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Absence of charge-density waves on the dense Pb/Ge(111)- - V3X |3 surface
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The Pb/Ge(111)-3- V3% 3 surface is generally believed to be described with a 4/3 ML (monolayer) model
on which a commensurate charge-density-wave (CDW) ground state was theoretically predicted. However, our
scanning tunneling microscopy imaging has shown that the surface keeps the \EX \5 structure even at 6 K.
Our angle-resolved photoemission measurements show that this surface has a well-nested Fermi surface (FS).
However, the nesting vector does not match with what is required for the predicted CDW. Also, the electron
filling counted from the FS is not consistent with the 4/3 ML model. The reason for the absence of the
predicted CDW is because the surface is described with the 1 ML model. A FS-driven CDW also is not yielded
due to the lack of a lock-in energy with the underlying lattice.
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Metals adsorbed on semiconductor surfaces form surface
superstructures, which result from the reconstructions in the
topmost layers of the substrates.! These systems have been
extensively studied because they are intrinsically excellent
platforms for low-dimensional physics such as phase
transitions.>? Since the electrons in these systems are almost
confined in a single monolayer thickness, they approach an
ideal two-dimensional (2D) limit. Furthermore, since the sur-
faces are exposed to vacuum, the atomic positions and elec-
tronic structures can be directly probed with various tech-
niques such as scanning tunneling microscopy (STM) and
photoemission spectroscopy.

Among these metal-induced surface superstructures, Pb-
overlayer phases on group-IV semiconductor (111) surfaces
have been intensively studied because of iheir exotic proper-
ties. Some examples are the dilute \3 X \3 phases, which are
formed with 1/3 ML (monolayer) of Pb adsorption on Si and
Ge(111). These surfaces transform into 3 X 3 phases, which
have a clear charge ordering at low temperature (LT).*3 The
driving force of the phase transitions has been intensively
debated from the viewpoints of electron-phonon coupling,
atomic dynamics, and electron correlation.®=® Other ex-
amples are the so-called dense Pb overlayers on Si and
Ge(111). A number of dense Pb overlayers are known around
1 ML of Pb coverage.”!® The structures of these dense
phases have been debated for a long time. The dense phases
can easily have complex domain-wall structures depending
on the initial Pb coverage in a very narrow region and the
annealing history after deposition. Basically, the driving
force for the formation of such domain-wall structures arises
from the competition between adatom-adatom and adatom-
substrate interactions, and their formation can be explained
by the domain-wall theory in 2D."! However, the complexity
has made it difficult to determine the coverage, atomic struc-
ture, and even the phase diagram of the dense Pb
phases.!0:12.13

In the present study, we investigate the simplest Pb-
induced dense_ phase on Ge(l11), the so-called
Pb/Ge(111)-B-y3 X 3. This phase is the domain-wall-free
limit of the above mentioned dense phases and generally
considered to be a 4/3 ML Pb overlayer, which is shown in
Fig. 1(b).>!*15 The structure is characterized by 1 ML of Pb,
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PACS number(s): 68.47.Fg, 71.18.+y, 79.60.—i, 68.37.Ef

which saturates the T sites of the substrate and the addi-
tional 1/3 ML of Pb on the Hj; sites. However, some indica-
tions of a lower saturation coverage at 1 ML have been given
from Auger electron spectroscopy and STM, which lead to
the Pb-trimer model in Fig. 1(a).!®

In addition to the structural issues, this surface attracts
interest because of its possible phase transition.!” A first-
principles molecular dynamics study supported the 4/3 ML
model for Pb/Ge(111)-8-3 X V3. The theory, furthermore,
predicted a phase transition of the surface into a lower sym-
metry phase at LT.!7 Figure 1(c) shows the theoretically cal-
culated ground state, which loses the Cj, symmetry and is
characterized by a chain structure with 3a, periodicity along

the [101] direction (ag: lattice constant of the 1X 1 unit).
This phase transition was predicted as a kind of charge-
density-wave (CDW) transition.

