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Structural and electronic properties of the Pb/Ge(111)-8 (/3 x +/3)R30° surface studied
by photoelectron spectroscopy and first-principles calculations
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We have studied structural and electronic properties of a Ge(111) surface covered with a monatomic Pb layer
[Pb/Ge(111)-8] by means of core-level photoelectron spectroscopy, angle-resolved photoelectron spectroscopy
(ARPES), and a first-principles band structure calculation. There has been a controversy about the surface
structure of Pb/Ge(111)-8 between a close-packed model with a coverage of 4/3 monolayers and a trimer model
with a coverage of 1 monolayer. This problem has been examined by analyzing the line shape of a Pb 5d
core-level spectrum and comparing the experimental band structure with those calculated for two models. The
line shape of the core-level spectrum agrees with a close-packed model. The valence band structure observed
by ARPES has been well reproduced by the calculation employing the close-packed model. The close-packed
model therefore describes correctly the surface structure of Pb/Ge(111)-8. The scanning-tunneling microscopy
(STM) image simulated for the close-packed model is in good agreement with the experimental filled-state STM
image, in which three protrusions per unit cell were observed.
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I. INTRODUCTION

Silicon and germanium surfaces covered with a monatomic
layer of p-block metals have widely been studied because
of their various structural and electronic properties. In some
cases, adsorbate-induced surface-state bands cross the Fermi
level (Ef) inside a projected bulk band gap giving rise to
ultrathin two-dimensional metals.'* Metallic surface states
sometimes cause phase transitions due to the Fermi surface
instability at low temperatures.>” There is also a possibility
that the metallic surface-state bands split into two due to
the surface Rashba effect,®° when spin-orbit interaction is
not negligible.'>!3 A well-known example is a Ge(111)
surface covered with a monatomic Pb layer [Pb/Ge(111)-8].
Recently we have reported that the Pb/Ge(111)-8 surface has
a metallic surface-state band with a Rashba spin splitting of
200 meV at the Fermi wave vector,'* which indicated that this
surface serves as a prototype for the surface spin transport
study.

The surface structure of the Pb/Ge(111) system depends
on Pb coverage. There are two different (\/§x«/§)R30°
structures at room temperature (RT): The dilute (dense) phase
is called the o (B) phase. The coverage of Pb/Ge(111)-
a is 1/3 monolayer, in which a Pb atom occupies a Tj
site in the (v/3x+/3)R30° unit cell at RT.!S On the other
hand, for the dense phase Pb/Ge(111)-8, there remains a
controversy between a close-packed model with a cover-
age of 4/3 monolayers'®?% and a trimer model with a
coverage of 1 monolayer,”’° which are shown in Fig. 1.
For the close-packed model, one Pb atom is located at an Hj
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site and three Pb atoms are located at the off-centered (OC)
bridge position between T} and Ty sites as shown in Fig. 1(a).
On the other hand, for the trimer model, three Pb atoms form
a trimer centered at the Hj site as shown in Fig. 1(b).

In the present paper we report on the structural and
electronic properties of Pb/Ge(111)-8 investigated by core-
level spectroscopy, angle-resolved photoelectron spectroscopy
(ARPES), and a first-principles electronic band structure
calculation. We show that the Pb 5d core-level spectrum as
well as the comparison of the experimental and computed band
structures support the close-packed model. The character of the
surface-state bands of Pb/Ge(111)-8 is discussed. We have also
simulated the scanning-tunneling microscopy (STM) image
of the Pb/Ge(111)-8 surface on the basis of the close-packed
model. The simulated image is in good agreement with the
experimental STM image,*® which appears to favor the trimer
model.

