RAPID COMMUNICATIONS

PHYSICAL REVIEW B 78, 081401(R) (2008)

Scattering potentials at Si-Ge and Sn-Ge impurity dimers on Ge(001) studied by scanning
tunneling microscopy and ab initio calculations
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Scattering potentials for 7" electrons at Si-Ge and Sn-Ge dimers on a Ge(001) surface are studied by
scanning tunneling microscopy and ab initio calculations. Phase-shift analysis of standing waves in dI/dV
images reveals that Si and Sn atoms located in the conduction path of 7" electrons form potentials with the
sign opposite to each other. Density-functional calculations and simple calculations based on the nearly-free-
electron model explain the observed potential structures. These results are qualitatively understood by relative

p-orbital energy of the Si, Sn, and Ge atoms.
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In recent years, electron transport through atomic-scale
wires and molecules has attracted much interest both experi-
mentally and theoretically, especially for possible application
to functional devices. So far, conductance of such systems
bridged between two electrodes has mainly been studied for
this purpose.!? In this approach, transmission at the contact
between the system and the electrodes usually dominates the
intrinsic conduction. Consequently, it has been difficult to
discuss how the local chemical bond in the system influences
on the conduction. On the other hand, an approach using
one-dimensional (1D) electronic systems at surfaces enables
us to study simultaneously the microscopic structure and
electron transport by observing topographic images and elec-
tronic standing waves in differential conductance (dI/dV)
images with scanning tunneling microscopy (STM).3>-> The
scattering potential can be also estimated by phase shifts of
these waves.*¢

Recently, electron scattering by impurity Sn atoms incor-
porated in a quasi-1D electronic system was studied on the
clean Ge(001) surface, where Ge atoms form buckled dimers
with 77 and o bonds.” The dimers line up and make a dimer
row, and the neighboring dimers buckle alternately.® The 7*
electron localizing at the lower atom of the dimer behaves
like a 1D electron along the dimer row.” A standing wave of
the 7" electrons made by a buckled Sn-Ge impurity dimer
having its Sn atom at the lower-atom position, “Sn L dimer,”
was observed in the dI/dV image. Whereas a standing wave
by a Sn-Ge dimer having its Sn atom at the upper-atom po-
sition, “Sn U dimer,” was too small to be observed. These
results were qualitatively understood by the fact that the 7"
electrons propagate on the impurity Sn and host Ge atoms at
the Sn L and U dimers, respectively.7 However, the details
of the scattering, such as the sign of the scattering potential
at the Sn-Ge dimers, have not been clarified.

In the present Rapid Communication, we show standing
waves around oppositely-buckled Si-Ge dimers on Ge(001),
and discuss the difference in electron scattering between the
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Si-Ge and Sn-Ge dimers. The Si, Ge, and Sn belong to
group-IV elements, and the energy of their atomic p orbitals,
which form the 7" states, becomes high in order of their
atomic number; Si, Ge, and Sn.'® We found that the Sn and
Si atoms in the conduction path form potentials with the sign
opposite to each other for the 7 electrons. The sign and
amplitude of the scattering potentials qualitatively agree with
the results by density-functional calculations and by simple
and novel calculations based on the nearly-free-electron
model. The difference of the potential structure is explained
by the relative p-orbital energy. Furthermore, we can change
the sign of the potential by flipping the buckling orientation
of the Si-Ge dimer.

The Ge surface was cleaned by repeating Ar* sputtering
and annealing up to 1000 K. Silicon and tin atoms were
deposited onto the Ge substrate at room temperature from a
Si(111) wafer heated at 1300 K and a Sn crucible, respec-
tively. Total coverage of the Si and Sn atoms was less than
5% of the surface atoms. The STM images were obtained at
80 K in an ultrahigh vacuum less than 1X 10™° Pa. The
dl/dV images were acquired using a lock-in method with the
30 mV (peak to peak) modulation of the sample bias voltage
at 2.8 kHz. The dc current feedback loop was turned on
during the scan.

