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Confined Doping on a Metallic Atomic Chain Structure
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On Si(111)-(5 X 2)-Au it is shown that metallic sections of quantum wires between two doping
adatoms establish a local electronic structure which is primarily defined by the section length. Such
confined doping is a direct consequence of reduced dimensionality and is not observed in higher
dimensions. Within a chain segment, the effect of a spatially independent charge-carrier concentration
is superimposed by a Coulomb-like interaction due to the positively charged dopants. This offers a natural
explanation for the relatively broad photoemission features and the complex appearance in scanning

tunneling microscopy and spectroscopy images.
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Controlled doping of semiconductors is one of the most
important technical achievements of the past century, which
eventually led to the widespread availability of various
electronic devices. Dopants adsorbed on metallic surfaces,
on the other hand, are used as a versatile tool in fundamental
science for precise band-structure engineering [1-4]. Such
surface state doping is of delocalized nature since the im-
purities provide virtually free charge carriers that are not
bound to the local adatom arrangement.

The situation becomes substantially different in one
dimension, where the very dopants themselves can con-
strict the free distribution of charge carriers. As a result,
only a limited region is affected by each dopant. In contrast
to the well-known case of quantized electron states due to
geometric confinement, the doping effect does not lead to
energy and momentum quantization but primarily to an
energetic shift of the local band structure with respect to
the Fermi energy.

In this work, an experimental realization of such
confined metallic doping is demonstrated. As a one-
dimensional model system, atomic chains at semiconduc-
tor surfaces (for an overview, see [5—11]) are used which
have proven to serve as an ideal basis for investigating
exotic effects like fractional band filling [12], spin-orbit
coupling of one-dimensional metallic bands [13,14], spon-
taneous magnetism [15], and Tomonaga-Luttinger liquid
behavior [16]. Here, it is shown that atomic chains on
Si(111)-(5 X 2)-Au naturally consist of metallic chain sec-
tions that are differently doped and separated by a single Si
adatom. The sections exhibit a local electronic structure
with well-defined carrier concentrations and energy off-
sets. Coupling across the adatoms is low. These are key
ingredients toward precise tailoring of the local electronic
structure via doping on the atomic level.

Previous studies revealed that the natural adatom con-
centration of Si(111)-(5 X 2)-Au (in the following referred
to as 5 X 2) is crucial for the formation of the lowest-
energy geometry [17,18]. On average, one Si atom per
5x8 unit cell results in optimum electron doping and in
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dimerization of essentially one of the three Au rows
[18,19]. Interestingly, the Si adatoms do not form a regular
pattern but an almost randomly distributed two-
dimensional lattice fluid with a tendency of phase separa-
tion into 5 X 4 chains and empty sections [20-22]. Thus,
the surface consists of adatom-free sections (AFS) of
various lengths [, separated from each other by a single
Si adatom. Perpendicular to the chains electron coupling is
largely prevented by the Si honey-comb chain, a structural
element shared by many related systems [5,23-25]. The
interplay between electron injection into surface states and
their interaction with the charged dopants are the scope of
the following discussion.

For sample preparation, the Si(111) substrate (n-type) is
degassed at 600 °C for about one hour and repeatedly
flashed to 1250 °C. Gold is evaporated from an electron-
beam evaporator at 650°C sample temperature. A
coverage of 0.6 ML Au leads to the Si(111)-(5 X 2)-Au
reconstruction as shown in Fig. 1(a) [19]. Scanning tunnel-
ing microscopy (STM) and spectroscopy (STS) measure-
ments are conducted at 78 K in a commercial
low-temperature STM (Omicron Nanotechnology) with a
modified preamplifier. Differential conductivity maps are
recorded in open-loop mode (feedback switched off) using
a lock-in detection method. The modulation amplitude
Unnodrms = 40 mV (at = 8 kHz) provides a good signal-
to-noise ratio without significant peak broadening. The set
point (SP) before switching off the feedback loop is
Vsp = —1.5 Vand Isp = —0.3 nA for all spectra. A linear
z-ramp (0.1 nm/V) during spectroscopy partially compen-
sates for the exponentially increasing transmission as a
function of applied sample bias [26].

Figure 1 displays the topography and two simulta-
neously recorded dI/dV maps of the 5 X 2 surface. The
adatom locations are extracted from Fig. 1(a) and indicated
by white circles in the lower two panels. Pronounced
variations of the local density of states (LDOS) are evident
from Fig. 1(b), where long AFS appear bright while the
signal is low at the equivalent atomic location within short
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FIG. 1 (color online). (a) Topographic STM image of 5 X 2
recorded simultaneously with the spectroscopic data in (b) and
(c). The chains are aligned horizontally. (b) dI/dV map at
Vsample = —1.03 V. Long adatom-free sections (AFS) appear
bright indicating high density of states. (¢) dI/dV map at
Veample = —1.19 V. Long AFS appear dark indicating low den-
sity of states. Different appearance of long and short AFS within
each map is caused by an energetic shift of the local electronic
structure (see Fig. 2).

