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Misfit-Induced Modification of Structure and Magnetism in O/Fe(001)-p(1 X 1)
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The geometry of oxygen atoms in hollow sites of Fe nanoislands (2 = 1-2 nm) on Fe(001) is modified
by mesoscopic misfit-induced relaxations of the island atoms. Surface x-ray diffraction, scanning
tunneling microscopy, and ab initio calculations indicate a 0.3 A increased adsorption height
[0.7 A versus 0.4 A in O/Fe(001)-p(1 X 1)] of O atoms going in parallel with a reduced Fe-Fe layer
spacing inducing a reduction of the surface magnetic moment (2.85up versus 3.2up). Our results
demonstrate the importance of the mesoscopic misfit for surface physical properties in general.
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The fascinating properties of nanoscale materials stem
from their unique structural property, namely, the presence
of a large fraction of low coordinated atoms. In 1947,
Pauling suggested that a reduced number of bonds should
result in a shorter interatomic distance [1]. Also, the
Smoluchowski smoothing of the charge density induces
an inward contraction of surface and rim atoms [2].
Although these views were established more than half
a century ago, only a few quantitative studies have
been published, providing evidence for the finite size
driven rearrangement of atoms in two- (2D) and three-
dimensional nanoscale systems [3-5].

In this context, simple hetero- or homoepitaxial systems
like Co/Cu(001) or Fe/Fe(001) where the adatoms form
2D nanoislands of =1-2 nm in diameter represent proto-
type systems. For instance, in the case of Co/Cu(001),
molecular dynamics calculations by Stepanyuk et al. [6]
have predicted a reduction of the average interatomic
distance by up to 5% (= 0.10 A) relative to the bulk value
(2.51 A). Results of experimental studies on Co nanois-
lands grown in monoatomic height on Cu(001) [4,5] were
in perfect agreement with these predictions. The atomic
rearrangement, which is commonly referred to as ‘“meso-
scopic misfit” (MM) has wide implications on the physical
properties of nanoscale adsorbate systems also. For
instance, using scanning tunneling spectroscopy experi-
ments on Co/Cu(111), Rastei et al. [7] found island
size-dependent changes of the energetic positions of the
occupied and unoccupied surface states.

Nevertheless, understanding the MMe-induced re-
arrangement of the surface atomic structure and its con-
sequences for surface physical properties is just at the
beginning. For our investigations of the MM-induced
changes of the atomic geometry, we have chosen the
homoepitaxial interface structure Fe/O/Fe(001)-p(1 X 1),
since almost perfect layer-by-layer growth is achieved
owing to the surfactant effect of oxygen atoms adsorbed
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on the Fe(001) surface prior to deposition of Fe [8].
Also, the O/Fe(001)-p(1 X 1) surface has been thoroughly
investigated with regard to its structure and magnetic
properties [9—17]. Oxygen is located in the fourfold hollow
sites of the Fe(001) surface at a vertical height of 0.48 =
0.08 A. The concomitant expansion of the first Fe-Fe
interlayer distance to 1.66 = 0.02 A [16] is related to an
increase of the surface magnetic moment as predicted
theoretically [10] and verified experimentally using
second harmonic generation (SHG) [14] and spin polarized
metastable deexcitation spectroscopy (SPMDS) [11]. Both
studies indicated an oscillatory behavior of the surface
magnetic moment with maxima and minima at full and
half-filled layers, respectively. Although it is tempting
to speculate that there is a direct relation between the
surface magnetic moment with the surface structure, no
quantitative analysis providing atomically resolved data
exists so far.

We have carried out surface x-ray diffraction (SXRD)
and scanning tunneling microscopy (STM) experiments
combined with ab initio calculations to elucidate the
atomic geometry of submonolayer (ML) thick Fe films
grown on O/Fe(001)-p(1 X 1). We find quantitative
evidence for MM-driven modifications of the adsorption
geometry involving changes of the oxygen adsorption
position and of the Fe-Fe interlayer spacing, the latter
sensitively influencing the surface magnetic properties
[10,13]. Our results provide evidence for the importance
of the MM concept which goes far beyond the simple
epitaxial systems studied so far.

Experiments were carried out in an ultra-high-vacuum
system equipped with a variable temperature STM and at
the beam line ID03 of the European Synchrotron Radi-
ation Facility in Grenoble, France. The Fe(001) crystal was
prepared following the procedure described by Kirschner
[18] to achieve a surface free of contaminants within
the sensitivity limit of Auger-electron spectroscopy. The
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O/Fe(001)-p(1 X 1) surface was prepared by dosing about
10 L of oxygen at a pressure of 1 X 10~% mbar followed by
annealing at 500 °C for 1 min. Subsequently, Fe was depos-
ited on the sample kept at room temperature by evaporation
from an Fe rod heated by electron bombardment.

