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Surface core-level shifts on Ge(111)c(2 x 8): Experiment and theory
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Combining high-resolution photoelectron spectroscopy and density functional theory (DFT) calculations, 3d
photoemission line shape and surface core-level shifts have been reinvestigated on the Ge(111)c(2 x 8) surface. It
is found that 3d spectra include, in addition to the bulk and three surface-shifted components reported in literature,
a component that was not identified in earlier measurements with a lower resolution. The detailed interpretation
of these spectra and their line shape is made on the basis of DFT calculations. It is shown that the lowest binding
energy component is due to the rest atoms. The higher binding energy emission is caused by the adatoms and the
third-layer atoms that are below the adatoms. Finally, the two other surface components originate from the first-
and second-layer atoms. The screening effects in the Ge(111)c(2 x 8) are discussed.
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I. INTRODUCTION

Despite the detailed understanding of atomic and electronic
structure of Ge(111)c(2 x 8) (Refs. 1-3 and reference therein),
the number and atomic origins of surface-shifted components
in core-level spectra from this reconstruction have still re-
mained an open issue. In earlier studies, 3d photoemission was
deconvoluted with the bulk (B) and two surface-related (S
and S,) spin-orbit doublets.*!! The surface core-level shift
(SCLS) of S; was identified between —0.27 and —0.23 eV
relative to the bulk, and that of S, was found in the range of
—0.8 to —0.72 eV. As the latter component is strongly shifted
toward the lower binding energy and significantly separated
from the other components, the presence of S, was justified.
Its interpretation, however, was controversial. The S, was
assigned to the adatoms®~'! and the rest atoms®? in the ¢(2 x 8)
reconstruction. The S| was interpreted as originating from the
“remaining” surface atoms, i.e., the first-layer atoms together
with the rest atoms® or adatoms (Refs. 6 and 8). All those
measurements were performed with the total energy resolution
of 0.2-0.3 eV, and, therefore, a more detailed analysis of the
3d line shape was complicated.

Later, a third surface component (S3) was resolved in 3d
spectra taken with a higher resolution (80-90 meV).'?> The
SCLS of S5 is 0.17 eV, i.e., it is shifted to the higher binding
energy. The atomic origin of this component was assumed to be
the adatoms, while the S; and S, were assigned to the first-layer
atoms and half the rest atoms, respectively. The assignment
of S, in Ref. 12 was based on two facts. First, there are two
inequivalent rest atoms in the ¢(2 x 8) unit cell, which can lead
to a binding-energy split for such atoms. Second, the intensity
of S, was about half of the intensity of the component related
to the adatoms (S3), whereas the total number of rest atoms is
equal to the number of adatoms in the ¢(2 x 8) structure. The
presence of S;, S,, and S3 for the Ge(111)c(2 x 8) has also
been confirmed independently.'®'* However, no theoretical
core-level investigation has been so far reported for this
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surface. Using ab initio molecular-dynamics calculations, it
was found that there are some distortions in the first, second,
and third layers of Ge(111)c(2 x 8).2 Therefore, the number of
bonding sites in this reconstruction is rather large, and it differs
from the number of hitherto measured SCLSs. Thus, core-level
measurements with an improved resolution combined with ab
initio SCLS calculations are required to clarify the Ge 3d line
shape.

In this study, we have combined high-resolution photoelec-
tron spectroscopy using the synchrotron radiation and density
functional theory (DFT) calculations to reinvestigate SCLSs
on Ge(111)c(2 x 8) both experimentally and theoretically.
The paper is organized as follows. The experimental and
calculational details are given in Sec. II. The measured 3d
spectra and identified SCLSs are presented and discussed in
Secs. IIT A and I1I B. DFT SCLSs calculated for the optimized
atomic structure of Ge(111)c(2 x 8) are shown and compared
with measured data in Secs. IIIC and HID. Finally, the
screening effects in the Ge(111)c(2 x 8) reconstruction are
discussed in Sec. IIT E.

