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Structure and one-dimensional metallicity of rare-earth silicide nanowires on Si(001)
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Rare-earth deposition on Si(001) substrates and thermal treatment lead to the formation of metastable silicide
nanowires with extremely high aspect ratios and quasi-one-dimensional metallicity. In this work, the prototypical
erbium silicide nanowires are investigated theoretically by ab initio thermodynamics, considering a multitude of
possible nanowire structures. The calculations indicate that the nanowires consist of hexagonal ErSi2 with two
possible orientations with respect to the substrate, that they are partially buried into the substrate, and that they
are electronically decoupled from the substrate. However, wires of finite width are predicted to be less favorable
than planar silicide structures, demonstrating that the wires are metastable and suggesting that their formation is
more governed by kinetic effects than by thermodynamics.
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I. INTRODUCTION

Rare-earth (RE) silicide nanowires formed by self-
assembly on Si(001) surfaces represent a fascinating system
of low-dimensional nanoscale objects with extremely high
aspect ratios, which have been studied intensively within
the last years [1–20]. They are characterized by a one-
dimensional metallicity [6–9], and due to the vanishing elec-
tronical coupling with the silicon substrate they may be con-
sidered suitable conductors for nanoelectronics applications
[10]. Furthermore, they can be isolated from the environment
by capping with amorphous silicon without affecting their
structural properties, in this way preventing mechanical or
chemical disturbances [11,12].

As an example, scanning tunneling microscopy (STM) and
angle-resolved photoelectron spectroscopy (ARPES) results
for terbium silicide nanowires are shown in Fig. 1. They are
characterized by widths of a few nanometers and lengths that
may exceed hundreds of nanometers, and they usually form
parallel bundles [Fig. 1(a)]. A closer view of the single wires
is shown in Fig. 1(b). Moreover, a strong electronic dispersion
is observed parallel to the nanowires with bands crossing the
Fermi level [Fig. 1(c)]. Very similar results are reported for
nanowires formed by other trivalent rare earths [6–9], which
is related to their chemical similarity.

The self-assembled growth of the nanowires is controlled
by macroscopic parameters such as the amount of deposited
RE and the thermal conditions, resulting in a metastable
structure, which transforms to larger silicide islands at higher
temperatures [9,13,14]. Until now, different structural models
and growth mechanisms of the nanowires have been discussed
[8,15]. As the substrate acts as an infinite reservoir of silicon
atoms, the nanowires are assumed to consist of the silicon
richest silicide, being hexagonal and tetragonal RESi2, as
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in the case of the silicide structures formed on the Si(111)
surface [21]. Indeed, transmission electron microscopy
(TEM) data are compatible with the hexagonal [11] or the
tetragonal [4] RESi2 structure. However, a distinction between
hexagonal and tetragonal nanowires is not meaningful for
the usually observed nanowire heights of two atomic layers,
because of their identical building blocks. Moreover, it is
assumed that the silicon surplus results in a silicon termination
of the nanowire surfaces, so that the often observed (2 × 1)
periodicity [Fig. 1(b)] is assigned to the formation of silicon
dimers [8].

In most previous studies, nanowire formation was related
to anisotropic strain, which is only pronounced for the hexag-
onal silicide. Since its lattice constant a fits well to the one of
the Si(001) surface, while the lattice constant c has a large
mismatch of about 7%, it was assumed that the nanowires
consist of the hexagonal silicide with its c axis perpendicular
to the nanowires [1–3,13,16,17], which, however, was ques-
tioned in a recent TEM study [11].

Although many experimental studies have been dedi-
cated to the RE silicide nanowires, a comprehensive and
detailed theoretical analysis featuring a comparison of pos-
sible nanowire structures and their electronic properties is
still missing. Previous theory work has only addressed one
atomic layer high nanowires [14,15,18,19] or free-standing
nanowires [20], whereby most experimental data suggest a
nanowire height of two atomic layers [11,16,17].

