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Temperature dependence of the Ge(111) surface electronic structure
probed by inelastic H atom scattering
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Experimental methods capable of determining the electronic properties of the surfaces of materials suffer
from severe limitations, including interference from bulk electronic states, insensitivity to unoccupied states,
and the requirement that the material be conducting. In this work, we introduce inelastic H atom scattering as a
tool to probe the electronic structures of surfaces, which can be applied to both conducting and nonconducting
samples while exhibiting exceptional surface sensitivity. We illustrate the method for the example of Ge(111).
The measurements show a semiconducting surface at low temperature that continuously becomes increasingly
metallic at high temperature.
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I. INTRODUCTION

A variety of methods has been devised to characterize
the bulk electronic properties of semiconductor materials.
For example, optical absorption-edge spectroscopy provides
semiconductor band gaps [1–3] and photoelectron spec-
troscopy (PES) is one of the most powerful tools to probe
the bulk electronic states of solids [4–6]. Extreme ultravio-
let lithography used in the industrial manufacture of modern
microelectronics now can produce transistor gates as small
as 5 nm [7], only one order of magnitude larger than the
van der Waals diameter of the silicon atom. Materials struc-
tured on this length scale possess as many—indeed, perhaps
more—atoms at the surface than within the bulk. Hence,
the properties of such devices will depend strongly on the
nature of their surfaces, typically found at buried interfaces.
Furthermore, we know from studies at exposed interfaces
that the electronic properties of surface states do not nec-
essarily reflect those of the bulk—the famous Si(111)(7×7)
surface, for instance, is metallic, while Si is a bulk
semiconductor [8].

The methods currently available are limited when prob-
ing surface electronic states. PES is not, strictly speaking,
surface selective as photoelectrons originating from several
atomic layers below the surface contribute to the signals. PES
spectra therefore include information about bulk and surface
states [4] and distinguishing between them can be a challenge.
Furthermore, conventional PES is sensitive only to occupied
electronic states. Electron-energy-loss spectroscopy (EELS)
is an alternative to study electronic surface states [9] even
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though it is typically used only to study surface phonons
and adsorbate vibrations [10]. It is indeed more surface sen-
sitive than PES, when low-energy incidence electrons are
used. Unfortunately, the desired signals may be buried un-
der signals from near-elastic electron scattering, which often
dominate the spectrum in the area of interest [11]. Scanning
tunneling spectroscopy (STS) is another approach to obtaining
information about electronic surface states [12], even provid-
ing in favorable cases the spatial properties of the surface
states. However, the strong electric fields near the tip can
alter the material’s electronic states, a complicating effect
referred to as tip-induced band bending [13]. We note that
all of these methods are limited to analysis of conducting
materials.

In order to achieve enhanced surface sensitivity, metastable
rare-gas atoms have been used to generate exoelectrons,
whose energy spectrum can be analyzed just as in PES
[14–16]. In this type of “metastable atom electron spec-
troscopy” (MAES), interpreting the spectra may be com-
plicated by the need to identify the metastable quenching
mechanism, of which two are commonly seen: Auger de-
activation and the resonance ionization followed by Auger
neutralization. A good example of the strengths and weak-
nesses of MAES when applied to semiconductor surfaces can
be found in Ref. [17].

It is interesting to realize that the surface sensitivity of
MAES arises from the fact that the atom is unlikely to pen-
etrate the surface before being quenched. This suggests that
other atom-scattering processes might be equally surface sen-
sitive. In this work, we apply this insight by using neutral
beams of H atoms with tunable and nearly monochromatic
energies. These atoms are scattered from the surface of the
sample and we measure the translational inelasticity [18].
Remarkably, the light mass of H atoms often favors electronic
over phononic excitation; hence, their translational inelasticity
is qualitatively different for metal [19], insulator [20], and
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semiconducting [21,22] surfaces. H atom scattering also of-
fers the advantage of being exquisitely surface specific; this
is due to the fact that atoms that penetrate the surface are,
for all practical purposes, guaranteed to remain adsorbed at
or below the surface [19,20]. Hence, the detected atoms arise
exclusively from collisions at the surface. Another remarkable
feature of the method arises from the fact that H atoms are
uncharged, making this approach equally applicable to con-
ducting or nonconducting materials. Furthermore, H atoms
are very low-energetic probes compared to other methods.
Finally, because the method explicitly involves electronic
transitions, information about both occupied and unoccupied
electronic states can be obtained.

