PRL 94, 076801 (2005)

PHYSICAL REVIEW LETTERS

week ending
25 FEBRUARY 2005

Atomic Scale Conductance Induced by Single Impurity Charging
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A scanning tunneling microscope was used to probe electron transport through an alkali doped Cg
monolayer crystal on Al,O3; grown by the oxidation of NiAl(110). Each individual alkali atom forms a
localized complex with the neighboring Cg, molecules. Charging of the complex induces a substantial rise
in the current that persists outside the physical dimensions of the complex. This induction of the current
rise is characterized by spatially resolved spectroscopy and mapping of the differential conductance

(dI/dV) in the vicinity of the complex.
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The reduction of electronic devices to the nanometer
scale is a scientific and technological quest, aided by
advances in experimental techniques and theoretical under-
standing [1,2]. It has now become possible to observe both
charge and energy quantization since the advent of nano-
fabricated break junctions [3,4] and single molecule tran-
sistors [5,6]. The transistor geometry is naturally suited for
probing the effects of impurities on the transport [7].
However, knowledge of the location and structure of the
impurities has remained elusive. While the scanning tun-
neling microscope (STM) is known to image and resolve
orbitals of single molecules [8,9] and charge states of
single atoms [10], the technique relies on measuring the
conductance between two electrodes. In this Letter, we
demonstrate the ability of the STM to spatially image
and characterize the single impurities and to control the
atomic scale conductance by the nonlocal charging of a
single impurity in a double barrier tunneling junction
(DBT)J).

The homemade variable temperature ultrahigh vacuum
STM used to perform the experiments is based on a design
detailed in the literature [11]. In order to observe the
reported phenomenon, we first grew a thin Al,O5 film on
NiAl(110) in a manner described elsewhere [12]. Cg,
(Aldrich, 99.9% purity) was then sublimated from an alu-
mina crucible onto the oxidized surface at room tempera-
ture. The alkali atoms (SAES Getters) were deposited onto
the Cqy/Al,05/NiAl(110) surface after cooling to 11 K.
The tips were etched from polycrystalline Ag wire with a
diameter of 0.020". The differential conductance (dI/dV)
was measured with lock-in detection of the ac tunneling
current by modulating the sample bias (~ 10 mV,
~260 Hz) while keeping the feedback loop open. All
measurements were carried out at 11 K, at a base pressure
lower than 3 X 10~ !! Torr.

The DBTIJ consists of a Ag tip, a vacuum barrier, an
alkali doped Cgy monolayer, an Al,O; insulating layer, and
a NiAl(110) substrate [Fig. 1(a)]. By choosing this geome-
try, we can separate the alkali doped Cg, monolayer from
either electrode. From the STM topographic images [see

0031-9007/05/94(7)/076801(4)$23.00

076801-1

PACS numbers: 73.61.Wp, 73.63.—b, 85.35.—p, 85.65.+h

Figs. 2 and 3(a)], the Cgy monolayer has a triangular
structure with a lattice constant of about 10 A, albeit
with varying molecular orientations. The dI/dV spectra
exhibit a conductance gap from —2.4 to +0.45 V (Fig. 2).
Since the spectra show little variation with the tip posi-
tioned over different locations in the Cg, layer, we infer
that adsorption over the Al,O5 film (~5 A thick) leads to
the formation of a two-dimensional C¢, band structure [8].
The Cg, monolayer was systematically doped with Na, K,
Rb, and Cs to reveal the relationship between the dopant-
host bonding and conductance gating. All the alkali metals
react predominantly with the nearest neighbor Cg, and
form well-defined impurity complexes in the Cg, mono-
layer. We shall mainly use the results from Cs to discuss the
general phenomenon.

The Cs atoms appear as protrusions centered on the
threefold hollow sites of the Cg lattice. The dI/dV spectra
associated with the Cs(Cgy); complex display intense,
sharp conductance peaks, H and L, at both polarities of
bias (see the bottom of Fig. 2). In Fig. 1(b), we present an
energy level diagram directly over the Cs(Cgy); complex
for the sharp peak H at positive bias. The origin of this
peak is tied to the first peak h of a progression of vibronic
states at the negative bias (Fig. 2). This progression is
within the highest occupied molecular orbital (HOMO)
of the complex, [12,13] located at energy A below the
Fermi level (Er) at zero bias. As the sample bias V, is
increased (V;, > 0), the voltage at the Cs(Cg)3 complex V,,
also increases in proportion to the voltage division across
the DBTJ. When V, reaches A, the HOMO state aligns
with the Er (NiAl), leading to the ionization (positive
charging) of the impurity.