In this work, we present density functional theory (DFT)
calculations to provide an atomistic description of the RE
silicide nanowires and their relative stability. The latter is
predicted for systematically varied structure models by ab
initio thermodynamics. We then compare the simulated STM
images and calculated band structures with experimental STM
and ARPES data, respectively. Our calculations reveal that
the nanowires are thermodynamically metastable, since they
tend to form an extended two-dimensional silicide layer and
to grow further in height. Thus, the nanowire formation cannot
be explained by thermodynamics and is instead attributed to
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FIG. 1. (a) STM image of Tb silicide nanowires on Si(001)
(Vsample = −2.5 V, I = 100 pA), (b) detailed STM image of one
nanowire bundle (Vsample = −1.5 V, I = 100 pA), (c) ARPES mea-
surement along the nanowires with the most pronounced dispersive
bands around �̄ (k‖ = 0) and J̄ (edge of nanowire Brillouin zone).

growth kinetics. Among the nanowires of finite width, we find
that they grow partially buried into the silicon substrate and
have a height depending on the RE availability. The calculated
models lead to an atomic and electronic structure compatible
with STM and ARPES data.

II. METHODOLOGY

In the calculations, the Si(001) surface is modeled by
setting up orthorhombic supercells with slabs each consisting
of 12 monolayers of silicon, which are decoupled by a more
than 25 Å thick vacuum layer in z direction. The lateral
dimensions are two surface unit cells parallel to the nanowire
growth direction ([110], y direction) due to the presence of the
buckled dimers on the surrounding Si(001)-(2 × 2) surface,
and 16 unit cells orthogonal to the wires ([110], x direction) in
order to consistently separate the nanowires. Hydrogen atoms
saturate the dangling bonds at the lower side of the slabs and
are kept fixed during relaxations together with the lowest four
monolayers of silicon.

Erbium is employed as a prototypical RE, which can be
considered representative for all trivalent RE. The trivalent
RE only differ in their atomic radii (which slightly decrease
with the atomic number) and in the number of 4 f electrons,
which increases with the atomic number. As the latter does not
strongly influence the atomic structure (as we shall demon-

strate), and based on our experience with other RE silicide
structures on Si(111) [21], the results obtained for erbium may
be extended, at least qualitatively, to all trivalent RE.

We use the Vienna Ab initio Simulation Package to carry
out all DFT calculations [22,23]. PAW potentials with the
exchange-correlation energy treated within the GGA-PBE
formalism are employed [24–26]. The plane wave cutoff is set
to 450 eV and the Brillouin zone is sampled by a 2 × 16 × 1
Monkhorst-Pack mesh [27]. In order to calculate numerically
converged total and site projected local density of states
(DOS, LDOS), the k-point sampling has been increased to
a 4 × 32 × 1 k-point mesh. Structural relaxation is stopped
when all Hellman-Feynman forces are smaller than 5 meV/Å
[29]. The 4 f electrons of the RE are kept frozen in the core,
as we have verified that they play a negligible role in the
structural properties of stochiometric bulk hexagonal ErSi2,
leading only to variations in the lattice parameters smaller
than 0.01 Å.

In order to determine the most favorable wire geometry, ab
initio thermodynamics is used, with the Landau potential � as
the central quantity [21,30,31].

�(μSi, μEr ) = 1

A

[
F (NSi, NEr ) −

Si,Er∑
i

μiNi

]
. (1)

Following a common approach [30,32], the free energy
F is approximated by the DFT total energy of the supercell
ECell (T = 0 K) and the chemical potential of silicon μSi is
set to the one in bulk silicon μBulk

Si (silicon rich conditions).
μEr is a free parameter, reflecting the growth conditions. As
Er atoms are bound in a stoichiometric ErSi2 crystal structure
in nanowires, we vary μEr in range around μ

ErSi2
Er . The latter

value differs by only few 10 meV between the hexagonal and
tetragonal ErSi2 bulk. μEr values larger than μBulk

Er = −4.6 eV
would result in Er segregation on the Si(001) surface.

