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Electronic properties of Fe, on Pd(111): From single adatoms to islands
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The electronic structure of small Fe nanoclusters was investigated by means of scanning tunneling
microscopy/spectroscopy and ab initio calculations. Unoccupied electronic states of Fe were found for all the
examined nanostructures. Ab initio calculations clarify that STS actually probed s-p electrons resonantly

scattered at d 2 states of Fe nanostructures.
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Undoubted advances in modern science and technology
tend to extreme miniaturization of elements of magnetoelec-
tronic devices down to an atomic scale. Electronic and mag-
netic properties of such systems are governed by quantum
effects and depend on a great extent upon the exact structure
and atomic species involved. The development of the low-
temperature scanning tunneling microscopy/spectroscopy
(LT STM/STS) techniques has induced intensive studies on
nanoscale and subnanoscale atomic structures. STM provides
a powerful tool for atomic manipulations: dimers, small
clusters,! branched wires,? linear chains,® and large atomic
corrals* can be assembled by means of the STM. At the same
time, STS maps electronic and magnetic properties in the
atomic resolution, thus allowing detailed studies of adatoms
and small clusters adsorbed on metal or semiconductor sur-
faces.

The first STS studies of single Fe adatoms adsorbed on
metallic Pt(111) substrate were performed by Crommie er
al.’ The spectra they acquired above Fe adatoms exhibited a
resonance at +0.5 eV relative to the Fermi energy (Ey). This
feature had a width of approximately 0.6 eV and disappeared
after a tip was moved away from the Fe adatom. Room-
temperature STS investigations of Fe adatoms on W(110) by
Bode et al.® revealed a similar empty-state peak at 0.5 eV
above E. The spectra of Fe adsorbates appeared to be inde-
pendent from the chosen substrate and therefore they were
suggested to be quite a general fingerprint of Fe species.

The origin of the resonance at +0.5 eV has been dis-
cussed in the literature since the invention. Crommie et al.’
claimed that the resonance centered at +0.5 eV originated
from the Fe s orbital. This conclusion was based on the work
by Lang,” who considered a “prototype” transition-metal
adatom (Mo) and found that it induced two resonances: a
narrow d-resonance (~1 eV wide) slightly below E and a
broader s resonance (~2 eV wide) centered approximately 1
eV above Ej. Note that the STS feature was observed by
Crommie et al.’ exactly in between these two energies.
Moreover, these results are supported by the paper by Lee et
al.,® who showed that the STS performed on Co, Fe, and Mn
adatoms was insensitive to the spatially localized d states.
On the other hand, STS on Co on Pt(111) revealed distinct
peak features slightly below Ep>!° and the reasoning of
Lang unambiguously links them to d states of Co. Some
additional important information can be achieved from ab
initio calculations. Co and Fe adatoms on metal surfaces are
generally characterized by the minority d states situated near
Ep3" In particular, on Cu(111) substrate d states of Co and
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Fe adatoms fall at 0.0 and +0.2 eV, respectively,'' on
Pt(111) at ~0.0 and ~0.35 eV,'? on Ir(111) at 0.0 and
~+0.5 eV,"2on Au(111) at 0.0 (Ref. 13) and +0.3 eV, on
NiAl(110) at 0.0 and ~+0.5 eV. Lounis et al.'' recently
demonstrated that reduced symmetry for adatom on a surface
allows resonant scattering of s and p, states at the so-called
d »-virtual bound states of adatoms,'>!¢ so the intensity of
s-p electrons above the adatom increases. It was claimed that
such s-p, resonances (but not d states directly) could be
detected by STS.

In this combined experimental and theoretical work we
study the electronic structure of small Fe nanoclusters on
Pd(111) substrate. The Fe “fingerprint” resonance found by
STS at =+0.5 eV for Fe is attributed by the theory to the
resonant scattering of s-p electrons at d-virtual bound state
of Fe.!' According to our experimental and theoretical re-
sults, the exact position of this resonance depends on the
absorption site of the Fe adatom. Strong variations in the
positions of Fe d,2 states are revealed in small Fe nanoclus-
ters: Fe fingerprint STS resonance splits and then gradually
transforms into spectrum of Fe monolayer with the increase
in the size of Fe, nanoclusters. These observations are sup-
ported by ab initio calculations.

