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Apparent Size of an Atom in the Scanning Tunneling Microscope as a Function of Bias
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In order to determine how the sample density of states is reflected in topographic images obtained in

the scanning tunneling microscope, the apparent size of an adsorbed atom is studied as a function of bias
voltage for several different atoms. This quantity is found to reflect state-density features that lie well

above the Fermi level, but it shows a striking absence of any trace of d-state peaks below the Fermi level.

PACS numbers: 61.16.Di, 68.35.Bs, 73.20.—r, 73.40.6k

We consider here the way in which topographic im-

ages obtained with the scanning tunneling microscope
are affected by the sample density of states. We study
the case in which the sample is a single atom adsorbed
on a surface, and find in particular that the higher-
energy portion of the adatom state-density spectrum is
reflected in the apparent vertical size of the adatom as a
function of bias. '

For this analysis, we calculate the vacuum tunneling
current between two planar, parallel, metallic electrodes,
each with an adatom, as a function of the bias between
them; one of these electrodes represents the tip, the other
the sample. The tunneling-Hamiltonian formalism is
used to compute the total current in terms of the wave
functions determined separately for each electrode in the
absence of the other; these wave functions are calculat-
ed as described earlier. The jellium model with r, =2 is
used for each of the metal surfaces.

Let us take s to be the z-axis separation (i.e. , that
along the surface normal) between the center of the tip
atom and the center of the sample atom, and Y to be the
lateral separation (i.e. , that parallel to the surface) be-
tween the tip and the sample atoms. Let us hold the
current fixed; then the z-axis separation will be a func-
tion of the lateral separation and the applied bias volt-
age: s =s(Y, V). For any given Y, the separation s will

increase substantially as V is increased from the millivolt
range to several volts, in order to maintain the current at
its fixed value. The measure of z-axis displacement due
to scanning laterally over the atom on which we will
focus our attention is hs(V) =s(O, V) —s(~,V). We
can call this quantity the apparent vertical size (or dis-
placement above the surface) of the adatom. It is the
most important piece of information in the topograph.

Consider an atom 5 adsorbed on one electrode (sam-
ple) and an atom T adsorbed on the other electrode
(tip). Let IsT be the current flowing between the two
electrodes with their adatoms, and let ls (IT) be the
current flowing for this same arrangement in the absence
of atom T (S), but with the bare-metal electrode on
which the absent atom had been adsorbed remaining in

place. We will always exclude from these calculated
currents the current that would flow between the two

bare metal surfaces in the absence of both atoms (which
is infinite because of the infinite surface area). We
model the current that flows between tip and sample in

the experiment by 6I =I~T —I~. For large lateral sepa-
rations Y, this difference excludes the current flow be-
tween atom 5 and the metal surface on which atom T is

adsorbed, which is necessary in order that our model
yield results appropriate for a sharp tip. For Y=~
(and a given value of s), 81 =IT. For Y =0, Is is in gen-
eral very small compared with I~T, and so we take
BI = IgT. We therefore construct a table of values of IT,
and lsT(Y =0), for various values of s, and by interpola-
tion find the quantity hs defined above. This is done for
each bias V that we consider, with the current BI kept at
the same fixed value for all V. The calculations of the
currents are done in the same way as those described
elsewhere, with the same approximation, in which the
stationary-state wave functions are computed in the ab-
sence of the electric field. It will be recalled that this ap-
proximation leads to a rather small error for biases (typi-
cally —1 eV) that are not too large on the scale of the
work function. We include only wave functions with az-
imuthal quantum number m =0 (i.e. , s and p, for exam-
ple, but not p„z), because m eO components make a
much smaller contribution to the tunneling currents con-
sidered here —cf. discussion in Refs. 4 and 7.

We will consider three different sample atoms: Na,
Mo, and S, as prototype alkali metal, transition metal,
and nonmetal. A Na atom is used for the tip in all cal-
culations, but the results are rather independent of the
tip atom used. ' We show in Fig. 1 the additional eigen-
state density due to the presence of each of the three
sample atoms on a metal surface; that is, we give the to-
tal eigenstate density for the metal-adatom system,
minus that of the bare metal. Only the m =0 component
is shown. For Na, the fact that the resonance, which
corresponds to the 3s valence level of the free atom, is
mostly above the Fermi level indicates that the 3s elec-
tron of the Na has been largely lost to the metal. In the
case of Mo, the large peak just below the Fermi level
corresponds to the 4d state of the free atom, and the
smaller peak about 1 eV above the Fermi level corre-
sponds to the Ss state. For S, the 3p peak is seen well
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FIG. 1. Difference in eigenstate density between the metal-
adatom system and the bare metal (r, =2) for adsorbed Na,
Mo, and S. Only the m =0 component is shown.

below the Fermi level. Note that past about 1 eV above
the Fermi level, the additional state density due to the
presence of the S atom is negative; that is, some of the
metal states that were present in this energy region are
pushed out of it.

We show the curves of As (V) for these atoms in Figs.
2-4, for V in the range —2 to +2 eV. Positive V corre-
sponds to the polarity in which electrons tunnel into
empty states of the sample. At the top of each figure,
the corresponding state-density curve for energies in the
range —2 to + 2 eV is given for comparison.

Figure 2 shows the computed As (V) for the case of
the Na sample atom", it clearly reflects the mostly emp-
ty 3s resonance. The relation between the shape of the
peak in the As(V) and the shape of the state-density
peak is explored in the Appendix (see discussion of the
6-function state-density case). The curvature of the
As(V) graph up toward the left in the negative-bias re-
gion is simply an effect of the exponential barrier-
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FIG. 2. Top: Na eigenstate density difference. The 3s reso-
nance is clearly evident. Bottom: hs (V) for Na sample ada-
tom.