The supercell can be separated into two parts, one part
representing the clean surface with area AC and the other
consisting of the nanowire with area AW (see Fig. 2). AC corre-
sponds to an half-integral number of the Si(001)-(2 × 2) unit
cell. As AC might change with the burial depth for the same
wire, the Landau potential of structures with the same number
of Er atoms might have a different slope in with respect to μEr.
As test calculations show that these two parts are energetically
independent, we subtract AC�C from ECell to obtain EW. With
EW and AW we calculate the Landau potential of the nanowire
and refer it to the one of the clean surface.

�W(μSi, μEr ) = 1

AW

(
EW −

Si,Er∑
i

μiN
W
i

)
− �C. (2)

A schematic overview of the nanowire models explored in
this work is shown in Fig. 2. The figure shows two examples
for optimized structures of 5a wide (a is the Si surface lattice
constant) and two layers high nanowires consisting of the
hexagonal silicide, (a) with the c axis perpendicular to the
nanowire direction [denoted R (rectangular appearance in
cross-sectional view)] and (b) with the c axis parallel [denoted
H (hexagonal appearance)]. The selected width and height
represent the typical parameters found experimentally [17].
The nanowires represented in the picture are buried by one
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FIG. 2. Optimized structures of 5a wide and two layers high
nanowires buried into the substrate by one layer (a) with the hexago-
nal c axis perpendicular (labeled R) and (b) parallel to the nanowire
direction (labeled H), in cross-sectional view (left) and side view
(right). Blue circles indicate Si substrate atoms, light blue circles the
Si dimers of the clean Si(001) surface, magenta circles Si atoms in
the nanowires, and green circles Er atoms. AW and AC indicate the
areas of the nanowire and of the clean substrate, respectively. The
schematic representation shown in the central part will be used in the
following to indicate the discussed structures [28].

layer into the substrate. In their center, the structures nicely
represent the bulk silicide structure, while some deviations
at the sides such as dimer formation occur in particular in
the case of the H structure. Many different types of wire
sides (symmetric, asymmetric, plane, and corrugated) have
been modeled. The most stable side configurations depend
on the burial depth and are shown in the supplemental
material [34].

Moreover, the nanowire tops are generally modeled with Si
dimer chains along the nanowires leading to a (2 × 1) recon-
struction, as observed in Fig. 1(b) as well as in other experi-

ments [3,17,19]. We have verified this assumption by model-
ing dimer-induced reconstructions of different periodicity. In-
dependently on the wire structure, the (2 × 1) reconstruction
is always energetically favored. For simplicity, the substrate
surface besides the nanowires is modeled by a Si(001)-(2 × 2)
surface with the thermally frozen asymmetric dimers and
dimer chains oriented perpendicular to the nanowires [17],
although in reality a RE containing wetting layer with an
up-to-now undetermined structure is formed [14,17–19]. This
is justified since the wetting layer is electronically decoupled
from the nanowires. Moreover, the wetting layer has the same
periodicity as the substrate, so that we do not expect it to
differently influence nanowires of different width and height.
Thus, the wetting layer will mainly lead to a constant offset
in the absolute formation energy of the nanowires, without
modifying their relative stability.

III. RESULTS

A multiplicity of models (about 70) has been tested in
order to determine the most stable nanowire structures. For
this purpose, four degrees of freedom are considered: the ori-
entation of the hexagonal unit cell, the depth of burial into the
substrate as well as the height and the width of the nanowires.
Due to this systematic approach, the investigated geometries
include all structural models previously proposed. Starting
from the models shown in Fig. 2, the other degrees of freedom
are varied, first independently and then simultaneously. The
results are shown in Fig. 3.

