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Local density of states from constant-current tunneling spectra
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Scanning tunneling spectroscopy of the differential conductance is performed at constant current and at
constant distance. These modes of operation significantly affect peak positions and line shapes in spectra as
well as patterns in spatial maps of the differential conductance. A normalization procedure for constant-current
data, which relies on experimental current-distance data, is shown to yield spectral information on the local

density of states.
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I. INTRODUCTION

Tunneling experiments have been used since the work of
Giaever! to investigate the density of electronic states. With
the advent of scanning tunneling microscopy (STM),? tun-
neling data can be resolved with atomic lateral resolution and
various spectroscopic modes of measurement have been de-
veloped to take full advantage of its capabilities. Methods to
analyze these data have been developed and take into ac-
count the full three-dimensional character of the tunnel bar-
rier. However, in many cases the one-dimensional Wenzel-
Kramers-Brillouin tunneling theory, where the current is
represented by a simple convolution of the density of states
of the tip and of the sample using a tunneling matrix ele-
ment, is sufficient to describe the data. While three-
dimensional tunneling theories do not lead to such an expres-
sion for the current,® numerical results for tunneling between
alkali atoms on jellium electrodes lent some justification to
the simple one-dimensional approximation, which was sug-
gested for STM by Selloni et al.* It has since been used by
many authors to evaluate spectra of the differential conduc-
tance, dI/dV (I and V denote tunneling current and voltage,
respectively).

As dI/dV spectra do not directly reflect the spectral local
density of states (LDOS), Stroscio et al.’> suggested a nor-
malization procedure where the differential conductance is
divided by the conductance. The normalized spectrum of
(dI1/dV)/(I/V) was proposed to be similar to the surface
LDOS. Calculations by Lang® for alkali atoms on jellium
with their broad LDOS features confirmed this proposal.
Ukraintsev’ presented a comparison of various normalization
schemes and proposed a normalization, which relies on a
tunneling probability function fitted to the spectra. Kos-
lowski et al.® and later Passoni e al.® suggested a normal-
ization, which requires additional experimental input data,
and yields, in the case of noise-free model data, a rather
precise approximation of the LDOS. A normalization algo-
rithm for spectroscopic data obtained from organic layers on
surfaces has been proposed by Wagner et al.'”

The above normalization schemes are particularly useful
in evaluating dI/dV spectra, which are recorded at a constant
tip-sample distance.”> However, it can be advantageous to
record spectra at constant current, which implies varying dis-
tances. For instance, covering a wide range of voltages in a
single spectrum is possible, whereas it would require an ex-
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treme dynamic range of current when measuring at constant
tip-sample distance. Excessive currents during spectroscopy
often damage or alter molecules at surfaces. This may be
avoided by spectroscopy at constant (and low) current.
Moreover, mapping of dI/dV simultaneously with recording
of a constant-current topograph can be performed conve-
niently. Similar maps at constant distance are sometimes dif-
ficult to achieve when the investigated surface exhibits
prominent topographic features. Indeed, a number of recent
publications reported constant-current spectra which were
analyzed assuming that constant-current dI/dV spectra re-
flect the density of states.!'=!3 So far, no modeling has been
reported to evaluate the validity or precision of this assump-
tion.

The purpose of this article is to fill this gap to some ex-
tent. Using the results of Kosloswki et al.,} dI/dV spectra at
constant current are modeled and a scheme is proposed to
extract the LDOS from experimental constant-current data.
The scheme is tested for characteristic LDOS features such
as peaks or steplike onsets. Moreover, we extend prior work
by Li et al.,'"* who presented a procedure to obtain maps of
the LDOS from constant-current dI/dV maps. The analysis
schemes are used to process experimental constant-current
data from Cg, molecules and from Ag, clusters and the re-
sults are compared to constant-distance data. Not unexpect-
edly, the influence of the varying tip-sample distance on
constant-current data is significant and should be taken into
account if one is striving for a semiquantitative data analysis.

