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Electronic states of the clean Ge�001� surface are studied by angle-resolved photoemission spectroscopy and
standing wave observation with scanning tunneling microscopy. The bottom of the surface conduction band is
0.3 eV above the top of the valence band, and thermally filled with increasing temperature above 470 K. Its
dispersion in the direction perpendicular to the dimer axis is much larger than that in the Ge dimer-axis

direction. The valence band top at �̄ is a bulk state, and surface resonances exist near this point. These features
are consistent with the band calculation based on the density functional theory for the c�4�2� surface.

DOI: 10.1103/PhysRevB.72.241308 PACS number�s�: 73.20.At, 68.37.Ef, 71.15.Mb, 79.60.Bm

The valence electronic structure of the Ge�001� clean sur-
face has been studied by angle-resolved ultraviolet photo-
emission spectroscopy �ARUPS� for more than two
decades.1–5 Nevertheless, there still remain controversies on
the surface states. Recently, Gurlu et al. have found a finite
density of states in the surface band gap on a �2�1� recon-
structed domain at room temperature �RT� using scanning
tunneling microscopy/spectroscopy �STM/STS�.6 In the early
ARUPS results,1,2 such a “metallic” state was obseved above
200 K. It was in the surface band gap at 0.1 eV below the
Fermi energy EF around �̄, and its intensity increased with
increasing temperature. This state was attributed to instanta-
neously symmetric Ge dimers or thermally excited point de-
fects on the surface. On the other hand, in the later measure-
ments at RT, such a localized state was not observed, and a
state above EF in the bulk band gap was reported just after
the cleaning of the surface at 870 K.3–5 This was attributed to
the thermally occupied surface states.4 Another discrepancy
in the electronic structure is on the top of the valence band

states at �̄; which of the observed two bands dispersing

downward from �̄ is the surface state?4,5

The electronic structure of the empty surface state was
previously studied by angle-resolved inverse photoemission
spectroscopy.7 The empty state was observed 0.5 eV higher
than the valence band top. On the other hand, the result of
the tunneling spectroscopy by STM indicated that the surface
band gap is 0.3 eV.8,9 It is now important to clarify the sur-
face states for understanding the phenomena observed in the
microscopic studies.6,9,10

In the present work, we have studied the electronic struc-
ture of the clean Ge�001� surface using high-resolution
ARUPS and STM. The surface valence states are identified
by comparing the results with those for the hydrogen-
adsorbed surface. The dispersion of the empty dangling-bond
�* band was measured at 80 K by differential conductance
images of STM with the surface-state standing waves.11–13

The bottom of the �* band, which is thermally occupied
above 470 K, was detected by ARUPS. We calculated the
band structure of the ground-state c�4�2� surface to discuss
these experimental results.

Experiments of ARUPS and STM were performed sepa-
rately in two independent ultrahigh vacuum systems, each of
which consists of measurement and surface preparation
chambers. The measurement chamber for ARUPS was
equipped with a spherical analyzer, He discharged lamp for
UPS, x-ray source for x-ray photoelectron spectroscopy
�XPS�, and a low-energy electron diffraction �LEED� optics.
The sample temperature during the ARUPS measurements
and the LEED observation can be changed between 130 and
700 K. We used STM at 80 K for imaging the surface-state
standing waves. The details of the equipment was reported in
Ref. 14. The differential conductance dI /dV was detected by
a lock-in method with an amplitude modulation of the
sample bias voltage.

The Ge�001� sample was cut from an n-type Ge�001� wa-
fer �Sb-doped, 0.2–0.4 � cm�. A typical procedure to obtain
a clean surface was the repetition of Ar ion sputtering at
500 eV followed by a flashing at �1050 K for 1 min and an
annealing at �980 K for 10 min. We confirmed the struc-
tural order by a sharp double-domain c�4�2� LEED pattern
at 130 K, and the cleanness of the surface by the lack of any
contaminants in the XPS spectra or the STM images. Hydro-
gen molecules were introduced for preparing the H-adsorbed
surface where all the dangling bonds were terminated by H
atoms without breaking the Ge dimers. The molecules were
dissociated on a hot tungsten filament in front of the clean
Ge surface.

