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Structure and atomic interactions at the Co/Pd(001) interface: Surface x-ray diffraction and
atomic-scale simulations
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Using surface x-ray diffraction and atomic-scale simulations we have studied the structure of Co films
deposited on Pd(001) at room temperature by thermal (TD) and pulsed laser deposition (PLD). While for TD
we find epitaxial growth of Co without sizable amount of intermixing, for PLD films substantial alloying is
observed. Ab initio calculations indicate an oscillatory Co-Co interaction in the Pd layers, which is repulsive
for nearest neighbors and attractive for next-nearest neighbors.
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Since the physical properties of ultrathin films are inti-
mately related to subtle details of the geometric structure,
low-dimensional systems are intensely studied where struc-
tures can be prepared, which do not exist in the bulk. For
instance, epitaxial ultrathin films often adopt a crystal struc-
ture imposed by the substrate crystal. A prominent example
is fcc-Fe grown on Cu(001), where a number of different
magnetic structures [ferromagnetic (FM), antiferromagnetic
(AFM) or spiral structures] have been proposed.'—

On the other hand, intermixing between adsorbate and
substrate leads to surface alloys, where two classes can be
distinguished: First, the surface alloy is composed of compo-
nents immiscible in the bulk.* Examples are Mn/Cu(001)
and Au/Ni(110).>° The second class of alloys consists of
components, which are miscible within a wide range of com-
positions. Surface alloys of this kind are metastable systems
far from their thermodynamic minimum.

The binary CoPd system represents an example of the
latter, where a continuous solid solution over the whole com-
position range exists and well defined ordered phases are
known.” Ultrathin Co-Pd alloys are also of particular interest
in magnetic storage device technology due to their ability to
exhibit perpendicular magnetic anisotropy. Thus, a number
of studies on the growth of Co on Pd(001) were carried out
in the past.3-!!

For preparation of ultrathin films it is a common approach
to deposit films by thermal deposition (TD), where the metal
is evaporated from a heated rod. In contrast, only a few stud-
ies have been carried out using pulsed laser deposition (PLD)
to prepare ultrathin films. A review is given by Shen et al.'

In general, improved epitaxy of PLD-grown films is at-
tributed to both, the 4—6 orders of magnitude higher instan-
taneous deposition rate and the higher kinetic energy (up to
several eV) of the deposited atoms, which are the main char-
acteristics of PLD.!>13

While several examples indicate the potential of PLD to
have substantial impact on growth, morphology and magne-
tism of ultrathin films,'#~'6 the analysis of the atomic struc-
ture of PLD grown films is largely unexplored and only one
quantitative low-energy electron diffraction analysis exists.!”
To this end we have carried out a surface x-ray diffraction
(SXRD) structure analysis of Co adlayers deposited on
Pd(001) by using both, TD and PLD. In contrast to TD de-
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posited films, where we find epitaxial growth of Co without
significant alloying, for PLD deposited films a nonstoichio-
metric interface Co,Pd;_, alloy extending over several layers
is formed. Atomic-scale simulations and ab initio calcula-
tions confirm the experimental results indicating that the
thickness of the alloyed interface sensitively depends on the
kinetic energy of the deposited atoms.

Experiments were carried out in a UHV-system using a
z-axis diffractometer setup for the SXRD data collection.'®
The Pd(001) crystal was cleaned by standard methods
(Ar*-ion sputtering followed by annealing at 900 K) until no
traces of contaminants could be observed by Auger-electron
spectroscopy (AES). Co was deposited by TD using a Co rod
heated by electron bombardment. For PLD, a KrF excimer
laser (248 nm wavelength, 34 ns pulse length, repetition rate
10 Hz, pulse energy =325 mJ) was focused on a Co target
about 120 mm away from the sample surface. An average
deposition rate between 0.1 and 0.3 monolayers (ML) per
min. is achieved comparable to the deposition rate for TD.
We refer to 1 ML as one adatom per substrate atom, i.e.,
1.32X 10" atoms/cm?. In all cases the sample was kept at
room temperature.

X rays were generated by a rotating anode system and
monochromatized (Cu-Ka radiation) by using a multilayer
optics yielding a peak count rate in the range of several
hundred cts. /sec at the antiphase condition of a crystal trun-
cation rods (CTR’s).'%?° Integrated x-ray reflection intensi-
ties were collected under total reflection conditions of the
incoming beam (incidence angle «;=~0.32°) by rotating the
sample about its surface normal.'®20 In total, seven different
data sets in the coverage range between about 0.4 and 3.3
ML were collected, two of them after TD, five after PLD
deposition.