All experiments have been carried out in an ultrahigh
vacuum (UHV) system consisting of a preparation-analysis
chamber for sample’s treatment and for sample’s surface
characterization by means of low-energy electron diffraction
(LEED) and Auger electron spectroscopy (AES). The STM
measurements were performed at 5 K with Omicron STM
located in separate STM chamber. The base pressure in our
measurement system is in the low 107'! mbar range. The
Pd(111) single crystal was cleaned by Ar*-ion sputtering us-
ing a sputter gun at 300 K and subsequent annealing for 10
min at 7=820 K. The impurity concentration (e.g., C, O, S)
is below the AES sensitivity limit of the spectrometer and a
sharp p(1X 1) LEED pattern was observed. Fe deposition
was performed at =6 K with deposition rates of 0.02 mono-
layer (ML)/min. Iron dimers, trimers, and clusters were as-
sembled by means of atom manipulation by the STM tip at
tunneling resistance of ~1 M at 5 K.!” All STS measure-
ments were performed at ~5 K. We used several tungsten
tips for recording spectra for clusters electronic structure. It
should be noted that STS spectra for single adatoms were
sometimes tip dependent for negative sample bias. All dI/dU
spectra were measured by adding a modulation voltage
Upnoa=5 mV ¢ and the frequency 17.1 kHz to the applied
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FIG. 1. (a) dI/dU spectrum of defect and impurity free area of
Pd(111) acquired at 7=5 K. Distinctive steplike feature at
~1.2 eV is the onset of Pd(111) surface state. The tunneling gap
was set at /=49 nA and U=-3 V. (b) 11.3X9.02 nm? topo-
graphic image of Pd(111) surface with two vacancy islands (black
areas) and Fe clusters (bright spots) (I=9.0 nA,U=2.52 V). (c)
dlI/dU map of the same sample area as in (b) recorded at U
=2.52 V. Standing-wave patterns of Pd(111) surface state are
clearly visible.

sample bias U and recording the dI/dU signal by a lock-in
technique to obtain information on the local density of states
(LDOS) of iron on Pd(111).

Previous inverse photoemission,'® two photon photoemis-
sion studies,'® as well as theory calculations?® revealed the
existence of the unoccupied Shockley-type surface state on
Pd(111) surface. Such a surface state is localized in the
vacuum above surface atoms and can be treated as a quasi-
two-dimensional (2D) electron gas with a parabolic disper-
sion law.?! The band bottom of the unoccupied Pd(111)
Shockley surface state was found at ~1.3 eV (Ref. 19); its
effective electron mass is equal to 0.3m,. Theoretical inves-
tigations of Heinrichsmeier et al.?” performed by means of
nonlocal density-functional theory (DFT) yielded a lower
value of surface-state band bottom (0.9 eV) and effective
electron mass (0.22m,). STS is able to detect the surface
state since it decays to the vacuum slower than Bloch states
of a crystal.>?> Typical spectra acquired on Pd(111) substrate
is demonstrated in Fig. 1(a). A very distinctive steplike fea-
ture at ~1.2 eV is the onset of the Pd(111) surface state.
Scattering of surface-state electrons at surface defects results
in the formation of standing-wave patterns.”>?* Figures 1(b)
and 1(c) demonstrate a topographical image of a part of
Pd(111) surface with two vacancy islands and a number of
Fe nanoclusters and the corresponding differential conduc-
tance map with standing-wave patterns of surface-state elec-
trons, respectively.

The electronic structure of a single Fe adatom plays a key
role in development of electronic states of larger Fe clusters.
This is the reason why we want to pay special attention to
the STS on Fe adatoms. Bulk Pd has the face-centered-cubic
(fec) crystal structure, so a Pd(111) surface provides two
different kinds of two threefold symmetry hollow sites: fcc
and hexagonal-close-packed (hcp). Atoms occupying fcc
sites continue normal fcc stacking order of the substrate,
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FIG. 2. (a) 1.2X 1.2 nm?> STM image of Pd(111) surface in
atomic resolution revealing different hollow sites image of Pd(111)
at T=5 K [U=-59.1 mV and /=15.6 nA]. (b) The line profile
recorded at the line drawn in (a). (¢) 1.7 X 3.3 nm? constant current
image of a part of Pd(111) substrate with two Fe adatoms. Stabili-
zation parameters are /=4.0 nA and U=+0.18 eV. (d) dI/dU map
of the same part of the surface simultaneously acquired at
U=+0.18 eV. Two Fe adatoms exhibit distinct contrast. (¢) STS
measured on these two Fe adatoms at /=4.0 nA and U=-1 V.