We illustrate the advantages of this approach showing ex-
perimental results on the temperature dependence of H atom
inelasticity when scattering from Ge(111). At room temper-
ature, Ge(111) exhibits a stable c (2 × 8) adatom surface
reconstruction [23], the atomic geometry of which influences
the nature of surface electronic states and leads to a surface
with semiconducting properties [24–26]. As the temperature
increases, the surface structure changes and at 573 K, the
entire surface exhibits a disordered adatom arrangement, char-
acterized by an apparent “(1 × 1)” diffraction pattern [27–29].
A second reversible transition is observed around 1050 K
[30–32]. Previous work suggested a gradual metallization of
the surface with increasing temperature that resulted in full
surface metallization at 1050 K [33,34]. Using inelastic H
atom scattering to follow these temperature-dependent elec-
tronic structure changes, we find three distinct components
in the energy-loss distribution that can be assigned to the
semiconducting and metallic behavior of the surface. The
quantitative contribution of these three components can be
easily determined between 138 and 1082 K. H atom scattering
therefore represents a straightforward approach to obtaining
the fundamental physical properties of a surface with complex
electronic structure.

II. EXPERIMENTAL METHODS

The H atom scattering apparatus has been described in
detail [18,35]. In short, a hydrogen atom beam with an
incidence translational energy of Ei = 0.99 eV is formed
by ultraviolet photodissociation of a supersonic molecular
beam of hydrogen iodide using an excimer laser operating
at 248 nm. A small portion of the H atoms passes through
a skimmer and two differential pumping apertures, enters an
ultrahigh-vacuum (UHV) chamber, and collides with a Ge
crystal. The Ge sample is mounted on a five-axis manipulator,
which allows the variation of the polar incidence angle ϑi

with respect to the surface normal. The scattered H atoms
are detected using Rydberg atom tagging time of flight (TOF)
[36]. Here, the H atoms are excited to a long-lived Rydberg
state just below the ionization limit and fly 250 mm, be-
fore they are field ionized and detected by a multichannel
plate assembly. The detector is rotatable, enabling TOF dis-
tribution measurements at a variety of scattering angles ϑf .
A multichannel scaler records the arrival time distribution.
The time-of-flight distribution is converted to an energy-loss
distribution applying the appropriate Jacobians. The surface
temperature TS can be adjusted between ∼140 and ∼1080 K

using a liquid nitrogen flow cryostat combined with resistive
heating. The temperature of the crystal was measured by a
K-type thermocouple; temperatures above 450 K were cali-
brated using an external pyrometer. The Ge crystal used in
this work was undoped, with a nominal purity of 99.999%.
The Ge(111) surface was cleaned by cycles of Ar+ ion
sputtering and annealing at ∼950 K. Auger electron spec-
troscopy (AES) and low-energy electron diffraction were used
to validate the cleanliness and c (2 × 8) structure of the room-
temperature Ge(111) surface prior to experiments. Additional
details about the sample can be found in the Supplemental
Material [37]. We ensured that the energy-loss distributions
did not change during the course of a measurement, to exclude
any influence of the buildup of H coverage or other con-
taminations on the surface of the Ge(111) crystal during the
measurement.

III. RESULTS

Figure 1 shows translational energy-loss distributions of H
atoms scattered from a Ge(111) surface at surface tempera-
tures of 138 K < TS < 1082 K. At 138 K, two well-separated
features are visible. These features have been previously as-
signed to an electronically adiabatic scattering process at
low energy losses and an electronically nonadiabatic pro-
cess at high energy losses, where an electron is promoted
from the valence band to the conduction band (VB-CB
transition) of the surface, in total reflecting its semicon-
ducting nature [21,22]. With increasing TS, the intensity
of these two features decreases and H atom flux at in-
termediate energy losses becomes increasingly apparent. In
addition, the VB-CB transition shifts to lower energy as
the surface band gap decreases with increasing TS [34,38].
At TS = 1082 K, the bimodal structure has completely
vanished and a broad, featureless energy-loss distribution
arises.

The energy-loss distribution at TS = 1082 K is remarkably
similar to those obtained for H atom scattering from metal
surfaces [39]; consistent with previous work, this suggests
that the surface of Ge(111) is metallic at high temperatures.
To test this idea, we performed full-dimensional theoretical
simulations of the H atom scattering from a copper surface
using molecular dynamics with electronic friction (MDEF),
which has been shown to accurately describe experimentally
obtained H atom energy-loss distributions for metals [39].
We chose copper, as its mass (63.5 u) is closest to that of
germanium (72.6 u) among the metals studied; hence, the
phononic contribution to the H atom energy losses are similar
in the two cases [39]. Details of the MDEF calculations appear
in the Supplemental Material [37] (see also Refs. [40–45]
therein).

Figure 2 shows that the H atom energy-loss distribution
obtained with Ge(111) at TS = 1082 K is nearly identical to
the MDEF simulations of H scattering from Cu at TS = 950 K.
This strongly supports the hypothesis that the Ge(111) surface
is metallic at high TS, whereas it exhibits semiconducting
behavior at low TS.