As a representative example, Fig. 1 shows the structure
factor amplitudes |F| along the (10¢) and the (11€) (Ref. 22)
CTR measured up to g,=1.8 reciprocal lattice units (rlu). The
normal momentum transfer (g,) is given by ¢.=€ X ¢*, where
¢*=1.61 A~! is the rlu of Pd along ¢.. The coordinate ¢ is
continuous due to the crystal truncation.?! The |F|’s were
derived from the integrated intensities after correcting the
data for geometric factors.??

For each data set, four symmetry independent CTR’s
[(10€), (11€), (20¢), and (21€)] were collected correspond-
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FIG. 1. (Color online) Measured (symbols) and calculated
(lines) structure factor amplitudes along the (10¢), (11€). (20€), and
(21€) crystal truncation rods for Co/Pd(001) prepared by PLD
(lower curves, blue squares) and TD (upper curves, red circles).
Curves are shifted for clarity.

ing to about 120 independent reflections. Standard deviations
of the |F|’s were derived from the counting statistics and the
reproducibility of symmetry equivalent reflections.!®?
Squares and circles correspond to data collected for samples
prepared by PLD (lower curves) and TD (upper curves) at
about the same coverage (TD: ~1.4 ML, PLD:~1.2 ML).
Direct comparison reveals significant differences between
the samples. The quantitative structure analysis was carried
’s to the

experimental ones.

Due to the high plane group symmetry (p4mm) and the
simple structure there is only one independent atomic in-
plane position per layer located either at (0,0) or (1/2, 1/2)
within the two-dimensional unit cell. Therefore, apart from
an overall scale factor only one z parameter is to be refined
for each layer. Different alloy compositions are simulated by
varying the Co (Oc,) and Pd (Opy) site occupancy, where
Oc,+6ps=1 in the case of complete layers. For modeling
the structure in total only about ten parameters are needed,
which in comparison with the number of data points
(=120) is a number low enough to ensure a sufficient over
determination of the refinement problem.

Very good fits as represented by the solid lines could be
achieved. The fit quality is measured by the un-weighted
residuum (R,) and the goodness of fit (GOF) parameter, the
latter also taking into account the difference between the
number of data points and the number of parameters.>* Ex-
cellent values in the range between R,=0.06—0.08 and
GOF=1 were achieved in general.

A pictorial side view of the structure models is displayed
in Fig. 2(a). Blue (dark) and grey (bright) balls represent Co
and Pd atoms, respectively. In order to clarify the alloy
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FIG. 2. (Color online) (a) SXRD derived structure model for
Co/Pd(001) deposited by TD (upper panel) and PLD (lower panel).
Blue (dark) and grey (bright) balls represent Co and Pd atoms,
respectively. Alloy compositions within each layer are given on the
left, inter layer distances in A are listed on the right. (b) Experi-
mental (left) and calculated (right) layer resolved Co concentration
in PLD grown samples for 0.40 (a), 1.40 (B), and 3.00 ML (7).
Hatched and empty bars represent the Co and Pd concentrations

concentration within the layers, several unit cells along the
[110] direction are shown. In each layer, the corresponding
number of Co and Pd atoms is placed according to the re-
fined alloy concentration. No superstructure reflections were
observed, therefore the alloys are random preserving the
overall (12X 1)-lattice periodicity of the Pd(001) substrate.
This is also confirmed by the calculations discussed below.
For the sample prepared by TD we find no indication for
alloying to within 10% of a ML, which is about the accuracy
limit for the concentration determination. Instead, we find
that face centered tetragonal (fct) Co grows epitaxially in a
layer-by-layer mode on the Pd(001) surface. Apart from the
fact that different structures and morphologies such as, e.g.,
island formation can be excluded by the SXRD analysis,
layer-by-layer growth is also evidenced by reflection high-
energy electron diffraction and scanning tunneling micros-
copy experiments, which will be published elsewhere.?’
Our structure model is at some variance with previous
studies on Co and Fe layers on Pd(001), where intermixing
has been found.!®!1226 We tentatively attribute this to dif-
ferent preparation conditions. Mild annealing of the
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as-deposited TD samples [350 K for Fe/Pd(001) and 600 K
for Co/Pd(001)] leads to the onset of alloy formation.?’

For the topmost Co-interlayer spacing (d;,) we determine
1.61(10) A, which is 10% less than the fcc-bulk spacing of
1.77 A. In agreement with elasticity theory considerations,’
the contraction can be related to the 10% in-plane expansion
of the Co structure to adapt to the Pd lattice (lattice con-
stants: 2.50 A for Co vs 2.75 A for Pd).

