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Tuning Dimensionality by Nanowire Adsorption on Layered Materials
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The dimensionality of electronic states determines a number of physical phenomena such as phase
transitions, transport, or superconductivity. Employing scanning tunneling microscopy combined with
angle-resolved photoemission spectroscopy we demonstrate how the dimensionality of electronic states
can be continuously tuned from three to two dimensions. This is achieved by adsorption of nanowires
on surfaces of layered crystals without changing the chemical composition of the material. Exemplary
results for Rb nanowires on TiTe2 are discussed with the help of electronic structure calculations.
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Engineering the electronic structure and, in particular,
the fundamental band gap of semiconducting materials has
emerged as a major tool for developing new electronic
devices [1]. Band gap engineering is generally achieved
by changing the chemical composition of, e.g., ternary
semiconducting compounds like GaxAl12xAs. This way
band gaps can be adjusted over the whole range of gaps
from GaAs (1.54 eV) to AlAs (2.2 eV). However, the
dimension of corresponding electronic states is generally
not affected by tuning the band gap.

The dimensionality of the geometric and associated elec-
tronic structure of crystalline materials is responsible for
a variety of interesting physical phenomena. For example,
structural and/or electronic phase transitions associated
with charge density waves and metal insulator transitions
rely significantly on the dimension of corresponding elec-
tronic states [2]. In such materials Fermi vector nesting
according to large parallel sheets of energy bands results
in singularities of the dielectric susceptibility which is ac-
companied by periodic lattice distortions and charge den-
sity waves. Also it is generally believed that the quasi
two dimensionality of electronic states in the vicinity of
the Fermi level is responsible for the phenomenon of high
TC superconductivity [3–5]. Thus, a stepless control of
the dimension in the electronic structure without changing
the chemical composition of the material would open up a
wide field of electronic structure design and defined cre-
ation of associated physical properties such as, e.g., trans-
port or superconductivity.

Tuning dimensionality, however, is a difficult task. Cut-
ting a single layer out of a three-dimensional material is
generally not suitable to reduce the dimension since such
layers would require an additional stabilization. How-
ever, the basic building blocks of high TC materials are
quasi-two-dimensional Cu-O planes which are separated
and stabilized by other more three-dimensional material.
The degree of two dimensionality and consequently the
superconducting properties can be controlled by the sepa-
ration of the Cu-O planes. Such additional stabilization
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can be avoided by taking stable layer structures as basic
building blocks found, e.g., in the class of layered transi-
tion metal dichalcogenides. Their geometric structure is
characterized by a three-dimensional stack of chalcogen-
metal-chalcogen sandwich layers. The electronic structure
of the material is three dimensional since comparable dis-
persion of electronic states perpendicular and parallel to
the surface is observed [6]. It has been shown that the
introduction of additional material between the layers can
increase the layer separation (see, e.g., the work of Starn-
berg et al. [7] on CsxVSe2 compounds). In consequence
the overlap of electronic wave functions perpendicular to
the layers is reduced. However, a freely tunable layer sepa-
ration is not possible since the ionic radius of the added
material principally determines the layer separation. In ad-
dition, the chemical composition of the materials is drasti-
cally changed thereby superposing the effects of changing
dimensionality.

In this Letter we demonstrate how the dimensional-
ity of electronic states can be effectively controlled by
adding nanowires on the surfaces of layered transition
metal dichalcogenides. TiTe2, a Fermi liquid reference
compound, may serve as prototype material for designing
the dimension of its well known electronic structure. Rb
exposure to layered materials is employed to fabricate net-
works of metallic nanowires on the surface [8]. We show
how these nanowires can be used to continuously tune the
electronic decoupling of the surface layer from the bulk
material. With increasing density of nanowires the dis-
persion of electronic states perpendicular to the sandwich
layers can be flattened and finally destroyed to show pure
two-dimensional behavior.

