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Local zero-bias anomaly in tunneling spectra of a transition-metal oxide thin film
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The electronic structure around the Fermi energy of a thin film of iron monoxide on Pt(111) is studied using
low temperature scanning tunneling spectroscopy. The surface exhibits a coincidence structure (Moiré pattern)
due to a lattice mismatch between the oxide thin film and the metal substrate. While the local density of states
around the Fermi energy is featureless at most positions in the unit cell, a pronounced depression is observed
at one particular site. The origin of this local zero-bias anomaly is discussed in relation to results from
first-principle calculations. As a preliminary conclusion, it is suggested that the anomaly is a Kondo resonance

due to a frustrated antiferromagnetic layer.
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I. INTRODUCTION

The transition metal oxides (TMOs) have proven to be a
challenging topic in solid state physics for more than half a
century. Shortly after the establishment of band theory, it was
realized that many TMOs defy the classification of crystal-
line solids into metals and insulators that it predicts.! The
majority of these compounds are magnetic insulators, which
is a contradiction in terms in the band description: Magne-
tism occurs at partial band filling, which would impose me-
tallic behavior. It was soon recognized that a proper account
of the Coulomb repulsion between electrons in spatially con-
fined orbitals is required to describe these materials that have
become known as Mott insulators.?

The strong electron correlation has hindered the develop-
ment of theoretical descriptions of such materials.? In spite
of this difficulty, gaining a better understanding of strongly
correlated materials would be most rewarding, in view of the
wealth of physical phenomena that they exhibit. Examples
include metal-insulator transitions,* heavy  Fermion
behavior,” and colossal magnetoresistance.® In view of the
ongoing miniaturization of electronic and magnetic struc-
tures in technological applications, a relevant issue is what
happens to the bulk properties of TMOs when such materials
are grown as ultrathin films.

In this work, the electronic structure of a thin film of FeO
is studied by means of scanning tunneling spectroscopy
(STS). FeO (wiistite) is a close relative of the prototypical
Mott-insulator NiO. It has a rocksalt crystal structure, a band
gap of 2.4 eV, and exhibits antiferromagnetic order below
Tn=198 K.7 This order arises due to a ferromagnetic align-
ment of spins within {111} planes, while the planes are
stacked antiferromagnetically.®

When an ultrathin film of FeO is grown on Pt(111), the
surface exhibits a coincidence structure due to a lattice mis-
match between oxide and substrate. This work deals with a
feature in the surface electronic structure at the Fermi energy
that occurs only in a particular region of that superstructure.
A discussion on the origin of this anomaly is given that in-
cludes the results of first-principle calculations.
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II. EXPERIMENTAL DETAILS

A thin FeO film is grown on Pt(111) following the recipe
devised by Vurens et al.’ The preparation consists of evapo-
ration of 1 ML of Fe at 300 K and subsequent oxidation in
107% mbar of O, at 1000 K. The bilayer structure obtained in
this way resembles a single repeat unit of wiistite along the
[111] direction. It consists of a close-packed sheet of oxygen
that lies on top of a close-packed Fe layer.!? The Fe-Fe dis-
tance in this structure amounts to 3.1 A whereas the Pt near-
est neighbor distance is 2.76 A. This difference gives rise to
a coincidence structure with a period of about 25 A. Within
this Moiré supercell, the Fe atoms successively occupy fcc,
top, and hcp positions on the Pt substrate (a ball model of
this structure is given in Fig. 1). The physical and chemical
properties of this surface have been found to vary between
these different structural regions.''> The assignment of
these regions to the features in the experimentally [scanning
tunnel microscope (STM)] observed unit cell is not entirely
beyond dispute.'!3 In this work, the assignment suggested
in Ref. 11 is adopted.

The local density of states (LDOS) at the surface is
probed using an ultrahigh vacuum STM operated at 5 K.'4
The LDOS is approximated by the differential conductance
(dI/dV). The latter is measured by opening the feedback
loop and applying a modulation (ranging from 5 to 15 mV
rms) to the bias voltage. The first harmonic response of the
tunneling current to this modulation—proportional to
dl/dV—is recorded using a digital lock-in amplifier.

