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Abstract
This study focuses on the electronic structure of a 6×6 surface which is formed by 0.2
monolayer of Ag on top of the Ag/Ge(111) 3 × 3 surface. The 6×6 periodicity was verified by
low energy electron diffraction. Angle resolved photoelectron spectroscopy was employed to
study the electronic structure along the Γ − M − Γ and Γ − K − M high symmetry lines of the 6×6
surface Brillouin zone. There are six surface bands in total. Out of these, three were found to be
related to the 6×6 phase. The surface band structure of the 6×6 phase is significantly more
complex than that of the 3 × 3 surface. This is particularly the case for the uppermost surface
band structure which is a combination of a surface band originating from the underlying 3 × 3
surface and umklapp scattered branches of this band. Branches centered at neighboring 6×6 SBZs
cross each other at an energy slightly below the Fermi level. An energy gap opens up at this point
which contains the Fermi level. The complex pattern of constant energy contours has been used
to identify the origins of various branches of the surface state dispersions.
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1. Introduction
Metal adsorbates on semiconductor surfaces are important since various one dimensional
(1D) and two dimensional (2D) structures can be formed. Some of these act as simple model
systems for the study of various physical phenomena [1–6]. Extensive studies have been
performed on adsorbate induced structures on, for instance, Si(111) and Ge(111). Some of these
structures form on top of the (111) crystals terminated by an atomic double layer, while others
form on a modified crystal where the outermost atomic layer is missing. Silver (Ag) and gold (Au)
are examples of metals that induce various 2D structures on Si(111) and Ge(111) where the
outermost layer is missing [7-14], as in the case of the 3 × 3 structure formed by one monolayer
(1 ML) of either Au or Ag [7,8]. These 3 × 3 surfaces have been subjected to intensive studies
because of their interesting electronic and atomic structures [1, 15–27]. Further, an addition of
noble (Ag, Au and Cu) or alkali (Cs, K and Na) metal atoms results in new periodicities that are
formed as superstructures on the 3 × 3 surface. They develop after the addition of these extra
atoms without annealing, as the atoms find specific sites on the

3× 3

surface lattice. The

21 × 21 and 6×6 periodicities formed by small amounts of monovalent atoms (Ag, Au, Cu, Cs,

K or Na) added to the Ag/Si(111) 3 × 3 surface are two such examples [9,28–32]. Similarly, a
small amount of Ag or Au on Ag/Ge(111) 3 × 3 results in 39 × 39 and 6×6 superstructures
[10,33–35].
In this paper, we present a detailed electronic structure study of the 6×6 phase prepared by
depositing 0.2 ML of Ag onto a well-ordered Ag/Ge(111) 3 × 3 surface at room temperature
(RT). The 6×6 surface shows a very rich surface band structure as revealed by angle resolved
photoelectron spectroscopy (ARPES) along the Γ − M − Γ and Γ − K − M high symmetry lines of the

6×6 surface Brillouin zone (SBZ). The uppermost surface bands of the rather complex band
structure can be identified as originating from umklapp scattering of a parabolic-like metallic
surface band of the Ag/Ge(111) 3 × 3 surface. The hybridization of the parabolic bands centered

at different Γ -points of the 6×6 SBZs leads to gaps in the surface band structure.
2. Experimental details
ARPES was employed to study the electronic structure of the 6×6 surface. Experiments
were performed at beamline I4, at the MAX-III storage ring of the MAX-lab synchrotron
2