At first the burial depth is varied, as shown in Figs. 3(a) and
3(d). Irrespective of the Er chemical potential, an optimum
depth of two Si layers is found for both the R and the H
structure. The calculations are then repeated for sample wires
of different width and height, confirming that the burial depth

FIG. 3. Variation of the Landau potential [(a) and (d)] for different burial depths, [(b) and (e)] for different nanowire heights, and [(c) and
(f)] for different nanowire widths, [(a)–(c)] for the R and [(d)–(f)] for the H structures. 0–III denote the depths varying from 0 to 3 silicon
monolayers, S, D, and T stand for single, double, and triple height, respectively, and 3a–9a and ∞ indicate the widths of the nanowire in
multiples of silicide unit cells.

214104-3



KRIS HOLTGREWE et al. PHYSICAL REVIEW B 99, 214104 (2019)

of two Si layers leads to the lowest formation energies for
given widths, heights, and silicide orientations.

Using this depth and the 5a broad wires, the height is
systematically varied for the R and H structures, as shown in
Figs. 3(b) and 3(e). For increasing μEr values, higher wires
with a proportionally higher Er content are thermodynam-
ically favored. While this trend is clearly visible for wires
with the R structure [Fig. 3(b)], wires with the H structure
and two silicide layers height are stable only in an extremely
narrow μEr range [Fig. 3(e)]. Again, sample tests with wires of
different burial depth confirm that the the optimal wire height
depends on the Er availability.

Finally, using models that are two layers high and buried
by two Si layers into the surface, the wire width is varied
for the R and H structures [Figs. 3(c) and 3(f)]. Here, only
odd numbers of unit cells were considered to account for
the (2 × 1) nanowire surface structure. The Landau potential
drops for larger widths, reaching its minimum, irrespective of
the chemical potential of erbium, for infinitely broad wires.
This represents the complete coverage of the silicon surface
with ErSi2 silicides, as observed in the case of the Si(111)
structure [21]. For this coverage, the R and H structure are
equivalent, except for a different orientation of the top silicon
dimers. However, the energy differences between these two-
dimensional ErSi2 coverages are small, amounting only to

values below 4 meV/Å
2
. A similar trend ist also observed for

heights of one or three atomic layers.
It should be noted that for μEr ≈ μ

ErSi2
Er no wire model has a

Landau potential below the one of the clean surface (�C = 0).
This is quite surprising, as consequently, the simultaneous
presence of a clean silicon surface and bulk ErSi2 is ther-
modynamically stable, while the nanowires are metastable.
Indeed, for high annealing temperatures RESi2 islands and
an otherwise clean Si(001) surface form instead of nanowires
[17], which indicates that the nanowires are metastable.

As pure themodynamic stability cannot be addressed as
the driving force for the wire formation, kinetic effects, such
as an anisotropic surface diffusion [14,15], probably lead to
the formation of the metastable nanowires. The anisotropic
surface diffusion has been previously explained by the lattice
mismatch between RE silicide and substrate [8]. While a
homogeneously strained silicide layer represents the global
minimum of the energy hypersurface, it can be hardly formed
during growth. Stacking faults and dislocations, not included
in our models, might be expected for the 2D silicide layers.
Moreover, the formation of nanowire bundles [see Fig. 1(a)],
which could not be analyzed here due to the system size, may
further modify the energy of the nanowires.

When comparing the Landau potential of the R and H
structures for the experimentally most frequent 5a wide and
two layers high nanowires, the differences are smaller than

3 meV/Å
2

for μEr ≈ μ
ErSi2
Er , being equal to 50 meV per unit

cell. This value is below the thermal energy under prepa-
ration conditions (kBT > 70 meV) and indicates that wires
with both orientations of the RESi2 have substantially the
same formation energy. This result seems surprising when
considering the lattice mismatch of about 7% in c direction
already mentioned above, which should strongly favor the less
strained R structure. However, the reported lattice constants of

FIG. 4. Simulated STM-images (sample voltage Vsample =
−1.5 V, filled states) for slabs modeling the ErSi2 nanowires
(a) with R structure and (b) with H structure according to the
thermodynamically stable models of 5a width.