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

The measurements were carried out at the MAX-lab
synchrotron radiation facility (beamline 14, MAX-III) in Lund,
Sweden. The Ge samples were cut from an Sb-doped (n-type)
(111) wafer. Sample cleaning was performed by repeated
cycles of Ar ion sputtering (E = 0.7—1.0 keV, T = 775 K)
and subsequent annealing (900 K) until a sharp c¢(2 x 8)
low-energy electron diffraction pattern was observed at 300
and 100 K. Sample heating was performed by direct current.
The photoelectron spectra were acquired at 100 K by using
the SPECS Phoibos 100 analyzer. The acceptance angle of
electrons was £8°. The measured total energy resolution,
defined by the analyzer, photon beam, and sample temperature
broadening, was 48, 52, 55, and 58 meV at the photon energy
hv =40, 55, 70, and 90 eV, respectively. The binding energy
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is referred to the Fermi-level energy of a reference Ta sample
in a good contact with the Ge sample.

The calculations were performed by using Vienna ab initio
simulation package (VASP),!*> applying the projector aug-
mented wave (PAW) method'® and the local density approx-
imation (LDA) of Ceperley and Alder,'” as parametrized by
Perdew and Zunger.'® The optimization of the atomic structure
was carried out utilizing conjugate-gradient minimization of
the total energy with respect to the atomic coordinates. The Ge
3d electrons were treated as core electrons. The inclusion of
the 3d electrons as valence electrons was tested as well. The
results were very similar, i.e., the difference in SCLS did not
exceed a few millielectron volts within the two treatments. The
SCLS values were evaluated by using the average electrostatic
potential at the core of the Ge atoms,'® which was obtained
by placing a test charge with the norm 1 at each Ge ion.
The bulk reference value was obtained by averaging from
layers 5-8. In the complete screening calculations a single core
electron was excited from the core to the valence by generating
the corresponding core-excited PAW potential,® and only the
screening by valence electrons was thus included.

III. RESULTS AND DISCUSSION
A. 3d spectra

Figure 1 shows a series of raw 3d spectra taken at various
photon energies (hv = 40, 55, 70, and 90 eV) and emission
angles (6. = 0°, 60°, and 80°). Each spectrum is normalized
to its maximum. Even without any fitting it is evident that

Ge(111)c(2x8) B
3d @ 100 K

Normalized intensity (arb. units)

Binding energy (eV)

FIG. 1. (Color online) Normalized 3d spectra of Ge(111)c(2 x 8)
taken with different photon energies and emission angles at 100 K.
The obvious spectral components (B, S, S,, and S3) are indicated by
dash lines (see the text for more detailed explanation).
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the spectra include at least four components labeled B, S, 5>,
and S3. The binding energy of the bulk component, B, can
roughly be deduced from the most bulk-sensitive spectrum
at hv = 40 eV and 6, = 0° (the top curve in Fig. 1). It
shows a pronounced peak at the binding energy of ~29.4 eV,
which is strongly contributed by the bulk 3ds,, emission. This
peak clearly has a shoulder at ~29.1 eV of which intensity
increases with changing the photon energy from 40 to 90 eV
(i.e., with increasing the surface sensitivity). Therefore, the
spectra include at least one surface-shifted emission near this
binding energy (the component S in Fig. 1). A well-resolved
feature at ~28.6 eV is due to a component S, with the lowest
binding energy. Finally, the spectra at zv = 90 eV indicate a
complicated structure at ~29.7 eV. The intensity of this feature
depends on the emission angle, and this behavior cannot be
explained by variation in intensity of B, §;, and S,. Hence,
a fourth component (S3) at the higher binding energy can be
assumed.

It is also seen in Fig. 1 that the spectra are influenced by /v
and 6, not systematically. In particular, the most bulk-sensitive
spectrum at hv = 40 eV and 6, = 0° (the kinetic energy of
electrons is 4-8 eV) reveals, in addition to the bulk emission, a
relatively large contribution from the surface atoms. Moreover,
the intensity of S, is strongly affected by 6, at hv = 70 eV,
but it is not at ~v = 55 and 90 eV. In contrast, the S is
affected by 6, at hv = 55 but not at ~v = 70 and 90 eV. Thus,
we propose that the nonsystematic variation of 3d line shape is
due to the diffraction effects, in agreement with Refs. 8 and 11.
Therefore, the intensity ratios of B, S;, S», and S3 might not
straightforwardly reflect the number ratios of respective atoms.