radiation facility in Lund, Sweden. Photoemission data were obtained at a photon energy of 30
eV with energy and angular resolutions of ≈50 meV and ±0.3°, respectively. A hemispherical
electron analyzer with a 2D detector (SPECS Phoibos 100) was used to collect the electronic
structure data consisting of emission intensity versus emission angle maps. Low energy electron
diffraction (LEED) was used to check the surface quality and to align the sample azimuthally.
The vacuum system had a base pressure of less than 1×10-10 Torr, while Ag depositions were
made at pressures of <4×10-10 Torr. A sample was cut from an n-type (Sb-doped) Ge(111) wafer
with a resistivity in the range 7-10 Ωcm at RT. Ultrasonic cleaning of the Ge(111) sample in
acetone and isopropanol was done ex-situ. In-situ cleaning was performed by repeated Ar+ ion
sputtering (1 keV) and annealing cycles (≈730 °C), which resulted in a well-ordered
Ge(111)c(2×8) surface as verified by LEED. The Ag evaporation rate was established using a
quartz crystal thickness monitor. First, 1.1 ML was deposited at a rate of 0.5 ML/min, where one
ML is defined by the density of atoms on an unreconstructed Ge(111) surface (i.e., 7.2×1014
atoms/cm2). Annealing of the surface up to 330 °C for a few minutes, resulted in a well-ordered
Ag/Ge(111) 3 × 3 superstructure. An initial amount of 1.1 ML ensures that the surface has a full
1 ML coverage of Ag and that there are no c(2×8) or 4×4 domains, as was verified by LEED. The
Ag/Ge(111)6×6 phase was prepared at RT by depositing 0.2 ML of Ag onto the Ag/Ge(111)
3 × 3 surface.

3. Results and discussion
In Figs. 1(a) and 1(b), we present LEED results for the

3× 3

and 6×6 surfaces,

respectively. Fig. 1(a) shows only sharp diffraction spots which verifies that the surface has a
well-ordered 3 × 3 periodicity. The absence of other diffraction spots implies that the surface is
homogeneously covered by the

3× 3

phase without patches of 4×4 or the initial c(2×8)

reconstruction that are present at a coverage of less than 1 ML [7,12,13]. Furthermore, since there
is no ring-like diffraction around the sharp spots, which would be indicative of a small surplus of
Ag, we conclude that the amount of Ag remaining after annealing must be very close to 1 ML.
However, after adding a small amount of Ag (0.2 ML), there are extra spots which correspond to
a 6×6 periodicity, see Fig. 1(b).
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Fig. 1 (a) and (b) LEED patterns obtained at an electron energy of 60 eV from the Ag/Ge(111) 3 × 3 and
Ag/Ge(111)6×6 surfaces, respectively. (c) Atomic model of the 6×6 surface derived from Refs. 13, 23, and 35. The
6×6 periodicity is formed by 1/6 ML of Ag positioned on top of the

3 × 3 surface. The small and the large

parallelograms represent the unit cells of the 3 × 3 and the 6×6 periodicities, respectively.

The 3 × 3 spots, which are part of the 6×6 pattern, are strong which indicates that the
initial surface is not destroyed and that the additional Ag atoms are positioned at specific 3 × 3
lattice sites to form the 6×6 periodicity. An atomic model of the 6×6 surface is shown in Fig. 1(c),
which was derived from earlier STM images and suggested models in Refs. 13, 23, and 35. The
STM images presented in Refs. 23 and 35 revealed a 6×6 structure in which six bright
protrusions per 6×6 unit cell could be clearly seen. These protrusions were interpreted as extra
Ag atoms. Three of the six Ag atoms form a triangle inside the cell that is slightly larger in size
compared to the triangles located at the corners of the 6×6 unit cell formed by the remaining
three Ag atoms, see Refs. 23 and 35. Furthermore, six extra Ag atoms per 6×6 unit cell
correspond to 1/6 ML which is consistent with the 0.2 ML of Ag added to the 3 × 3 surface.
The electronic structure of the Ag/Ge(111)6×6 surface was studied by ARPES, using
linearly polarized synchrotron light at an energy of 30 eV. The measurements were performed at
4

RT. In Fig. 2, the experimental band structures of the 3 × 3 and 6×6 surfaces are presented.
Figure 2(a) shows 1×1 (black hexagon), 3 × 3 (blue hexagons) and 6×6 (red hexagons) SBZs
and highlights the high symmetry directions. The region within the black rectangle in Fig. 2(a)
was mapped to obtain the 2D contour plots shown in Fig. 3. In Figs. 2(b) – 2(e), we present the
second derivative, along the energy axis, of the original photoemission data. Dark features
represent the positions of photoemission structures as function of energy and

k .

