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The x-ray structure analysis of the oxygen-surfactant-mediated growth of Ni on Cu(001) identifies up to
0.15 monolayers of oxygen in subsurface octahedral sites. This questions the validity of the general view
that surfactant oxygen floats on top of the growing Ni film. Rather, the surfactant action is ascribed to an
oxygen-enriched zone extending over the two topmost layers. Surface stress measurements support this
finding. Our results have important implications for the microscopic understanding of surfactant-mediated
growth and the change of the magnetic anisotropy of the Ni films.
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A well-established procedure to obtain atomically flat
films in heteroepitaxial and homoepitaxial growth is the
application of so-called surfactants. These surfactants are
deposited onto the substrate surface prior to or during film
growth and lead to an atomically flat morphology of the
deposited film, as discussed in numerous studies [1–7].

The surfactant action has been ascribed in a thermo-
dynamical description to the surfactant-induced lowering
of the surface free energy [1]. Recent experimental and
theoretical works have identified surfactant-induced mod-
ifications of the atomic diffusion processes on surfaces and
at steps as essential aspects for the improved 2D growth
[3,4,8,9].

This picture of the surfactant action leads to the widely
accepted assumption that the surfactant floats on the outer
surface of the growing film. In view of the involved bond-
breaking and diffusion steps of the surfactant during film
growth, this is a most remarkable hypothesis, and it awaits
experimental justification.

Whereas the surfactant action leading to an improved 2D
growth has been explored for many systems, studies of the
atomic structure at the substrate-film and the film-vacuum
interface of a surfactant growth system are scarce.

It is the goal of this study to clarify the exact atomic po-
sition of a surfactant after termination of surfactant-
mediated growth. To this end we have investigated a pro-
totype system, namely, the oxygen-mediated growth of Ni
on Cu(001). The use of oxygen as a surfactant for the sub-
sequent Ni growth starts with the preoxidized Cu(001)
surface, which exhibits the missing-row (MR) (
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) R45� reconstruction. Subsequent Ni adsorption leads
to an improved layer-by-layer growth. It has been proposed
that here oxygen floats on top of the Ni surface, where it
forms a c�2� 2�-O structure [10,11].

In addition to its importance as a surfactant, oxygen has
been identified to reduce the surface magnetic anisotropy
energy (KS1) of the Ni film. It induces a reduction of the
film thickness from 11 monolayer (ML) (clean Ni film) to
5 ML (oxygen covered) at which the ‘‘unusual’’ spin-
reorientation transition (SRT) from in plane to out of plane

takes place. Recent work has identified a delicate interplay
between subtle structural details, adsorbate coverage, and
the magnetic anisotropy of this system [5,11–15].

Our surface x-ray diffraction (SXRD) and stress mea-
surements clearly indicate that the previous structural
model is too simple. We find compelling evidence for
oxygen in subsurface octahedral interstitial sites. Thus, the
surfactant action of oxygen should rather be ascribed to an
oxygen-enriched zone near the surface of the growing film.
Former work has lacked the high layer resolved sensitivity
and accuracy of our SXRD structure analysis. Thus,
although the former conclusions were in agreement with
previously published data, they miss decisive aspects of the
structural and chemical details near the top surface, which
are presented here.

We find substantial structural relaxation and chemical
inhomogeneity in the two topmost surface layers. This
calls for a reexamination of the mechanisms of
surfactant-mediated growth and for the previously found
modified magnetic anisotropy of surfactant-grown Ni
monolayers [5].

Experiments were performed in two separate UHV sys-
tems optimized for SXRD and in situ stress measurements,
respectively. The SXRD experiments were carried out at
the beam line ID03 of the European Synchrotron Radiation
Facility in Grenoble, France. SXRD is well suited to
precisely analyze the bonding geometry at surfaces and
interfaces [16], including even submonolayer quantities of
oxygen [17].