All results shown here have been obtained from clean
and Rb exposed TiTe2 surfaces obtained by cleavage in
ultrahigh vacuum. Rb was evaporated from SAES [9] get-
ter sources employing a high flux. The resulting surfaces
exhibit networks of Rb nanowires separating micrometer
large flat areas in the surface layer. A typical STM image
is shown in Fig. 1. The nanowires which are typically 5
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FIG. 1. STM empty state image (3D perspective view) of the
alkali metal exposed TiTe2 surface. Height and width of Rb
nanowires are typically 15 nm (image size �1500 3 1000 nm2,
bias � 0.7 V, It � 0.2 nA).

to 100 nm thick revealing a width�height ratio of �1 cut
the surface layer into pieces. Note that the surface den-
sity of the Rb nanowires compared to the TiTe2 surface
areas is only of the order of a few percent. Although the
total amount of Rb contained in the wires would suffice
to cover the surface with several monolayers, more than
95% of the substrate is uncovered. The morphology of the
nanowire network such as wire thicknesses and mesh sizes
can be tuned over a wide range. It should be noted here that
all Rb atoms are contained in the wires. Neither adsorbed
atoms nor atoms diffused into the bulk have been observed
in STM or angle-resolved photoemission spectroscopy.

For comparison we show in Fig. 2(a) an STM image
of a Rb exposed WSe2 surface close to the edge of the
crystal where intercalation from the side is possible. The
island structure of intercalated Rb is clearly visible. Such
island structure has also been observed for Na intercalation

FIG. 2. (a) STM filled state image (bias 1 V, It � 0.2 nA)
of Rb exposed WSe2 surfaces close to the edge of the crystal
showing intercalated Rb islands. (b) STM image exhibiting a
Rb nanowire (white bar) which separates flat TiTe2 areas. The
TiTe2 surface between the wires is slightly corrugated showing a
wavelike pattern with varying amplitudes up to 0.2 nm. The line
scan shows the height profile along the scale bar. (c) Model of
the topmost surface layer structure. Rb nanowires are depicted
as coalesced black dots. Light and dark grey dots characterize
chalcogen and metal atoms, respectively. (d) STM filled states
image (bias 0.32 V, It � 0.2 nA) of a hole in the TiTe2 surface.
Line profiles reveal layer distances from 3rd to 2nd (left) and
2nd to 1st layers (right).
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in VSe2 [10]. This contrasts the images of Rb nanowires
on TiTe2 [see Fig. 2(b)] where no buried islands of inter-
calated material can be found. Thus the STM shows no
Rb atoms inside the meshes on top of the surface. Angle
dependent Rb core level photoemission spectra, in addi-
tion, clearly indicate that no Rb atoms have diffused into
the bulk [11]. This is further corroborated by calcula-
tions using density functional theory in the local density
approximation for the exchange correlation functional and
soft Troullier-Martins pseudopotentials [12] employing the
FHImd98 code [13]. The diffusion barrier for Rb on the
surface of TiTe2 is found to be 79 meV [14]. This ex-
tremely low barrier provides the Rb atoms with a very high
mobility at room temperature. Rb atom desorption off the
wires is highly unlikely due to the relatively high activa-
tion barrier, yet the barrier for separating two Rb atoms of
507 meV [15] is huge compared with the diffusion barrier
of the single atoms.

The clean TiTe2 surface areas inside the meshes of the
network show a wavelike structure induced by the sur-
rounding wires. This is highlighted in the close-up of
Fig. 2(b). A Rb nanowire separating flat TiTe2 areas is evi-
dent as white bar. The TiTe2 surface between the wires is
slightly corrugated showing a wavelike pattern with vary-
ing amplitudes up to 0.2 nm. The wavelike structures
observed in STM are due to a modulation of the electron
density which may be associated with a slight lattice distor-
tion of the surface layer [16]. A model of the topmost sur-
face layer structure is schematically depicted in Fig. 2(c)
(side view). The surface layer between the wires (black
dots) is corrugated. Subsequent layers are unaffected be-
cause of the weak van der Waals forces between the lay-
ers. It should be noted that the corrugation of the surface
layer depends on the density of the nanowires. The higher
the wire density is the larger the corrugation of the sur-
face layer is. Although this corrugation looks like stand-
ing waves of a two-dimensional electron gas, it is mainly
a pure geometric effect since the pattern does not change
upon variation of the tip-sample bias in little steps between
11.2 V to 20.7 V.

