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T
he storage capacity of magnetic
hard drives has exponentially in-
creased over the last several years.

This immense progress was achieved due to

new read-out technologies based on the gi-

ant magneto-resistance effect.1 Addition-

ally, the magnetic region that represents

one bit has continuously decreased. In the

present state-of-the-art technology, one

magnetic bit comprises an area of roughly

103 to 104 nm2 in a Co�Cr�Pt alloy film. In

the next steps of miniaturization, the con-

tinuous magnetic films will be replaced by

an ordered array of Fe, Co, or Ni clusters

with superparamagnetic properties, fabri-

cated via wet-chemical synthesis or buffer-

layer-assisted growth.2�4 In the ultimate

limit of down-scaling, a single adatom or

molecule may represent one magnetic unit.

The information will then be retained in

the orientation of a single magnetic mo-

ment and not in the collective magnetiza-

tion of hundreds of atoms. Experiments

along this line have been accomplished for

single magnetic adatoms (e.g., Co and

Mn)5�7 and molecules (e.g., CoPc and

FePc),8,9 employing magnetic dichroism

and scanning tunneling microscopy (STM).

However, fundamental problems in the use

of magnetic atoms and molecules are not

yet solved. The magnetic buildings blocks

need to be arranged in regular arrays and

stabilized against diffusion and aggregation

at room temperature. Furthermore, the in-

teraction of an isolated moment with its en-

vironment has to be balanced in a way

that controlled switching of the spin direc-

tion is possible while unwanted thermal

fluctuations are suppressed. Only if these

structural and magnetic requirements are

fulfilled, single adatoms and molecules

might become the key elements in the
next generation of storage devices.

In this paper, we focus on the structural
side of the problem and introduce a new
approach that enables the stabilization of
single magnetic atoms in near-surface sites
even at elevated temperatures. An ultrathin
silica/Mo(112) film that can be considered
as a 2D counterpart of a porous silicate is
used as a template.10 The oxide film com-
prises a single layer of corner-sharing SiO4

tetrahedrons, whereby three O atoms bind
to neighboring Si atoms in the plane, while
the fourth one sits below the Si and anchors
the film to the support. The in-plane
�Si�O� units form six-membered rings of
5 Å diameter, which enclose a hole reaching
down to the Mo surface. As shown in ear-
lier experiments, those oxide nanopores
can be loaded with suitable metal atoms,
such as Li, Ag, and Pd, whereas Au atoms
are too large for penetration.11,12 Incorpora-
tion of metal atoms has been used to tailor
the intrinsic properties and the adsorption
behavior of the oxide material, for instance,
by creating chemically selective binding
sites in the surface.13,14 In this study, we ex-
ploit the porous structure of the silica film to
produce a thermally stable ensemble of
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ABSTRACT The stabilization of single Fe atoms in the nanopores of an ultrathin silica film grown on Mo(112)

is demonstrated with scanning tunneling microscopy (STM) and density functional theory (DFT). The Fe atoms are

able to penetrate the openings in the oxide surface and adsorb in two different binding configurations at the

metal�oxide interface. In the energetically preferred site, the Fe stays monomeric even at temperatures above

300 K. In the second configuration that is adopted in 10% of the cases, surface atoms can be attached to the

subsurface species, resulting in the formation of Fe surface clusters. The interfacial Fe atoms preserve their

magnetic moment, as shown by a distinct Kondo-like response in STM conductance spectra and DFT calculations.
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Fe monomers. The incorporation of Fe into the oxide

matrix has a number of advantages with respect to con-

ventional atom deposition onto flat surfaces. (i) The Fe

is stabilized against diffusion and desorption even at el-

evated temperature, as leaving the pore is associated

with a substantial energy barrier.12,15 (ii) The aggrega-

tion of the Fe is prevented by the limited pore size that

provides only space for a single atom. (iii) The iron is

protected against environmental influences, as the

silica surface is chemically inert and does not interact

with molecules from the gas phase.16 Incorporation of

Fe into the silica/Mo(112) film is therefore a promising

route to fabricate a dense ensemble of monomeric

magnetic entities for potential storage applications.