II. EXPERIMENT

Experiments were performed using a custom-built scan-
ning tunneling microscope operated at 7 K and in ultrahigh
vacuum with a base pressure of 10~ Pa. Sample surfaces as
well as chemically etched tungsten tips were cleaned by ar-
gon ion bombardment and annealing. Fullerene molecules
(Cg) were adsorbed onto cold Au(l111) surfaces using an
electron beam evaporator, while Ag atoms were deposited on
Ag(111) by controlled tip-surface contacts.!> Spectra of
dl/dV were recorded using lock-in detection with root-mean-
square modulation amplitudes of 1-15 mV, a frequency of 10
kHz and applying the voltage to the sample. The modulation
frequency exceeded the response frequency of the feedback
loop to avoid modulation of the tip-sample distance in
constant-current dI/dV spectroscopy. Experiments were per-
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formed with many tips in order to identify and avoid tip
effects.

III. MODEL

The starting point of our normalization scheme for
constant-current spectra is the one-dimensional model of the
tunnel barrier introduced by Simmons.'® For low tempera-
tures, i.e., T<<eV/ky (kg: Boltzmann’s constant; —e: electron
charge), the tunneling current at a tip-sample distance z and a
bias voltage V is expressed as

eV
I(z,V)OCf o(E)e(E - eV)T(z,V,E)dE, (1)
0

where @, and @, are the local densities of states of, respec-
tively, the sample and the tip, and E denotes the energy of
states participating in the tunneling process. The transmis-
sion factor, 7(z,V,E), for a trapezoidal tunnel barrier is es-
timated in the Wentzel-Kramers-Brillouin approximation'”-'3
according to

T(z,V,E)OCexp(— aZ\/¢+%/—E> (2)

with a:Z\E'%/ i (m: free electron mass; A: Planck’s constant
divided by 27) and ¢ the apparent tunnel barrier height. In
the following, a constant tip density of states is assumed. The
differential conductance at constant distance then reads (z
=zp=const)

dl(zy,V v 9Tz, V,E)
M o« e0(eV)T(zp,V,eV) + e

E)dE.
o el

3)

Following Ref. 8 the second term in Eq. (3) (which may
become significant for elevated voltages, but is often ne-
glected) is approximated leading to

dI(ZQ, V)
av

o e0,(eV)T(zp. V.eV) - %“’z(vm (4)
v

Solving Eq. (4) for @, the LDOS is obtained from constant-
distance spectra.

We now allow for a variation of the tip-sample distance,
z(V). The derivative of the current with respect to the voltage
reads as

difz(V),V]

gy 2 eQeNTz(V).V.eV]

JeV a1 z(V),V,E]
+ gAY, Vo]
(

E)dE
) v B

. FV dz(v) d7[z(V),V,E]

v e o(E)dE. (5)
0

The third term, which contains dz/dV, can be discarded since
for each voltage dI/dV is measured at a given distance, i.e.,
dz/dV=0. Solving then Eq. (5) for o, using the approxima-
tions introduced in Ref. 8 leads to
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| {dl[z(V),V] eV, } ©
— of»

0i(eV) = eTz(V),V.eV]|  av Vb

where I, is the constant current set for the measurements.
Equation (6) suggests that the LDOS can be determined from
constant-current spectra if z(V) is available. While the abso-
lute distance, z(V), is not known in experiments, measuring a
tip excursion, Az(V), is simple and can be done simulta-
neously with recording dI(V)/dV. As will be shown below a
reference distance z, may be estimated to obtain z=z,+Az.

To test the validity of this simple approach, we applied
Eq. (6) to experimental constant-current dI/dV data and
compared to results from constant-distance spectroscopy.
Moreover, we used typical model densities of states to nu-
merically compare both spectroscopy modes. To simulate
constant-current dI/dV spectra and the displacement of the
tip [Az(V) curves], z was varied for a given V until the cal-
culated current /(z,V) deviated from a set, constant value I,
by less than 0.1%.

In the cases presented below, the normalization is useful
in analyzing constant-current data despite the significant ap-
proximations of the model. However, the scheme is likely to
fail when the energy of the tunneling electrons approaches
the apparent barrier height. Further, the electronic structure
of the tip is assumed to be featureless.