II. EXPERIMENT AND CALCULATION METHODS

Experiments were performed in an ultrahigh-vacuum sys-
tem with a base pressure lower than 2.0x 10~'° Torr. An n-type
Ge(111) substrate was prepared by several cycles of 0.7 keV
Ar" sputtering and subsequent annealing up to 900 K for
a minute, which gave a good c(2x8) low-energy electron
diffraction (LEED) pattern. Pb was then deposited onto the
surface kept at RT from an alumina crucible heated with a
tungsten filament. The surface after the Pb deposition was
annealed at 570 K for 5 min.
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FIG. 1. (Color online) Schematic illustration of the surface
structure models for Pb/Ge(111)- /3(\@ x+/3)R30°: (a) Close-packed
model with a coverage of 4/3 monolayers and (b) trimer model
with a coverage of 1 monolayer. The large and small circles
denote the Pb adatoms and Ge atoms in the topmost layer, respec-
tively. The thin solid lines represent the bonds between the Ge atoms.
The solid parallelograms represent the unit cell of the (/3 x +/3)R30°
periodicity.

The core-level photoelectron spectra were measured at
normal emission using monochromatic He I (hv = 40.82 eV)
radiation. In the ARPES measurements, monochromatic He
Iae (hv = 21.22 eV) radiation was used and the energy and
angular resolutions were 10 meV and 0.4°, respectively.
The sample temperature was maintained at 30 K during the
ARPES measurement. Note that the Pb/Ge(111)-8 surface
exhibits no structural phase transition down to 6 K.3* All the
measurements were finished in 10 h after the surface was
prepared. We confirmed that the sharp and low-background
LEED pattern was observed after the ARPES measurement.
Energy band dispersion as a function of the wave vector
parallel to the surface (kj) was obtained from the ARPES
spectra using the formula k; = sin6/2m.(hv — Ep — ®)/h,
where Ep denotes the binding energy, @ is the work function
of the sample, and 6 is the photoelectron emission angle.
The work function was determined from the cut-off energy
of secondary electrons.

The first-principles calculation has been performed using
the WIEN2K computer code based on the “augmented plane
wave + local orbitals” (APW + lo) method with the spin-orbit
interaction taken into account.’'* The surface was modeled
by a 24-layer Ge(111) slab with one side covered with a 8-
(+v/3x+/3)R30°-Pb layer and the opposite side terminated by
hydrogen atoms. The atomic positions were optimized until the
root mean square of the forces exerted on the atoms become
negligibly small (<2 mRy/a.u.).
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FIG. 2. (Color online) LEED pattern of Pb/Ge(111)-8 together
with the surface Brillouin zones (SBZ). The primary electron energy
was 55 eV. The dashed and solid lines denote the (1x1) and
(v/3x~/3)R30° SBZ, respectively.

III. RESULTS AND DISCUSSION

A. Pb 5d core-level spectroscopy

The amount of deposited Pb was optimized by monitoring
the width of the Pb 5ds), core-level spectra® and the spot
sharpness and background intensity of the LEED pattern.
The obtained surface gave a sharp and low-background
(«/§x\/§)R30° LEED pattern as shown in Fig. 2. The
high-resolution Pb 5ds,, core-level spectrum for the carefully
prepared Pb/Ge(111)-8 surface is shown by open circles in
Fig. 3, which exhibits a main peak at 17.8 eV below Eg
and a shoulder at the higher binding-energy side. We have
confirmed that the line shape of the core-level spectrum is
unchanged in the temperature range of 30-300 K except
for moderate thermal broadening. In addition, the core-level
spectrum shows an asymmetric line shape with a tail toward the
high-binding-energy side, which reflects a metallic screening
effect of the core-level excitation process.

The core-level spectrum was analyzed by using the
Doniach—gunjic’ (DS) function convoluted with a Gaussian
function, where the DS function has been defined as the
one-sided power-law function convoluted with a Lorentzian
function.*®3% In the fitting procedure, the full width at half
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FIG. 3. (Color online) Pb 5ds;, core-level spectrum for
Pb/Ge(111)-8. The core-level spectrum is fitted by the DS function
convoluted with a Gaussian. Best fitting result is shown by a thin
solid curve. The spectrum is reproduced by the summation of the two
components shown by bold solid (blue and green) curves (C; and C5).
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maximum (FWHM) of the Lorenzian function was fixed at
0.20 eV and the singularity index of the DS function was
optimized to be 0.13.3° The fitting parameters are thus the
peak positions, the intensities, and the FWHM of the Gaussian
function.