The same crystal preparation by ion bombardment (Ar�,
1 keV) and subsequent annealing at 720 K was performed
for stress and SXRD experiments prior to oxygen adsorp-
tion and Ni deposition. The (
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) R45� reconstruc-
tion was formed by exposing Cu(001) at 500 K to a partial
pressure of oxygen of 10�6 mbar and was monitored by
measuring a characteristic superlattice reflection. Simi-
larly, the deposition rate of the subsequently deposited Ni
film was calibrated by monitoring the intensity oscillations
of the (1 0 0:1) crystal truncation rod (CTR) reflection
intensity close to the (100) antiphase condition (indexing

PRL 99, 116101 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
14 SEPTEMBER 2007

0031-9007=07=99(11)=116101(4) 116101-1 © 2007 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.99.116101


of the reflections is based on the primitive setting of the
surface unit cell).

Stress measurements were performed by the crystal
curvature technique, where the stress-induced change of
curvature of a 0.1 mm thin Cu(001) crystal is monitored by
an optical deflection technique [18]. Thus, the adsorbate-
induced change of surface stress �S and the stress � during
deposition of a film of thickness tF are determined with
high accuracy (�0:05 N=m). Oxygen-induced surface
stress changes during oxygen exposure at 500 K and low-
energy electron-diffraction (LEED) pattern were recorded
to identify the formation of the missing-row reconstruction
[18]. Medium-energy electron-diffraction intensity oscil-
lations were used to calibrate the Ni growth rate in the
stress measurement.

The stress measurements of Fig. 1 provide compelling
evidence that the previously supported view of oxygen
floating on top of the Ni film after completion of oxygen-
mediated surfactant growth is not appropriate. The solid
(blue) curve indicates that the deposition of 8 ML Ni on
Cu(001) (1 ML � 0:17 nm) induces a tensile stress of
5:13� 0:05 N=m. This stress change is ascribed to the
lattice misfit induced film stress [19].

The stress change during Ni deposition onto the O-
induced MR reconstruction of Cu(001) is shown by filled
(red) circles. This scenario corresponds to the previously
described O-mediated surfactant growth of Ni on Cu [5].
Here, the overall stress change after deposition of 8 ML is
4:64� 0:05 N=m. After deposition, LEED and SXRD
identify a c�2� 2�-O surface structure. To compare the
overall stress change between both growth modes, we need
to consider the O-induced surface stress change of the Ni
film.

Thus, we also measured the surface stress change due to
the formation of a c�2� 2�-O surface structure on top of
the 8 ML Ni film. The O-surface structure is prepared by
exposing the Ni film to a partial pressure of oxygen of 1�
10�8 mbar at 300 K for 1730 s, as shown in the inset of
Fig. 1. We measure an O-induced compressive surface
stress change of �1:0� 0:05 N=m, as shown in the lower
curve of the inset of Fig. 1. We conclude that the overall
stress change starting from clean Cu(001) and ending with
a c�2� 2�-O=8 ML Ni=Cu�001� system amounts to
4:13� 0:07 N=m. This differs significantly from the value
of 4:64 N=m measured for the O-mediated surfactant
growth.

We find a 0:51 N=m larger stress change for the O-
surfactant-mediated growth as compared to Ni film growth,
followed by O adsorption. We take this as a direct hint that
the resulting O-Ni-Cu systems are not identical, and this
contrasts with the picture presented in previous work on
the surfactant action of oxygen. We do not observe the full
stress relaxation for the O-surfactant growth as compared
to the c-�2� 2�-O structure on top of Ni(001) suggesting
that not all of the oxygen floats on top of the Ni film, which
was prepared under O-surfactant growth conditions. The
following SXRD analysis identifies up to 15% of a ML
oxygen residing in subsurface sites, which offers a con-
clusive explanation why a smaller O-induced stress relaxa-
tion is observed.

Four different and independent samples with a Ni film
thickness of 1.25, 2.25, 3.00, and 5.00 ML deposited on the
missing-row reconstructed Cu(001) surface were analyzed.
For each preparation in total about 330 reflections along
four symmetry independent CTRs and two superlattice
rods (SLRs) characteristic for the c�2� 2� superstructure
were collected reducing to about 230 by symmetry equiva-
lence. The structure factor amplitudes jFj were derived
from the integrated intensities by correcting the data for
geometric factors [20].

Solid symbols in Figs. 2(a)–2(c) represent the jFj’s for
the 1.25 ML sample along the (10‘) and (11‘) CTR [2(a)
and 2(b)] as well as along the (1=2 1=2 ‘) and the
(3=2 1=2 ‘) SLRs [2(c)], respectively. In the case of the
CTRs we focus on the surface sensitive, low intensity
regime between the bulk Bragg reflections, characterized
by the condition h� k� ‘ 	 2n with n integer.