B. Measured SCLSs

A more detailed analysis of the 3d spectra was done
by using a standard least-squares fitting procedure with a
linear combination of spin-orbit-split Voigt functions. The
background was removed by the Shirley method. In the
beginning, the fitting scheme with four components (B, S,
S>, and S3) was tested. It is similar to the fitting scheme
in Refs. 12—14. The Lorentzian full width at half maximum
(LW) and spin-orbit splitting (SOS) were kept constant for
all the components when fitting the whole series of spectra at
different Av and 6,. The LW was always fixed at 0.150 eV.
The SOS was chosen in the range of 0.570-0.595 eV, and
different values were tested out. Then, the optimized SOS
was fixed as well. In earlier studies, the SOS was typically
0.580-0.586 eV,*>-7:8.10.13.14.21-23 although other values were
also reported (e.g., 0.550 eV in Ref. 6 and 0.590 eV in Ref. 9).
The branching ratio (BR) was assumed to vary slightly (10%)
for different components around 0.667 (2:3) because of the
diffraction effects. In previous studies, the BR was typically
0.58-0.68 for the Ge(111)c(2 x 8) surface,*7-12-14.21-23 4pq
it was recently found between 0.649 and 0.707 for the
Ge(001)c(4 x 2) (Ref. 24). It was also taken into account
that the BR was 0.640 for Sb/Ge(111)(2 x 1)>>%% and 0.625
for Bi/Ge(111)(4/3 x 4/3)R30° (Ref. 26), and the SOS was
0.580 eV for both. In these reconstructions, the Ge substrate
structure is brought into the bulklike configuration by the
group-V adsorbates, leading to a single spin-orbit doublet in
Ge 3d spectra. Thus, the Ge 3d fitting parameters can be easily
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FIG. 2. (Color online) Decomposition of 3d spectra at (hv, 6,) =
(70 eV, 60°) and (90 eV, 0°). The measured data are filled dots. The
shadowed doublets are the bulk (B) and surface (S;—S4) components.
The resultant fitting curve is shown by solid line. The relative binding
energy is referred to the binding energy of B.

found for such systems. The Gaussian widths (GW), binding
energies, and intensities of the components were allowed to
vary in the present study.

Within the above fitting scheme, some individual 3d spectra
could be successfully reproduced by the bulk and three surface
components. However, keeping SCLSs unchanged for the
whole series of spectra, i.e., at various 4v and 6,, was definitely
impossible (especially for S, and S3). Therefore, we discard
the fitting scheme with the bulk and three surface components.

An improved fit was obtained by introducing a fourth
surface component Ss. This allowed us to avoid the above
variation in SCLS. Moreover, reasonable GW values were
obtained. In Fig. 2, fitting results are demonstrated for two
spectra at (hv =70 eV, 6, = 60°) and (hv =90 eV, 6, = 0°).
At these experimental conditions the fittings were most
challenging, which most likely is due to the lack of a valley
between the main peak and the higher binding-energy structure
in these spectra. The dots represent the measured data and
the solid lines the fitting curves. The bulk and four surface
components are shown by shadowed doublets. The SCLSs of
S1, 82, 83, and Sy are —0.290, —0.755, 0.150, and —0.125 eV,
respectively. The GW of B is 0.198 eV at hv = 70 eV and
0.208 eV at hv = 90 eV. The GWs of S, S,, S3, and S, are,
respectively, 0.194 [0.205], 0.161 [0.163], 0.239 [0.242], and
0.245eV [0.250eV] at hv =70 eV [90 eV]. At the first glance,
it is surprising that the GW of bulk emission is rather large as
compared to that of S,. This behavior will be rationalized
below. We will show that the B is contributed by some surface
atoms with experimentally unresolved core-level shifts, and
thus the multiatomic origin of B leads to the increased GW. The
optimized SOS is 0.588 eV. The quality of fittings was poorer
with SOS of 0.57-0.58 eV. The BR was not constrained strictly,
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FIG. 3. (Color online) Residuals for the 3d spectrum at hv =
70eV and 6, = 60°. The curves are obtained within the fitting schemes
with the bulk and three, four, or five surface components (“1+3”,
“14-4”, and “14-5”, respectively).

i.e., it was allowed to vary within 0.667+£10%. Nevertheless,
the average BR was found to be 0.658 at 6, = 0° and 0.663
at 6, = 60°. These values agree quite well with the theoretical
BR for the spin-orbit d3,,_s,, core emission (2:3).