the RESi2 bulk crystals were experimentally determined for
silicides with a considerable concentration of silicon vacan-
cies, resulting in an actual RESi2−x stoichiometry with x ≈
0.3 [33]. Yet, no indications for such vacancies were observed
experimentally for the nanowires. While our calculations of
nonstoichiometric ErSi1.7 bulk crystals roughly reproduce the
experimental c/a ratio of about 1.08, calculations of vacancy-
free ErSi2 bulk crystals yielded a c/a value of 0.95, so that
the anisotropic lattice mismatch cannot be considered as an
argument for the formation of nanowires with R orientation.
The situation is similar for the other trivalent RE [33]. Indeed,
recent atomically resolved TEM data clearly show that ter-
bium silicide nanowires are characterized by the H Structure
[11].

After analyzing the thermodynamical stability of different
nanowire models, we check whether they are compatible with
available STM and ARPES data. Therefore we simulate STM
images and derive the band structures for nanowire models
partially buried into the substrate and two silicide monolayers
high [34] and compare the results with the experimental data.

Simulated constant-current STM images are calculated
within the Tersoff-Hamann model [35,36] for the nanowires
of 5a width with R and H orientation. In the simulated STM
images (filled states, Fig. 4) the nanowires appear as rather
homogeneous bright rows along the nanowires with darker
ridges in between. The latter separate the dimer rows on
top of the nanowires. Thus, the 5a broad wires, on top of
which three dimer rows are formed, appear as triple row of
almost identical dimer chains. This is in very good agreement
with the experimental STM images [see Fig. 1(b)]. As in the
corresponding STM experiments, the simulated empty states
STM-images are qualitatively similar to the filled states STM
images and are thus not shown here. As mainly the dimer
rows are mapped in the STM images, which are present in
similar form in all nanowires models, the simulated STM
images achieved with different orientations show no apprecia-
ble difference. Consequently, the mere analysis of the STM
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FIG. 5. [(a) and (b)] Band structure (left-hand side) and DOS (right-hand side) for the (a) R and (b) H structures of 5a broad nanowires
with double height and buried into the substrate by two silicon layers. The intensity of the color in the band structure is proportional to the Er
contribution. The gray overlay is the silicon bulk band structure projected onto the surface Brillouin zone. The panels on the right-hand side of
(a) and (b) show the density of states (DOS/a.u.) integrated over the whole Brillouin zone and projected onto the Er atoms. The corresponding
unfolded band structures are shown in (c) and (d). Panel (e) shows a sketch of the surface Brillouin zone with the relevant high symmetry
points. All energies are given with respect to the slab Fermi energy EF.

images is not sufficient to differentiate between structural
models.

Finally, the electronic structure of the finite 5a broad R
and H structures is calculated and compared to ARPES mea-
surements. The theoretical results are shown in Figs. 5(a) and
5(b). In order to highlight the contributions of the nanowires
and supressing those of the neighboring silicon surface, the
electronic densities are weighted by projections of the wave
functions onto spherical harmonics centered around atoms
within a specific atom group and renormalized by the number
of considered atoms. This represents the contribution of the
atom group to the electronic band structure.

Both R and H structures exhibit bands that are strongly dis-
persive parallel to the nanowires (�̄-Ȳ direction) and strongly
localized perpendicular to it (�̄-X̄ direction). There is no band
gap, so that the nanowires form a one-dimensional metallic
system. For each structural model, a multitude of states exists
within the band gap of the silicon substrate due to the large
number of atoms in the unit cell, which renders the band
structures very complex. The main contribution is given by the
nanowire states (erbium + silicon cage). The band structures
of the erbium atoms and the nanowire cage look qualitatively
alike, while quantitatively the erbium atoms contribute much
more to the DOS than the cage. A closer analysis shows
that the nanowire states are completely decoupled from the
substrate and its surface dimer states. The latter, which are
dispersive for the clean (2 × 2) reconstructed Si(001) surface,
are well localized, in accordance with the interruption of
the dimer chains by the nanowire leading to the creation of
quantum wells.