The Pb 5ds, spectrum was well fitted by the summation of
the two components (C; and C) as shown by the solid curve in
Fig. 3. The peak of component C; is found at 17.80 eV, while
the other component C, is located at a 0.20 eV high binding
energy. The spectrum was well fitted with a Gaussian width
of 0.13 eV for both the C| and C, components. The existence
of two components indicates that there are Pb atoms in two
inequivalent environments on the Pb/Ge(111)-8 surface. The
intensity ratio between C; and Cj; is determined to be 2.6:1.
The result is inconsistent with the trimer model, which predicts
that all the Pb atoms are equivalent. The close-packed model
consists of three Pb atoms at the OC bridge position and one
at the Hj site, which is in good accordance with the intensity
ratio of C| and C,. Therefore we conclude that the core-level
spectrum is consistent with the close-packed model with the
C; and C, components corresponding to Pb atoms located at
the OC bridge and Hj site, respectively.

B. Valence band structure observed by ARPES

Figure 4 shows the ARPES images of the Pb/Ge(111)-8 sur-
face measured along two symmetry axes I M and T K MK (see
Fig. 2.) of the (v/3%~/3)R30° surface Brillouin zone (SBZ).
In both directions, the characteristic Pb-induced surface-state
bands are clearly observed within 2 eV below Eg. These
high-resolution ARPES data provide a significant information
of the surface-state bands for Pb/Ge(111)-8 compared with
those reported in the former studies.3%3>40

For the valence band structure along I M shown in Fig. 4(a),
three Pb-induced bands labeled S, S,, and S5 are observed.

Binding energy (eV)

FIG. 4. (Color online) Experimental energy band dispersion of
Pb/Ge(111)-8 along (a) I'M and (b) TKMK of the (v3x~/3)R30°
SBZ. The Pb-induced bands are denoted as S;—S.
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The S; band exhibits a steep dispersion, crosses the Fermi
level in the projected bulk band gap, and is clearly split into
two. This splitting is due to the Rashba effect, which was
confirmed by means of spin-resolved ARPES.'* The S and S;
bands appear in the projection of Ge bulk bands and hence are
surface resonances. The overall dispersion of S, Sy, and S3
suggests that a free-electron-like parabolic band, the bottom
of which is located below 2.0 eV, is hybridized with a nearly
flat band at ~0.9 eV (S,), yielding upper (1) and lower (S3)
branches. Several bands steeply disperse downward from the
o point. Intense feature with an energy maximum 1.2-1.3 eV
at Ty is attributed to direct transitions between bulk bands.*!
Some of the bands near the valence band maximum (VBM)
around Iy may be ascribed to the Ge-derived surface states and
surface resonances. Similar surface bands were observed and
analyzed in other adsorption systems such as Bi/Ge(111)'? and
Br/Ge(111).%? In the present paper we focus on the Pb-induced
surface-state bands, and do not try to describe the details of
these Ge-derived surface bands.

In Fig. 4(b) the ARPES image along the 'K M K direction
is shown. The spin-split S; band is observed also in the
[KMK direction. The S, band lying in the energy range
of 0.7-1.0 eV below Ef can also be recognized. The S4 and
S5 bands dispersing in the energy range 0.2-0.9 eV exhibit
a semiconducting behavior. The Sq surface resonance band,
which exhibits strong intensity at around K| M3 K,, appears to
disperse in parallel with the edge of the bulk heavy-hole band.
Several Ge-derived bands are also observed around I'.