Introducing additional surface components did not lead to
the improvement of the fit. Figure 3 shows residuals obtained
for the (70 eV, 60°) spectrum fitted with the bulk and three,
four, or five surface components (the fitting schemes “1+3”,
“14-4”, and “14-5, respectively). The thinnest line represents
the residual for the fitting scheme “1+3”. The thickest line
gives the residual for the fitting scheme “1+4”. It is seen that
introducing S; improves the fit near the binding energies of
—0.2 eV and 0.35 eV. This means that the component S; alone
is not enough to reproduce the shoulder on the lower binding
energy side of the main peak and that the S, is hidden in this
energy region. On the other hand, the fitting with five surface
components (“145”) did not give any improvement, as seen in
Fig. 3. Thus, we propose the fitting scheme “14-4” with four
SCLSs, —0.290, —0.755, 0.150, and —0.125 eV for the 3d
spectra of Ge(111)c(2 x 8) in Fig. 1. The S4 (—0.125 eV) was
not resolved in earlier studies where the resolution was lower
than in the present work. The first two SCLSs, S| and S,, were
identified with the resolution of 0.2-0.3 eV,*!! whereas the
third one, S5, was found with the resolution of 80-90 meV
(Ref. 12).

C. Atomic structure and calculated SCLSs

Although the favorable site for the adatoms in the
Ge(111)c(2 x 8) is T4,' we consider here two atomic con-
figurations where the adatoms occupy either T4 or H;. These
configurations are called T4 and Hj structures hereafter. The
optimization of these structures was performed by VASP using
the full-periodicity c(2 x 8) slab. It consisted of 10 single
atomic layers (i.e., 5 double layers), one-fourth monolayer
(ML) of adatoms on one (111) surface of the slab (on top),
and 1 ML of hydrogen atoms on the other (111) surface (at
the bottom). In the fully relaxed atomic geometry, the energy
difference of T4 and Hj sites is found to be 0.08 eV/(1 x 1),
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FIG. 4. (Color online) Atomic model of the T4 structure of
Ge(111)c(2 x 8). (a) Top view and (b) side view. The ¢(2 x 8) unit
cell is outlined in (a). The atoms are labeled (see in the text for more
details).

in good agreement with Ref. 2. The top and side views of
the fully optimized T, structure are depicted in Fig. 4. The
At and Ag adatoms are asymmetrically surrounded by three
and four rest atoms, respectively. The Rt and Ry rest atoms
are asymmetrically surrounded by three and four adatoms,
respectively. These notations are taken from Ref. 3. The At is
bonded to the first-layer atom 14 and two atoms lp. The Ag
is bonded to the atom lp and two atoms 1c. The first-layer
atoms are displaced from their ideal positions toward the
adatoms. The Ry is bonded to three second-layer atoms 2¢
and the Ry to the atom 2p and two atoms 2g. The adatoms
can also interact with the second-layer atoms 2, that are just
below the adatoms and pushed downward with respect to
2g, 2¢, and 2p. This distortion in the second atomic layer
is translated to the third layer, where the atom 34, which
is located just below the atom 2, (see the side view in
Fig. 4), is significantly displaced downward from the ideal
position. Thus, the ¢(2 x 8) reconstruction includes a number
of different atoms: two adatoms, two rest atoms, four first-layer
atoms, four second-layer atoms, and at least two third-layer
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TABLE I. Initial state (IS) and complete screening (CS) SCLSs
calculated for different atoms in the T, structure. The atomic density
is given in ML. One monolayer (1 ML) is referred to as the atomic
density of the full single layer on the bulk-terminated Ge(111) [i.e.,
16 atoms per ¢(2 x 8) unit cell]. The Agcs is defined as a difference
of SCLSCS and SCLSIS