Using the second

derivative to display the data makes also weak but well-defined structures visible. The dashed
curves in Figs. 2(b) – 2(e) represent the edge of the projected bulk bands, while the vertical
dashed lines mark high symmetry points. Figures 2(b) and 2(c) show the experimental band
structure of the 3 × 3 surface, along the Γ − K − M and the Γ − M − Γ high symmetry lines of the
3 × 3 SBZ,

respectively, see the blue hexagons and the green and red lines in Fig. 2(a). There

are four surface bands indicated by S 1 – S 4 in Figs. 2(b) and 2(c), which are all within the
projected bulk band gap. S 1 , which is a free electron like band with a parabolic shape, and the S 2
– S 4 surface bands have been studied in detail in Ref. 36. Figures 2(d) and 2(e) present the band
structure of the 6×6 surface along Γ − K − M and Γ − M − Γ of the 6×6 SBZ, respectively, see the red
hexagons and the green and red lines in Fig. 2(a). There are six surface bands in total of which
some follow the 6×6 periodicity, and all are in the gap region within 1.8 eV below the Fermi
level (E F ). The S 2 – S 4 bands of the 3 × 3 surface are present also in the data from the 6×6
surface with just small changes in their appearance. The dispersion of the S 1 band, on the other
hand, undergoes dramatic changes. S 1 on the 3 × 3 surface is an essentially empty parabolic
band that has the energy minimum just slightly below E F . The precise position of the minimum is
very sensitive to electron doping caused by electron donation from a small amount of additional
Ag atoms on the surface. One should also note that the minimum of the S 1 band is located at Γ points of the 3 × 3 SBZ. Experimentally, it is difficult to identify S 1 in normal emission, but it
appears clearly at Γ - points of the 3 × 3 SBZ coinciding with K -points of the 1×1 SBZ. In the
3 × 3 data

presented in Fig. 2(b) the S 1 minimum is at ≈-0.65 eV at the Γ 1 - point of the 3 × 3

SBZ ( k =1.05 Å-1).
When more Ag is added to the 3 × 3 surface, to form the 6×6 surface, the minimum
moves to higher binding energy. Comparing Figs. 2(b) and 2(d), one finds that the minimum of
5

S 1 at

k =1.05

Å-1 has moved downward to ≈-0.85 eV. However, a more striking difference is the

presence of several new bands in the energy region of S 1 . There are no bands in the S 1 region in
the 3 × 3 data, but several branches in the 6×6 data. This difference is even more striking when
comparing the 3 × 3 and the 6×6 dispersions shown in Figs. 2(c) and 2(e), especially between
(0.4 – 1.4 Å-1). The formation of a 6×6 superstructure on the 3 × 3 surface provides reciprocal
lattice vectors that enable umklapp scattering of the S 1 band. The parts of the band structure that
are due to umklapp scattering are denoted Us 1 . The Γ1 -point of the 3 × 3 SBZ, at which the
parabolic S 1 band is centered, coincides with a Γ 2 -point of an outer 6×6 SBZ. Due to umklapp
scattering by 6×6 reciprocal lattice vectors, “replicas” of the parabolic S 1 band will appear in
every 6×6 SBZ. As a consequence of this, the single S 1 band of the