III. RESULTS AND DISCUSSION

The LDOS in the vicinity of the Fermi energy is probed
by taking differential conductance spectra at various posi-
tions in the Moiré unit cell. A series of spectra taken along a
path that traverses the unit cell is given in Fig. 2. Whereas
the spectra taken in the fcc, hep, and intermediate regions are
very uniform, it can be seen that those taken close to the top
location feature a pronounced depression around Ep. Similar
results are obtained when this experiment is repeated with
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FIG. 1. (Color online) Ball model of the FeO bilayer on Pt(111).
The coincidence structure is given in (a), oxygen atoms are omitted
for sake of clarity. Pseudomorphic models of the three principal
regions with Fe ions on top of Pt, in hcp, and fcc sites, are given in
(b)—(d), respectively.

different tips, as is shown in detail in Fig. 3. Comparison of
the results in Figs. 2, 3(a), and 3(c) reveals that the general
appearance of the spectra obtained with different tips can be
quite different. However, all sets share the following charac-
teristics: Spectra within a set are uniform with the exception
of those taken at the top locations. A depression in the dif-
ferential conductance is observed in this latter region that lies
within a range of 150 meV around Ef.

The fact that this depression appears in all dI/dV spectra
taken at the top location, irrespective of the tip condition,
indicates that it is an intrinsic feature of the surface elec-
tronic structure. We can approximate its contribution to the
LDOS by subtraction of a suitable background. An average
of hep and fce spectra is a reasonable choice, given the uni-
formity of these spectra within a set (i), and the fact that the
corresponding top spectrum approaches this shape at |V
>70 mV (ii). The curves given in Figs. 3(b) and 3(d) are
obtained in this way. The correspondence between these
curves is fair considering the fact that condition (i) holds
only to a limited extent over such a large energy range.

In summary, the LDOS around Ef at this surface is spa-
tially homogeneous with the exception of the top regions,
where a dip is observed. The spectra in Fig. 2 provide some
indication of the spatial extent of this feature, but this prop-
erty can be determined more precisely using the lateral reso-
lution that the STM provides. A robust way to do so is to use
the fact that the slopes of the dI/dV curves differ signifi-
cantly between the top and other locations in the low bias
range only. This difference is mapped directly in images that
record the second harmonic response of the tunnel current to
a bias modulation, i.e., proportional to @*I/dV?.33 Three such
images, plotted on the same intensity scale, are given in Fig.
4. The top regions display a smaller, i.e., more negative,
slope at negative bias, whereas it is larger than average at the
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FIG. 2. (Color online) Series of dI/dV spectra taken along the
line indicated in the 125 mV bias STM image (inset). The assign-
ment to the different structural regions is taken from Ref. 11.

positive bias edge. The image at 100 mV displays hardly any
contrast, confirming that second harmonic imaging is sensi-
tive to the spectral feature of interest only. The line profile in
the top left panel of Fig. 4 shows that the state density modi-
fication at the top regions is about 15 A wide.

A number of explanations can be invoked to account for
the experimental results. First of all, being a correlated ma-
terial, the FeO bilayer can add states with relatively small
bandwidth to the measured state density. Features of compa-
rable width in tunneling spectra of transition-metal impurity
adatoms have been attributed to d-resonances.”” The
anomaly could therefore be due to a fairly structured state
density profile. Alternatively, an additional periodic poten-
tial, such as that brought about by the FeO-Pt coincidence
structure, can induce a band gap. Such an effect has been
observed by Repp et al. for a NaCl layer grown on a Cu
surface.!®

However, these explanations do not account for the fact
that this feature appears at the Fermi energy necessarily. In
contrast, a lowering of the electronic energy accomplished
by opening a gap at Ep at the expense of a lattice deforma-
tion, like a Jahn-Teller distortion, would account for pinning
of the anomaly. Electronic structure calculations—that will
be presented below—have been performed to assess the fea-
sibility of these explanations. The results do not corroborate
any of the aforementioned explanations, i.e., the calculated
state density does not exhibit such a feature as the one we
observe experimentally.