Formation of a well-ordered O/Fe(001)-p(1 X 1) sur-
face was verified by SXRD (see below). The intensity
distribution along the crystal truncation rods (CTRs)
were in perfect agreement with corresponding data col-
lected earlier [16]. A 2D pixel detector allows for the
precise collection of diffraction intensities by at least 2
orders of magnitude faster than previously possible by
using a point detector [19]. The amount of Fe deposited
was calibrated by the intensity oscillations at the antiphase
(01 0.1) scattering condition. First, we discuss the STM
experiments.

Figure 1 shows an 8.0 X 3.6 nm? constant current STM
image of two Fe islands (U = —0.2 V, I = 100 pA) of
about 4 nm (left) and 1.5 nm (right) in diameter. In this
experiment, 0.18 ML Fe were deposited (here, and in the
following, 1 ML corresponds to one adatom per substrate
atom, i.e., 1.20 X 10" atoms/cm?). This sample was pre-
pared by mild annealing (150 °C) to achieve an inhomoge-
neous size distribution.

The O/Fe(001)-p(1 X 1) structure on the substrate sur-
face and in the center of the large island is atomically
resolved, where the protrusions are related to the adsorbed
oxygen atoms [17]. Note that a distinct difference with
regard to geometric and/or electronic structure exists
between the flat O/Fe(001)-p(1 X 1) structure and that at
the rim of the large nanoisland, which is related to the
increased STM contrast and the lack of atomic resolution.
If the island diameter becomes smaller than 2-3 nm, the
island is characterized by the “‘rim state’” as can be seen for
the small island.

The inset shows the profile along the white line starting
from the lower terrace running across the small and the
large island. We find a (apparent) height difference of
approximately 2 A between the lower terrace and the island
rims and a height difference of 0.75 A between the island
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FIG. 1 (color online). Constant current (U = —0.2 V sample
bias, 7 = 100 pA) STM image (8 X 3.6 nm?) showing two dif-
ferently sized Fe nanoislands deposited on O/Fe(001)-p(1 X 1).
The profile along the line is shown in the inset.

rim and the island center. There is also a height difference
of =2 A between the levels of the terrace and the small
island, indicating a close resemblance between their
structures.

In a second step, SXRD experiments were carried out to
derive quantitative structure parameters. In total, seven
data sets were collected after depositing Fe between 0.25
and 1.50 ML, each after the preparation of a fresh surface.
In general, for each data set, about 600 reflections were
collected reducing to approximately 300 by symmetry
equivalence after averaging on the basis of the p4mm plane
group symmetry. The reproducibility of symmetry equiva-
lent reflections is excellent, and we derive an uncertainty
(1o level) of the | F |’s of the order of 2%—4%. As an
example, the symbols in Figs. 2(a) and 2(b) represent
experimental structure factor amplitudes (| F |) along two
high-index CTRs, where squares correspond the ‘“‘clean”
O/Fe(001)-p(1 X 1) sample, and the circles represent the
data after depositing 0.5 ML of Fe on O/Fe(001)-p(1 X 1).
Owing to the high p4mm plane group symmetry of the
structure and the occupation of in-plane positions (x, y) =
(0,0) or (Y2, ¥%), the CTRs shown are representative for
all data where two types of CTRs can be distinguished
according to the conditions (i) 4 + k = 2n + 1 [Fig. 2(a)]
and (ii) & + k = 2n [Fig. 2(b)] with n integer. CTRs of
each type have the same overall shape due to the identical
in-plane phase factor exp[i27(hx + ky)].
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FIG. 2 (color). (a), (b): Experimental (symbols) and calculated
(lines) structure factor amplitudes along two CTRs for
O/Fe(001)-p(1 X 1) (squares) and 0.5 ML Fe on
O/Fe(001)-p(1 X 1) (circles). The dashed red line corresponds
to the calculated | F |’s assuming a hypothetical pure island-rim
structure. (c), (d): Contour plots of GOF versus oxygen adsorp-
tion heights and first Fe-Fe interlayer spacings at the rim and
terrace structures. Labels refer to Fig. 3(a). The cross marks the
minimum. The contour level spacing relative to the minimum
(GOF = 1.2) is indicated.
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The solid lines in Fig. 2 represent the calculated | F |
using the program Prometheus [20]. The fit quality which
is quantified by the unweighted residual (R,) or by the
goodness of fit (GOF) parameter [21] is excellent in all
cases; values in the range of R, = 4%—-5% were achieved
corresponding to the experimental uncertainty (GOF = 1).
At first, it can be seen that dosing of Fe on the
O/Fe(001)-p(1 X 1) surface strongly modifies the CTRs,
leading to a reduction of | F |’s due to the antiphase
scattering most pronounced in the vicinity of the antiphase
condition. For the flat oxygen covered Fe(001) surface, we
reproduce the results of Parihar et al. [16].