The solid (black) lines of Fig. 2 represents the best fit to
the experimental data. The fit quality is expressed by the
unweighted residuum (Ru) and by the goodness of fit
(GOF) parameter [21]. The latter considers experimental
uncertainties and the relation between the number of data
points and fitting parameters. The high symmetry of the
structure justifies that for each atomic position only the z
parameter needs to be varied leading to 10–20 free pa-
rameters ensuring a significant overdetermination of the
refinement problem. The analysis further benefits from low
correlations (jCj< 0:7) between the parameters. For Ru
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FIG. 1 (color online). Stress change during deposition of 8 ML
Ni on Cu(001) (solid line) and on the missing-row reconstructed
(
���
2
p
� 2

���
2
p

) R45� Cu(001) (filled circles). Inset: Surface stress
change during O2 exposure of the 8 ML Ni=Cu�001� system,
leading to a c�2� 2�-O structure. All measurements were per-
formed at 300 K.
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and GOF, values as low as 0.047 and 0.90, respectively,
were achieved, indicating the excellent fit quality.

We derive a complex surface structure, where layer
buckling and different oxygen positions are found. Up to
about 1=3 of the total amount of oxygen resides in subsur-
face sites within the second layer while the remaining
fraction is located in surface hollow sites. The overall O
content is found by SXRD to be 0.5 ML, indicating that all
oxygen is bound in an ordered structure.

The structure model for 1.25 ML Ni serves as a repre-
sentative example, which is shown in Fig. 3. Surface oxy-
gen atoms reside in hollow sites at h 	 0:3–0:4 �A
(�0:05–0:10 �A) above the top Ni layer, in reasonable
agreement with theoretical predictions (0.51 Å) [11], and
in very good agreement with surface extended x-ray ab-
sorption fine structure experiments (0.41 Å). This corre-
sponds to a Ni-O bond length of 1.85 Å [7]. We also find

rumpling within the topmost layer, where the atoms di-
rectly above the subsurface oxygen atoms are shifted up-
wards by 0.21 Å, while those with no oxygen beneath are
shifted downwards by 0.14 Å leading to a total rumpling of
0.35 Å, as indicated in Fig. 3. Rumpling is attributed to the
accommodation of oxygen interstitial atoms. Without rum-
pling, the interstitial O-Ni bond length would be as small as
1.81 Å. With rumpling, the local structure around the
interstitial oxygen is still under anisotropic strain due to
the short Ni-O distance of 1.85 Å (out of plane) and 1.81 Å
(in plane), as compared to the bulk Ni-O bond length of
2.08 Å. We conclude that interstitial oxygen is energeti-
cally favorable only in the subsurface site, where stress
relief is possible by top-layer rumpling. We propose that
this structural aspect originally discussed by Tersoff [22] in
the context of surface alloy formation in lattice mis-
matched systems limits the distribution of oxygen to the
hollow site on top and to the interstitial sites in the subsur-
face layer and provides an explanation for the segregation
behavior of the oxygen-surfactant layer.

Subsurface oxygen is necessary to obtain a high fit
quality. To illustrate this point, we show the dashed (red)
lines in Fig. 2, where we wrongly consider exclusively
surface oxygen. This leads to a bad fit of the data points
characterized by almost threefold increased quality factors
(Ru 	 0:107 and GOF 	 2:82) as compared to the proper
model (black solid lines). The dependence of the GOF on
the oxygen subsurface occupancy is shown in Fig. 2(d).
The smallest GOF value is obtained for an oxygen occu-
pancy in the subsurface site of � 
 0:15 ML. Any devia-
tion from the optimum value leads to a worse fit quality,
such as, e.g., GOF 	 2:82 in the case of no oxygen in
interstitial sites at � 	 0 ML.

Note that subsurface oxygen has been identified before
in studies on the catalytic activity of metal substrates
[23,24]. Our results show that even moderate exposure
under UHV conditions at 300 K leads to subsurface
oxygen.