while adatoms in hcp sites fault it. Figure 2(a) shows a to-
pographical image of the Pd(111) surface in atomic reso-
lution. Three different kinds of sites are clearly visible al-
though we cannot unambiguously identify them. The
apparent height between these sites is illustrated in line pro-
file in Fig. 2(b). In-plane distance between nearest sites of
the same kind 0.271 nm corresponds to the fcc lattice con-
stant equal to 0.389 nm, which is in a very good agreement
with available experimental data.

Figure 2(c) demonstrates a constant current image of
Pd(111) surface with two Fe adatoms stuck in fcc and hep
hollow sites. Substrate Pd atoms are sketched upon the STM
image with gray circles. Two bright spots correspond to Fe
adatoms occupying fcc and hep hollow sites. However, it is
not entirely clear from this topography map which kind of
site each adatom occupies; the spectroscopical contrast be-
tween these atoms demonstrated in Fig. 2(d) is evident. De-
tailed STS studies of Fe adatoms revealed that both for fcc
and hcp sites spectra of adatoms were characterized by a
broaden peak at approximately +0.5 eV with respect to the
Fermi energy, similar to the results by Crommie et al.’ for Fe
atoms on Pt(111). In our case, however, the exact energy
position of this resonance depends on the adatom stacking.
Fe adatom in one of the positions exhibit a peak shifted by
40 meV to higher energies relative to the spectrum of adatom
in the second position, as is shown in Fig. 2(e). Another, less
pronounced dI/dU feature is a resonance at +0.1 eV. It lies
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FIG. 3. (a) The total LDOS’s calculated at 2.2 A above the Fe
adatom in fcc and hep binding sites are plotted with solid black and
gray curves, respectively. Black dashed and dash-dotted curves
demonstrate the minority and majority LDOSs above Fe adatom in
fcc hollow site. The peak at +0.35 eV is formed by minority states.
(b) The minority spin-polarized d-partial LDOS calculated at Fe
adatoms in fce (black) and hep (gray) hollow sites.

at the same energy for both stackings but its intensity is
considerably higher for Fe adatoms occupying the hollow
sites where the energy of the main peak at =+0.5 eV is
lower [Fig. 2(e)].

To demonstrate the origin of the resonance observed in
STS experiments we perform ab initio calculations by means
of the Korringa-Kohn-Rostoker (KKR) Green’s-function
method.?>?7 This method is the most effective tool for ab
initio description of impurities embedded into an infinite
bulk or placed on an infinite surface. The KKR Green’s-
function method is the implementation of the DFT and ex-
ploits the multiple-scattering formalism to solve the Kohn-
Sham equations formulated in the DFT. Mathematically, the
KKR method rests on two facts: the local electronic density
is completely described by the Green’s function of a system;
the Green’s function of a perturbed system can be expressed
from the Green’s function of the reference system by means
of the Dyson equation. Such a construction makes it possible
to express any perturbed system in terms of the reference
one. More precisely, a bulk crystal is treated as a periodical
in three-dimension (3D) perturbation of free space. The
Dyson equation in this case is formulated in the reciprocal
space. A surface, accordingly, can be considered either as a
2D perturbation of an infinite bulk crystal or as a 2D slab,
which perturbs free space. Finally, a cluster on the surface is
a real-space perturbation of an infinite surface and, therefore,
can be also studied by means of the KKR. The form and the
size of a region perturbed by the cluster at the surface are not
restricted to some method-related parameters, such as super-
cell sizes in plane-wave codes, so systems spread over sev-
eral nanometers can be studied by the KKR.?#?%2 Atomic
relaxations can be included in the KKR method. However, in
our case the main goal of the paper is to reveal tendencies in
the evolution of electronic states going from a single adatom
to monolayers, therefore we neglect atomic relaxation.