The corrugation of the surface layer is combined with a
slight elevation of about 1 Å compared to the bulk lattice
constant which destroys the strong periodicity perpendicu-
lar to the layers. Figure 2(d) shows an STM image of a
hole in the surface produced by a 5 V bias voltage peak.
Corresponding line profiles across steps from the 3rd to
2nd (left) and 2nd to 1st layers (right) are depicted at the
bottom. While the 3rd to 2nd layer distance reveals the
bulk lattice constant of TiTe2 (c � 0.6498 nm) the dis-
tance between the 2nd and 1st layers is found to be larger
by about 1 Å. Since the periodicity perpendicular to the
layers is responsible for a three-dimensional dispersion of
electronic states, an electronic decoupling of the surface
layer is expected to lead to a vanishing dispersion of elec-
tronic states perpendicular to the layers.

Angle-resolved photoemission has emerged as an effi-
cient tool to study the dispersion of electronic states in
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the Brillouin zone. We use the angle-resolved photoelec-
tron spectrometer ASPHERE consisting of a hemispherical
analyzer which is movable around two independent axes
[17,18]. Applied with high resolution (DE � 50 meV,
Dq � 0.25±) and varying photon energies (supplied from
the DORIS III storage ring at HASYLAB, DESY Ham-
burg) information on dispersion with respect to wave vec-
tor components perpendicular and parallel to the layers can
be obtained. When exciting electrons from the Fermi level
valuable information on the general shape of Fermi sur-
faces is accessible [19]. In Fig. 3 we show STM images
and corresponding angle-resolved photoemission intensity
maps scanning along wave vectors parallel to the surface
by angular variation and perpendicular to the surface by
photon energy variation [20] for clean and Rb nanowire
network covered TiTe2 surfaces. Photoelectrons were ex-
cited from the Fermi level. Corresponding cuts through
the bulk Brillouin zone schematically showing Fermi sur-
faces of 3D and 2D systems are plotted in the middle
column. The top row shows data from the clean TiTe2
surface and the corresponding theoretical Fermi surface
(middle). In particular, the Ti 3d states coupling the layers
over the van der Waals gap exhibit a pronounced disper-
sion with k�. Upon adding nanowires to the surface and
correspondingly tuning the level of electronic decoupling
of the surface layer wave functions from the bulk the di-
mensionality can be engineered from 3D (top) over an in-
termediate level (middle) to pure 2D (bottom). It should
be noted that although the dispersion perpendicular to the
layers has vanished the dispersion parallel to the layers is
mainly preserved. This is evident from the 2D photoemis-
sion intensity map of Fig. 3 (bottom) revealing different
bands crossing the Fermi level (high intensities separated
by low intensities [21,22]). Therefore, the observed elec-
tronic structure parallel to the layers resembles that of a
crystalline layer. Because photoemission averages over a
large (300 mm 3 mm) area the sharpness of the intensity
maps shows that the dimension “tuned in” by the nanowire
coverage is found mainly on the whole sample. If there
were domains of different dimensions they would produce

FIG. 3. (a) STM empty states images of clean (top) and Rb
nanowire network covered TiTe2 surfaces (middle and bottom)
(bias � 0.7 V, It � 0.2 nA), (b) cuts through Brillioun zones
schematically showing 3D and 2D Fermi surfaces, (c) corre-
sponding angle-resolved photoemission intensity maps.
a superposition of different dispersions perpendicular to
the layers and consequently blur the images. It should be
noted here that no Rb related features have been observed
in photoemission energy distribution curves of this sys-
tem as expected from the low coverage with Rb nanowires
(few %) compared to the large uncovered surface areas.
It should be mentioned that identical behavior is observed
for Rb nanowires on TaS2 [23].