However, our STM image shown in this Brief Report
clearly rules out the formation of the predicted CDW; the
surface keeps the \3 X V3 structure in the C;, symmetry
even at 6 K. The discrepancy from the theory is understood
from the electronic structure of the system. Our angle-
resolved photoemission spectroscopy (ARPES) reveals a me-
tallic band, which forms a well-nested hexagonal Fermi sur-
face (FS). However, the nesting vector of the FS is far
different from what is needed for the theoretically predicted
CDW.!7 Also, the simple estimation of the electron filling
into the metallic band contradicts the generally believed 4/3
ML model but matches with the 1 ML model. The predicted
CDW does not grow because the surface is described with
the 1 ML model. The nested FS also does not yield a CDW

es- Ge,Si @Pb

FIG. 1. (a) 1 ML and (b)_ 4/3 ML models for the
Pb/Ge(11 1)_/3_\£§>< V3 phase. The V3 X /3 unit cells are shown as
lozenges. (c) The ground state theoretically predicted for the 4/3
ML model.
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FIG. 2. A filled-state STM image (140X 140 A?) of the
Pb/Ge(111)-3-y3 X y3 surface taken at 6 K. The tip voltage and
tunneling current are 1 V and 0.3 nA, respectively. The a phase is
seen in the upper part. The area enclosed with the square is enlarged
in the right panel.

probably because of a negligible energy gain by electron-
phonon coupling.

The experiments were performed in a commercial LT-
STM system'® and in a VG-ADES 400 system with a He
light source (He Ia: hv=21.22 eV). In the latter equipment,
while the analyzer was rotated to collect energy distribution
curves (EDCs), the sample was rotated with PC-controlled
stepping motors to map the photoelectron intensity contours.
A Ge(111) wafer (n type, p<15 Q cm) was cleaned in ul-
trahigh vacuum by several cycles of Ar* sputtering (1 kV, 30
min) and annealing at 1123 K until a sharp c(2X38)
reflection-high-energy electron diffraction (RHEED) pattern
was obtained. The Pb/Ge(111)-8- V3 X3 surface was pre-
pared by depositing =4/3 ML of Pb onto a clean Ge(111)
surface at room temperature (RT) followed by annealing at
473 K. A sharp 3 X V3 pattern was observed by RHEED. In
the STM chamber, the sample was prepared in the same way,
then transferred in vacuo to a cold STM stage, and cooled
down to 6 K at observation. During the experiment, the pres-
sure was kept at <107'° Torr.

Figure 2 shows a_STM image, taken at 6 K, of the
Pb/ Ge(lll) B-\V3 X3 phase coexisting with the dilute
V3% 13, the so-called phase. As seen through a compari-
son to the adjacent « P_hase one finds that the B-y3 X V3
phase keeps the V3x\3 periodicity even at 6 K. The en-
larged image (the right panel of Fig. 2) shows a a triangular
structure with the Cj, symmetry in each \3 X \3 unit cell,
which is the same as the previous STM image taken at 446
K.!6 Thus, the \3 X 3 structure undergoes no phase transi-
tion down to 6 K.!”

The above STM result contradicts the theory that predicts
a CDW ground state on the surface.!” In order to know the
possibility of the predicted CDW below 6 K, the nesting of
the FS was investigated by mapping a photoelectron inten-
sity contour at the Fermi energy (Ep), i.e., a FS map at RT
[F1g 3(a)] The solid and broken lines in Fig. 3 indicate the
V33 and 1X 1 surface Brillouin zones (SBZs), respec-
tively. A strong photoelectron intensity was obtained just out-
side of the first \3 X V3- SBZ, which makes the features par-
allel to the six sides of the zone boundary. The photoelectron
loses its intensity in the other areas of the reciprocal space,
but weak features are seen inside the hexagons of the
V3% 3-SBZs. The weak traces should be parallel to the
hexagons because the six strong features are parallel to the
sides of the first V3 X y3-SBZ and the contour should reflect
the Cs, symmetry of the structure. A schematic of the ob-
tained intensity contour is illustrated in Fig. 3(b). The FS of
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FIG. 3. (a) Photoelectron intensity map at Ep of the
Pb/Ge(111)-8- _\5 X _\5 surface taken at RT. The solid (dotted) line
indicates the 3 X3 (1X1) SBZ. (b) Schematic of the intensity
map. The hexagonal FSs are constructed by nearly-free-electron
bands, which are drawn as dotted circles.

this system is perfectly hexagonal and meets a good nesting
condition along the [110] and the other two equivalent direc-
tions.