While the supercell has a 2a periodicity in nanowire growth
direction because of the surrounding Si surface, the nanowires
themselves are characterized by a 1a periodicity [with the
exception of a dimerization at the side flanks of the H structure
that may be neglected, see Fig. 2(b)]. In order to compare the

theoretical results with the ARPES measurements, where no
indications of the 2a periodicity were found [9], the calculated
band structure was unfolded using the BandUP code [37,38].
The results are shown in Figs. 5(c) and 5(d), with the extended
surface Brillouin zone displayed in Fig. 5(e).

In Fig. 6, the experimentally derived bands from Fig. 1(c)
are overlaid by the unfolded band structure from Figs. 5(c)
and 5(d). A good matching is obtained when the calculated
bands are shifted to lower energies by about 0.2 eV, since
the experimentally observed Fermi energy lies about 0.2 eV
below the conduction band minimum [9]. This deviation can
be explained by a charge transfer from the experimentally
observed RE silicide wetting layer, which is actually present
besides the nanowires instead of the clean Si(001)-(2 × 2)
surface assumed in the present calculations.

We remark that in order to present a consistent set of data
calculated for ErSi2 (including structures, energetics, calcu-
lated STM images, and band structures) we use the calculated
ErSi2 nanowire band structure for the comparison with the ex-
perimental STM and ARPES data from TbSi2 nanowires. This
is justified by the fact that the band structures calculated for
ErSi2 and TbSi2 nanowires are practically indistinguishable
[39].

Because of the complexity of the theoretical band struc-
tures, a conclusive assignment of the ARPES bands to the R
or H structure is not possible on the basis of the comparison
shown in Fig. 6. Both structures are roughly compatible with
the ARPES data, although the dispersive bands around J̄ seem
to be better reproduced by the H structure. However, a direct
comparison of experimental ARPES data with calculated band
structures is difficult. While all electronic states appear in
the theoretical models, not all electronic states are visible
at the same time in ARPES records. This is due to matrix
element effects, which are known to strongly influence the
ARPES data of rare-earth silicide nanowires on Si(001) [9].
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FIG. 6. Electronic states of the (a) 5a-R and (b) 5a-H structures
[calculated for nanowires of double height and buried into the
substrate by two silicon layers] overlaid to the measured ARPES
data. See text for details.

Furthermore, ARPES seems to be characterized by larger
cross sections for highly dispersive states than for strongly
localized states, which then usually appear with a reduced rel-
ative intensity [40]. Moreover, the signal from the nanowires
is superposed by the one from the surrounding and usually
rather disordered wetting layer, resulting in a lower signal-to-
noise ratio. Finally, the experimental data display the averaged
band structure of wires of different widths, which results in

a certain smearing of the recorded states. Taking in account
these sources of uncertainty, and the intrinsic error of DFT
calculations, the agreement between measured and calculated
data can be considered satisfactory.

IV. CONCLUSION

In summary, we investigated erbium silicide nanowires on
the Si(001) surface by density functional theory and compared
theoretical results to experimental findings. The nanowires
are found to be metastable, as their width is not limited
by thermodynamics, so that an infinite coverage of the sub-
strate with a two-dimensional erbium silicide film represents
the thermodynamical ground state. Thus the experimental
observation of the silicide nanowires suggests that kinetic
effects play a dominant role. The nanowires of finite width
were categorized corresponding to four degrees of freedom.
Nanowire models that are buried into the silicon surface by
two silicon layers turned out to be energetically favored with
respect to wires with different bural depths. The height of
the nanowires depends on the chemical potential of erbium,
favoring higher models for larger deposition amounts. Turning
the nanowire supercell by 90◦ (i.e., switching from the R to
the H structure) leads to small energy differences that are
below the thermal energy under experimental conditions. Both
the R and H structure exhibit a similar surface structure and
one-dimensional metallicity, in agreement with experimental
STM and ARPES data.
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