Type of Atomic SCLSIS SCLSCS ASCLS
atom density (ML) V) V) V)
Adatoms
At 1/8 0.100 —0.123 —0.223
Ar 1/8 0.101 —0.133 —0.234
Rest atoms
Rt 1/8 —0.619 —0.500 0.119
Rgr 1/8 —0.601 —0.524 0.077
First layer
1a 1/8 —0.231 —0.403 —0.172
1s 1/8 —0.209 —0.371 —0.162
1c 1/4 —0.191 —0.371 —0.18
1p 1/4 —0.18 —0.362 —0.182
Second layer
2A 1/4 —0.233 —0.418 —0.185
23 1/4 —0.178 —0.203 —0.025
2c 3/8 —0.161 —0.209 —0.048
2p 1/8 —0.121 —0.187 —0.066
Third layer
3A 1/4 0.12 —0.092 —-0.212
Third-layer
atoms not —0.065 —0.096 —0.031
shown in —0.041 —0.103 —0.062
Fig. 4 —0.055 —0.112 —0.057
—0.044 —0.087 —0.043

atoms. The number of such atoms is much larger than the
number of measured SCLSs.

The buckling and in-plane asymmetry of rest atoms are,
respectively, 0.040 and 0.130 A in the T4 structure and 0.086
and 0.149 A in the Hj structure. The buckling of adatoms
is significantly smaller in the both structures (0.003 A). The
in-plane asymmetry of adatoms is 0.064 A in the T, structure
and 0.133 A in the Hj structure. Thus, the strain relief appears
to be stronger in the T4 structure, which is consistent with
a higher stability of this configuration. In both T4 and Hj
structures, the Rt atoms are raised above the first layer higher
than the Ry atoms.

The SCLSs were calculated for both the T, and Hj
structures. The results are presented in Tables I and II. The
difference in SCLS obtained in the complete screening model
and the initial state model, Agcr.s = SCLScs — SCLSys, is also
shown for different atoms. Similar trends are observed for the
two atomic structures. First, in addition to the adatoms, rest
atoms, and first-layer atoms, some atoms in the second and
third layers of the T4 and Hj structures produce significant
core-level shifts, and, therefore, the measured spectra can
be contributed by such atoms. The most negative SCLSs are
found for the rest atoms. The binding-energy split of Rt and
Ry is about 0.02 eV in the T4 structure and 0.07-0.09 eV
in the Hj structure. Therefore, it is unlikely that the lowest
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TABLE II. The same as Table I, but for the H3 structure.

Type of Atomic SCLS[S SCLSCS ASCLS
atom density (ML) eV) V) V)
Adatoms
At 1/8 0.335 —0.12 —0.455
Ar 1/8 0.391 —0.05 —0.441
Rest atoms
Ry 1/8 —0.489 —0.488 0.001
Rr 1/8 —0.584 —0.561 0.023
First layer
First-layer
atoms 3/8 —0.190 —0.455 —0.265
—0.184 —0.392  —0.208
3/8 —0.154 —0.405 —0.251
—0.159 —-0.372 -0.213
Second layer
Second-layer
atoms 3/8 —0.285 —0.42 —0.135
—0.278 —-0.378 —0.1
1/4 —0.254 —-0.4 —0.146
1/8 0.188 —0.02 —0.208
Third layer
Third-layer
atoms 5/8 —0.109 —0.173  —0.064
—0.107 —-0.211  —-0.104
—0.096 —0.168 —0.072

binding-energy component S, is due to the half of the rest
atoms (either Rt or Rg). For the adatoms, the SCLSs are
positive within the initial state model. In the Hj structure, the
SCLSys 1s 0.335 eV for the At and 0.391 eV for the Ag. In the
T4 structure, both the adatoms have the SCLSs of ~0.10 eV.
In addition, the SCLSg of the 3, atom is 0.12 eV, which is the
most positive shift in this structure. The SCLSyss of the other
atoms are found between —0.233 and —0.041 eV in the T4
structure and between —0.285 and 0.188 eV in the Hj structure.