In the following, the possibility that the feature is a
Kondo resonance will be considered, as the junction includes
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FIG. 3. Two series of dI/dV spectra taken at the indicated po-
sitions with different tips [(a) and (c)]. Panels (b) and (d) display
differences between spectra taken at the top and other locations
from (a) and (c), respectively. Solid lines in (b) and (d) are fits to
the difference spectra with the Fano function, with a width of
82+3 meV.

a (presumably) magnetic layer. A Kondo resonance arises
due to spin-flip scattering between conduction electrons and
local magnetic moments and can be observed as a peak in the
state density at the Fermi energy with photoemission spec-
troscopy (see, for example, Ref. 17).

In a tunneling experiment, there is not only the coupling
between the localized state and the conduction-electron con-
tinuum to consider, but also the interaction with the probe
electrode. As a consequence, the Kondo resonance in tunnel-
ing spectra assumes a Fano line shape.'®!° An antiresonance
(as in our case) is observed in the case where the tip elec-
tronic states couple weakly to the localized state. The width
of the resonance depends only on the coupling between the
localized state and the conduction-electron density. The
width of the resonance reported in this work would corre-
spond to a Kondo temperature of approximately 470 K
(82 meV=2kzTx). The apparent question that arises when
considering this explanation is why a Kondo resonance
should occur only at one single site in the Moiré cell. A
number of scenarios can account for this: (i) The required
magnetic moments are present at the top sites, exclusively.
This situation can arise when the distribution of Fe d-states is
such that the low- and high-spin configurations are evenly
matched energetically. This balance could then cant in favor
of the high-spin state locally, as a consequence of a fairly
small local decrease in the crystal field splitting. The ball
models in Fig. 1 show that the coordination of Fe ions, that
determines the local crystal field, does differ within the
Moiré unit cell.

Alternatively (ii), the width of the resonance (and the tem-
perature below which it can be observed) depends on the
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FIG. 4. (Color online) Series of d”I/dV* images showing the
spatial extent of the low-bias state density depression at the top
sites. Top-left graph shows line profiles along the lines in the 40 and
100 mV images.

exchange coupling J between the magnetic moment
and the conduction electron density py, according to
kpTx <cexp[—1/(Jpy)]. Variations in the strength of this cou-
pling are to be expected in the structurally inhomogeneous
unit cell.

To test the interpretation of the zero-bias anomaly in
terms of a Kondo resonance, it would be helpful to know the
magnetic structure of the film. To this end, a preliminary
examination of the film by means of ferromagnetic reso-
nance (FMR) spectroscopy has been performed. The FMR
measurements were done in a UHV compatible electron spin
resonance spectrometer operating at 10 GHz which has been
described in detail elsewhere.?’ In this setup, low-energy
electron diffraction and temperature programmed desorption
of CO have been used to prove the formation of a continu-
ous, well-ordered FeO film.

FMR spectra were taken at different polar angles between
the static magnetic field and the surface normal, and at dif-
ferent temperatures. Neither of these show an indication for a
ferromagnetic resonance signal. Therefore the results of this
study suggest that the film does not exhibit ferromagnetic
order.

In addition, density functional theory calculations have
been performed in order to gain more insight into the mag-
netic state of the iron ions in this structure. Several obstacles
have to be overcome in tackling this system computationally.

In the first place, the experimental unit cell is too large to
be treated in periodic slab ab initio calculations. The
workaround, that has also been adopted in previous
treatments,'>?! is to use three pseudomorphic structures for
the fcc, hep, and top regions, in which the Pt lattice is ex-
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panded to match that of the FeO overlayer.>* Ball models of
the three structures are given in Figs. 1(b)-1(d).