It is well known that hydrogen is often present on the
Pd(001) surface and induces a significant expansion of d,, of
the order of several percent.”®?° The measured value of d,,
for the Co-covered sample does not provide any evidence
that hydrogen is still present and influences the top layer
spacing. Rather, we may speculate, that hydrogen might be
displaced into the interior of the sample upon Co deposition.
This is supported by significantly enhanced measured layer
spacings (>2.00 A) between the topmost Pd layers, which
are not alloyed with Co [e.g., ds, for the TD and ds¢ for the
PLD].

In sharp contrast to TD, for PLD alloy formation extend-
ing over several layers is observed in general. As shown in
Fig. 2(a), four layers are affected in the case of the 1.2 ML
sample. The left part of Fig. 2(b) summarizes the experimen-
tally derived concentration profiles of the samples covered
by approximately 0.4(a), 1.2(8), and 3.0 ML(y). At low
coverage, Co can be viewed as an impurity within the Pd-
matrix, while almost pure Co adlayers (80%) are formed
after deposition of 3 ML. The crossover between the two
regimes lies at about 1.4 ML, where the Co concentration
equals about 50% in the second and third layer.

Atomic scale simulations were carried out to calculate the
alloy profiles. The simulation cell representing the (100) ori-
ented Pd crystal consists of 11 layers containing 1250 atoms
per layer. Two bottom layers are kept fixed and periodic
boundary conditions are applied along the two directions of
the surface plane. The interaction between atoms is described
by the many-body ab initio fitted potentials formulated in the
framework of the second moment approximation of the tight-
binding (TB) model.’>3! The Kohn Korringa Rostoker
(KKR) Green’s functions calculations®” of binding energies
of small Co clusters (dimer, trimer, pentamer), the atomic Co
chains (3-5 atoms) on the Pd(001) surface, and the interac-
tion energies between embedded Co impurities at different
distances have been used to accurately fit the parameters of
the interactions at the Co/Pd(001) interface.’

Total energy calculations performed using the KKR
Green’s function method indicate that in the case of
Co/Pd(001) alloy formation is favored. The energy gain in-
duced by exchange of a single Co adatom with a top-layer Pd
atom equals —0.42 eV as compared to Co-surface adsorption,
but there is a kinetic exchange barrier of 0.4 eV. Therefore,
only for samples grown by PLD alloy formation is observed.
In contrast, for TD epitaxial growth is observed at RT and
alloy formation requires annealing to overcome the barrier.”’

The right panel of Fig. 2(b) shows the calculated alloy
concentrations. In general, very good agreement with the ex-
perimental data is observed. A prerequisite is the proper
choice of the kinetic energy of the arriving Co atoms, which
was set to 4 eV.
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FIG. 3. (Color online) Calculated layer resolved Co concentra-
tion in percent as a function of the kinetic energy of the Co atoms
for 0.45 ML Co/Pd(001).

The energy dependence of the Co-concentrations is shown
in more detail in Fig. 3 for the low coverage sample. Signifi-
cant alloying of the third layer requires an energy above
about 2 eV. Simultaneously, with increasing energy the top-
most layer is considerably depleted in Co, which is mostly
transferred into the second layer.

Finally, we consider the interaction of two Co atoms in
the Pd surface at short and intermediate distances. Our ab
initio results presented in Fig. 4 show that the interaction
energy is oscillatory. Negative and positive energies corre-
spond to attraction and repulsion, respectively. While the in-
teraction for the nearest-neighbor (NN) dimers of Co is
strongly repulsive, the interaction for the next-NN (NNN)
sites is attractive. It was shown by Hoshino et al.3* that the
fundamental characteristic features of the phase diagrams
can be qualitatively explained by the NN interaction of atom
pairs. The attractive interaction leads to segregation, the re-
pulsive one to a solid solution. Our finding indicates that at
low coverages a random distribution of isolated Co impuri-
ties in the Pd surface is energetically favorable. A small at-
tractive interaction between the two Co impurities around 4
A may play an important role only at very low temperatures
leading to the dimer formation on the NNN sites. With in-
creasing temperature the energy of Co impurities will be suf-
ficient to overcome the repulsive barrier around 6 A and Co
dimers on the NNN sites will be destroyed. Presumably
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FIG. 4. Calculated interaction energy versus Co-interatomic
distance.

113403-3



BRIEF REPORTS

metastable Co dimers on the NN sites can be formed in the
PLD experiments due to a rather large thermal energy of
incoming Co atoms.

In summary, we have studied the structure of the
Co/Pd(001) interface prepared by TD and PLD. While an
epitaxial fct-Co layer grows on Pd(001) in the case of TD,
substantial alloying is observed for PLD. Atomic scale simu-
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lations fairly well reproduce the experimentally derived alloy
concentrations. Within the alloy layers, the Co-Co interaction
shows an oscillating behavior, which is repulsive for nearest
neighbors and attractive for next-nearest neighbors.

The authors acknowledge the technical support of W.
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