Density-functional calculations were performed within
the local-density approximation using the VIENNA ab initio
simulation package.!! We used projector augmented wave
potentials'? to describe the core electrons and an energy cut-
off of 312.5 eV to expand the wave functions. A repeated-
slab model was adopted with 10 Ge layers separated by a 1.3
nm vacuum, and the bottom Ge layer was passivated by H
atoms. The Ge atoms on the two bottom layers were fixed,
and all the other atoms were fully relaxed until the forces
were less than 0.01 eV/A. Integration over the Brillouin
zone was done using Monkhorst-Pack scheme'® with 5
X7 k points for the electronic structure calculation.

First, we address adsorption sites of the Si atoms on the
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X1 dimer

Ge surface from topographic images. An empty-state image
(the sample bias voltage V,=+1.0 V, and the tunneling cur-
rent I,=1.0 nA) of the Si-deposited Ge(001) surface is
shown in Fig. 1(a). In addition to ad-dimers,'* we notice two
kinds of Si-associated dimers at the surface Ge dimer posi-
tions as indicated by X1 and X2 in the image. Figure 1(b)
shows their bias voltage dependence. Here, it is noted, on the
clean surface, the lower (upper) atoms of the buckled Ge
dimers are imaged as protrusions in the empty-state (filled-
state) image.® In the empty-state image (V,=+1.0 V), the
lower atoms of both X1 and X2 dimers are imaged lower
than those of the Ge dimers, and the lower atom of the X1
dimer is imaged lower than that of the X2 dimer. On the
other hand, in the filled-state image (V,=—0.5 V), the upper
atom of the X1 dimer is imaged higher than those of the Ge
dimers, and the X2 dimer is indistinguishable from the Ge
dimers.

The buckling orientation of the X1 and X2 dimers can be
flipped by changing V,, at 80 K, and the X1 dimer changes
into the X2 dimer vice versa. This indicates that the X1 and
X2 dimers are oppositely-buckled Si-Ge dimers. If they are
pure Si dimers, the STM image should be the same irrespec-
tively of their buckling orientation. Then, within Tersoft-
Hamann scheme,!”> we simulated topographic images of the
Si-Ge dimers having its Si atom at the upper-atom position,
“Si U dimer,” and that at the lower-atom position, “Si L
dimer,” whose structure was fully relaxed. The observed to-
pographic image of the X1 (X2) dimer agrees with the simu-
lated image of the Si U(L) dimer. Thus, the X1 (X2) dimer
is assigned to the Si U(L) dimer as illustrated in Fig. 1(c)
[Fig. 1(d)]. Our calculations showed that Si L dimer is 0.11
eV energetically more favorable than Si U dimer. The
dimer-bond length and tilt angle are 2.44 A and 21.9°
(2.40 A and 17.6°), respectively, for Si L(U) dimer. These
are consistent with previous calculations.'®

Figures 2(a)-2(c) show dI/dV images of Ge dimer rows
including the Si L and U dimers at V,=+0.55 V and cross
sections along the dimer row at typical V,’s. In Fig. 2(d),
cross sections of standing waves around the Sn L dimer
taken wunder the same conditions are shown for
comparison.”!” The standing waves around the Si L dimer
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0.00 FIG. 1. (Color online) (a) Empty-state image
of a Si-deposited Ge(001) surface at 80 K. (b)
Bias-voltage dependence of the same X1 and X2
dimers (7, is commonly 1.0 nA). (c),(d) Structural
models (side view) of the X1 and X2 dimers,
respectively.

are weaker than those around the Sn L dimer, and detected
only at V,<~0.6 eV. This means that the Si atom in the
conduction pathway scatters the 7" electrons more weakly
than the Sn atom. Weak standing waves also appear around
the Si U dimer. For the Si-Ge dimers, unlike the Sn-Ge
dimers, there is no significant difference in the wave ampli-
tude between the two oppositely-buckled configurations.