Figures 1(b) and 1(c) show the energy diagrams just
before and after the threshold of ionization, respectively.
The Cqy band B is shown partially below Ep (tip) at bias
V,1 in accordance with the dI/dV spectra. At the ioniza-
tion threshold, the positive ion creates an attractive poten-
tial that pulls down the Cg band to B’ [see Fig. 1(c)], thus
increasing the density of states for electron transport, in
addition to the opening of the conductance channel involv-
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ing the HOMO. This results in a sizeable step in the
tunneling current and a corresponding sharp peak in
dl/dV at V,,. This mechanism is possible due to the finite
voltage drop across the oxide film in addition to that across
the vacuum barrier. The much higher impedance across the
vacuum junction than that across the oxide precludes any
conductance peaks due to charge accumulation within the
complex [14]. This interpretation, based on the relative
tunneling rates between the two barriers, is corroborated
by similar observations on isolated Cu(II)-phthalocyanine
molecules adsorbed on an Al,O5/NiAl(110) surface [15].
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FIG. 1 (color online). Mechanism and effect of impurity ion-
ization on electron transport. (a) Schematic diagram of the
tunneling geometry, showing the relative position of the silver
tip, Cs impurity on Cg monolayer, AlL,O; film, and the
NiAI(110) substrate. The directions of electron transport (for
positive bias, V;, > 0) are indicated by the arrows. [, [,,, and I;
are discussed in the text. (b),(c) Energy diagram of the tunneling
process with the tip positioned over the Cs impurity just before
(b) and crossing (c) the threshold of ionization. Upon ionization,
a new conducting channel is opened, involving the HOMO, and
the Cgy band B is down-shifted to B’, leading to an increase in
the number of states available for transport. This results in the
sharp peak H which is correlated with the peak & associated with
the HOMO state observed at negative bias. (d),(e) The energy of
the Cq, bands at three different radial distances from the com-
plex, just before (d) and crossing (e) the threshold of ionization.
Impurity ionization gives rise to the lateral potential U(r) that
shifts the bands downwards.

In Figs. 1(d) and 1(e), the Cg, bands B, B, and B; are
shown for three lateral distances r between the tip and the
complex. The ionization of the Cs(Cgg); complex creates
an attractive potential U(r) that is expected to extend a few
Cgo lattice constants within the monolayer. In comparison
to V,; <A, B, B,, and B; are lowered in energy to B/,
B!, and Bj, respectively, according to the value of U(r) at
their respective locations [Fig. 1(e)]. The shift of band B to
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FIG. 2 (color online). Spatial mapping of the differential con-
ductance measured at 35 points across a Cs(Cgg); complex;
spectra are offset for clarity. A dI/dV spectrum measured
directly over the impurity is shown at the bottom, along with
the spectrum measured over the Cqy monolayer away from the
complex (dotted line). The peaks associated with the HOMO
(h, H) and LUMO (I, L) are indicated. The distinct features in
the spectra are highlighted in four zones, corralled by the dotted
lines. Zone a shows the Cg, band away from the Cs(Cgp)s
complex. Zone b shows the electronic structure close to Ey of
the sample. The conductance gap about Ej is reduced over the
complex due to charge transfer between the Cs adatom and the
underlying Cgq, molecules. The spectra in this zone have been
magnified by a factor of 4.5 to highlight the weak features near
Er. The occurrence and energy shift of peak H is seen in zone c.
Zone d displays peak L associated with the negative charging of
the LUMO peak .
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B’, and the corresponding increase in the density of states
available for transport, decreases as r increases. Since the
magnitude of the conductance peak is proportional to the
density of states made available due to the band shift, the
peak height will tend to decrease for points away from the
complex. In addition, a larger ionization threshold is re-
quired when the tip is moved parallel to the surface away
from the complex due to the positive tip curvature causing
an increase in the tip-complex distance. Thus the value of
U(r), the Cgq, density of states, and the emergence of
conduction involving the HOMO of the alkali-Cgy complex
determine the magnitude of the switching action associated
with the impurity ionization.

A spatial mapping of the dI/dV spectra at 35 positions
across a Cs(Cgy); complex, as marked in the topographic
image, is displayed in Fig. 2. Away from the complex, the
Cgo band structure is unperturbed, indicating the finite
range of the impurity potential (zone a). Rich structures
are observed on both sides of the conductance gap, reduced
to 0.4 V, and localized on the Cs(Cqy); complex (zone b).
From the discussion above, as the tip is moved away from
the impurity, the magnitude of the sharp peak H decreases
and its position is shifted to higher bias V. The sharp
peak L, associated with the filling of the lowest unoccu-
pied molecular orbital (LUMO) I (negative charging), ex-
hibits qualitatively a similar behavior (zone d) [16].