IV. RESULTS AND DISCUSSION
A. Peak-shaped spectroscopic features

For a first test, experimental spectra of Cg, molecules ad-
sorbed on Au(l11) are used [Fig. 1(a)]. The lowest and
second-to-lowest unoccupied molecular orbitals (LUMO,
LUMO+1) give rise to peaks in constant-current (gray line)
as well as in constant-distance (black line) dI/dV spectra.'’
Compared to the constant-distance data, the constant-current
peaks are shifted by =110 mV and =70 mV toward lower
voltages. In addition, the relative amplitudes of the LUMO
and LUMO+1 peaks are drastically different in the two
spectroscopy modes.

At the low currents used for these measurements, these
differences cannot be explained by the influence of the elec-
tric field between tip and sample.??! Rather, they are due to
the varying tip-sample distance at constant current, which is
shown as a light gray line in Fig. 1(a). This can be demon-
strated as follows. Using experimental constant-distance 1(V)
and dI(V)/dV data, the sample LDOS, @, was extracted us-
ing Eq. (4) and then fitted by a superposition of two Gauss-
Lorentz lines. This LDOS was implemented into Eq. (1),
which was further numerically differentiated to give the cal-
culated constant-distance dI/dV spectrum. The result of this
procedure is shown in Fig. 1(b) as a black line. This opti-
mized model LDOS was used to calculate a constant-current
spectrum [gray line in Fig. 1(b)] via Eq. (1) and its numerical
derivative. Figure 1(b) also shows the calculated tip displace-
ment at constant current, Az(V)=z(V)-z,, as a light gray
line. The calculated curves reproduce the experimentally ob-
served energy shifts and line shapes of the orbital-related
spectroscopic signatures. The differences between the
constant-current and constant-distance data can therefore be
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FIG. 1. (a) Experimental constant-distance (black) and constant-
current (dark gray) dI/dV spectra together with displacement curve
Az(V) (light gray) atop a single Cgy molecule on Au(111). The
tunnel gap for constant-distance spectroscopy was set at 2.5 V and
I nA, while 1 nA was used for the constant-current spectrum. (b)
Calculated constant-distance (black) and constant-current (dark
gray) dI/dV spectra and Az(V) (light gray). For the calculations an
initial tip-sample distance of 0.6 nm was used. The apparent barrier
height ¢=7.8 eV was determined from experimental current-
versus-distance data.

attributed to the displacement of the tip in the course of data
acquisition, as expected. By performing similar simulations
for a number of peak shapes and amplitudes, some simple
rules were determined: (i) increasing the width of a single
peak leads to a larger shift between the corresponding peaks
in constant-current and constant-distance spectra; (ii) an
energy-independent background LDOS decreases the shift
between these peaks; and (iii) two identical LDOS peaks
give rise to different peak heights in constant-current spectra.
The closer the peaks are, the more will the high-energy peak
be attenuated.

Figure 2 shows a comparison of @, extracted from
constant-distance (dots) and constant-current (lines) spectra,
using Egs. (4) and (6), respectively. Obviously, both methods
lead to similar results. The constant-current data have been
treated using three estimates of z;, extending over a fairly
wide range from 0.6 to 1 nm. According to Fig. 2 this pa-
rameter does not drastically affect the spectral shape. In par-
ticular, z, affects the heights of the peaks, whereas the peak
positions remain almost unchanged. Taking into account only
the first term of Eq. (6) leads to deviations of the extracted
local density of states from the other curves in the low-
voltage region (dashed line in Fig. 2, 0.5-1 V). The second
term in Eq. (6) plays an important role for voltages, where a
considerable change of the tip-sample distance occurs. In this
case, it is not sufficient to divide constant-current dI/dV data
by the transmission factor only.
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FIG. 2. Local density of states of a Cgy molecule on Au(111)
extracted from dI/dV spectra at constant distance (dots) using Eq.
(4) and at constant current for the indicated initial tip-sample dis-
tances (solid lines) using Eq. (6). The dashed line shows the result
of dividing constant-current dI/dV data only by the transmission
factor [Eq. (6) without second term, zp=0.8 nm, see also Ref. 14].
An apparent barrier height ¢=7.8 eV was used for the
normalization.