The c�4�2� surface structure is schematically illustrated
in Fig. 1�a�. The surface consists of the buckled Ge dimers,
and the buckling orientation is alternate in the directions both
parallel and perpendicular to the dimer axis. We call the lat-
ter direction the dimer-row direction. An order-disorder
phase transition of the buckling orientation occurs around
200 K.1 In the disordered phase, the buckling orientation
changes so rapidly that the structure observed by STM is
�2�1�.

We measured spectra by ARUPS in the both �110� and
�010� directions. In the former case, the band dispersions are
detected simultaneously in the two directions, parallel and
perpendicular to the dimer axis because the surface has two
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domains. On the other hand, the dispersion in the �010� di-
rection is common in both domains. The surface Brillouin
zones of both c�4�2� and �2�1� are shown in Fig. 1�b�.
Here, J̄ is defined as the point in the dimer-axis direction and
J� as that in the dimer-row direction on the �2�1� surface.

The band calculation of an optimized Ge�001�-c�4�2�
structure was based on the density functional theory within
the generalized gradient approximation.15,16 We used the
Troulier-Martins–type norm-conserving pseudopotentials.17

The wave functions were expanded in a plane-wave basis set
with a cutoff energy of 25 Ry, and 64 k points were used in
the Brillouin zone integration.

Figures 2�a� and 2�b� show the photoemission spectra

near �̄ for the clean surface �a� and for the surface covered

by monohydrides �b�. The spectra at �̄ and 3.6° from the
surface normal in the �010� direction for both surfaces are
shown in Fig. 2�c�. The sample temperature was 130 K. The
observed spectra for the clean surface in the first Brillouin
zone are consistent with the previous results at RT.3–5 We
refer the names of the states from Ref. 4. After the hydrogen
adsorption, the state S5 that was identified as a surface state
clearly disappears as in Fig. 2�b�. On the other hand, the two
bands at the valence band top remain after the adsorption,

and thus are bulk Ge states. In Ref. 4, the lower band at �̄
was recognized as the surface state because it disappeared
after hydrogen adsorption.

As shown in Fig. 2�c�, the photoemission intensity at 3.6°
significantly decreases after the H adsorption in the binding
energy region around 0.5 eV. For the clean surface, the sec-
ond derivative of the photoemission intensity has a peak in
this region as indicated by a filled triangle in the figure. It
disappears on the hydrogen-adsorbed surface. A similar
change can be seen by comparing the data shown in Figs.
2�a� and 2�b�. The open circles in Fig. 2�a� indicate the dis-
persions in the H-adsorbed surface. Here, the energy of the
data in Fig. 2�b� are shifted toward lower binding energy by
30 meV for correcting the change of the band bending. Weak
spectral features are seen around 0.5 eV on the clean surface
at 3.6°. This state is removed after the hydrogen adsorption.

Figure 3�a� shows the calculated surface band structure
for the clean Ge�001�-c�4�2� surface. Here, the atomic
structure was optimized, and it agrees well with the previous

result.18 At �̄, the valence band top is the bulk state, and the
binding energy of the surface resonance increases with in-

creasing the wave number from �̄ in the �010� direction.

These are consistent with the above experimental results.
The band dispersion of the clean surface observed at

680 K is shown in Fig. 3�b�. In the figure, the ARUPS data at
130 K are again superimposed as open circles and triangles.
Here, we homogeneously shifted the energy of the data at
130 K toward higher binding energy by 100 meV to com-
pensate the change of the band bending. There is no signifi-
cant difference of the valence band structure between 680
and 130 K except the thermal broadening. The flip-flop mo-
tion of the buckled dimers causes the �2�1� structure ob-
served by LEED at 680 K while it produces no distinctive
electronic state below EF.