In Fig. 3(b), the nestlng vectors are drawn as arrows la-
beled Q, (=0.7a" 3 Where a’ 3 1s the \,3 X \3 reciprocal lattice
vector) and Q,(=0. 3av—) if the nesting between neighboring
SBZs is considered. The possible Peierls distortion by this

FS would be the single-Q CDW with 7=12a3 or

2Q—727=2.9a\g periodicity in the [101] and in the other
two equivalent directions or the triple-Q CDW with
1.4a 32 X14azx or 3.3a3X3.3a5 periodicity, where
ag=\3a, (12X5=14 and 29X £=33)."° However,
none of them matches with the theoretically predicted peri-
odicity of 3ay, and the predicted CDW is not likely.

The electronic structure was further investigated by mea-
suring the band dispersion. Figure 4 shows a collection of

EDCs taken at RT along the [121] direction in Fig. 4(a) and
its grayscale image in Fig. 4(b). The EDCs were measured
along the bold line in Fig. 4(c). Peak positions are marked
with open circles in Fig. 4(a) and traced with thick lines.
Four bands are seen within the binding energy (BE) of 1 eV
from Ep [S|, S|, S5, and S3]. The S, band has its bottom

around 6,=26° (M point) and goes close to Ep with decreas-
ing 6,, and finally crosses Ey around 6,=12°. Since this 6,
corresponds to the Fermi wave number of kp~0.4 Al the
hexagonal FS observed in the first V3 X \3-SBZ in Fig. 3(a)
should be derived from this band.

The S, band is apparently insulating and has almost no
dispersion at BE ~1.0 eV. The S5 state is also insulating and
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FIG. 4. (Color online) (a) A collection of EDCs of
Pb/Ge(111)-8- V3x\3 along [121] taken at RT. The peak positions
are marked with circles. 6, is the emission angle measured from the
surface-normal direction. (b) A grayscale image of the band disper-
sion obtained from the second derivatives of the obtained EDCs. (c)
An illustration of SBZs and FS. The measurement was performed
along the thick line in (c).

has its maximum and minimum at the I’y and M points,
respectively. Although the dispersion is similar to that of the
bulk Ge band, it should be a surface state because the band
maximum position at BE ~0.2 eV is too shallow for the
bulk band.’®?! Finally, the S| state makes a nondispersive
feature at §,=20°, which corresponds to the right side of the
K, point in Fig. 4(c). This band is interpreted in a nearly-
free-electron model as a part of an intersection line of two
adjacent free-electron parabolas, as discussed below. The ob-
tained electronic structure, especially the metallicity, is
largely different from a previous report on the same surface?

but rather close to that of the counterpart on Si(111).232*

The metallic band (S,) is a hole pocket around I',. Recent
photoemission studies showed a universal property in the
band structures of group-IIl or group-IV metal-induced
dense phases on Si(111), that is, the metallic bands should be
basically nearly-free-electron-like with various electron
fillings.?*> Assuming also this universal property for
Pb/Ge(111)-B-V3 X \/3, it is likely that the [,-hole pocket is
composed with large T'j-electron pockets centered at the
neighboring SBZ. As shown by the dotted circles in Fig.
3(b), their radii are 7. =0.7 A~!, which is larger than the
\3 X 3-SBZ.

We have performed a simple band calculation based on
this nearly-free-electron model with a plane wave potential
of V(r)=2gVg exp(lGr) where G represents the reciprocal
vector for the 13 X \3 lattice. An example of the calculated
results is shown in Fig. 5, where the FS and the band disper-
sion along the bold line [T-K;-M-K,] are shown in Figs.
5(a) and 5(b), respectively. The hexagonal FS and the two
bands, S; and S|, are clearly reproduced. The S; and S| are
derived from the same band in the different SBZs. They
show dispersive (S;) and nondispersive (S|) features between

K, and K, and degenerate at both edges. The lower branch
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FIG. 5. (Color online) (a) FS and (b) band dispersion along the
bold line in (a) of Pb/Ge(111)-$-\3 X 3, which is simulated by
using a nearly-free-electron model. The potentials in the periodicity
of the shortest the second shortest, and the third shortest G vectors
of the \3 X \3 reciprocal lattice space were taken 1nt0 account, all
of which were simply set to be 0.5 eV. The V3% \3-SBZ is drawn
with solid lines in (a).

between 1"y and K, which is not traced with circles in Fig.
5(b), was not detected by photoemission probably because
the photoemission structure factor is drastically changed at
the zone boundary [K point] or it is hidden by the S5 band in
this region.