B. Step-shaped spectroscopic features

Step-shaped features of the LDOS are often observed
from the band edges of electronic surface states, which rep-
resent quasi-two-dimensional electron gases. Occupied and
unoccupied states lead to different line shapes in constant-
current spectra, which will be analyzed below.

Occupied surface states occur, e.g., on the (111) surfaces
of noble metals. Figure 3(a) displays constant-distance
(black) and constant-current (gray) spectra of Cu(111) along
with the tip displacement curve (light gray) acquired simul-
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FIG. 3. (a) Constant-distance (black) and constant-current (gray)
spectra of dI/dV of the occupied Cu(111) surface state along with
the tip displacement curve (light gray), Az. The feedback param-
eters prior to spectroscopy were set to —0.6 V and 1 nA. Inset:
simulation of constant-distance and constant-current spectra for a
sample LDOS according to Eq. (7) with parameters E,
=-445 meV,T'=24 meV, ¢=4 eV, and 75=0.5 nm. (b) Extracted
sample LDOS, g, from constant-distance and constant-current
spectra shown in (a) using Eqgs. (4) and (6).
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FIG. 4. Calculated constant-distance (black) and constant-
current (gray) spectrum together with tip displacement characteris-
tics (light gray) for a model LDOS of an unoccupied surface state
[Eq. (7)]. The dashed line indicates the middle of the step-like onset
(Ey=1.35 eV), which coincides with the inflection point of the dis-
placement curve.

taneously with the constant-current spectrum. The band edge
of this state is located =—-445 meV below the Fermi level
and causes the rapid change of the conductance at the corre-
sponding sample voltage. While the constant-distance spec-
trum is rather flat above this onset, the constant-current sig-
nal keeps increasing.

For modeling, the density of states of a two-dimensional
electron gas with finite lifetime was used??

o (E) = % + iaretan{@] + 0. (7)

E, is the energy of the band edge, I' is proportional to an
inverse lifetime and controls the width of the onset,”’> @,
denotes the background LDOS of bulk electronic structure,
which is assumed to be constant over the narrow relevant
energy range. Calculated spectra are shown in the inset to
Fig. 3(a) and reproduce the experimental trend.

Figure 3(b) compares the LDOS extracted directly using
Egs. (4) and (6) from the experimental constant-distance
spectrum (black) and from the constant-current spectrum
(gray). The results show the expected steplike onset and are
in good agreement.

For completeness, we also include modeling results for an
unoccupied surface state. Figure 4 shows calculated
constant-current and constant-distance spectra based on a
sample LDOS given by Eq. (7) with Ey=1.35 ¢V and I’
=0.1 eV. These parameters approximately mimick the unoc-
cupied surface state of Pd(111) as measured by time-resolved
two-photon photoemission.”®> The deviations between the
constant-distance dI/dV spectrum (black) and the constant-
current dI/dV data (gray) are rather drastic and may be un-
derstood by the displacement curve (light gray). As the volt-
age is increased over the band edge, the tip is rapidly
retracted to keep the current constant. As a consequence, the
transmission 7 is reduced and dI/dV decreases. The different
appearance of the occupied surface state in Fig. 3 is consis-
tent with this interpretation. As the bias is varied from —0.6
to —0.3 V, the tip approaches the surface. This leads to an
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FIG. 5. (Color online) (a) Constant-current (1 nA) spectrum of
dl/dV acquired at the center of a Ag dimer adsorbed on Ag(111).
The arrow marks the voltage, at which maps of dI/dV are taken. (b)
Constant-current and (c) constant-distance map of dI/dV recorded
at3.5V, 1 nAovera3 nmX3 nm area. Dashed circles indicate the
positions of the dimer atoms. (d) Spatial map of normalized
constant-current dI/dV for the Ag dimer shown in (b) and (c),
which was extracted by using Eq. (6) for each image point. An
apparent barrier height ¢=5 eV and a tip-sample distance z,
=0.5 nm were used for the simulations.

increase of 7 explaining the observed increase of constant-
current dI/dV data in this energy range.