On the other hand, above EF, a new state “A” in the �110�
direction appears with little dispersion at 680 K. In the �010�
direction, no state is detected except around �̄. A strong peak

at �̄ just above EF is clearly observed in the spectra shown in
Fig. 4�a�. It appears at around 470 K and becomes more
intense with increasing the temperature to 680 K, and its
position shifts toward the higher binding energy. The shift is
attributed to the change of the band bending because it is
common to both the surface and bulk states.

The intensity of the peaks at �̄ and J̄ is plotted as a func-
tion of temperature in Fig. 4�b�. An activation type behavior
is seen for both above 530 K. The fitted activation energies

are 0.25±0.02 eV for �̄ and 0.31±0.05 eV for J̄.

A similar state above EF at �̄ was previously reported at

FIG. 1. �a� A schematic illustration of the Ge�001�-c�4�2� sur-
face. �b� The surface Brillouin zones for the c�4�2� �thick lines�
and �2�1� �thin lines� surfaces. Two domains are shown for each
structure.

FIG. 2. �a� and �b� Band dispersions around �̄ for the clean
surface �a� and for the H-adsorbed surface �b�. The second deriva-
tive of the photoemission intensity is represented as a gray scale
image �higher intensity is shown brighter�. Parts of the peak data on
�b� are plotted on �a� as open circles. Here, we corrected the differ-

ence of the band bending �30 meV�. �c� The spectra at �̄ and at 3.6°
from the surface normal in the �010� direction for the both surfaces.
Surface and bulk states are denoted by filled and open triangles,
respectively.
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RT.4 However, it disappeared in 2.5 h after the cleaning, and
appears again at RT after annealing to 870 K with a band
bending. In the present case, the intensity is reversible for the
temperature variation between RT and 680 K at least for 4 h.
It slightly decreases after a long observation possibly be-
cause of the surface contamination. We confirmed that the
state disappears on the monohydride surface.

The empty state was further studied by observing differ-
ential conductance images with STM as previously reported

on a Si�001� surface.13 Figures 5�a�–5�c� show the images at
80 K for the mean bias voltages of 0.3, 0.4, and 0.6 V. We
can see the modulation due to the standing waves of the
surface state electron from the step edge in these images. The
bias voltage was limited up to 0.6 V for the c�4�2� struc-
ture because this structure changes to p�2�2� above
0.7 V.9,10 The model of the p�2�2� structure is given in Fig.
5�d�. The surface consists of the dimer rows as in the c�4
�2� structure. Similar modulations of the differential con-
ductance images were observed for the p�2�2� surface be-
tween 0.3 and 1.2 V. The cross sections of the modulation
for this surface are shown in Fig. 5�e� with the bias voltage
as a parameter.

Dispersion relation of the electronic state is approxi-
mately obtained by fitting the waves to the following formula
for a free electron; y=Ae−�x sin�2kx+�� with fitting param-
eters �, k, and �. The results are shown in Fig. 3�b� in the

�̄-J� direction above EF as open circles and squares for c�4
�2� and p�2�2�, respectively, and noted as B. Here, we
converted the mean bias voltage to the electron energy and
shifted toward higher binding energy by 100 meV as that for
ARUPS data from 130 to 680 K. The dispersion for the
c�4�2� surface below 0.6 eV in the empty state is over-
lapped with that for the p�2�2� surface. They are consistent

with the calculated surface �* band shown as B in the �̄-J�
direction in Fig. 3�a�. We note that the dispersion in the
dimer-row direction for the p�2�2� surfae is almost the
same as that for the c�4�2� surface because of the similarity
in both atomic structures. Thus, the modulation in the differ-
ential conductance image is identified as a standing wave of
the �* electron.