3× 3

surface is

accompanied by many S 1 derived branches, Us 1 , originating from neighboring 6×6 SBZs.
The Us 1 branches in Figs. 2(d) and 2(e) show various dispersions in different

k

ranges. In

Fig. 2(d), one Us 1 branch is found at every Γ -point of the 6×6 SBZs just below the Fermi level
and disperses downward along Γ − K − M . Another branch is found close to the Γ -points and
disperses downward along Γ − K to ≈–0.5 eV, see Fig. 2(d). Along the Γ − M − Γ direction of the
6×6 SBZs, see Fig. 2(e), a Us 1 branch appears around the M -point with an energy minimum at
0.35 eV below E F . From the M -point it disperses upward toward Γ , see Fig. 2(e).
There are other bands labeled S 2 – S 6 . In the Γ − K − M direction of the 6×6 SBZ, the S 2
band has a maximum energy at the Γ 1 - point at ≈0.75 eV below E F , see Fig. 2(d) and it disperses
downward away from the Γ 1 -point. A similar band is also present on the 3 × 3 surface see Fig.
2(b). In Figs. 2(d) and 2(e), the S 2 band shows a tiny dispersion toward K and M -points with an
energy minimum of ≈–0.85 eV, at Γ1 and Γ 2 , respectively. However, at the outer Γ -points, the
band does not show a clear dispersion in either of these two directions. In the Γ − M − Γ direction
of the 6×6 SBZ, see Fig. 2(e), there are two more bands S 3 and S 4 at energies of ≈0.85 and ≈1.4
eV below E F , respectively, in the k range 0.6 – 1.1 Å-1. These bands are similar to the S 3 and S 4
bands of the underlying 3 × 3 surface in the Γ − K − M direction of the SBZ as shown in Fig.
2(c). These bands are degenerate at 0.6 Å–1 (i.e., the K -point of 3 × 3 ) while the largest

6

separation, 0.55 eV, occurs at 0.9 Å–1 (i.e., the M -point of 3 × 3 ). The S 3 and S 4 bands have
been discussed in detail in Ref. 36.

Fig. 2 (a) 1×1, 3 × 3 and 6×6 SBZs. The black rectangle shows the region mapped to obtain the 2D contour plots
shown in Fig. 3. (b) and (c) ARPES results from the 3 × 3 surface along the high symmetry directions Γ − M − Γ (red
line) and Γ − K − M (green line) of the 3 × 3 SBZ, respectively, measured with a photon energy of 30 eV at RT.
Vertical dashed lines in (b) and (c) mark high symmetry points of the 3 × 3 SBZ. (d) and (e) ARPES results from
the 6×6 surface as in (b) and (c) but for the Γ − K − M (red line) and Γ − M − Γ (green line) directions of the 6×6 SBZ,
respectively. Vertical dashed lines in (d) and (e) mark high symmetry points of the 6×6 SBZ.
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There is an obvious difference in energy and dispersion of the S 4 band on the 6×6
compared to the 3 × 3 surface, see Figs. 2(c) and 2(e). S 4 has a minimum energy of –1.4 eV at
0.9 Å–1 instead of a local maximum at –1.2 eV in the case of 3 × 3 . In addition, the band S 3 is
shifted downward in energy by ≈0.2 eV, cf. Figs. 2(c) and 2(e). In the Γ − K − M direction of the
6×6 SBZ, the S 4 band is located at an energy of –1.6 eV at the Γ 2 -point, see Fig. 2(d). This is
similar to band S 4 in Fig. 2(b) at the Γ1 - point of the 3 × 3 surface, but the band is shifted down
in energy by ≈0.3 eV. In addition, it is difficult to follow the dispersion of S 4 in another

k

range.

Along Γ − K − M of the 6×6 SBZ, there are two more bands, S 5 and S 6 at –0.8 and –1.4 eV,
respectively, see Fig. 2(d). These bands do not show in any other

k

range.