AFS. At slightly lower voltages, the situation reverses and
the short AFS appear bright [Fig. 1(c)]. A movie showing
STS data for a continuous energy range can be found in the
Supplemental Material [27]. The periodicity seen between
the adatoms corresponds to the twofold superstructure
of 5 X 2.

A systematic study of the electronic structure for a
restricted energy range is illustrated in Fig. 2(a). It shows
the dI/dV signal as a function of energy and location along
the Au double chains in the occupied spectral region. Two
main features are visible within this energy interval, one at
about 1.35 eV located at the adatom positions [blue circles
in Fig. 2(a)] and others located between the adatoms, inside
the AFS [dashed lines in Fig. 2(a)]. The latter occur at
higher energy between —1.3 and —1.1 eV and are referred
to as state A in the following.

Earlier STS reports have attributed energy shifts of
spectral features on 5 X 2 to the presence of Si adatoms
[28,29]. Indeed, state A changes its energy depending on
the local adatom environment. Interestingly, the energy
position within an AFS (indicated by dashed lines) only
shows a weak dependence on the distance to the next
adatom. In contrast it varies significantly among different
sections across the adatoms. This situation is very differ-
ent from the well investigated effect of single dopants in
semiconductors [30-35], where the impurities give rise to
a local band bending with an almost isotropic Coulomb
shift which is approximately inversely proportional to the
adatom distance. In fact, it will be shown below that on
5 X 2 such a Coulomb potential is efficiently screened on
the AFS since the reconstruction is metallic between the
adatoms [28,29]. A comparison of STS curves in an
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FIG. 2 (color online). (a) STS spectra as a function of location
along the chains. Horizontal dashed lines correspond to the
positions of peak A in the dI/dV curves [cf. Fig. 2(b)]. The
locations of the adatoms are marked by blue circles. (b) STS
spectra for an extended energy range measured at the locations
indicated by triangles in (a). The length of the corresponding
AFS is [, = 12 (I; = 8) for the red (black) curve. The dashed
spectrum represents the /; = 8 case but is shifted horizontally by
72 mV for better comparison to the red curve. The five pro-
nounced peaks are labeled A-E. They essentially correspond to
band edges, which shift relative to the Fermi level due to a
change in the band filling. That, in turn, is caused by charge
transfer from the two dopant atoms terminating an adatom-free
section.

extended energy range is shown in Fig. 2(b) for AFS of
different lengths /; given in units of a bulk Si-Si distance
along the chain ag; = 3.84 A. Displacing the curve
for [, = 8 (black) horizontally by 72 mV results in a
good match of all peak positions A-E of the curve for
[, = 12 (dashed vs. red). Thus, the entire spectrum expe-
riences a rigid shift which is not restricted to particular
features.

The STS spectra in Fig. 2(b) are now compared to
photoemission data reported in the literature. All occupied
features can be assigned to edges of individual surface
bands. State A corresponds to the bottom of the band
labeled S3, S4, and 2 in Refs. [18,36,37], respectively.
Accordingly, states B and C can be identified being caused
by the respective band edges of 1’ and 1” in Ref. [18].
Unoccupied states are not accessible by photoemission, but
state D is consistent to DFT calculations [18], and state E
has been observed in inverse photoemission [38]. Further
confidence in the STS data quality is provided by analyzing
the spatial occurence of the states. Maximum charge den-
sity of state A, for instance, is detected on the Au double
row in the dimer regions [39] consistent to first-principles
calculations [18].
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In order to investigate the origin of the rigid shift, the
electronic structure of different AFS is studied as a func-
tion of the section lengths /. In Fig. 3(a) dI/dV spectra
recorded in the center of each AFS are shown for various
;. Analyzing the peak position of state A, a systematic
downshift AE is evident for decreasing [, [inset of
Fig. 3(b)]. It is attributed to electron injection into surface
bands by the donor adatoms, resulting in a rigid energy
shift of the bands relative to the Fermi level within each
AFS. Tip-induced band bending is excluded by varying the
set point conditions and by the voltage independence of
the shift (see also [40]). Interchain coupling is low since no
significant correlation of the peak position between neigh-
boring chains could be found. Along the chains weak
coupling across the adatoms is measurable for the shortest
sections reflected by slight variations of the energetic shift
among AFS of same length [cf. Fig. 2(a)]. This minor shift
is attributed to a Coulomb-like effect (see below). Hence,
the surface primarily consists of an arrangement of differ-
ently doped sections with well-defined local surface states,
separated by single Si adatoms. The magnitude of AE is
consistent with results from photoemission experiments for
different average adatom concentrations [36]. The shift
depends on the one-dimensional electron concentration
which is given by the number of doping electrons n, per