C. Electronic property and surface-structure model

Comparison between the experimental and calculated band
structures allows us to identify the correct structure model. In
Fig. 5 we show the calculated band structures of Pb/Ge(111)-
B with the close-packed and the trimer models. In the
calculation for each model, the surface structure has been
optimized by minimizing the total energy. The energy relative
to VBM is plotted. The radii of circles are proportional to
the contribution of Pb 6p, and the color index represents the
relative contribution of Pb 6p, p, and 6p., where the z axis is
normal to the surface.

The calculated bands for the two models are significantly
different. For instance, while the metallic band along 'M is
observed for both models, the parabolic band with its bottom
at ~2 eV is observed only for the close-packed model. The
band structure at 0.5-1.2 eV along I'M is also considerably
different for both models. For [T K M K, the difference is also
significant: While a metallic band is observed between I" and
K for the close-packed model, an electron pocket is formed
around K for the trimer model.

Comparing these results with the experimental band struc-
ture (4), it is evident that the band structure calculated for the
close-packed model is consistent with the experiment. In the
I'M direction shown in Fig. 5(a), the Pb-derived bands S¢,
S>c, S3c, and U are found. The calculated S;c band, which
shows the rapid parabolic dispersion with the Rashba spin
splitting, well agrees with the experimental S; band shown
in Fig. 4(a). The S;¢ band slightly disperses in the energy
range of 0.5-0.7 eV along T'M. The overall feature of the
calculated S,¢ band well reproduces the experimental results.
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FIG. 5. (Color online) Calculated band structure for the close-
packed model along (a) [' M and (b) ' K M K , and for the trimer model
along (c) T'M and (d) [ K M K . The size of the circles are proportional
to the net contribution of Pb 6 p. The relative contribution of Pb 6 p, p,
and 6p, are shown by color scale.

The X-shaped bands at ' in the calculation for the trimer
model [5(c)] is not observed in the ARPES result. The S;¢
band shows the energy minimum at ~2 eV below VBM at
the I point and disperses upward, which also agrees with the
experiment shown in Fig. 4(a).

The calculated band structure for the close-packed model
along TK MK [5(b)] is also in accordance with the ARPES
result shown in Fig. 4(b). In particular, the semiconducting
behavior of the S4 and S5 bands are well reproduced, while the
trimer model predicts metallic bands along K M.

The calculated band structure for the close-packed model
contains the information of unoccupied states. The unoccupied
band U, is found at 0.5-1.2 eV above VBM [Figs. 5(a) and
5(b)]. The U;¢ band has a strong Pb 6p, contribution and
shows a maximum at 1.2 eV above VBM at the T point and
disperses downward.

We next describe the character of the surface-state bands.
The metallic spin-split S;¢ band is predominantly of Pb 6p, p,
character except for the region near the K point as found
in Figs. 5(a) and 5(b). This is more clearly observed in the
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FIG. 6. (Color online) (a) Schematic drawing of Pb/Ge(111)-8
in (110) plane. The large and small circles denote the Pb adatoms
and Ge atoms, respectively. Dashed lines represent the lattice of the
Ge(111) substrate. (b)—(d) Charge density distribution of the (b) Sic,
(c) Sy, and (d) U, states in the (110) plane.

charge density plot of the Si¢ state near Er as shown in
Fig. 6(b), which indicates that the wave function is of in-plane
p character and is highly localized in the Pb monolayer.

The S>¢ and U ¢ bands have Pb 6 p, character. The charge
distribution shown in Fig. 6(c) clearly indicates that the S,¢
band is actually a bonding state between the dangling bond
(4p.) of topmost Ge atoms and 6p, of Pb atoms at the OC
bridge sites. Note that the 6p, wave function in the vacuum
side is tilted toward the Hj site. On the other hand, the U,¢
band is of antibonding character with respect to Ge-Pb bonds
as indicated by the node between Ge and OC-bridge Pb atoms.
The wave function of the U;¢ band is composed largely of 6p,
of Hz Pb atoms.

