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We have generated, using an ab initio pseudopotential method and the Bardeen transfer Hamil-
tonian approximation, scanning-tunneling-microscopy images and scanning-tunneling-spectroscopy
spectra of the GaAs(110) surface. The surface was fully relaxed and a cluster of four Al atoms
was used to represent the tip. We investigate the effect of different tip-surface bias voltages on the
scanning-tunneling microscopy images and compare them to experimental results. In particular, the
effectiveness of using the images to determine the buckling angle of the surface bond is discussed. For
the scanning-tunneling-spectroscopy spectra, different lateral tip positions were utilized and various
features associated with surface states were identified, which we also compare with experiment.

There are a number of different operating modes for
the scanning tunneling microscope (STM). The most ob-
vious is to use the STM to image a solid surface to obtain
information concerning the atomic structure of that sur-
face. Indeed one of the first successes of the STM was
the imaging of the Si(111) (7x7) (Ref. 1) surface, which
led to the final determination of the atomic structure of
that surface.? It has also proved possible to image close
packed metal surfaces,® with atomic resolution, despite
the fact that the electron states are much more delocal-
ized. The STM can also be operated as a spectroscopic
tool.* With scanning tunneling spectroscopy (STS), it
is possible to probe the electronic structure at different
points on the surface. This is not just confined to locat-
ing surface states but also, for example, the investigation
of surface adsorption® and the study of chemical interac-
tions occurring on the surface.®

The interpretation of STM images is not always
straightforward. Difficulties could arise, for example,
where electronic effects dominate over structural ef-
fects. This is exactly what happens in the case of the
graphite surface, where the STM images have displayed
very large corrugations.” Theoretical calculations have
demonstrated that this occurs because the Fermi sur-
face has collapsed to a point at the corner of the sur-
face Brillouin zone.® Another anomaly is the Si(001) sur-
face. STM images clearly show this surface to have a
(2x1) reconstruction of symmetric dimers® contrary to
what is predicted by other experimental techniques'®
and first principles calculations,!! which suggest that the
surface has in fact a c¢(4x2) reconstruction of buckled
dimers. It has been suggested that either the dimer
is constantly flipping and the STM images the average
dimer position!? or that the tip of the STM actually
causes the dimer to flip as it moves over the surface.!3
Kageshima and Tsukada'# attempted to clarify this point
by calculating STS spectra for these two reconstructions.
Their calculated spectrum for the (2x1) reconstruction
did not match the experimental spectrum® for the sur-
face that imaged as a (2x 1) reconstruction, whereas their
spectrum for the ¢(4x2) reconstruction did. This pro-
vides extra evidence that although the experimental im-
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age appears to be the (2x1) reconstruction, the surface
may well, in fact, be the ¢(4x2) reconstruction. This ex-
ample illustrates that theoretical calculations are of use
in interpreting experimental STM images, not just by the
simulation of images, but also through the simulation of
STS spectra.

In this paper, we concern ourselves with the GaAs(110)
surface. Previously we have examined the GaAs(001)
surface.'® Our principle findings then were the follow-
ing: (1) To image the positions of the As (Ga) atoms it
is necessary to use a negative (positive) tip-surface bias
voltage; (2) At low bias voltages STM images may not
show the positions of all of the surface atoms or dimers;
(3) The features of the STM images do not always cor-
respond to the surface charge density within the given
energy range, with respect to the Fermi level. We shall
investigate to what extent these findings apply to the
GaAs(110) surface, while comparing our simulated im-
ages with the experimental results of Feenstra et al.l®
and discussing the subject of the buckling of the surface
bond. Recently, in another paper, Feenstral” has pre-
sented high quality spectroscopic data for the (110) sur-
faces of GaAs, InP, GaSb, InAs, and InSb and we look to
see if our calculations can reproduce any of the features
reported for GaAs.