For the Fe-dosed sample, the CTRs were fitted by a
coherent average over two structures, namely, the flat
terrace structure shown on the left of Fig. 3(a) and the
rim-island structure shown on the right. Large (gray) and
small (red) balls represent Fe and oxygen atoms, respec-
tively. The atoms in Fig. 3(a) are labeled accordingly by
subscripts ¢ and r for the terrace and rim (island) structure,
respectively. Figure 3(b) shows the STM image (U =
—0.6 V, I = 100 pA) of a sample, which is covered by
~ (0.6 ML Fe, indicating that the SXRD analysis probes the
small island case characterized by the ‘“‘rim state” only.
There is no terracelike structure observable; instead, bright
spots within the islands are observed, which might be
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FIG. 3 (color online). (a) Model for 0.5 ML of Fe on
O/Fe(001)-p(1 X 1) showing the terrace (left) and the island
(right) structure. Numbers represent distances in angstrom units.
Interatomic distances: O,-Fe,, 2.12 A; O,-Fe,, 2.14 A; O,-Fe,,
2.04 A; O,/Fe,, 207 A. (b) A 20 X 10 nm*> STM image of
0.6 ML Fe/O/Fe(001)-p(1 X 1) showing the approximate mor-
phology of the sample studied by SXRD. (c) Profile along the
line in (b).

attributed to the somewhat different tunneling conditions.
Nevertheless, the line profile in Foig. 3(c) indicates an
apparent island height of nearly 2 A, in close correspon-
dence to the height of the small island in Fig. 3.

The O/Fe(001)-p(1 X 1) structure on the terrace is
characterized by oxygen atoms (O,) located 0.42 = 0.10 A
above the level of Fe atoms labeled by Fe,. In parallel,
the first Fe-Fe interlayer spacing between Fe, and unrelaxed
Fe bulklike atoms (Fe,) equals 1.62 + 0.02 A. These
values are close to those found for a flat well-ordered
O/Fe(001)-p(1 X 1) structure (0.48 = 0.08 and 1.66 *
0.02 A according to Ref. [16]). In the island structure, the
island atoms labeled Fe, reside 1.43 = 0.03 A above Fe,.
Oxygen atoms O, are located 0.69 + 0.10 A above Fe, in
hollow sites. Within the error bars, the spacing between Fe,
and Fe;, beneath the islands is identical to that within the
terrace region (1.62 A), indicating relaxations in the Fe, layer
below the island.

The SXRD analysis provides evidence for substantial
modifications of the O/Fe(001)-p(1 X 1) structure. In
combination with the STM images, we conclude that the
“rim state” observed in STM images as a bright contrast
(Fig. 1) is primarily related to the adsorption geometry of
the oxygen and Fe island atoms, since the height difference
between the terrace and the island in the 2 A range
approximately corresponds to the SXRD-derived height
difference of 2.1 A between the level of Fe; and O, (note
that the corrugation induced by the O, atoms is in the 0.1 A
range only [17]).

We emphasize that due to the very large and accurate
CTR data, the SXRD structure model is highly precise and
reliable. Many other structure models were considered,
but no agreement factors even close to those achieved
(R, = 4.5%, GOF = 1) were obtained. For instance, the
red dashed lines in Figs. 2(a) and 2(b) represent the calcu-
lated | F |’s assuming a full layer of the rim state only
which significantly deviates from the experimental
ones (R, = 10.3%, GOF =2.4). In more detail, Figs. 2(c)
and 2(d) show contour plots of the GOF versus the two
oxygen adsorption height positions and the corresponding
Fe-Fe interlayer spacings [see Fig. 3(a)]. The relative
increase of GOF (in percent) from the minimum (marked
by the cross) is indicated. In both cases, a clear absolute
minimum is obtained.

The experimental results are supported by ab initio
calculations, which were carried out in the framework of
density functional theory (DFT) as implemented in the
VASP code [22]. The exchange and correlation energies
are approximated with the gradient-corrected functional
of the electronic spin densities as parametrized by
Perdew et al. [23]. The sampling of k space is performed
with the Monkhorst and Pack method [24]. Projector aug-
mented wave potentials [25], a plane-wave energy cutoff of
400 eV, and a Gaussian smearing with a width of 0.02 eV
for partial occupancies are used in the calculations.
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FIG. 4 (color online). Calculated geometry of an Fe nanoisland
consisting of a terrace structure in the center (¢) and the rim (r)
structure similar to that shown in Fig. 1(a). Calculated magnetic
moments for atoms Fe, and Fe, are indicated. Note the largely
different length scales along the x and & direction.

