ditions the interface evolution can be subdivided into three
stages. The first stage (coverage of Ni & 0:3 ML) is char-
acterized by strong exchange of deposited Ni with the Cu
atoms of the topmost layer. As a rule, the incorporation of a
Ni atom takes place (i) in the vicinity of the region, where
the atom lands, and (ii) at>2NN position [22] with respect
to already embedded Ni (the incorporation into the NN or
2NN positions is suppressed). It leads to the growth of an
array of embedded Ni atoms with 3NN or 4NN separation
[22] (Fig. 4). At the end of the first stage, the fraction of
embedded Ni atoms is equal to 0.24. Substituted Cu atoms
and nonembedded Ni atoms coalescence in the first layer
into nanoislands with a nucleation density of about
0:04 islands=nm2.

During the second stage (�0:3–1:0 ML) the concentra-
tion of Ni atoms within the topmost Cu substrate layer
increases only by 0.01. Any Ni embedding during this
stage would involve incorporation at NN or 2NN separa-
tion with respect to already embedded Ni atoms, but such
atomic processes are suppressed as will be discussed below
in detail. Deposited Ni atoms stay predominantly in the
first layer and coalesce with existing nanoislands. During
the third stage (1.0–3.0 ML) subsequent formation of the
second and third Ni overlayer by layer-by-layer growth
takes place. Both layers consist of Ni atoms. Figure 4(a)
schematically illustrates the composition of the topmost Cu
layer at the buried Cu-Ni interface after deposition of
3.0 ML of Ni. Figure 4(b) specifies the number of em-

bedded Ni-Ni pairs vs Ni-Ni separation. The total fraction
of embedded Ni is 0.25, in excellent agreement with the
SXRD data (0:27� 0:10.)

In the following we explain why the formation of em-
bedded Ni-Ni pairs with NN or 2NN separation is sup-
pressed. First, as we have already discussed, energetically
such pairs are unfavorable. Additionally, the characteristic
time scale tc for the growth process is determined by the
ratio D=F, where D is the characteristic dose and F is the
flux. Embedding of deposited atoms takes place only in the
submonolayer regime; therefore D� 0:1 ML. Setting F to
0:16 ML=min we obtain that tc � 0:6 min . On the other
hand, the average time ta of a thermally activated atomic
process is estimated as ta � v�1

0 exp�Eb=kBT�, where Eb is
the activation barrier, T is the temperature, kB is the
Boltzmann constant, and v0 is a prefactor. The examined
atomic process of intermixing is operative only if ta < tc.
Setting v0 � 1012 Hz and T � 300 K, we obtain that
atomic events with barriers Eb > Ecr � 0:75 eV are sup-
pressed in the studied system under the experimental
conditions.

The MD calculations with the interatomic potentials
[31] indicate that the energy barrier Eb for the incorpora-
tion of a Ni atom into the clean Cu(001) surface is equal to
0.65 eV. This value is less than Ecr; therefore, this process
is operative. The energy barrier Eb for the embedding of Ni
into the Cu surface, where Ni atoms are already incorpo-
rated, depends on the distance of the deposited atom to the
embedded Ni atom. For incorporation into the NN or 2NN
sites [22] with respect to the embedded Ni, Eb is equal to
0.83 and 0.77 eV, respectively. In the first case Eb is too
large and almost no Ni-Ni pairs at NN distances are
formed. In the second case, Eb is close to Ecr; therefore,
embedding into the 2NN position is operative, although
with a low probability. Incorporation at the 3NN and the
4NN sites is characterized by Eb � 0:65 eV, i.e., such
processes take place. On the other hand, Eb for the incor-
poration of Ni into the second Cu layer below the interface

FIG. 4 (color online). (a) Calculated atomic composition of the
topmost 3	 3 nm2 Cu layer after deposition of 3.0 ML of Ni.
Dark and light balls represent Cu and Ni atoms, respectively.
Layers are numbered as in Fig. 2. The majority of the film has
been removed to expose the topmost Cu surface layer 5.
(b) Number of embedded Ni pairs vs Ni-Ni separation. The
majority of Ni atoms is separated by d > 2NN.
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is equal to 2.4 eV, i.e., much larger than Ecr, which explains
why interface mixing is confined to the top Cu layer only.

While embedding of Ni atoms into the first Cu layer is an
energetically favorable process, the finite flux (F) sets the
limit for the degree of intermixing. It should be empha-
sized that the intermixing process is of kinetic rather than
of energetic origin. We suggest that tailoring of the inter-
face structure can be achieved by variation of F and T,
where a high flux at low temperature favors atomically
sharp interfaces with little intermixing. For example, de-
creasing the temperature to 200 K suppresses the interface
intermixing. The intermixing can be also reduced by in-
creasing the flux.

Most remarkably, our results indicate that the atomic
exchange at the interface is (i) limited to the interface
region, and (ii) is limited to 30% of exchanged atoms at
the interface. This differs drastically from Ni-Cu bulk
alloys, where an intermixing of the two species in all
proportions is found [33].

Our results also provide an explanation for the markedly
different behavior of intermixing reported for the
Fe=Cu�001� interface, where Fe forms embedded clusters
in the Cu surface [34], whereas embedded Ni atoms stay
dispersed. Our calculation reveals that the energy of the
attractive interaction between Fe atoms in the surface layer
is rather strong (more than 0.2 eV); therefore, the cluster
formation is energetically favorable. The barrier for ex-
change of the Fe adatom with a Cu atom next to an already
embedded Fe atom equals 0.72 eV, and therefore this
collective exchange mechanism is operative. The situation
is reversed for Ni, where the collective exchange process
has a larger barrier (0.83 eV) as compared to the diffusion
away from an embedded Ni atom (0.70 eV); therefore
embedded Ni atoms do not agglomerate.

In conclusion, we have provided a quantitative SXRD
analysis of the atomic exchange at the buried Cu=Ni inter-
face, which is in excellent agreement with atomic scale
simulations. We reveal that intermixing between Ni and Cu
is caused by kinetic processes, which limit the degree of Ni
incorporation to roughly 0.3 ML. The intermixing is spa-
tially confined to two atomic layers adjacent to the inter-
face, where also considerable rumpling is observed near Ni
atoms within the Cu matrix. In view of the delicate depen-
dence of the physical properties of this prototype epitaxial
system on the detailed structure [4] these results have
profound implications for future state of the art experimen-
tal studies and electronic structure calculations.
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