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ABSTRACT

Resonant tunneling through a C 60 monolayer doped with single Na, K, Rb, and Cs atoms was measured between the tip of a scanning
tunneling microscope and a NiAl(110) substrate. By supporting the monolayer on a thin aluminum oxide film grown on the substrate, a double
barrier tunnel junction is formed, consisting of the vacuum and oxide. This geometry enables conductance through an electronic state of the
alkali-C 60 complex at both positive and negative sample bias. The positions of the conductance peaks can be varied by tuning the vacuum
barrier. An opposite variation is found for Na and K as compared to Rb and Cs, suggesting the influence of bonding on nanoscale transport.

Recent experiments on tunneling phenomena in nanostruc-
tures have provided an understanding of the role of impurities
in electron transport.1,2 However, in most cases, it is difficult
to ascertain the nature or the location of the impurities and
thus to precisely determine the mechanism of their effects
on the transport process. Needless to say, additional insight
would be gained by adopting an approach that incorporates
the resolution of the local electronic structure. It is also
important to choose a system whose components are well
characterized, so that greater emphasis can be placed on their
mutual interactions and their imprint on experimentally
measurable quantities.

Toward this end, the scanning tunneling microscope
(STM) is unique in its ability to provide spatial and spec-
troscopic resolution at the atomic scale and has been widely
used to reveal the electronic structure with submolecular
precision.3-6 In this letter, we report the measurements of
differential conductance spectra in the tunneling junction
comprising an Ag tip, a vacuum barrier, an alkali-C60 com-
plex, an Al2O3 insulating layer, and a NiAl(110) substrate.
Our results reveal the influence of the potential at the position
of the complex on the transport properties. This junction
geometry is adopted in order to create a double barrier tun-
neling junction and to isolate the alkali-C60 system from
either electrode.7-10 The extensive knowledge of the proper-
ties of the alkali-doped fullerenes and their relevance to
superconductivity and electronic devices are also important
factors behind the choice of this system.11,12

The experiments were performed with a homemade vari-
able temperature, ultrahigh vacuum STM based on a design
detailed elsewhere.13 All the measurements were carried out
at 11 K at a base pressure lower than 3× 10-11 Torr. 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 feed-
back loop open. The Al2O3/NiAl(110) sample and Ag tip
were prepared according to procedures described elsewhere.14

The C60 (Aldrich, 99.9% purity) was sublimated from an
alumina crucible onto the clean, partially oxidized sample
at room temperature. The alkali atoms were evaporated in
situ from commercial sources (SAES Getter) and deposited
on C60/Al 2O3/NiAl(110) at 11 K.

C60 forms a triangular structure with a lattice constant of
10 Å, which is close to the nearest neighbor distance in
fullerite.12 The molecules assume different orientations. In
comparison to C60 on NiAl(110) and other metals,6,15 the
dI/dV spectra of C60 on Al2O3/NiAl(110) are nearly inde-
pendent of the tip location along the surface. The spectra
exhibit a conductance gap stretching from-2.4 V to+0.45
V. The alkali atoms bond predominantly with the nearest
neighbor C60 and from well-defined complexes within the
monolayer. The larger alkali atoms, K, Rb, and Cs appear
as protrusions on the C60 lattice, whereas Na is imaged as a
depression16 (see insets in Figures 1 and 2).

In the case of Na, shown in Figure 1a, the dI/dV curve is
initially recorded when the tunneling gap is set at 0.13 nA
and 1.05 V. Subsequent spectra are measured after moving
the tip either toward or away from the surface while keeping
the feedback loop open.17 The weaker spectral features near
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the Fermi level are magnified and shown in the inset. Figure
1b displays analogous data for K initially measured with the
tunneling gap set at 30 pA and 0.7 V. Similarly, in Figure
2a and 2b we show the data for Rb and Cs, respectively,
measured with the initial gap set at 0.1 nA and 1.5 V and
0.1 nA and 1.4 V, respectively. Intense, sharp conductance
peaks are detected for all alkali metals. They are seen only
at positive bias for Na and K for the range displayed18,19

(see peakH in Figure 1a and 1b), whereas they are observed
at both bias polarities in the case of Rb and Cs (see peaksH
andL in Figure 2a and 2b).