To understand the STS data, we calculate LDOS in the
vacuum sphere at 2.2 A above Fe adatom. Such LDOSs for
adatoms placed in fcc and hep hollow sites are demonstrated
in Fig. 3(a). Electronic states above magnetic Fe become
spin polarized in a good agreement with the previous calcu-
lations on similar systems.®!" Two pronounced peaks com-
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FIG. 4. (a) Constant current images of Fe, nanoclusters being
investigated. Image sizes: 2.18X2.06 nm?> for I-IV and 2.28
X 2.24 nm? for V-VIL. VIII-a Fe island grown at 210 K. Gray area
is one layer high part of the island, bright protrusions are the second
layer. The spectrum was measured on the gray part. The scale size is
23.5%X27 nm?. (b) Corresponding atomistic structures. (c) STS
spectra acquired above all the structures shown in (a) and (b). (d)
LDOS calculated in the vacuum 2.4 A above the nanostructures.

prised of s and p electrons at +0.35 and +0.1 eV are of the
minority character. According to our results, stacking of ada-
tom affects the position of the main peak. It is found to be at
+0.31 and +0.28 eV for Fe in fcc and hcp hollow sites,
respectively. To reveal the origin of these peaks we analyzed
the density of states calculated at Fe adatom [Fig. 3(b)]. Two
d peaks of minority character were found at +0.05 and
+0.31 eV for Fe in fcc hollow site and at 0.08 and 0.28 eV
for Fe in hcp hollow site. Pronounced peaks observed in the
LDOS calculated in vacuum above Fe adatom occur due to
resonant scattering of conduction s-p, electrons at the minor-
ity d > states of Fe atoms. Splitting of d states of Fe adatom
is caused by the interaction of Fe adatom with the substrate.
Similar splittings were reported for the LDOSs of Fe adatom
on Au(111).'* They were also evidenced for Fe on Pt(111)
and Ir(111) substrates.!?

Now, we turn to our results on small Fe nanoclusters.
They were constructed in the UHV chamber in the following
way. At first a few percent of ML of Fe was deposited on the
Pd(111) surface at 6 K. Thermally activated adatom diffu-
sion, according to our experimental observations, is impos-
sible at a such low temperature. Single adatoms deposited on
the surface were used to assemble Fe clusters of desired sizes
by means of STM atomic manipulation.!” The topographies
of adatoms, dimers, timers, and small clusters, as well as the
number of Fe atoms involved in construction are demon-
strated in Fig. 4(a). All the presented structures are visible as
bumps with different shapes and sizes. Atomistic models of
observed Fe, nanoclusters are presented in Fig. 4(b). These
structures were used in calculations. The shapes of nanoclus-
ters and the number of Fe atoms involved in construction
were deduced from the STM images acquired before and
after STM manipulations. All the observed Fe clusters are
stable and their structure does not change during the STM/
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STS measurements. Ab initio estimations of binding energies
confirm the stability of investigated Fe, nanoclusters.

Spectra obtained on Fe,, clusters are presented in Fig. 4(c).
The electronic structure changes with the number of Fe at-
oms in clusters. The simplest description of the phenomenon
can be obtained, for instance, by means of a tight-binding
model including nearest-neighbor interactions only. In this
case a dimer is associated with a duplet, a trimer—with a
triplet, etc. However, one should keep in mind that Fe nano-
structures are supported by the substrate and interaction with
the substrate atoms should also be taken into account. Such
interactions can split and broaden Fe states. Indeed, as we
have just demonstrated in Fig. 3, Fe monomer stuck in fcc
hollow site demonstrates the pronounced broad resonance at
+0.45 eV and a smaller one at +0.1 eV. The second impor-
tant point is that d-like orbitals are localized and STS is
sensitive to s-p, resonances arising due to scattering of s and
p electrons at d_> states of nanostructures.!! In other words,
the STS does not probe all the split peaks but only those
which have d2 symmetry.