The evolution of the interface structure with Ni coverage
is summarized in Fig. 4. For achieving high quality fits all
details of the near surface structure including surface
roughness (incomplete layers) and adsorption of oxygen
thereon are taken into account. Subsurface oxygen is al-
ways present in concentrations up to nearly 20% of a ML.
At larger Ni coverage, the subsurface oxygen concentra-
tion slightly decreases, but stays well above the detection
limit of about 0.05 ML. In agreement with previous studies
[11], oxygen atoms remain in the surface region with
increasing Ni coverage. This result suggests that surface
and interstitial oxygen float at the top of the growing film.
Thus, the former picture of oxygen floating on top during
Ni growth should be replaced with an oxygen-enriched
zone, extending over the two topmost layers of the Ni film.

The SXRD analysis offers an explanation for the smaller
stress relaxation for oxygen-mediated surfactant growth

FIG. 3 (color online). Structure model for 1.25 ML
Ni=O=Cu�001�. Blue (dark), green (gray), and small (red)
spheres represent Cu, Ni, and O atoms, respectively. Layer
stoichiometry is given on the left. Distances are given in ang-
stroms. Layers are numbered from 0 to 3.
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FIG. 2 (color online). (a)–(c) Measured (symbols) and calcu-
lated (lines) structure factor amplitudes for 1.25 ML
Ni=O=Cu�001�-c�2� 2�. Black (solid) and red (dashed) lines
represent fits corresponding to the structure models with subsur-
face oxygen and surface oxygen only, respectively. (d) GOF
parameter versus oxygen subsurface occupancy.
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as compared to oxygen adsorption on a Ni film. Previous
work on the oxygen-induced change of surface stress of
metallic systems has shown a monotonously decreasing
surface stress with oxygen surface coverage [18]. Thus,
the smaller surface coverage of oxygen for the surfactant
growth (0.3–0.4 ML) as compared to oxygen adsorption on
Ni (0.5 ML) is expected to induce a smaller surface stress
relaxation, in agreement with our stress measurements.

Oxygen in subsurface interstitial sites reveals a driving
force for surface rumpling and local strain variations
within the surface layer. Surface strain has an important
impact on surface diffusion [25]. We propose that the
surfactant-induced variation of the strain within the surface
region is another factor, which leads to the surfactant
action of an adsorbate.

Our results of oxygen in subsurface octahedral intersti-
tial position has also considerable impact on the discussion
of the modified magnetic anisotropy of surfactant-grown
Ni films. Previous studies have considered a sizable reduc-
tion of the magnetic surface anisotropy (KS1

) from�107 to
�17 �eV=atom, which drives the oxygen-induced shift of
the SRT from in plane to out of plane of Ni films [10].
Calculations reproduce the oxygen-induced reduction of
the magnitude of KS1

qualitatively; quantitatively a small
positive value for KS1

of the O=Ni interface is found [5], in
contradiction with experimental results. Although most
structural details of the calculations [5], such as the ex-
panded top-layer spacing (1.84 Å) and the presence of
some rumpling in the subsurface layer (0.03 Å), are in
reasonable agreement with our experimental results, the
calculations neglect subsurface oxygen, and its effect on

KS1
is not included. In view of the intimate relation be-

tween magnetic properties and structural details of this
system [15], future calculations need to include oxygen
in subsurface octahedral interstitial sites. This may resolve
the discrepancy between experiment and calculation re-
garding KS1

in the description of the oxygen-induced SRT.
In summary, our SXRD study of the oxygen-surfactant-

mediated growth of Ni on Cu(001) has revealed that a
significant fraction (
1=3 of the deposited oxygen) resides
in subsurface octahedrally coordinated interstitial sites in-
volving lattice distortions and compositional inhomogene-
ity. This suggests a revision of the traditional view of
surfactant action by considering a surfactant-enriched
zone rather than a surfactant adsorbed on top of the grow-
ing film. The corresponding rumpling of the surface layers
needs to be considered for the understanding of the sur-
factant action and its role for surface stress relaxation and
magnetic anisotropy.
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FIG. 4 (color online). Layer resolved concentrations in percent
of a ML for Cu (blue squares), Ni (green circles), and oxygen
(red triangles). Layer 0 corresponds to the topmost pure Cu
layer, as shown in Fig. 3.

PRL 99, 116101 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
14 SEPTEMBER 2007

116101-4