The unique properties of the Fe�silica system are dis-

closed in this study by employing low-temperature STM

and density functional theory (DFT).

RESULTS AND DISCUSSION
Fe Monomers: Structural Properties. Figure 1a shows an

overview STM image of the silica/Mo(112) film after

deposition of 1.5 � 1013 Fe atoms/cm2 or correspond-

ingly 0.04 atoms per silica pore. Two oxide terraces are

exposed, both being fully covered by the hexagonal

hole pattern that is characteristic for the porous film

structure. The uniform film appearance is disrupted by

a number of faint, randomly distributed protrusions,
which are assigned to the Fe species. Occasionally,
larger maxima with 1�4 Å height are observed that
might represent small Fe clusters. Close-up STM im-
ages enable an atomic-scale characterization of the dif-
ferent Fe species (Figure 1b). The most frequently ob-
served feature is an X-shaped protrusion, which is
located at the intersection of two six-membered silica
rings and oriented along the Mo[1̄10] direction (referred
to as Fex). Its apparent height shows a characteristic
bias dependence and increases from 0.3 Å at 0.1 V
sample bias to a maximum of 0.8 Å at 2.5 V (Figure 2).
Additionally, ring-like protrusions (Feo) are detected
that appear slightly brighter than the X-shaped fea-
tures in the explored bias window. They coincide with
the size and shape of a single �Si�O� ring in the silica
film. The density of the ring-like protrusions is roughly
10 times lower than that of the Fex species. With in-
creasing Fe exposure, larger adstructures develop on
the surface. The smallest of them still has atomic dimen-
sions and occupies the same adsorption sites as the
Feo species. Its apparent height is two times larger than
that of the Fex features and increases from 0.5 Å at low
bias to 1.5 Å at 2.5 V (Figure 2b). Furthermore, a few Fe
clusters emerge on the surface and quickly grow in size
with increasing metal exposure.

The experimentally observed adspecies can be as-
signed to distinct Fe adsorption configurations with
the help of DFT calculations. The Fe atoms are predicted
to pass the six-membered �Si�O� rings in the silica
surface and reach high-energy binding sites at the
metal�oxide interface. The calculated penetration bar-
rier amounts to 0.3 eV, a value that is easily overcome
by the thermal Fe atoms arriving with �0.1 eV from the
crucible. Similar penetration barriers have been calcu-
lated for Ag and Li atoms, which also reach interfacial
binding sites of the silica/Mo system.12,17 The origin of
the penetration barrier is rather different for the three
atoms. While Li penetrates as a cation and forms bonds
with the silica O atoms upon passage, Fe and Ag at-
oms diffuse into the pores as neutral species. In this
case, the barrier is governed by repulsive interactions
between the charge density at the oxide surface and
electrons in the valence orbitals of Fe and Ag. Two

Figure 1. (a) STM image of silica/Mo(112) after deposition of 0.04 Fe
atoms per silica pore (Us � 0.6 V, 40 � 40 nm2). (b) Close-up STM im-
age (Us � 0.5 V, 5 � 5 nm2) with subsurface Feo and Fex species marked
by white circles. (c) STM image (Us � 0.5 V, 10 � 10 nm2) showing an
Fe dimer as well as a few monomeric species.

Figure 2. (a,c) STM images of the Fe/silica/Mo(112) system taken at two different bias voltages (10 � 10 nm2). (b) Bias de-
pendence of the apparent height measured for an interfacial Fex atom and a dimer.
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Mo�Mo bridge positions at the silica/Mo interface are

identified as Fe adsorption sites, one being located di-

rectly below a silica ring (EB � 3.3 eV), the other one be-

low a [1̄10]-oriented Si�O�Si bridge (EB � 3.6 eV) (Fig-

ure 3). In the first configuration, the 4s-orbital of the

Fe atom hybridizes with the Si and O atoms of the ox-

ide ring above, resulting in a local increase of the unoc-

cupied state density (LDOS) at the surface (Figure 3c).