Adding the second Fe atom to the Fe monomer introduces
a possibility of Fe-Fe bonding inside the dimer. This should
result in the splitting of d states into a duplet. At the same
time every Fe atom in the dimer interacts with a substrate Pd
atoms. This kind of the interaction can induce an additional
states in the LDOS of Fe dimer at the Fermi energy like it
happens for the monomer. Resulting LDOS calculated at
2.2 A above the center of the dimer is shown in Fig. 4(d). It
exhibits two broad peaks at +0.2 and +0.6 eV and a broad
shoulder at the Fermi energy (all the features are marked by
small vertical arrows). The gap between peaks is almost
closed and this energy window can contain unresolved spec-
tral features. Experimental observation demonstrated in Fig.
4(c) provides a very similar spectrum of the Fe dimer: two
merged peaks at +0.3 and +0.5 eV and a broad shoulder at
the Fermi energy. It should be noted, that the sign of the
exchange interaction in Fe dimer on Pd(111) can be esti-
mated by means of STS results.® In ferromagnetic dimers, in
contrast to antiferromagnetic ones, the d-derived peak should
be split in a duplet.® Thus, splitting of the resonance re-
vealed in the experiment indicates the ferromagnetic cou-
pling between Fe atoms in the compact dimer.*® Ab initio
calculations confirm this prediction: the ferromagnetic align-
ment of Fe atoms in the dimer is by 0.243 eV more prefer-
able than the antiferromagnetic one.

At first glance, the STS and LDOS obtained above the
center of the linear trimer [Figs. 4(c) and 4(d)] resemble
much of the dimer spectrum. But two major differences
should be emphasized: a broad peak resurrects in the STS
from the shoulder at the Fermi energy and the peak at +0.3
becomes very distinct. The theoretical calculations reproduce
these three peaks.

Let us proceed now from linear structures to compact

PHYSICAL REVIEW B 79, 165411 (2009)

ones. Special threefold symmetry of fcc (111) surfaces im-
plies two possible trimer structures: the first compact trimer
has the substrate atom underneath its center and the second
has an hcp hollow site in the center. They can be represented
on the (111) surface as triangles pointing in the opposite
directions. It is clear that substrate-induced splitting of d
states in the Fe trimer should be different for different ar-
rangements of substrate atoms, so at first, we determine
which kind of trimers is energetically more stable. Our ab
initio calculations demonstrated that the binding energy of
the compact Fe trimer with a substrate atom underneath is by
1.38 eV lower than that of another trimer structure.

The STS on the center of the compact trimer shown in
Fig. 4(c) is quite different from that acquired above the linear
trimer. The main differences are that the distinct peak is situ-
ated much closer to the Fermi energy, and there is no more
special feature at the Fermi energy. The second peak is situ-
ated at +0.5 eV. Ab initio results reflect these changes: the
LDOS calculated above the center of the compact trimer ex-
hibits two distinct peaks at +0.15 and +0.5 eV [Fig. 4(d)].
These two pronounced peaks preserve in spectra of larger
nanostructures. One can see them in the STS measured on
centers of Feg, Feg, Fey3, and Fe ML [Fig. 4(c)]. Ab initio
LDOSs calculated at 2.2 A above the centers of these nano-
structures reproduce the behavior of the main peak at a lower
energy. The second peak at higher energies is, however, rep-
resented in ab initio results by a complicated features con-
sisting of several broad peaks marked by triple arrows in Fig.
4(d). Similarity of the spectra of all compact Fe nanostruc-
tures can be explained by the same splitting of the Fe d states
so that the energies of the Fe d_2 states are almost the same.
The same splitting, in turn, is determined by the same local
arrangement of Fe and Pd atoms: all the compact structures
are built of compact trimers.

In summary, we have presented the investigation of the Fe
clusters on the Pd(111) substrate. We have focused on the
spectroscopy of the Fe nanostructures of various sizes from
single adatoms to large Fe islands. Small Fe clusters were
assembled by means of the STM manipulation. Our STS
studies on Fe adatoms revealed a pronounced unoccupied
resonance at +0.45 eV above the Fermi energy, which was
attributed by ab initio calculations to the s-p states reso-
nantly scattered at the minority d2 states of the Fe. The exact
energy of this resonance was found to depend on the kind of
the absorption site of the Fe adatom. The STS study of the
larger Fe nanostructures demonstrated splittings and shifts of
this resonance caused by the structure-promoted changes in d
states of the Fe. Analysis of the STS data revealed a gradual
transition of the spectrum of the compact Fe trimer to the
spectrum of the Fe ML with increasing the cluster size.

This work was supported by the Deutsche Forschungsge-
meinschaft under Grants No. SPP 1153 and No. 1165.
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