C. Maps of the differential conductance

Constant-current mapping of dI/dV (or I) has been dis-
cussed by Stroscio et al.***> and by Berghaus et al.?® Topo-
graphic features lead to significant variations of the dI/dV
signal and complicate the interpretation of the data. In the
context of surface state scattering on flat Ag(111) surfaces, Li
et al.'* dealt with this problem by normalizing dI/dV data
using a transmission factor according to the first part of Eq.
(6). Below, we apply the normalization procedure [entire Eq.
(6)] to an illustrative example of a more corrugated structure,
namely a Ag dimer (Ag,) adsorbed on Ag(111).

In constant-distance dI/dV spectra Ag, exhibits a sp,
resonance at =2.4 V,2728 which shifts to =2 V in constant-
current spectra [Fig. 5(a)]. Beyond =3 V the dI/dV signal
increases owing to a field-emission resonance.?® Within the
rise a shoulder around 3.5 V [arrow in Fig. 5(a)] is observed,
which may be assigned to an antibonding resonance of the
dimer.”® A constant-current map of dI/dV acquired at 3.5 V
is shown in Fig. 5(b). Sickle-shaped maxima are visible at
both ends of the dimer, which is oriented along a close-
packed direction of the host lattice [dashed circles in Fig.
5(b) indicate the positions of the Ag atoms of the dimer]. A
constant-distance map of dI/dV acquired on the dimer at the
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same voltage is presented in Fig. 5(c). Most obviously, the
spatial extension of the dimer signal is strongly reduced
compared to the constant-current dI/dV map. The centers of
the circularly shaped maxima of the dI/dV map are
~(0.43 nm apart while for the constant-current dI/dV map a
distance of =~1.46 nm is found. Simulations of constant-
current and constant-distance dI/dV cross-sectional profiles
through the dimer along the close-packed Ag(111) direction
reproduced these observations.?! The comparison between
constant-current [Fig. 5(b)], constant-distance [Fig. 5(c)] and
normalized constant-current dI/dV [Fig. 5(d)] maps demon-
strates that constant-distance maps of dI/dV are more closely
related to the sample LDOS, as has been suggested
previously.’> The peculiar pattern in the constant-current
dl/dV map of the dimer arises from the presence of anti-
bonding states at the edges of the dimer and their absence
from its center. For a voltage corresponding to the antibond-
ing state energy, the increase of the LDOS at the dimer edges
gives rise to high constant-current dI/dV signals at these
positions. At the center of the dimer the antibonding state is
absent, while the bonding state with an appreciably different
energy of =2 eV [Fig. 5(a) and Ref. 28] is present. As a
consequence, the constant-current d//dV signal is even lower
than on the Ag(111) surface.?*

Our normalization procedure also works for structures
with low corrugations such as LDOS oscillations resulting
from surface state scattering at step edges'*3? and from con-
finement to nanostructures.>*37 A word of caution is neces-
sary concerning a possible variation of the apparent barrier
height, which enters as a constant in Eq. (6). The apparent

PHYSICAL REVIEW B 80, 125402 (2009)

barrier height may be modified by changes of the work func-
tion, which are significant for, e.g., alkali metal atoms ad-
sorbed on metal surfaces.>®*" Lateral variations of the ap-
parent barrier height may also be induced by modifications
of the tip-sample distance and by a changing ratio of tip and
sample LDOS.® Comparing current-distance curves acquired
at low voltages on bare Ag(111) and on Ag, we found that
apparent barrier heights differ by =0.5 eV, which represents
a rather small change and does not influence the presented
results significantly.

V. CONCLUSION

Spectra of dI/dV at constant current can be used to obtain
information about the LDOS of structures at surfaces. The
excursion of the tip during constant-current data acquisition
leads to significant deviations compared to constant-distance
data. We propose a simple normalization scheme, which
takes into account experimental current-distance characteris-
tics. For a number of density of states features, which are
often observed in experiments, the normalization yields a
quantity which is close to the LDOS.
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