Cons1der1ng the area ratio between the dotted circle and
the V3 X \3-SBZ in Fig. 3(b), the electron filling of this free-

T free
B(a%)2
V3% 3 unit cell. Let us compare this electron filling to that
of a similar dense Pb/Si(111) phase. On Si(111), the perfect
dense \3X13 is rarely formed with Pb and the so-called
devil’s staircase phases systematically develop in a very nar-
row region of the Pb coverage.’® The devil’s staircase phases
are constructed by the linear combination of two basic build-
ing blocks of the dense \3 % 3 and 7 X \/3 units. The struc-
ture of the dense 3 X V3 on Si(111) is described with the 4/3
ML model shown in Fig. 1(b), and the V7 %3 has a Pb
coverage lower than 1.2 ML.'%27 A recent ARPES study on
such devil’s staircase phases showed an increase in the elec-
tron filling of the free electron-like band with the mixing
ratio of the dense 3 3% \3 3, which finally approached close to
13 electrons per y3 X3 unit cell.?* This is natural for the
4/3 ML model; the Pb atoms (four per V3 X3 unit cell)
release all the valence electrons (four per atom) to the free-
electron band except those used in the covalent bonds with
the unpaired electrons of underlying Si (three per 3X\3
unit cell) (4 X4-3=13). However, our result of the electron
filling (three electrons per V3X\3 unit cell on
Pb/Ge-B- V3% 3) cannot be compatible with the 4/3 ML
model. Instead, the three-electron filling is possible if we
consider the trimer model in Fig. 1(a) by taking into account
covalent bonds not only between Pb and Si but also within
the Pb trimers. Since the 1 ML model has three Pb atoms per
\3 X \3 un1t cell, the number of the valence electrons is 12
per V3% 3 unit cell. Three of them would be used to make
covalent bonds with the underlying Ge. In addition, it would
be likely that six electrons per unit cell are used in the bonds
among three Pb atoms. Thus, three electrons per V3 X3 unit
cell are left free in the trimer model (3 X4-3-6=3), which
is consistent w1th our experlmentally obtained band filling of
Pb/Ge(111)-8- V3 X \/3. Note that this electron filling cannot
be achieved with the 4/3 ML model even if Pb-Pb covalent
bonds are taken into account; 7(=16—3-6) or 1(=16-3-6
X 2) is possible but 3 is not.”® Thus, the surface is likely
described with the 1 ML trimer model, instead of the gener-

electron-like band is 2 X =2.9%+0.4=3 electrons per
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ally believed 4/3 ML model. The theoretically predicted
CDW should not be yielded because it is based on the 4/3
ML model.

Note that the well-nested FS in Fig. 3 also does not yield
a CDW at 6 K. The lack of a lock-in energy between the
expected CDW and lattice would be the key to understand
the absence of this CDW transition. The CDWs expected for
Q,; and Q, are largely incommensurate with the underlying
lattice or have a wavelength that is more than five times
larger than a,. A lock-in energy with the lattice cannot be
gained when the nesting vector is largely incommensurate. It
also becomes small as the wavelength of the CDW is large
enough compared to the lattice constant of the underlying
substrate.?? In fact, there is no incommensurate CDW re-
ported so far on surface systems. Also, there is no CDW on
the Si or Ge surface whose wavelength is longer than 3a,.>

In summary, the ground state and electronic structure of
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the Pb/Ge(111)-8- V3% V3 surface have been investigated.
In spite of the theoretical prediction,!” the surface undergoes
no CDW transition down to 6 K. The nesting vectors in the
FS do not match with the theory, and the simple estimation
of the electron filling is not consistent with what is expected
for the generally believed structure model of the surface on
which the theory is also based. The surface should be de-
scribed with the 1 ML trimer model instead of the 4/3 ML
model. The absence of the nested-FS-driven CDW is thought
to be for lack of enough energy gain by CDW lock in with
the lattice.
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