electron density (1/ag;)
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FIG. 3 (color online). (a) dI/dV spectra at the center of AFS,
each of them averaged over several sections of same lengths /;
(given in units of a bulk Si-Si distance along the chain ag;).
Curves are offset vertically for clarity. Arrows indicate voltages
for the dI/dV maps in Figs. 1(b) and 1(c). The continuous
downward shift for decreasing /; is caused by an increase in
local carrier concentration and the interaction with the charged
dopands. (b) Peak position as a function of inverse adatom
distance (bottom axis) and electron concentration (top axis)
within the AFS. Solid circles: raw data; open circles: after
correction for the Coulomb interaction with neighboring ada-
toms. The error bars reflect the standard deviation of results
obtained from the different AFS. Inset: Peak position of state A
obtained from a Gaussian fit from (a).

Si adatom divided by /. From density functional calcula-
tions n, = 2 has been found [18], limiting the maximum
doping concentration to =~ 0.13 nm~! for the shortest
AFS (I; = 4) [41]. Plotting the energy shift as a function
of inverse length, a linear relation with a slope m =
—0.27 eVnm is obtained that reflects successive band
filling induced by the dopants [Fig. 3(b)].

Part of the shift AE, however, is caused by electronic
coupling to both neighboring adatoms: each donor adatom
affects its local electronic environment via Coulomb
interaction of the ion core, similar to the case of bulk
dopants (see, e.g., [30-35]). Although relatively weak,
the Coulomb-effect on the surface states can be measured
on long AFS as a function of location within the section.
In Fig. 4, the energy position of state A is shown together
with a fit to the sum of two Coulomb-like potentials of
the form ¢(x) = ¢y — X;¢/lx — x;|, where the x; are the
locations of the adatoms and c is a constant depending on
the material properties.

The fit yields ¢ = 0.05 eV nm and is, therefore, a factor
~ 50 smaller compared to a doubly charged ion in vacuum.
This is a strong indication for efficient screening by the
metallic electrons in the AFS. The downward shift AE. of
the surface bands in vicinity of the adatoms confirms their
n-type doping effect and is consistent to earlier reports
[29,36]. For this analysis, an area with low adatom con-
centration in the vicinity of the AFS has been chosen to
avoid electrostatic interaction with several adatoms. It is
worth noting that the Coulomb-like shift AE induced by
adatoms of neighboring chains (i.e., in perpendicular di-
rection) is significantly weaker, such that the interaction
has an anisotropic character. The detailed mechanism for
this anisotropy is left as a topic for future investigations.
The total energy shift induced by the adatoms can now be
assigned to two contributions, the doping-induced shift
AE, which corresponds to a population of states by ad-
atom electrons, and a Coulomb-like interaction AE . due to

T | T~ I I
-1.08 — ’ A 1
i -1.09 — 1
c
k<]
= -1.10 — 1
o
o
T A .
g ® data \
— — single adatom \
112 - ! —— sum of both adatoms \ n
' \
-1.13 L .
0 2 4 6 8 10 12 14 16

X (aS|)

FIG. 4 (color online). Measured energy position (circles) of
state A [see Fig. 2(b)] on an AFS (/, = 16) as a function of
location along the chain. Blue solid curve: fit of a Coulomb-like
potential induced by both adatoms. The dashed curves represent
the two components of the individual adatoms located at x = 0
and x = 16, respectively.
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the charged impurities. Extraction of AE, from the mea-
sured total shift AE [full circles in Fig. 3(b)] yields:
AE, = AE— AE,, AE;= 20/(%). The component
AE, is plotted in Fig. 3(b) (open circles) resulting in a
slope mp = —0.16 eV nm. Interestingly, the energy shift
can be transformed to an absolute value of the LDOS at
the Fermi level. Within the AFS, such an estimation yields

LDOS = dNT/dE = ﬁ ~3.3(eVA)~!. At present this
first estimate for the total LDOS on the double Au row
on 5 X 2 cannot be compared to other experimental data
since it is not accessible by conventional STS.

In conclusion, adatoms on Si(111)5 X 2-Au act as dop-
ants for the local electronic environment. A constant
doping level is established within each chain segment
between the adatoms, apart from a small Coulomb shift
due to interaction with the positively charged dopant cores.
The local electronic structure on segments of various
lengths mainly differs by a rigid energetic shift depending
only weakly on the distance to the next adatom. This
results in well-separated, differently doped sections which
are decoupled from each other by a single Si impurity. The
interplay between confined doping and a Coulomb-like
interaction with the adatoms results in strongly energy-
dependent LDOS contrast in atomically resolved STS
measurements. Nonlocal methods average over many
such sections which offers a simple and natural explanation
for the rather broad spectral features observed in photo-
electron spectroscopy [20,36]. In conjunction with atom
manipulation techniques [42], the present results open new
routes for quantitative and local control of electron states in
metallic nanostructures on the atomic scale, particularly if
other atomic species are involved [43,44].
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