Within the complete screening model, SCLScs values
tend to move to the lower binding energy with respect to
corresponding SCLSyg values for most surface atoms. The
relaxation effect in the completely screened final state is not the
same for different atoms, which can be seen from the analysis
of Agcrs values in Tables I and II. The most negative Agcrs
values are found for the adatoms in both the atomic structures,
suggesting the most efficient complete screening after the
core ionization of these atoms. In contrast, the SCLScgs of
rest atoms are moved to the higher binding energy, and the
AscLs values are positive for such atoms. We will discuss the
screening effects in more detail below (Sec. III E).

D. Comparison of measured and calculated SCLS

Itis obvious that differences in core-level binding energy for
some surface atoms in Tables I and II (especially for the first-
and second-layer atoms) are very small and cannot be resolved
in the present study. Therefore, the number of SCLSs measured
in Sec. III B differs from the number of calculated SCLSs in
Sec. III C. The origin of the measured SCLSs can be interpreted
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FIG. 5. Comparison of calculated and measured SCLSs. The
calculated SCLS’s are obtained for the T, structure within the
initial state (IS) and complete screening (CS) model. The values in
parenthesis represent the GW of components at 47v = 70 and 90 eV.
For other details see the text.

on the basis of calculated data. First, it is helpful to compare
the energy range in which the measured SCLSs are observed
with corresponding ranges of calculated SCLS;s and SCLScg
values for the T4 and Hj structures. The measured SCLS range
is from —0.755 to 0.150 eV, as shown in Sec. III B. For the
Ty structure, the SCLSs and SCLS¢s ranges are from —0.619
to 0.12 eV and from —0.524 to —0.087 eV, respectively. For
the Hj structure, these ranges are from —0.584 to 0.391 eV
and from —0.561 to —0.02 eV. The analysis shows that the
S3 component with the positive SCLS (0.15 eV) cannot be
explained within the complete screening model, where all
the surface atoms in the T4 and Hj structures are shifted
to the lower binding energy. Within the initial state, the Ty
structure gives a more plausible explanation of 3d spectra than
the Hj structure. Moreover, the Ty is energetically favorable
over the Hjz. Therefore, we interpret the atomic origin of
measured 3d components on the basis of the T, structure.

Figure 5 compares the measured SCLSs (two bottom
panels) and the calculated ones for the T4 (two top panels). The
positions of SCLS;s and SCLSc¢g values are shown by vertical
bars. The height of bars is proportional to the numbers of
respective atoms (Table I). The positions of measured SCLSs
are shown by shadowed bars. The height of these bars is
proportional to the intensity of respective components in the
spectra of Fig. 2. The values in parenthesis give the GW’s
obtained in the fitting. The positive SCLS;ss are found for the
adatoms (0.10 eV) and the 3, atom (0.12 eV). These shifts
agree well with the SCLS of S3, and, therefore, we assign this
component to these atoms. Note that the S3 was assigned to
the adatoms in Ref. 12; however, the present study reveals that
this component is additionally contributed by the 3, atoms.
The SCLScss appear to be overestimated for the adatoms and
the 3, atom.

The lowest binding energy component S, (—0.755 eV)
agrees better also with the Ty structure. For this structure,
the lowest binding-energy SCLSis [SCLScs] is —0.619
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[—0.500] eV for the rest atoms Rt and —0.601 [—0.524] eV for
the Rg. For the H3 structure, the lowest binding-energy SCLSg
[SCLScs] is —0.489 [—0.488] and —0.584 [—0.561] eV,
respectively. Therefore, we interpret the S, as originating
from both the Rt and Ry in the Ty structure. The GW of
S, is rather small (161-163 meV). This agrees with a small
core-level binding-energy split of Rg and Rt (18 meV). Such
interpretation is different from that of Ref. 12, where the S,
was assigned to half the rest atoms. Note also that the GW of S,
is significantly smaller than that of S5 (239-242 meV) which
is contributed by the adatoms and 35 atoms. The total number
of such atoms (four adatoms and four third-layer atoms) is
twice as large as the number of rest atoms. The intensity ratio
of respective S3 and S, changes from 2 to 0.9 depending on
the experimental condition, and hence, the intensity of these
emissions is affected by the diffraction and attenuation effects,
as discussed in Sec. [IT A.