This particular silica ring now appears brighter than

neighboring ones, a situation that is perfectly met by

the ring-shaped Feo species in Figure 1b. In the second

case, the Fe 4s hybridizes only with the Si�O�Si bridge

and the LDOS enhancement is confined to a [1̄10]-

oriented bar in the silica surface. This binding scenario

gives rise to the X-shaped contrast of subsurface Fe at-

oms in the STM. In both adsorption sites, the Fe forms

strong covalent bonds with the Mo support and be-

comes slightly positively charged. The corresponding

Bader values are �0.18|e| and �0.03|e| for the Feo and

Fex species, respectively. The binding contribution of

the Mo does not affect the STM image contrast, as the

Mo�Fe hybrid states are localized at the metal�oxide

interface and do not overlap with the tip wave

functions.

The intermixing of the Fe 4s orbital and the silica

conduction states is also responsible for the apparent

height change when imaging the Fe species with in-

creasing sample bias (Figure 2). The calculated Fe-

induced state density has a maximum at around 2.1 eV

(Figure 3c), and the incorporated Fe indeed appears

brightest in STM images taken at 2.5 V (Figure 2b). The

small discrepancy between experiment and theory re-

flects the known deficiency of DFT to reproduce the

band gap of insulators. Furthermore, the experimen-

tally observed abundance of Fex compared to Feo spe-

cies can be explained by the 10% higher binding energy

of the former. The stabilization effect arises from the ad-

ditional Fex interaction with the oxygen ion above and

does not occur for the Feo species. It is interesting to

note that chemically active atoms have, in general, a

high tendency to occupy both interfacial binding sites,

while the more inert species clearly favor adsorption in

the ring positions. Consequently, both X- and ring-

shaped features were observed after exposing the silica

film to Li, while only ring-shaped entities appear after

Ag and Pd depositon.11,12,17

Fe Clusters on the Silica Surface. Larger Fe-related protru-

sions on the oxide surface, for example, the one shown

in Figure 1c, are assigned to Fe adatoms that have at-

tached to a subsurface species.14 To verify such an an-

choring mechanism, the properties of vertical dimers

consisting of an interfacial and a surface Fe atom have

been explored with DFT. Indeed, both the Fex and Feo

species are able to anchor surface atoms; however, their

binding potential differs dramatically. Whereas an Feo

atom located below a silica ring binds a surface Fe with

1.47 eV, this value drops to 0.24 eV for an Fex below a

Si�O�Si bridge. The strong binding to Feo species is

compatible with the short interatomic distance of 2.14

Å. In contrast, Fe surface atoms cannot approach the Fex

species due to steric repulsion of the silica atoms (d �

3.77 Å), and binding remains weak in this case. The

dimer formation is therefore restricted to subsurface

species Feo atoms, while the Fex as the majority spe-

cies remains monomeric even at high coverage.

According to the DFT calculations, atom attach-

ment to an existing Fe dimer occurs spontaneously

and is highly exothermic. Each dimer should therefore

constitute the seed for an Fe aggregate, rendering the

number of surface clusters identical to the one of sub-

surface Feo species in ring positions. To verify this corre-

lation, samples with increasing Fe content have been

prepared and analyzed with the STM (Figure 4). The

number of both interfacial Fe species and surface clus-

ters is found to increase linearly with exposure time but

maintains a constant ratio of roughly 0.1 (Figure 4d).

The absence of saturation effects in the density of incor-

porated Fe suggests a negligible interplay between in-

coming atoms and preadsorbed species at the interface

in the explored coverage window. Apparently, Fe pen-

etration occurs exclusively at the moment of impact

when the atom has sufficient thermal energy to over-

come the barrier but not after a finite number of diffu-

sion steps. Those Fe atoms that fail to penetrate the

silica top layer become trapped in a physisorption po-

tential of 0.14 eV depth and rapidly diffuse on the ox-

Figure 3. Structure model for Fe atoms in two different binding sites at the silica/Mo(112) interface, (a) below a silica ring
and (b) below a [1̄10]-oriented Si�O�Si bridge. (c) Calculated LDOS of silica/Mo(112) before (black curve) and after Fe incor-
poration (red and orange curves). The down-scaled Mo LDOS is depicted by the dashed line.
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ide surface. They are stabilized by attaching either to
an Feo species forming a dimer or to a preexisting Fe
cluster. The fact that the ratio between subsurface and
surface features is similar to the initial Feo to Fex ratio
corroborates the deceive role of the Feo species in the
aggregation process. Surface defects, on the other
hand, seem to play only a minor role in cluster forma-
tion, reflecting the high structural quality of the silica
film.