FIG. 3. Top: Mo eigenstate density difference. The lower-
energy Mo peak corresponds to 4d; the upper, smaller peak to
Ss. Bottom: As(V) for Mo sample adatom.
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FIG. 4. Top: S eigenstate density difference. Bottom:
As (V) for S sample adatom.

penetration factor, and would be present even if the state
density of the sample, and tip as well, had no structure
whatsoever. (Cf. discussion of constant-state-density
case in Appendix. )

The graph of As(V) for Mo shown in Fig. 3 is very
similar to that for Na, with the large peak at positive
bias associated with the mostly empty Ss state of the ad-
sorbed Mo atom. It is striking how little evidence there
is of the 4d state in this graph. The reason for this is
that the valence d orbitals in the transition elements are
in general quite localized relative to the valence s orbit-
als, and will thus have a much smaller amplitude at the
tip. This greater localization can be loosely thought of
as being due to the effect of the centrifugal barrier; also,
of course, the d orbital lies in a shell of smaller radius
than the s orbital, since its principal quantum number is
lower by l (e.g. , 4d compared with 5s). The only excep-
tion to the behavior seen in Fig. 3 occurs for adatoms at
the far left of the periodic table, where the d states lie at
relatively higher energies, such as Ca studied in Ref. 9

with its d resonance —1.5 eV above the Fermi level. In
this case, As (V) does show a corresponding peak.

We can explore this behavior further by looking at a
curve of dI/dV for Mo as a function of V, as in Ref. 9,
and again no peak is evident at the position correspond-
ing to the 4d resonance; the curve looks very similar to
that for a Na sample. We can alternatively compute the
local density of states due to the Mo at positions well

into the vacuum, and we also see practically no trace of
the 4d resonance. A similar effect has been observed ex-
perimentally in the scanning tunneling microscope by
Demuth, van Loenen, and Tromp, ' who found no evi-

dence of the d-band of Ag adsorbed on Si in spectroscop-
ic data, although in this case the fact that the d states lie
well belo~ the Fermi level would alone be enough to give
this result. '

Figure 4 gives As (V) for S. We note the rather strik-

ing fact that for a bias just above +1 eV, the S atom is

essential invisible, that is, causes no displacement of the
tip, and for biases much above this, the tip moves closer
to the atom as it passes over it (negative displacement).
The negative displacement is a direct consequence of the
fact noted earlier that the additional state density due to
the presence of the S atom is negative in the relevant en-

ergy region. Since the total (metal plus atom) state den-

sity at these energies is then lower than it is for the bare
metal, the tip must move closer to the surface when it is

over the atom in order to maintain a constant tunneling
current. A more complete discussion of the shape of this
curve is given in the Appendix (see the linear-state-
density case).

I am delighted to thank J. E. Demuth, R. M. Feenstra,
R. 3. Hamers, J. Tersoff, and A. R. Williams for their
comments on the manuscript.

Appendix. —For qualitative discussion, we use a very
crude model for the tunneling current (following Ref. 9),
in which the current is given as an energy integral over
sample and tip state densities, with the simplest barrier
penetration factor. If we take the tip state density to be
constant for convenience, then equating the currents for
lateral separations Y =0 and Y =~ implies equating the
energy integrals which approximate these currents (using
atomic units, I

e
I

= h. =m = l ):
V

J de[ps(s)+C]exp[ —2s(O, V)[2(N —c)+ V] ' 2]
0

I
v

deCexp[ —2s(~, V)[2(N —e)+ V]' j,

where ps(e) is the m =0 component of the sample densi-

ty of states due to the adatom, with e the energy relative
to the Fermi level. We simply use a constant C to indi-
cate the bare-metal state density (neglecting among oth-
er things that the barrier thickness seen by electrons
from the bare metal should be larger than that seen by
electrons from the adsorbed atom by roughly the metal-
adatom bond length). We furthermore put s(Y, V) for
the barrier thickness, even though the actual barrier
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thickness will be smaller (since s is a center-to-center z
distance).

We now give the results of evaluating As(V) =s (O, V)
—s (~,V) using this equation for several simple model
state densities. We exhibit only the most important
dependence of hs on V in each case, retaining in particu-
lar only the leading power in s ', and considering

~
V

~

smaller than & but large enough to neglect exp[ —2s (2&
+

~
V

~
) '~ ] relative to exp[ —2s(2@—

~

V
~

)'~ ]. We
denote by a and b quantities that are positive, and are ei-
ther constant or slowly varying as a function of V (they
represent different expressions in each case).

If ps(a) is constant, then As (V) —a (2& —
~

V
~

)
This shows the upturn seen for V ——2 eV in the curves
given above for Na and Mo. If ps(s)~6'(e —co), then
As (V) —0(V —so) [a —b (V —eo)] for eo & 0 and V —ao
small, with 0 the step function. This gives an abrupt in-
crease in As(V) at the position of the state-density peak,
with a linear decrease for higher bias; in a realistic case
(e.g. , Fig. 2) this becomes an asymmetric peak. If
ps(s) ~co —e (with so& 0), as is roughly the case for S
in Fig. 4, then As(V) —aln[I+b [ao —Vo(V)]1. For
V & 0 this gives a constant displacement As (V); for
V & 0 it gives a displacement that decreases with V,
crossing zero at V =co. This is approximately the behav-
ior seen in Fig. 4.
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