Figure 3 presents constant energy contours obtained from the Ag/Ge(111) 6×6 surface at
RT with a photon energy of 30 eV. The bright features represent high photoemission intensity.
The center of each panel of Fig. 3, i.e., k x = 0.9 Å-1 and k y = 0 Å–1, corresponds to the center of
the fourth 6×6 SBZ ( Γ 4 - point) along Γ − M − Γ direction, see Fig. 2(a). In Figs. 3(a)–3(c) the
contours at 0.2, 0.3, and 0.4 eV below E F are shown, since at the lower energies the contours are
very weak. Figure 3(a) shows complicated features inside each 6×6 SBZ resulting from the
overlap of circles centered at the Γ -points of neighboring 6×6 SBZs which appear more clearly
in Figs. 3(b) and 3(c). The weak circles that start to show up at –0.2 eV in Fig. 3(a), increase in
intensity going to the –0.3 to –0.4 eV constant energy contours. Each weak circle is centered at a
Γ -point of a 6×6 SBZ. The brighter circles at the top and bottom of the figures show cuts through

the parabolic S 1 band of the 3 × 3 surface at the energies given above each figure. The centers
of these two bright circles are Γ -points of the 3 × 3 surface which coincide with K -points of
the 1×1 SBZ. The weaker complicated pattern is made up of umklapp scattered circular S 1
contours centered at various 6×6 Γ -points. A similar situation has been reported for the
Ag/Si(111) 21 × 21 surface when extra Au atoms had been deposited onto Ag/Si(111) 3 × 3
[21].
In order to sort out the shapes of the curves inside each 6×6 SBZ, in Fig. 3(d), we have
drawn circles tracing the experimental constant energy contours. Each circle (in red) is concentric
with one of the 6×6 SBZs shown by the white hexagons. The schematic drawing in Fig. 3(e)
illustrates the result of umklapp scattering.
8

Fig. 3 (a)–(c) Gray scale images of two dimensional constant energy contours from the Ag/Ge(111)6×6 surface at
RT. The contours, measured at a photon energy of 30 eV, are shown at three different energies as indicated. The
center of each contour plot corresponds to the Γ 4 -point of the 6×6 SBZs (i.e., the M - point of the 1×1 SBZ), see
the black rectangle in Fig. 2(a). The contour plots are dominated by circles around the Γ -point of each 6×6 SBZ.
The weak circles are due to umklapp scattering, involving 6×6 reciprocal lattice vectors, of the bright circles
originating from the 3 × 3 phase. (d) Circles (in red) are drawn that trace the experimental constant energy contours.
(e) Schematic drawing summarizing the complex pattern of constant energy contours due to umklapp scattering of
the S 1 band. Each circle is centered at a Γ -point of a 6×6 SBZ.

Figures 4(a) and 4(c) show schematic constant energy contours at an energy slightly
above the Fermi level. The diameter of these circles is slightly larger than the experimental
constant energy contours in Figs 3(a)–3(c), which were obtained at energies below the Fermi
9

level. Red and green arrows indicate the Γ − K − M and Γ − M − Γ directions of the 6×6 SBZ,
respectively. In Figs. 4(b) and 4(d), the second derivative of the experimental umklapp branches
(Us 1 ) are shown along the red and green arrows in Figs. 4(a) and 4(c), respectively. The
dispersions of the umklapp branches can be explained by the contribution from the blue and
green umklapp bands in 4(a) and those indicated in red and blue in Fig. 4(c). To guide the eye,
the origins of the different umklapp branches in Fig. 4(b) and 4(d) are indicated by the color
coded arrows.

Fig. 4 (a) and (c) Schematic constant energy contours of the Ag/Ge(111)6×6 surface at an energy slightly above the
Fermi level. The arrows in (a) and (c) indicate the Γ − K − M and Γ − M − Γ directions of 6×6 SBZ, respectively. (b)
and (d) are the experimental band dispersions along the Γ − K − M and Γ − M − Γ directions from Figs. 2(d) and 2(e).
Schematic dispersions of two Us 1 branches are included in (b) and (d), respectively. These Us 1 branches correspond
to the constant energy contours in (a) and (c) drawn in the same color.