The Pb atoms in the Hj sites exhibit negligible bonding
interaction with the Ge substrate. It is the delocalized o
bonding by 6p, p, orbitals that stabilizes the H3 Pb atoms
in the Pb monolayer.

The S3¢ band is also of in-plane Pb 6p, p, character, but
is significantly mixed with the Ge bulk states. The Sic and
Ssc bands are also mainly of the in-plane Pb 6p, p, character.
Concerning the S¢c band, the Pb 6p, p, character is included
but the Ge contribution is much larger.

In Fig. 7 we show a filled-state STM image simulated
for the close-packed structure, which was generated by
integrating the local density of states for 0—1.0 eV below
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FIG. 7. (Color online) Simulated filled-state STM image
(14x 14 A?) of Pb/Ge(111)-B. The thin solid lines represent the bonds
between the Ge atoms. The bold solid parallelogram shows the unit
cell of («/§ X \/§)R30°. The bold dashed triangles indicate the arrays
of trimerlike protrusions.

VBM.# The simulated STM image should be compared
with the experimental STM image.* The bright protrusions in
the simulated STM image form a trimerlike superstructure in
the unit cell of (\/§ X \/§)R30°. This simulated image is quite
similar to the experimental STM image with the positive tip
bias 1.0 V.3* Remarkably, only three Pb atoms are found in
the unit cell of (v/3x+/3)R30° and the Pb atom at H; does
not appear, despite the fact that the four Pb atoms are lying on
the topmost Ge layer at nearly the same height. In addition,
the bright protrusions are located close to the 77 sites, which
deviate from the actual positions of the OC bridge Pb atoms
obtained from the x-ray diffraction.?® The characteristics of the
STM image are explained by the charge density distribution
shown in Fig. 6. The Sy¢ state, which has the Pb 6 p, character
and has a large amplitude at the OC bridge Pb atoms, is
mainly detected in the experimental STM observation with the
positive tip bias 1.0 V. Since the S,¢ state has a very small
amplitude at the H; Pb atoms, only the OC bridge Pb atoms
are visible at positive tip bias. Note also that the wave function
of the S, state in the vacuum side is tilted toward the H; site
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in Fig. 6(c), which is in accordance with the STM observation
of protrusions near the Hj sites.

The calculated band structure suggests that four Pb atoms
in the unit cell of (+/3x+/3)R30° should be observed by STM
at a very low bias voltage since only the Si¢ state should
contribute to the STM image and the S ¢ state has an amplitude
both at H3 and OC bridge Pb atoms. This is in agreement with
a previous experiment.”> On the other hand, the empty-state
STM image with the sample bias of +2 V exhibited bright
protrusions centered at the Hj site.”” In this case, the STM
image should mainly reflect the unfilled U,¢ state which has
the Pb 6p, character and is strongly localized at H3 as shown
in Fig. 6(d), in good agreement with the observation.

IV. CONCLUSION

We have studied structural and electronic properties of
Pb/Ge(111)-8 by core-level spectroscopy, ARPES, and first-
principles calculations. The result of the Pb 5ds,, core-level
spectroscopy supports the close-packed model with a coverage
of 4/3 monolayers for the surface structure of Pb/Ge(111)-8
because the spectrum was well fitted by the two components
with intensity ratio ~3:1. We have presented a band structure
of Pb/Ge(111)-8 along two main symmetry axes observed
by ARPES, in which several Pb-induced surface-state bands
have been clearly observed. A metallic surface-state band S;
shows a large Rashba spin splitting of 200 meV at the Fermi
wave vector. The experimental valence band structure has been
well reproduced by the first-principles calculation employing
the close-packed model with a coverage of 4/3 monolayers.
The valence band analysis, therefore, also indicates that the
surface structure of Pb/Ge(111)-8 is well described by the
close-packed model. In addition, we have shown that the STM
image simulated for the close-packed model agrees with the
reported STM images.?**°
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