Additional insight into the Fe penetration behavior
through the oxide film is obtained from the ratio be-
tween subsurface (nsub) versus surface (nsurf) Fe atoms.
This quantity should follow an Arrhenius behavior as a
function of the penetration barrier: (nsub)/(nsurf) �

exp(�Ebarr/kT) and might be exploited to estimate the
barrier height. Whereas nsub is simply determined by
counting the monomeric species (Feo and Fex) and sur-
face clusters in the STM images, nsurf needs to be ap-
proximated from the density and height of the Fe clus-
ters, assuming a hemispherical cluster shape and a bulk
Fe lattice constant. Analyzing several STM images with
different Fe coverage gives a nsurf to nsub ratio of ap-
proximately 10, manifesting the large number of at-
oms stored in the surface clusters. Using T � 1100 K
for the temperature of the evaporated Fe atoms, the
barrier height calculates to 0.23 eV, which is compa-
rable to the DFT value of 0.3 eV. Apparently, the prob-
ability to overcome the barrier is mainly determined by
the thermal energy of the Fe atoms and not by the sub-
strate temperature. This conclusion is supported by
the fact that the ratio between subsurface to surface

species could not be modified by changing the sample

temperature during Fe exposure from 300 K to 200 K

(Figure 4d, open symbols).

Fe Monomers: Magnetic Properties. After clarifying the

morphology of the Fe/silica system, the magnetic prop-

erties of the subsurface atoms shall be addressed. A po-

tential use of the Fe atom ensemble as magnetic de-

vice requires the conservation of the Fe magnetic

moment. Our experimental setup does not permit di-

rect magnetic measurements; however, the mere exist-

ence of an Fe spin can be concluded from perturba-

tions of the silica/Mo electronic structure. The

underlying physics is captured by the Kondo effect,

which describes the formation of a hybrid state be-

tween the localized Fe 3d states that carry the mag-

netic moment and the sp-state continuum of the Mo.18

The resulting many-body state, referred to as Kondo

resonance, screens the Fe magnetic moment by an an-

tiparallel spin alignment of the Mo conduction elec-

trons. The Kondo resonance is located at the Fermi level

of the diluted magnetic system and gives rise to dis-

tinct Fano-type conductance spectra in the STM.19,20

The Fano shape hereby originates from quantum inter-

ference effects between a direct tunneling path be-

tween tip and sample and an indirect one that involves

the Kondo resonance. From the width of the Fano line,

the Kondo temperature is determined as the critical

temperature below which the formation of the many-

body electronic state occurs.8,21,22

Conductance spectra of both Feo and Fex atoms at

the silica�Mo interface exhibit indeed a characteristic

zero-bias anomaly that is not observed on the pristine

film (Figure 5a). This conductance anomaly is spatially

localized at the interfacial Fe atoms, as demonstrated

with dI/dV maps taken slightly below the Fermi level

(Figure 5c). The observed conductance behavior is com-

patible with the Kondo effect, although other explana-

tions cannot be excluded, such as an Fe-induced

change of the single-electron LDOS. Subtraction of a

silica background from the Fe spectrum yields a

strongly asymmetric line that can be fitted to the Fano

model: dI/dV � (q � �=)2/(1 � �=2) with �= � (� � �)/

(kTK).23 Hereby, � denotes the energy position of the

Kondo resonance and q is the asymmetry parameter

that accounts for the coupling between the localized

state and the tip wave function. A satisfactory reproduc-

tion of the experimental data is obtained for a Kondo

temperature TK of 122 	 10 K and a resonance position

� of 6 	 1 mV (Figure 5b). Similar TK values have been

obtained for magnetic adatoms on nonmagnetic sub-

strates, for example, for Co on Ag(111) (92 K)22 and

Au(111) (70 K), supporting the Kondo nature of the ob-

served zero-bias anomaly.20 However, an unambiguous

experimental proof cannot be given at this stage, as this

would require conductance measurements performed

at different magnetic fields and temperatures.