The onset of the ionization can be visualized by imaging
the spatial distribution of the dI/dV signal [Fig. 3(a)] for
different values of the sample bias (Fig. 3). The dI/dV
images were recorded along with the topographic image
with the tunneling gap set with 0.1 nA and 1.65 V. For bias
values lying in the Cqy band gap, we see that the dI/dV
intensity is localized over the complex [Fig. 3(a), 2—4].
Above 0.45 V, the surrounding Cg, monolayer also con-
tributes to the conductance [Fig. 3(a), 5-8]. At the ioniza-
tion threshold, a strong dI/dV signal is observed to be
localized on the Cs(Cyg); complex [Fig. 3(a), 7]. Above the
threshold, the localized image evolves into a ring centered
on the complex [Fig. 3(a), 8]. This ring is the locus of all
the tip positions where the ionization occurs for a given
bias or equivalently where peak H in Fig. 2 is located.
From zone c of Fig. 2, we see that the lowest bias value for
peak H occurs directly over the impurity. For a higher bias
value, there are two points, one on each side of the impu-
rity, where peak H is observed. For different mapping
directions, these pairs of points define a ring in the corre-
sponding dI/dV image.

The results for the alkali impurities on
Ceo/Al,O5/NiAl(110) are not observed for alkali atoms
adsorbed either on the Al,O5 film or on the C4, monolayer
on the bare NiAl(110) surface. The isolation of the Cg
monolayer from the NiAl and the Ag tip gives rise to its
two-dimensional band character. In Fig. 3(b), the step in
the current gives rise to a sharp conductance peak that is
associated with the nonlocal ionization of a single impu-
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FIG. 3 (color online). Emergence of the ring in the dI/dV
images. Image 1 shows the 70 A X 70 A topographic image of
the Cs(Cgg); complex measured at fixed tunneling parameters
0.1 nA and 1.65 V. Images 2—8 show the corresponding dI/dV
images at —0.54, —0.1, 0.37, 0.45, 0.56, 0.8, and 1.0 V, respec-
tively. These voltages are marked on the dI/dV spectrum shown
below, which is obtained with a tunneling gap fixed at 0.1 nA and
1.65 V. A portion of the dI/dV curve is magnified to reveal the
details. The measured -V (jagged line) and the integrated
dl/dV (smooth line) curves reveal the step in the current
corresponding to the location of the sharp peak in the dI/dV
spectrum.

rity. This effect can be further understood by considering
the directions of the electron transport in Fig. 1(a). Upon
ionization of the impurity, the current originating from the
tip, 1,, can flow directly through the monolayer and into the
metal (/,,), or through the impurity (/;), mediated by the
Ceo band. The effect of single impurity charging on the
tunneling current is observed in the steplike increase in /,,
and the emergence of the /; channel.

The evolution of the ring with bias across the DBTJ is
shown in Fig. 4 for C4y doped with Cs, Rb, K, and Na. In
the case of Cs, we see that the ring diameter increases with
the bias. This is expected from the shift of peak H in the
dl/dV mapping shown in Fig. 2. While a similar behavior
is observed for Rb, an opposite trend is found for K and Na,
demonstrating the effects of variation in the alkali-Cgy
bonding. It is well known that the alkali-C¢, bonding is
sensitive to molecular orientation as well as to the size of
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FIG. 4. dI/dV microscopy images on Cgy/Al,03/NiAl(110)
of isolated Cs (50 A X 50 A, gap set at 0.1 nA and 1.0 V), Rb
(47 A X 47 A, gap set at 0.1 nA and 1.25 V), K (65 A X 65 A,
gap set at 35 pA and 1.0 V), and Na (40 A x40 A, gap set at
0.1 nA and 1.0 V) complexes as a function of the bias voltage.
The first image in each column shows the corresponding topo-
graphic image of each complex.

the alkali atoms [17]. Because of their smaller size, it is
possible that K and Na bond differently to the underlying
C¢o layer as compared to Rb and Cs [18]. However, the
precise mechanism of this variation in electronic properties
is presently unknown. An understanding into the nature of
the alkali-Cg bonding in our DBTJ geometry would chal-
lenge ab initio calculations.

This Letter demonstrates the phenomenon that an elec-
tric field resulting from the charging of a single impurity
can trigger a stepwise increase in current that is spatially
confined to atomic dimensions and removed from the
impurity. The ability to control the current in a DBTJ by
changing the position of the STM tip with respect to an
impurity demonstrates the nonlocal effect on charge trans-
port by the potential gradient from a singly charged impu-
rity. The high spatial resolution provided by the STM also
reveals the effects on nanoscale transport due to the nature
of the local chemical bonding associated with different

alkali impurities. Such understanding suggests a new ap-
proach for unraveling the collective effects of impurity
doping, e.g., superconductivity in alkali-Cg, compounds,
and the operation of electronic devices at the nanoscale.
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