The second obstacle concerns the description of materials
in which strong electron correlation plays a role, a topic out-
lined in the Introduction. A Hubbard parameter U is included
to prevent the usual overestimation of the Fe 3d state disper-
sion. The DFT+U calculations have been performed with the
Dudarev approach?? in the generalized gradient approxima-
tion (GGA) using the Perdew-Wang 91 functional?® and the
projected augmented wave method,*?> as implemented in
the VASP code.?6:?’

The following can be inferred from the calculations: The
magnetization of the iron ions is homogeneous, with a mo-
ment of 3.8 ug in the GGA+U approach. The diamagnetic
solution is less stable by at least 1.6 eV per FeO unit at this
level of theory. In the GGA results, the difference in favor of
the magnetic solution is only 0.3 eV, but this can be attrib-
uted to the poor description of the localized 3d states in this
approach. These results seem to rule out a variation of the Fe
spin configuration within the Moiré cell, as proposed in sce-
nario (i).

Furthermore, a consideration of several magnetic
structures”® systematically shows antiferromagnetic order to
be energetically favored over ferromagnetic order, in appar-
ent agreement with the FMR spectroscopy result.

Finally, magnetization of the Pt substrate is observed that
is induced by the magnetic Fe overlayer. This property is
related to the aforementioned exchange coupling and is
found to depend on the magnetic structure. A constant mag-
netization is found for the ferromagnetic structure, whereas it
exhibits gradual variations in the antiferromagnetic structure.
Variations in exchange coupling strength within the unit cell,
as suggested in scenario (ii), are therefore to be expected. On
the other hand, the calculated variation is gradual and does
not seem to account for the dramatic variation in resonance
width that is observed experimentally (Tx~470 K at top
sites, Tx <5 K at other locations).

It should be noted, however, that this theoretical treatment
of the magnetic structure is by no means exhaustive. A de-
termination of the—presumably antiferromagnetic—ground
state structure of this film cannot be achieved at this stage for
the following reasons: First of all, it would require treatment
of the entire unit cell, as the magnetic order depends criti-
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cally on the hybridization of the ions. This property is likely
to vary throughout the unit cell. Moreover, antiferromagnetic
interactions with all nearest neighbors cannot be satisfied on
a triangular lattice. This frustration can give rise to complex
ground states. As an example, von Bergmann et al. have
recently reported a fairly large (15 atom) unit cell for a hex-
agonal Fe monolayer on Ir(111).?° This structure has been
based on spin-polarized STM experiments. Finding the mag-
netic ground state of the FeO thin film without such an ex-
perimental ansatz will pose a difficult task.

IV. CONCLUSIONS

The electronic structure around the Fermi energy of a thin
FeO film on Pt(111) has been probed by means of low-
temperature STS. The LDOS at this surface, that exhibits a
fairly large unit cell due to a mismatch between the FeO and
Pt lattices, is found to be rather uniform. A pronounced de-
pression, however, is found at those sites where the Fe ions
reside on top of a Pt atom in the substrate.

No conclusive interpretation of this result can be given on
the basis of this work. It does, however, provide a number of
promising leads for future research: Theoretical and FMR
results indicate that this film is antiferromagnetically or-
dered. A unique magnetic structure is to be expected due to
frustration of the magnetic interactions on the hexagonal lat-
tice, and the structural inhomogeneity imposed by the Moiré
pattern. The observed zero-bias anomaly can be related to the
Kondo resonance of a frustrated magnetic structure. Jam-
neala et al. have reported on the Kondo effect due to antifer-
romagnetic Cr trimers on Au(l11), created by atom
manipulation.®® In that work, a dramatic increase in Kondo
temperature with respect to isolated Cr impurities has been
observed for trimers in a particular geometric configuration.
Similarly, relatively small variations of the magnetic struc-
ture within the FeO Moiré cell could have a significant effect
on the properties of this system. A motivation for further
work on this kind of system is provided by the theoretical
prediction by Ingersent and coworkers that magnetically
frustrated Kondo scatterers on a triangular lattice provide a
possible route to the experimental realization of non-Fermi-
liquid physics.3!-3
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