Our chosen method for calculating STM images and
STS spectra is based on the Bardeen transfer Hamilto-
nian approximation (BTHA).!® This approach requires
nothing more for input other than the wave functions of
the surface and the wave functions of the tip that we have
generated using state of the art ab initio pseudopotential
calculations.'® For the GaAs(110) surface, we take a unit
cell consisting of five layers of Ga and As atoms and five
layers of vacuum. A ball and stick plan view model of
this surface is shown in Fig. 1. In each layer, there are
four Ga and four As atoms such that the surface unit
cell is four times the size of the primitive surface unit
cell. This is done to ensure that the wave functions for
the tip, which consists of a cluster of four Al atoms, are
fully decoupled between adjacent unit cells. When the
surface atoms were allowed to relax, it was found that
the top layer As atoms move up out of the surface plane
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FIG. 1. Ball and stick plan view model of the GaAs(110)
surface. Open (closed) circles indicate the positions of the As
(Ga) atoms. Large (small) circles indicate the top (second)
layer atoms.

r——-

by 0.101 A and that the top layer Ga atoms move down
by 0.510 A. Furthermore, the As and the Ga atoms both
move in the (001) direction by 0.145 A and 0.399 A re-
spectively. There is also some slight relaxation of the
second layer atoms. We calculate the buckling angle of
the surface bond to be 27.8° in almost exact agreement
with the value obtained from experiment2? and other
calculations.?! The calculated wave functions are then
used to form Bardeen matrix elements,

M, (R) = / % (r)(H — E,)9, (r — R)dr,

where ¥, (r) and 9, (r) are the surface and tip wave func-
tions, respectively, and R is the position of the tip rela-
tive to the surface. The tunneling current is then given

by

2me

I(R,V) = 25 57 | My (R) P 1£(B,)
—f(E,,)](S(E” - E, + eVb)a

where V} is the tip-surface bias voltage and f(FE) is the
Fermi distribution function. In our simulations a Gaus-
sian function is used instead of a § function to enable the
discrete energy levels of the tip cluster to act as a contin-
uum of levels. The main advantages of using the BTHA
are that the atomic structure and wave functions are con-
sidered implicitly and that a semirealistic model of the tip
may be utilized. A disadvantage of this method, however,
is that because it is based on perturbation theory, it is
not suitable for small tip-surface separations where there
is considerable interaction between the surface and tip
wave functions. Furthermore, the incomplete plane wave
basis set used in the pseudopotential calculations means
that the tails of the wave functions are poorly described
and not suitable for use at large tip-surface separations.
In our calculations, we have used throughout a constant
tip-surface separation of 2 A, which conveniently falls
between these two limits. Although this is much smaller
than the tip-surface separations used in the experiments,
test calculations revealed that larger separations produce
nearly identical images. Moreover, simulated STM im-
ages generated at constant tunneling current in which
the tip moves out to larger separations also produce im-
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FIG. 2. (a) Simulated STM image for the GaAs(110) sur-
face, showing the tunneling current at a constant tip-surface

separation and for a bias voltage of —2 V. (b) A plot of
Ey

Ej—2 eV p(r, E)dE in a plane 2 A above the surface.

ages with features in the same positions.

In Fig. 2(a), we display the simulated STM image of
the tunneling current, for the GaAs(110) surface, at a
constant tip-surface separation and for a bias voltage of
2 V. In our previous paper, we took the natural logarithm
of the tunneling current to obtain the same effect as if the
images were generated at constant tunneling current and
variable tip-surface separation. Although this has the
positive effect of allowing extra detail to be observed in
the images, the downside is a lessening of the resolution
of the images. The image in Fig. 2(a) shows pronounced
bright spots corresponding exactly to the positions of the
top layer As atoms. This is as expected because at a neg-
ative (positive) bias voltage the occupied (unoccupied)
surface states are concentrated on the As (Ga) surface
atoms. Changing the bias voltage, while still imaging oc-
cupied states, was found to have no effect on the general
features of the simulated image or the positions of the

bright spots. Furthermore, a plot of fgff—z v P(r, E)dE

in a plane 2 A above the surface [Fig. 3(b)] shows that
the surface charge density within this energy range corre-
sponds exactly to the simulated STM image. This is still
the case if the lower limit of the integration is altered.
Our results for positive tip-surface bias voltages are
presented in Figs. 3(a)-3(c). In these simulated STM
images we see that the bright spots correspond closely,
but not exactly, to the positions of the Ga atoms. In fact,
the bright spots are displaced in the (001) direction, i.e.,
in the opposite direction to which the Ga atoms have re-
laxed. As the bias voltage is increased from 1 V to 3 V,
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image for a bias voltage of 2 V is anomalous in that it 6 a
exhibits secondary bright spots, which do not correspond 1
to any of the atoms or bonds on the GaAs(110) surface. _ 4j
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FIG. 3. (a) Simulated STM image for the GaAs(110) sur-
face, showing the tunneling current at a constant tip-surface
separation and for a bias voltage of 1 V. (b) The same as (a),
but for a bias voltage of 2 V. (¢) The same as (a), but for

a bias voltage of 3 V. (d) A plot of f_jff *2eV o(r,E)dE in a

plane 2 A above the surface.