The complicated surface band structure of the 6×6 surface can be understood in terms of umklapp
scattering of the parabolic surface band S 1 originating from the underlying 3 × 3 structure. With
the addition of 0.2 ML of Ag to form the 6×6 superstructure the band minimum changed from
0.65 to 0.85 eV below E F . At the same time the extension in

k

increased. These changes can be

seen by comparing the shape of S 1 in Fig. 2(b) with S 1 in Fig. 2(d). There is also a qualitative
difference between S 1 of the 3 × 3 and 6×6 surfaces, i.e., S 1 crosses the Fermi level in the case
of 3 × 3 but not for 6×6. In order to sort out the different umklapp branches of S 1 , labeled Us 1 ,
10

we have drawn schematic representations of constant energy circles relevant for the Γ − K − M and
Γ − M − Γ directions of 6×6 SBZ in Figs. 4(a) and 4(c). The schematic constant energy circles are

drawn with a radius corresponding to an energy slightly above E F , compared to the experimental
curves in Fig. 3(a), for the sake of discussion.
The S 1 band of the 6×6 surface, centered at the Γ 2 - point along Γ − K − M , is associated with the
schematic constant energy circle centered at k x =1.05 Å-1. A corresponding parabolic dispersion
is drawn in Fig. 4(b). This schematic band, which mimics the S 1 band of the 3 × 3 surface, is
drawn to a point slightly above the Fermi level. The umklapp replicas of the constant energy
circles and schematic bands are also included in Figs. 4(a) and 4(b). The clear experimental
dispersion around the M 3 -point deviates from what is expected based on the schematic bands.
Instead of a band crossing, the experimental band structure has a maximum at the M 3 -point. This
is indicative of a gap opening up at the M 3 -point. A similar gap was reported for the Au induced
Ag/Si(111) 21 × 21 surface when umklapp branches of S 1 from neighboring

21 × 21

SBZs

cross. In that case, the gap was found to be 110 meV centered at an energy of approximately 0.28
eV below the Fermi level [21]. Since that gap was relatively small compared to the absolute
energy position, the S 1 band from neighboring SBZs were also observed above the gap in the
case of Ag/Si(111) 21 × 21 . This is not the case for the Ag/Ge(111)6×6 surface.
A weak contribution from umklapp bands centered at 6×6 Γ - points above and below the k y =0
line is also present. Since the two-dimensional dispersion of S 1 is not cut through the center in
this case the dispersion will be shallower. A similar, but much clearer example of this, is shown
in Figs. 4(c) and 4(d) along Γ − M − Γ . The Us 1 branches with a minimum energy of 0.2 eV at the
M - points originate from bands centered at Γ - points above and below the k y =0 line. Compared

to the Γ − K − M direction, in Figs. 4(a) and 4(b), the k y =0 line is further away from those Γ - points
which results in a shallower dispersion. The overlap of the constant energy circles with their
centers on the k y =0 line is much larger along Γ − M − Γ than along Γ − K − M which gives rise to
the other branches of Us 1 . As along Γ − M − Γ , the Us 1 dispersion shows maxima instead of band
crossings when the Us 1 branches from neighboring 6×6 SBZs meet, see Fig. 4(d). The presence
of gaps in the surface band structure is confirmed in both high symmetry directions.

11

4. Conclusions
It has been shown that the general appearance of the complex surface band structure of
the 6×6 phase is a combination of the 3 × 3 surface band structure and umklapp replicas of that
band structure. In similarity with observations on the 21 × 21 surface prepared by adding Au to
the Ag/Si(111) 3 × 3 surface [21], gaps in the surface band structure open up in regions of the
two-dimensional k-space where the umklapp branches of the S 1 bands cross each other. The
Fermi level is located within these gaps, which is in contrast to the Au induced 21 × 21 surface
of Ag/Si(111), where the upper edge of the gap is about 0.2 eV below the E F . The complex
pattern of constant energy contours played a crucial role in the identification of the various
dispersion branches observed in the ARPES data.
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