We associate the tall peakH at positive bias with the first
peakh of a series of peaks at negative bias. This series of
peaks is attributed to a progression of vibronic states within

the highest occupied molecular orbital (HOMO) of the
complex.14,21 Similarly, the peakL at negative bias for Rb
and Cs is associated with the first peakl of a series of peaks
observed at positive bias corresponding to a progression of
vibronic states within the lowest unoccupied molecular
orbital (LUMO) of the alkali-C60 complex. The assignment
of these spectral features is not initially obvious, attributing
spectral features at both bias polarities to the same electronic
state. We shall address this issue in the remainder of this
letter, focusing on the resonancesh and H since they are
observed for all alkali metals.

In all cases, theH resonance shifts when the tip-sample
distance (z) is changed. For Rb and Cs, the position ofH
shifts to larger bias values asz is increased, while in the
case of Na and K, the opposite trend is seen. The positions
of the peaksh and H are plotted in Figure 3a and 3b,
respectively. For Na and K, the HOMO derived peakh of
the vibronic progression shows a clear shift, whereas for Rb
and Cs, the shift is much smaller. Similarly, shifts inl and
L peaks are shown in Figure 3c and 3d. The origin of these
shifts is schematically revealed in Figure 4.

Figure 1. Differential conductance spectra as a function of
tip-sample separation for individual alkali metal adatoms on
C60/Al 2O3/NiAl(110). (a) For Na, the tunneling gap is set initially
at 0.13 nA and 1.05 V. Each curve is recorded by offsetting the tip
by 0 Å (bottom curve) to-1.75 Å (top curve), decreasing the
tip-sample separation in increments of 0.35 Å. Details of the curves
near the Fermi level are shown in the inset. The spectra in the inset
are scaled with respect to the corresponding spectra in the main
figure by factors of (from top to bottom) 1, 1.5, 2, 2.5, 3, and 4. A
topographic image of Na adatom on C60/Al 2O3/NiAl(110) was
recorded at 0.1 nA and 0.7 V. (b) Analogous spectra for the K
atom, recorded with the tip-sample separation set initially at 30
pA and 0.7 V. The tip offsets are-0.35 Å (top curve) through
+1.4 Å (bottom curve), in increments of 0.35 Å. A topographic
image of K adatom measured at 15 pA and 1.5 V is also shown.
The spectra in the inset have the same multiplication factors as
those in the main figure. In (a) and (b), the HOMO (h, H) and
LUMO (l) derived peaks are marked and described in the text. The
sharp peaks and the corresponding lower intensity peaks are marked
in capital and lower case letters, respectively. All the spectra are
offset for clarity.

Figure 2. (a) dI/dV spectra, similar to Figure 1, for a Rb adatom
with the initial tunneling gap set at 0.1 nA and 1.5 V, and offset in
0.35 Å increments from+0.35 Å (top curve) through+2.1 Å
(bottom curve). Image of a Rb adatom observed at 0.1 nA and 1.4
V. (b) For a Cs adatom, the curves are measured with the initial
gap set at 0.1 nA and 1.4 V and offsetting the tip in 0.35 Å
increments from 0 Å (top curve) to+1.75 Å (bottom curve). The
image of the Cs adatom was recorded at 0.1 nA and 1.5 V. The
spectra in the inset bear the same multiplication factors as those in
the main figures for both species of alkali atoms. The HOMO (h,
H) and LUMO (l, L) derived peaks are marked as described in the
text. All the spectra are offset for clarity.
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To explain the experimental results described above, we
must examine the electric potential applied to the complex
(Va) and its dependence onz. We use a simplified model,
that of a localized charge distribution lying between two
barriers, vacuum and dielectric (consisting of the C60/Al 2O3

layer). The sample bias across the junctionVb (voltage
between tip and NiAl) is thus divided between the vacuum
and the dielectric barriers. Since the complex is in contact
with the vacuum barrier at one end and with the oxide barrier
at the other, we can use the simplified model if we now
considerd/ε to be the effective thickness of the dielectric
barrier; we have (see Figure 4),