It is worth noting that the SCLS;g data in Table I have a
wide gap (0.368 eV), which is observed between the rest atoms
and the 2, atoms. This gap is consistent with the large binding
energy difference between S; and S, in 3d spectra (0.465 eV)
and explains a good separation of the S, emission from the
other components (i.e., the lowest binding energy peak at
28.6 eV in the raw spectra of Fig. 1). The S, could be well
resolved even with the 0.2- to 0.3-eV resolution (Refs. 4—11).

In contrast to S, and Ss, the interpretation of S} and Sy is
more ambiguous. As shown in Table I and Fig. 5, the first- and
second-layer atoms cause eight SCLSss ranging from —0.233
to —0.121 eV. Therefore, we assume that the S; (—0.29 eV)
and Sy (—0.125 eV) are contributed by these atoms. It is likely
that the former component is largely due to the first layer and
the latter to the second layer, although the atom 2, can also
contribute to S; and the atoms 1¢ and 1p to Sy.

The third-layer atoms, except for the 34, are slightly shifted
to the lower binding energy (by 0.041-0.065 eV) from the
bulk, and core emissions from these atoms are attenuated by
the upper layers. Because it is unlikely that such emissions can
be resolved in our measurements, we assume that the above
third-layer atoms contribute to the B component, leading to
the increased GW (198-208 meV). Thus, we argue that the 3d
line shape in the energy region near the shoulder at ~29.1 eV
in Fig. 1 is caused by the emissions from the first- and second-
layer atoms. The line shape near the main peak at 29.4 eV is
due to the emissions from the bulk and third-layer atoms. In
earlier studies, the S4 was not resolved and the emission from
the second and third layers was not considered at all.

E. Screening effect

Although the initial state theory accounts for the measured
3d spectra adequately (Sec. III D), it is important to consider
the final-state data in more detail. Here, we analyze the Agcrs
in Tables I and II that illustrates the efficiency of complete
screening for different atoms. In general, the final-state theory
leads to an effect of shifting calculated initial state SCLSs to
the lower binding energy. Note that we consider here the static
(complete) relaxation of a core-ionized atom in the final state
(i.e., the complete screening). This means that the redistribu-
tion of valence electron charge in response to the creation of
core hole is assumed to occur faster than the emission of a
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FIG. 6. Comparison of SCLSs, SCLScs, and Agcrs values for
the T4 and Hj structures.

photoelectron. In reality, however, the screening of core hole
can be incomplete during the photoemission, and then the
final-state theory can overestimate the above effect of shifting
SCLS to the lower binding energy (e.g., Ref. 27). On the other
hand, the initial state theory will underestimate the SCLS if the
screening occurs fast enough. Thus, the SCLScs and SCLStg
values appear to be the limits for the core-level shift of surface
atoms. In addition, the complete screening theory suggests that
the occupied and unoccupied density of states is sufficiently
high for the screening process to take place.

The analysis of data in Tables I and II shows that in
both T4 and Hj structures, most of SCLScss are shifted to
the lower binding energy relative to corresponding SCLSigs,
that is, AgcLss are negative for such atoms. Figure 6 shows
the distributions of SCLS;s, SCLScs, and Agcrs values for
different atoms and layers in the T4 and Hj structures. It is seen
that the adatoms have the most negative Agcrs values in both
structures, and, therefore, the screening is most efficient for
these atoms. According to our calculations, the local density
of states above the Fermi level is the highest on the adatoms as
compared to the rest atoms and first- and second-layer atoms,
in agreement with the results in Refs. 1 and 3. We therefore
propose that strongest screening of adatoms is due to this
unoccupied band, which can move downward below the Fermi
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level in the final state. For the rest atoms, the Agcrs is positive.
It is 0.077 [0.119] eV for the Rr [Rt] in the T4 structure, and
0.023 [0.001] eV in the Hj structure, respectively. Therefore,
the screening of rest atoms has a specific character and, for
this reason, we will not consider the rest atoms below.