Bias Voltage (V)

FIG. 4. (a) Simulated STS spectrum for the GaAs(110)
surface with the tip positioned 2 A directly above an As atom.
(b) The same as (a), but with the tip 2 A above a Ga atom.

surface [Fig. 3(d)] shows that the surface charge density
within this energy range has features that are also dis-
placed in the (001) direction relative to the Ga atoms.
However, the displacement of these features is less than
the displacement of the bright spots in the STM images
for bias voltages of 1 V and 2 V and also these features do
not move if the upper limit of the integration is altered.

Feenstra et al.'® measured the separation, in the (001)
direction, of the features corresponding to the As atoms
in their experimental STM image for a negative bias volt-
age and the features corresponding to the Ga atoms in
their images for a positive bias voltage. They also ob-
served that the separation of the occupied and the unoc-
cupied states obtained from theoretical calculations var-
ied with the buckling of the surface bond. They were
thus able, by comparing experiment and theory, to de-
duce that the buckling angle lies in the range 29°-31°.
However, what our results indicate is that the STM im-
ages exaggerate the separation of the occupied and unoc-
cupied states. Thus, the values measured by Feenstra et
al., from their STM images, overestimate the actual sep-
aration of the occupied and unoccupied states and thus
overestimate the buckling angle. It should be pointed
out that our theoretical results differ to the experimental
results of Feenstra et al. in that they did not find the
measured separations to be dependent on the bias volt-
age. However, they only considered a narrow range of
bias voltages (0.5-1.5 V), so that any dependency on the
bias voltage may not have been noticed.

In Figs. 4(a) and 4(b), we present simulated STS spec-
tra for the GaAs(110) surface with the tip positioned
2 A directly above an As atom and 2 A above a Ga
atom, respectively. These spectra both display a distinct
band gap, which is less than the experimental value of
1.42 eV.22 This is just the usual underestimate in the
band gap, due to the use of density functional theory in
the calculations.?® The Fermi level has been taken arbi-
trarily as the midpoint of the band gap. We observe that,
although the positioning of the tip does not effect the lo-
cation of the peaks in the spectra, the intensity of the
peaks is dependent on the tip position. The experimen-
tal STS spectra, recently obtained by Feenstra,'” for the
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GaAs(110) surface indicate that there are distinct peaks
in the conduction band at energies of 0.38 eV, 0.98 eV,
and 1.55 eV, relative to the conduction band edge, as-
sociated with cation derived surface states features. In
our simulated spectra, there are peaks in the conduction
band that can be identified with the peaks in the exper-
imental spectra. Feenstra was not able to identify the
onset of the L-valley bulk conduction band for GaAs. He
attributed this to the close proximity of the first surface
state feature obscuring the onset. This also applies to
our simulated spectra. Feenstra also reported that the
intensity of the peaks, but not the positions, varied with
the location (and nature) of the tip in agreement with
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our calculations.

In summary we have generated, using theoretical meth-
ods, STM images and STS spectra of the GaAs(110) sur-
face. Our results demonstrate that STM images do not
always correspond exactly with a plot of surface charge
density within the given energy range with respect to the
Fermi level. This is because the symmetries of the surface
and tip wave functions are crucial in contributing to the
tunneling current. One should, therefore, be careful not
only when interpreting STM images, but also when tak-
ing measurements from them. Finally, we have demon-
strated that our method can be used to generate STS
spectra, which give good agreement with experiment.
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FIG. 2. (a) Simulated STM image for the GaAs(110) sur-
face, showing the tunneling current at a constant tip-surface
separation and for a bias voltage of —2 V. (b) A plot of

f;fiz v P(r, E)dE in a plane 2 A above the surface.
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FIG. 3. (a) Simulated STM image for the GaAs(110) sur-
face, showing the tunneling current at a constant tip-surface
separation and for a bias voltage of 1 V. (b) The same as (a),
but for a bias voltage of 2 V. (¢) The same as (a), but for
a bias voltage of 3 V. (d) A plot of gf” Y o(r,E)dE in a
plane 2 A above the surface.