The structure of the Fe nanoisland is approximated by a
1 nm wide stripe along the bulk [100] direction as shown in
Fig. 4. Note that in order to simulate a model close to the
experimental conditions, we have applied periodic bound-
ary conditions; i.e., there is an array of islands, each being
30 A apart from each other. The model in Fig. 4 approxi-
mately corresponds to the case shown in Fig. 1(a) charac-
terized by a terracelike structure with atoms O, and Fe, in
the island center and the rim structure with atoms O,
and Fe,. This allows us to elucidate all important details
of both the terrace and the island structure in one figure.
The simulation of the terrace structure based on a large-
ordered O/Fe(001)-p(1 X 1) structure does not lead to
different results.

All positions were allowed to fully relax. Calculation of
the oxygen adsorption site geometry in the center of the
island (O;) corresponding to the terrace structure, reveals
close agreement with the experiment, namely, a 0.44 A
adsorption height of O, above the level of Fe atoms (Fe,)
and an expansion of the first Fe-Fe interlayer spacing to
~1.63 A. We conclude that the structure within the center of
the large island is close to that of a flat O/Fe(001)-p(1 X 1)
terrace. This is also supported by the STM image shown
in Fig. 1(a) in which the O/Fe(001)-p(1 X 1) structure is
clearly observable inside the island.

The structure at the island rim is distinctly different from
that of the terrace: The oxygen adsorption height is calcu-
lated to 0.67 A (0.69 A in the experiment) if the height is
referenced to the Fe, atom of the island while the first
Fe-Fe interlayer distance equals 1.42 A (143 A in the
experiment). The experiment and theory are in fair agree-
ment, but we note that there is some discrepancy with
regard to the width of the rim structure. In the STM image,
it is about 0.5 to 1 nm in width, while it is only one atomic
row (= 2.9 A) in the calculations. Correspondingly, the
small island (@ = 1.5 nm) in Fig. 1(b) entirely exhibits
the rim structure, but the calculation of a relaxed island of

the same size as shown in Fig. 4 already shows a terracelike
structure in the interior.

Nevertheless, we can conclude that although the DFT
calculations cannot provide all the details of the real struc-
ture, the most important characteristics, such as the inward
relaxation of the Fe atoms and the concomitant expansion
of the oxygen adsorption height, are in fair agreement with
the experiment.

On the basis of the results, a straightforward answer
to the longstanding problem to interpret the oscillatory
behavior of the surface magnetic moment measured by
SHG [14] and SPMDS [11] upon deposition of Fe can be
given. At full coverage corresponding to the formation of
the O/Fe(001)-p(1 X 1) surface, the magnetic moment
(m) is enhanced as a consequence of the enhanced first
layer spacing inducing a narrowing of the d states [10,13].
We calculate m = 3.21up (3.27up in Ref. [13]) and
0.22up for the surface Fe and the oxygen atom on the
terrace, respectively. For Fe,, the magnetic moment is
reduced to m = 2.85up due to the reduced interlayer
spacing (1.43 A). The oxygen magnetic moments as well
as those of deeper lying Fe atoms (= 2.63 up) are almost
constant along the x coordinate.

A rough estimate shows that the calculated relative
change of the surface Fe magnetic moment is in fair
agreement with the relative magnitude of the magnetic
signal oscillations (10%) reported in Ref. [14]. At half-
layer coverage, 50% of the surface Fe atoms [islands,
Fig. 1(b)] have a magnetic moment of m = 2.85u g, while
the other half on the terrace still has m = 3.21up. On
average, this corresponds to a reduction of =6%, i.e., in
the correct range, allowing us to conclude that the changes
of the local atomic geometry induces the oscillating
surface magnetic moments observed previously.

Finally, we note that in addition to SHG and SPMDS,
which probe the average surface magnetic moment, spin
polarized STM and STS experiments with atomic resolu-
tion allow us to study the local spin polarization as shown
by Tange et al. [17] for the O/Fe(001)-p(1 X 1) terrace
structure. In general, spin polarized STM and STS experi-
ments provide the 9I/9V asymmetry of the tunneling
current which is proportional to the spin polarization
[26]. Our DFT calculations suggest that the differences
between the local spin polarization of the island and terrace
Fe atoms should be large enough to be detected at least
in an energy range 0.2 eV away from the Fermi level.
Nevertheless, a direct evaluation of the local magnetic
moments is not possible.

In summary, we have presented a combined experimen-
tal and theoretical analysis of the geometric structure of
oxygen atoms adsorbed on Fe nanoislands on Fe(001).
STM in combination with precise SXRD experiments
supported by DFT calculations have given clear evidence
for mesoscopic misfit-induced modifications of the
O/Fe(001) adsorption geometry including the vertical
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oxygen adsorption position and the first Fe-Fe interlayer
spacing, the latter sensitively affecting the magnetic
moments of the Fe atoms. Our results for the O/Fe(001)
adsorbate system are of importance for adsorption systems
at the nanoscale in general.
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