A closer inspection of Agcrs values in Fig. 6 indicates
that the efficiency of screening differs substantially in the two
atomic structures. For the Hz, the absolute value of Agcrs
decreases monotonously from 0.441 to 0.455 for the topmost
atoms (i.e., the adatoms) to 0.064-0.104 for the third-layer
atoms. Such behavior is predicted for semiconductor surfaces
(see, e.g., Ref. 27). In contrast, the absolute values of Agcrs
for the adatoms, the first-layer atoms, the 2A atom, and the
3A atom in the Ty structure are very similar (0.223-0.234,
0.162-0.182, 0.185, and 0.212 eV, respectively). For the other
second- and third-layer atoms in this structure, the absolute
value of Agcrs is noticeably smaller (0.025-0.066 eV), and
the screening is weak. Thus, the significant screening in the T4
structure can occur locally in the vicinity of the adatoms, and
it can effectively penetrate beneath the surface, with the Agcrs
being approximately the same for the adatoms, the first-layer
atoms, the 25 atom, and the 3,4 atom. Taking into account

T4 H3
A A0 O
R.RL ﬂ(@i
1.layer ®)) : )
2 layer ) 3@" o o |
3.layer o Ot O |
\ \ T \ \

29 3.0 3.1 29 3.0 3.1

Av A0 e}
Re R; O ISI @)

1.layer Qp @)
2.layer ©)) OZA OO
3.layer Q}QBA O
\ \ \ \ \ \
22 23 24 22 23 24
Charge (arb. units)
A A O O
ReRf O oo /
1.layer O O})
2 layer @ 3 @
3.layer @d Q)
Lo Lo

0.72 074 0.76 0.72 0.74 0.76

Charge difference (arb. units)

FIG. 7. Comparison of on-site charges in the initial state and
complete screening models, and charge differences for the T4 and Hj
structures.
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that the 24 atom is located just below the adatom and the
3 atom is located just below the 2, atom, such penetration
infers a vertical screening channel which is due to the specific
atomic geometry in the case of the adatoms at Ty sites. It
is worth mentioning that in the Hj structure, the adatom is
located above a fourth-layer atom, and the screening effects
reveal different trends in such an atomic geometry. Thus, the
screening and geometric effects correlate in the T4 and Hj
structures. Note that the presence of specific 25 and 34 atoms
in the distorted second and third layers of the T, structure leads
to additional vibrational (phonon) modes on Ge(111)c(2 x 8)
(Ref. 3), which seems to correlate with the finding of vertical
screening channel in this study.

In order to gain additional information about the screening
in the T4 and Hj3 structures, we have calculated on-site charges
of different atoms in the initial state and the complete screening
state (Fig. 7). The differences between these charges are also
shown in the bottom panel of Fig. 7. As seen, the charge
difference is smallest for the rest atoms, in full agreement
with the Agcrs results in Fig. 6. Furthermore, the trends in
Figs. 6 and 7 reasonably correlate to each other for both
atomic structures. In particular, the screening charge is largest
for the adatoms and decreases for deeper atoms in the Hj
structure. A different tendency is found for the T, structure,
where the screening charge is roughly unchanged along the
vertical screening channel. Thus, the Agcrs data is supported
well by the on-site charge calculation.

IV. CONCLUSIONS

The 3d photoemission line shape and SCLSs have been
reinvestigated on the Ge(111)c(2 x 8) reconstruction both
experimentally and theoretically. It is found that the 3d
spectra can be deconvoluted by using five components which
are B, S|, S, S3, and S;. The SCLSs of Sy, S», S5, and
S4 are —0.290, —0.755, 0.150, and —0.125 eV relative to
B, respectively. The DFT calculations clarify the origin of
these components in detail. The S; and S originate from
the first- and second-layer atoms in the T, structure. The
S, is caused by the rest atoms, while the S3 is due to the
adatoms and the 35 atoms. In addition, the DFT calculations
support the Ty site for the adatoms on Ge(111)c(2 x 8) and
demonstrate that this structure is in a better agreement with
the 3d photoemission line shape than the structure where the
adatoms reside at Hs. It is found that the initial state theory can
reproduce the measured SCLS adequately, while such shifts
are overestimated within the complete screening approach.
Finally, the interplay between the screening effects and the
atomic structure of Ge(111)c(2 x 8) is discussed.
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