In Fig. 3�b�, the bottom of the �* band shown as B agrees
with the state A observed by ARUPS at 680 K in the bulk

FIG. 3. �a� The calculated surface band structure for the clean
Ge�001�-c�4�2� surface. The axes are defined for the �2�1� sur-
face as in 1�b�. Gray areas indicate the bulk band projected to the
surface. �b� Band dispersions observed at 680 K for the clean
Ge�001� surface. The photoemission intensity is represented as a
gray scale image. Open circles below EF indicate the surface states
and open triangles the bulk states both detected by ARPES at
130 K. Open circles and squares above EF are the states in the

�̄-J� direction determined from the standing waves observed by
STM for the c�4�2� �circles� and p�2�2� �squares� surfaces �see
text�. These data are shifted toward higher binding energy homoge-
neously by 100 meV for the compensating thermal shift of the band
bending.

FIG. 4. �a� Spectra at �̄ for several temperatures above 530 K

for the clean Ge�001� surface. �b� Intensity of the peaks at �̄ and J̄
as a function of temperature. The data are fitted to activation-type
functions shown as solid and dashed lines.

FIG. 5. �a�–�c� Differential conductance images for the c�4
�2� surface observed by STM, showing the standing waves for the
�* band. The bias voltage is modulated and the mean value is 0.3 V
�a�, 0.4 V �b�, and 0.6 V �c�. �d� Schematic model of the p�2�2�
structure. �e� Cross sections of the standing waves for the p�2�2�
surface.
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band gap in the �110� direction. Consequently, the state A is
identified as the �* band, which has a little dispersion in the
�̄-J̄ direction as in the band calculation �“A” in Fig. 3�a��.
The absence of the state in the �010� direction in the ARUPS
result supports this interpretation because the energy of the
�* band increases rapidly by increasing the wave number
from �̄ in this direction as in the band calculation.

Previously, the state observed at 0.3 eV above the valence
band top was attributed to instantaneously symmetric Ge
dimers or thermally excited point defects.1,2 If the observed
state with little dispersion originates from such a localized
structure, however, the same state should be detected in the
�010� direction. Moreover, the valence band structure ob-
served at 680 K is essentially the same as that for the surface
at 130 K with the c�4�2� arrangement. These contradict
with the interpretation due to the symmetric dimers.

A surface state without dispersion has been observed on
the Si�001� surface, which has a similar atomic structure of
the Ge�001� surface consisting of buckled dimers. In the case
of a heavily n-doped crystal, it was detected at the Fermi

energy around both �̄ and J2� at RT, and was assigned as the

bottom of the surface �* band.19 The surface band gap at �̄ is
0.7 eV in this case. In a recent ARUPS experiment on the
same surface of a lightly doped crystal,20 there appeared a

state at �̄ and J2� above 600 K. It is located 0.7 eV above the
top of the filled surface band, and its intensity increases with
increasing temperature. This is also assigned as the bottom of
the surface �* band. The position of the band is consistent
with the previous band calculation.21 The authors claimed

that the state is filled by the electron doping due to thermally
activated Si adatoms from the step edges.22

On the Ge�001� surface, whole the �* band between �̄

and J̄ is observed at 680 K. The �* band can be thermally
filled with increasing temperature because the surface band
gap is 0.3 eV for Ge�001�. Similarly to the Si�001� surface,
an interpretation by the electron doping by adatoms is also
possible for the Ge�001� surface. In this case, the activation
energy of the surface adatom from the step edges should be
�0.3 eV.

In summary, we investigated the surface electronic states
of Ge�001�. At temperatures higher than 470 K, the bottom

of the �* band is filled, and small dispersion between �̄ and

J̄ is detected by ARUPS. The dispersion of the �* band in the
dimer-row direction is obtained by the analysis of the stand-
ing waves observed at 80 K by STM. The valence band top

on the surface is a bulk state at �̄, and the � band is a
resonance near this point. These features are consistent with
the band calculation for the c�4�2� surface.

Recently, we noticed that similar standing waves of the �*

states have been observed on the Ge�001� surface by K. Sag-
isaka and D. Fujita.23
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