Figure 4. STM images of the silica/Mo(112) film after different Fe ex-
posures (Us � 0.5 V, 18 � 18 nm2): (a) 20 s, (b) 120 s, and (c) 300 s. (d)
Density of subsurface (black) versus surface species (red) as a function
of the exposure time. The numbers are derived by analyzing STM im-
ages as the ones shown in (a�c). Closed and open symbols depict re-
sults obtained for Fe deposition at 200 and 300 K, respectively.
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Also, the DFT calculations are in correspondence
with the Kondo scenario, as they obtain a magnetic mo-
ment of 1.35 and 2.15 
B for the Fex and Feo species, re-
spectively. Apparently, the magnetic moment of gas-
phase Fe atoms (4 
B) is reduced but not completely
quenched at the silica/Mo interface. Both experiment
and theory therefore indicate a magnetic nature of the
embedded Fe atoms, which is a crucial requirement for
using the porous silica film as a template to fabricate
single-atom magnetic units.

CONCLUSIONS
The silica/Mo(112) film is suitable to stabilize mono-

meric Fe in a two-dimensional array. The atoms pen-
etrate the openings in the silica surface and occupy
high-energy binding sites at the metal�oxide inter-
face. In these positions, the Fe atoms are unable to dif-

fuse and agglomerate even at temperatures above 300
K. They are also well-protected against environmental
influences due to the inert nature of the oxide layer
above. Nonetheless, the magnetic character of the in-
terfacial Fe atoms is preserved. The Fe penetration into
the silica pores competes with the formation of few, but
large, surface clusters, especially at high Fe exposure.
The clusters will produce a spurious signal that inter-
feres with the magnetic response of the atomic enti-
ties. However, this undesired effect might be reduced
by removing metallic Fe clusters from the surface, for
example, by etching, mild sputtering, or ozone treat-
ment. The demonstrated incorporation of Fe into the
nanopores of a silica/Mo film is therefore a promising
route to fabricate dense ensembles of atom-sized mag-
netic units for storage devices that do not require op-
eration at cryogenic temperature.

EXPERIMENTAL AND THEORETICAL APPROACH
Experiments were performed with a custom-built STM oper-

ated at liquid helium temperature and ultrahigh vacuum condi-
tions. The silica film was prepared by depositing 1.2 ML of silicon
in an O2 ambience of 1 � 10�7 mbar onto an oxygen precov-
ered Mo(112) surface.10 Subsequent annealing to 1100 K pro-
duced a crystalline oxide film, as proven by a sharp (2 � 2) su-
perstructure pattern in LEED. Iron was evaporated from a high-
purity rod and deposited onto the freshly prepared film at 200 K.
Spin-polarized DFT calculations were carried out with the gener-
alized gradient approximation as implemented in the VASP
code,24,25 using the PW91 exchange-correlation functional and a
plane wave basis set (energy cutoff of 400 eV).26 The
electron�ion interaction was described by the projector aug-
mented wave method.27 A (4 � 2) super cell consisting of seven
Mo layers and the silica film attached to one side was used to
model the Fe adsorption behavior (slab stoichiometry
Mo56Si8O20). The slabs were separated by 10 Å of vacuum. Ex-
cept the four bottom Mo layers, all atoms were allowed to relax
during geometry optimization until forces dropped below 0.01
eV/Å. Penetration barriers were determined by moving the metal
atom along the surface normal into the oxide pore and relaxing
the metal/oxide complex for each vertical distance. The com-
puted barrier does not correspond to a real transition state and
slightly overestimates the actual barrier height.
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