A possible mechanism responsible for the observed loss
of layer perpendicular dispersion could be found in the av-
eraged elevation of the outermost Te-Ti-Te sandwich above
its ideal position. This can explain the shift of the emis-
sion towards the G point and the slight increase and sharp-
ening of the central p emissions, as shown below. The
sharpness of the inner edge in comparison to the blurred
outer edge of the d emissions results from the sharp Fermi
cutoff towards the G point. To estimate the influence on
the electronic structure empirical tight binding calculations
(ETBM) have been performed for such a surface system
by determining the layer, orbital, and wave vector resolved
half-space Green function [24]. The electronic structure of
the surface is characterized by the kk-resolved density of
states (DOS) obtained from the Green function which of-
fers a first estimate of the emission intensity.

Figure 4 shows the DOS for the first Te-Ti-Te sand-
wich. It is calculated at the Fermi energy and with kk along
the M 0-G-M direction. The thin line shows the result for
the undisturbed crystal. Near the G point, contributions
from the Te p orbitals and, near the M and M 0 points,

FIG. 4. Density of states of first Te-Ti-Te layer at Fermi en-
ergy. Thin line: undisturbed crystal, Thick line: first layer raised
by 0.1 nm above ideal position and simultaneous increase of
Fermi energy by 60 meV (see text).
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contributions from the Ti d orbitals are visible. The thick
line represents the DOS for the outermost Te-Ti-Te sand-
wich being raised by 0.1 nm with respect to the bulk crys-
tal. Also, the Fermi energy has been locally increased by
0.06 eV through distributing the additional electrons from
the Rb atoms upon the first sandwich in a rigid bandlike
model which, in fact, corresponds to a down bending of the
bands at the surface and a constant Fermi energy through-
out. The value of the shift is estimated from the part of
the electrons distributed by the amount of Rb coverage
and originate from the low work function of Rb compared
with TiTe2. For simplicity a homogenous distribution is
assumed though, in view of the observed STM pattern, the
actual charge density of the Rb s electrons might be modu-
lated inside the meshes of the wire network according to
the boundary conditions given by the remaining positive
charge on the wires. In comparison with the undisturbed
crystal the DOS peaks from the d orbitals at about 61 Å21

are clearly shifted towards the G point as it is found in
experiment. The lowering of the amplitude and broaden-
ing which seems to contradict experiment with its reduced
dispersion hides the theoretical behavior of the partial dz2

contribution to this peak. This, being much more impor-
tant because it dominantly couples to the photocurrent via
their matrix elements, displays a strong enhancement at
the inner edge of this band in accordance with experiment.
The DOS from exclusively px orbitals at about 60.3 Å21

shows a significant narrowing and enhancement which can
also be detected in the experimental data [note in Fig. 3(c)
the transformation of the broad intensity next to the kk � 0
line to a narrow structure closer to the kk � 0 line]. Thus,
the missing dispersion in k� and the sharpening and shift
of the experimental structures are consistent with the cal-
culated DOS and are to be expected to appear also in a
one-step photoemission calculation yielding a possible ex-
planation of the experimental results.

In conclusion, we have demonstrated that the adsorption
of nanowires on flat surfaces of layered materials can be
employed to reduce the dimension of electronic states. De-
pending on the density of nanowires on the surface the di-
mensionality can be continuously tuned from three to two
dimensions. ETBM calculations of orbital and kk-resolved
DOS reproduce this behavior when the topmost layer is
slightly raised by about 1 Å. This opens up a procedure
for designing physical properties such as phase transitions,
charge density waves, or metal insulator transitions with-
out changing the chemical composition of the material.
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