Let ∆ be the magnitude of the HOMO energy relative to
the Fermi level at zero bias. As shown in Figure 4a, the
HOMO state contributes to the electronic transport when its
position is raised above the Fermi level of the NiAl
[EF(NiAl)] or the tip [EF(tip)] lowered below it. For a given
z, the smallest magnitude of the negative bias required for
the electrons to tunnel through the HOMO,Vb

h is ∆ + Va,
accounting for both the energy of the state (∆) and the
voltage drop across the dielectric (oxide)Va, (see Figure 4a,i):

Here, z is written as the sum of the initial tip-complex

separationz0 and an experimentally controlled offsetδz.
Since∆ may, in principle vary whenz is changed, we have

At positive bias, the electron can tunnel out of the HOMO
state if its energy rises above the Fermi level of NiAl (see
Figure 4a,ii). This condition is met when the sample bias is
larger than

or

Figure 3. Summary of measured (symbols) and calculated (solid
lines) values for the peaks shown in Figures 1 and 2. (a) Observed
positions of the HOMO peakh for the alkali atoms Na, K, Rb, Cs
as a function of the deviation from the initial tunneling gap settings.
(b) Observed positions of the HOMO peakH. (c) Values of LUMO
peak l measured for the alkali atoms. (d) Values of the LUMO
peakL for Rb and Cs compared to the computed values obtained
from the model described in the text using the data shown in (a),
(b), and (c). Higher bias voltages are computed for Na and K where
these adatoms are found to be unstable.

Va ) d/ε
d/ε + z

Vb (1)

Vb
h ) (1 + d

ε (z0 + δz)) ∆ (2)

Figure 4. Schematic diagram of the tunneling process and the
resultant peak movement consistent with the observations and eqs
1-5 in the text. (a) Proposed mechanism when the energy of the
HOMO state ∆ is constant and applicable to Rb and Cs.Va

represents the potential energy of the electron at the position of
the complex (taken to be the voltage drop across the oxide) and
Vb

h,H denotes the bias values between the tip and the NiAl sample
for which the peak is observed in the dI/dV spectrum for (i) negative
and (ii) positive bias, respectively. The relationship betweenVa and
Vb for each bias polarity is described in the text. The subscripts 1
and 2 denote the position of the tip at distancesz1 andz2 from the
complex (z2 > z1), respectively. The direction of electron transport
and the alignment of the alkali-C60 resonance with the appropriate
Fermi level are indicated by the thick arrow. (b) Mechanism
explaining the peak shift in the case of Na and K.∆ decreases (∆2

< ∆1) when the tip is moved away from the complex (z1 < z2).
This makesVb2

H < Vb1
H, in contrast to that shown in a(ii). The

dependence of∆ with z is described in the text. All the symbols
have the same meaning as in (a).

∂Vb
h

∂z
) - d

ε(z0 + δz)2
∆ + (1 + d

ε (z0 + δz))∂ ∆
∂z

(3)

Vb
H ) (1 +

ε(z0 + δz)

d ) ∆ (4)
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Given that the larger voltage drop is across the vacuum
barrier, and if∆ does not depend onz, eqs 2 and 3 show
that Vb

h is a slowly varying function ofz (see Figure 4a,i).
On the other hand eqs 4 and 5 indicate thatVb

H increases
linearly with z (see Figure 4a,ii). Both of these trends are in
agreement with the behavior ofh andH for Rb and Cs (see
Figure 3a,b). However, for Na and K, the approximation of
a constant∆ is inconsistent with the experimental results.
Since a clearly measurable shift is observed forVb

h(h) and
Vb

H(H) that decreases in magnitude with increasingz (Figure
3a, 3b), we are led to conclude that the value of∂∆/∂zcannot
be ignored in eqs 3 and 5 for Na and K. Similar analysis
and set of equations apply to the LUMO (peaksl and L).