We next analyze the phase shift of the standing waves to
elucidate the scattering potential. Intensity of the dI/dV sig-
nal is approximately proportional to surface local density of
states (LDOS). For the 1D electronic system, the intensity «
at distance x measured from the scattering center is given by
the equation

a(x) = A cos(2kx + ¢)exp(— x/d), (1)

where A, k, ¢, and d are amplitude, wave number, phase
shift, and decay length of the standing wave, respectively.’
The factor, exp(—x/d), represents damping of the standing
wave due to the energy relaxation and the V;, modulation for
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FIG. 2. (Color online) (a),(b) dI/dV images of Ge dimer rows
including the Si L and U dimers, respectively. The arrows indicate
the Si-Ge dimer positions. (c),(d) Line profiles of standing waves
around the Si U and L dimers and those around the Sn L dimer at
different V},’s (Ref. 17). Tunneling current was commonly 1.0 nA.
The blue (dark gray) solid curves show the results of fitting Eq. (1)
to the data on the right side of the dotted lines.
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FIG. 3. (Color online) Phase shift of the standing waves around
the Si L, Si U, and Sn L dimers in Fig. 2. The solid curves are the
results of fitting with Egs. (2) and (3). For details, see the main text.

the lock-in detection.'® We obtained the ¢—k relation by fit-
ting Eq. (1) to the observed standing waves. Here, fitting
parameters are A, ¢, and d, and the value of k was indepen-
dently determined from strong standing waves around the
steps or the ad-dimers in the same image; the amplitudes of
the standing waves around the Si-Ge dimers were so small
that fitting with the four independent parameters causes large
errors in k and ¢. Because of the tip-height change during
the measurements on the dI/dV signal, the observed dI/dV
image does not reflect the actual spatial mapping of LDOS
when a tip-surface distance is not constant.!” Thus, the data
at the area close to the Si-Ge (Sn-Ge) dimers, where the tip
height largely varies [the left side of the dotted lines in Figs.
2(c) and 2(d)], were not used for the curve fitting. The results
are shown as the solid curves in Figs. 2(c) and 2(d), and the
obtained ¢-k relation in Fig. 3. Phase shifts were found to be
about +0.57, —0.67r, —=0.77 for Si L, Si U, and Sn L
dimers, respectively, and almost constant for 1.0 nm~ <k
<1.8 nm™".

We now compare the obtained ¢-k relation with those
calculated using a rectangular-potential barrier or well. For
the potential barrier, the ¢-k relation is given by

K+ 3
k> — B* +2ikB coth BW

d(k;W.H) = arg( ) —kW, (2)

and for the potential well, it is given by
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3)

d(k; W' H'") =arg(

where B=\2m*H/#h?>—k> and B'=\2m*H'/h>+k>. The pa-
rameters W (W') and H (H') are width and height (depth) of
the barrier (well), respectively, and m™ is the effective mass
of the 7" electron. Here, we fixed W and W’ to one dimer
separation (0.40 nm) because the 7" electrons are scattered
by a single dimer. For m*, we adopted the value, 0.15 my
(my; free-electron mass), which was obtained in our band
calculation. The height H (>0) or depth H' (>0) at the
Si-Ge and Sn-Ge dimers were determined by fitting Eqgs. (2)
and (3) to the ¢—k relation in Fig. 3. The results are shown
by the solid curves in Fig. 3. We obtained potential barriers
of 0.4-1.2 eV and 1.3-2.5 eV for Si U and Sn L dimers,
respectively, and a potential well of 0-0.4 eV for the Si L
dimer. Interestingly, the Si and Sn atoms located in the con-
duction pathway (i.e., the Si and Sn L dimers) form poten-
tials with the opposite signs. Reflection coefficients calcu-
lated from the obtained rectangular potentials are 40%—70%,
10%-40%, 0%—10% for Sn L, Si U, and Si L dimers, re-
spectively, at k=1.2 nm™".

These experimentally-obtained scattering potentials have
been examined by ab initio calculations. We calculated the
electronic state of a supercell composed of four Ge—p(2
X 2) unit cells with one impurity (Si-Ge or Sn-Ge) dimer as
illustrated in Fig. 4(a). Figures 4(b) and 4(c) show the energy
dispersion of the 7* band along the dimer row (I to J') in
the extended Brillouin-zone scheme for the Si and Sn L
dimers, respectively. At the first Brillouin-zone (FBZ)
boundary (k=1r/1, where [ is the superlattice constant along
the dimer row, 3.19 nm), the 7* band splits by 0.012 (0.04)
eV for the Si(Sn)L dimer because the impurity dimer brings
a periodical potential V(x) to the original quasi-1D system
along the dimer row.

In the nearly-free-electron model, the gap energy AE is
given by

ot UUO

£F @) o) Sn L dimer | £ ' 1 (d)Si L dimer
& T 5\0'7' 1(0) /- 30.04
v 6 ] 2002
~2 £ :0'5' ) 2 0.00
. fl Béo.1 = pog STOEGeGECeGe Ge Gesi
< &/ 1 /| 2o —
ey " S 03 e+ = i (¢)Sn L dim
P R 02 i = 0.04
E-/+_ E- — =
0.1 \/AE—0.0IZeV_ / AE=RULEY| o @
0.0- ] 2 0.00
1 2 3 1 3 Sn Ge Ge Ge Ge Ge Ge Ge Sn
- J(w/h - J'() Lower dimer atoms

FIG. 4. (Color online) (a) Unit cell utilized for the calculation. The red (gray) and yellow (light gray) dimers stand for the Ge and
impurity (Si-Ge or Sn-Ge) dimers. (b),(c) Energy dispersion of the 7* band in the extended Brillouin zone for the dimer row with the Si and
Sn L dimers, respectively. (d),(e) Projected density of states at E. to the lower-dimer atoms along the dimer row with the Si and Sn L
dimers, respectively. The solid red (gray) circles and black squares represent E, and E_ states, respectively, with the solid lines for eye guide.
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: (4)

1 .
AE=2|V(G)|=2 ;f V(x)e'%dx

where G=2/1 is the reciprocal-lattice vector.? For a rect-
angular potential, |V(G)| is given by

V(G)| = 717|U|sin(7TW/l), 5)

where U is the height or depth of the potential; U>0 (U
<0) for the potential barrier (well). Using Egs. (4) and (5),
we obtain |U|=0.05(0.16) eV for the Si(Sn)L dimer at W
=0.40 nm.

For the potential well, the lower (higher) energy state at
the FBZ boundary, E_ (E,), has a charge-density maximum
(minimum) around the impurity dimers. For the potential
barrier, the relation is opposite. Figures 4(d) and 4(e) show
the charge density of the E. states projected to the lower-
dimer atoms along the dimer row for the Si and Sn L dimers,
respectively. We notice that, around the Si(Sn)L dimer, the
charge density of the E_ state has a maximum (minimum)
and that of the E, state has a minimum (maximum). Thus,
we conclude that a potential well (barrier) with U=-0.05
(+0.16)eV is formed at the Si(Sn)L dimer. With the same
method, we obtain AE=0.012 eV and U=+0.05 eV for the
Si U dimer, and AE=0.02 ¢V and U=+0.08 eV for the
Sn U dimer. These values are consistent with the following
experimental results; (1) the potential due to the Si L dimer
has negative sign and those due to the Si U and Sn L dimer
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have positive one. (2) the scattering amplitude by the Sn L
dimer is the largest among the four impurity dimers.

The difference of the potential between the Sn and Si L
dimers can be qualitatively understood by the relative
p-orbital energy of Si, Ge, and Sn atoms. The 7 state con-
sists mainly of the p orbitals of the lower-dimer atom,® and
the p-orbital energy increases in order of the atomic number;
Si (-4.17 eV), Ge (-4.08 eV), and Sn (-3.93 eV).!9 Since
the p-orbital energy of Ge is higher than that of Si, a poten-
tial well will be formed at the Si L dimer. Whereas, the
Sn L dimer forms a potential barrier because the p-orbital
energy of Sn is higher than that of Ge. The difference in the
p-orbital energy between the Ge and Sn atoms is larger than
that between Ge and Si atoms. This may result in the stron-
ger scattering at the Sn L dimer than at the Si L dimer.

Our calculations qualitatively account for the experimen-
tal results. However, the absolute values of the potential
height and depth are different from the corresponding experi-
mental results. This discrepancy can be attributed to our
simple assumptions such as 1D free-electron-like energy dis-
persion of the 7" state and a rectangular-potential model.
Experimentally, tip-induced band bending?! causes a consid-
erable error in the observed k, and hence in the phase-shift
analysis. Further theoretical investigations as well as more
quantitative measurements for the electronic states are
needed for solving it.
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