To verify the validity of the above model, we have
computed the shift in the positions of the LUMOl, L peaks
(see Figure 3c,d) using eqs 2 and 4 and the experimentally
determined quantitiesVb

h, Vb
H, andδz. Numerical fitting of

the ratio of eqs 2 and 4 and their LUMO analogues to 17
datasets of thez-evolution for pairs of peaks [either (h, H)
or (l, L)] yields d/ε ) 1.5 ( 0.4 Å. This value is then used
to calculate the initial tip-complex distancez0 for each
dataset, by substituting the HOMO data (h and H peak
positions) into the same equations. The variations inz0 ≈
10 Å are due to different initial tunneling conditions. The∆
of the LUMO is obtained using the expression forVb

l

(analogous to eq 2). Knowing∆, d/ε andz0, the positions of
theL peaks are deduced by substitution intoVb

L (analogous
to eq 4). As seen from Figure 3d, a close agreement is
reached for both Rb and Cs. The slight discrepancies between
the calculated and observed values can be traced to the
simplicity of the model, where, for example, the voltage drop
across the complex is neglected. Since no data on theL peaks
are available for Na and K, our calculations simply indicate
the expected trend of peakL in these cases.

As seen above, the energy position of the vibronic state
∆ and its dependence onz is critical in understanding the
anomalous shift of the sharp peak for Na and K. Upon
adsorption on the fullerene layer, alkali atoms are known to
transfer almost one electron to the neighboring molecules,12

leading to the formation of the alkali-C60 complexes. It is
possible that the alkali atoms are intercalated in the C60

monolayer during the formation of the complex,22,23but this
cannot be definitively inferred from our STM images alone.
Although we do not know the exact charge distribution
within the complex, it is expected to have a dipolar
component.24 The energy level of the complex (∆) depends
on the image potential of the charge distribution in the NiAl
substrate as well as in the Ag tip and consequently on the
distance between the tip and the complex (z). The contribu-
tion from the image dipoles in the tip at the complex is
proportional toO(-p2/z3), wherep is the magnitude of the
dipole moment. Consequently, this contribution tends to
lower the HOMO level of the complex as the tip gets closer
to the sample. This contribution to the state energy opposes
the one due to the reduced voltage drop across the vacuum

as the tip is brought closer, especially if the magnitude of
the dipole moment is appreciable. This makes∂∆/∂znegative
and gives the correct trend for Na and K. On the other hand,
the negligible changes in the values ofVb

h in Figure 2
correctly explain the trend for Rb and Cs (also see Figure
3d). Using this argument the data suggest a much smaller
value of ∂∆/∂z for Rb and Cs. However, at present, a
satisfactory explanation of the physical origin of these effects
is unclear. Detailed electronic structure calculations, comple-
menting the experimental results, are needed in order to fully
understand the bonding of the alkali atoms on C60/Al 2O3/
NiAl(110). However, these calculations are beyond the scope
of the present study.

This letter demonstrates the possibility that a single
electronic state (HOMO or LUMO) contributes to the con-
ductance at both polarities of bias. This observation is
enabled by designing and fabricating a double-barrier junc-
tion, defined by a Ag tip, a vacuum barrier, an alkali-C60

complex, an Al2O3 insulating layer, and a NiAl(110) sub-
strate. In addition, depending on the alkali species, the dif-
ferential conductance exhibits anomalous behavior that
depends on the voltage distribution in the junction and varia-
tion of the electronic state energy with the thickness of the
vacuum barrier. The precision and control provided by the
STM reveal factors influencing charge transport that are
not easily characterizable in other experimental geometries.
These results provide a new understanding about the effects
of single impurity doping, which is of prime interest in the
nanoscale fabrication of electronic devices on oxide and other
insulators.
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