To quantitatively determine the degree of metallicity at
different temperatures, the energy-loss distributions of Fig. 1
were fitted to a three-component model—see Fig. 3. The
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FIG. 1. Temperature-dependent energy-loss distributions for H
atoms scattered from a Ge(111) surface. The polar incidence ϑi

and scattering ϑf angles are both 45◦. The energy-loss distributions
are normalized to the integrated signal. The incident H atoms have
a translational energy of Ei = 0.99 eV and travel along the [1̄10]
surface direction.

bimodal energy-loss distribution obtained at TS = 138 K
[Fig. 3(a)] exhibits two well-resolved features, characteris-
tic of a semiconducting surface. In the following, the first,
electronically adiabatic component, will be called S1, and the
second component, corresponding to the nonadiabatic VB-CB
transition, will be called S2. Both components were sepa-
rately fitted to a sum of Gaussian functions. The energy-loss
distribution obtained at TS = 1082 K [Fig. 3(h)] was used
to describe the metallic component, called M in the follow-

FIG. 2. Metallized surface of Ge(111) at elevated surface tem-
perature. Inelastic H atom scattering data for Ge(111) at TS =
1082 K (◦) is compared to the results of MDEF simulations for
Cu(111) at TS = 950 K (black solid line). The H atoms travel along
the [101̄] direction of the Cu(111) surface. The energy-loss dis-
tributions are normalized to the integrated signal. Conditions are
otherwise the same as in Fig. 1.

ing, which grows in with increasing surface temperature. By
varying the relative contributions of these three components,
all six remaining energy-loss distributions could be fitted—
see Figs. 3(b)–3(g). In this fitting, the shape and position
of the S1 and M component were fixed, whereas the S2
component was allowed to broaden and shift with increasing
TS−this accounts for the reduction of the surface band gap
with increasing surface temperature [34,38]. Additional de-
tails about the fit can be found in the Supplemental Material
[37]. The three-component model results in an excellent fit to
the data.

Figure 4(a) shows the relative contribution of the semicon-
ducting and metallic components vs TS . The semiconductor
components, S1 and S2, decrease, while the metallic contri-
bution, M, increases with TS . Above ∼800 K, the metallic
contribution clearly dominates. The error bars of the relative
intensities shown in Fig. 4(a) reflect the uncertainty of the fit
due to the overlap of the S2 and M components. Errors of the
surface temperature are primarily a result of the temperature
calibration with an external pyrometer as the surface tempera-
ture measured with a thermocouple was found to be inaccurate
at elevated temperatures of the crystal. Figure 4(b) shows
the surface band gap as a function of surface temperature,
determined from the onset of the S2 component in Fig. 3;
for details see Supplemental Material [37]. This allows us to
quantify the decrease of the surface band gap with increasing
temperature.

IV. DISCUSSION

The results of this work complement previous studies using
established methods [27–29,33,34,46–50]. Methods sensitive
to structure have reported phase transitions in this tempera-
ture range. At room temperature, the semiconducting surface
shows a c (2 × 8) structure [23]. With increasing tempera-
ture, a structural transition [27] was reported at 573 K as an
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FIG. 3. Fit of the energy-loss distributions for H atoms scattered from Ge(111) at different surface temperatures with three components.
Panels (a) to (h) show a fit of the energy-loss distributions (◦) of H atoms scattered from Ge(111) at different surface temperatures,
TS. The data were fitted to a sum of three components (blue solid line): S1 (red dashed line), S2 (green dotted line), and M (orange
dashed-dotted line). Details about the fit can be found in the text and the Supplemental Material [37]. The incidence translational energy
is Ei = 0.99 eV, the polar incidence and scattering angles are ϑi = ϑf = 45◦, and the incident H atoms travel along the [1̄10] surface
direction.

apparent (1 × 1) diffraction pattern with weak half-order spots
emerges that was attributed to the formation of an “incom-
mensurate (2 × 2) surface structure” [28]. STM confirmed
the existence of a disordered surface above 573 K; however;
disordered regions were also seen at lower temperatures [29].
A reversible phase transition has also been reported at 1050 K
[30–32].

No abrupt changes in the electronic structure that might
be associated with a structural phase transition were observed
in either PES [34,46,47] or EELS [50]. Instead, it was sug-
gested that a gradual metallization of the surface takes place
with increasing temperature [33,49]. The results of this work
are clearly consistent with this suggestion—see Fig. 4. At
the highest temperatures of this work (1082 K), the surface
exhibits the inelasticity typical of a metal. Thus, our work con-
firms that the phase identified above 1050 K has the electronic
properties of a metal. The first structural transition at 573 K
is related to the adatoms becoming mobile on the surface.
The adatoms are still present above the transition temperature
but in a highly disordered arrangement with local short-range
(2 × 2) order [28]. The 1:1 ratio of adatoms to rest atoms
and the related electronic structure of the surface is preserved
[47]. The nature of the structural transition at 1050 K is still
under discussion. One model postulates a quasi-liquidlike,
laterally diffusive metallic Ge surface bilayer due to incom-
plete surface melting, supported by experimental results from
photoemission and photoabsorption spectroscopy [34] as well
as medium-energy ion-scattering experiments [31]. However,
a second model suggests a structurally well-defined surface
that exhibits reduced surface corrugation. It is consistent with
an ordered metallic solid state and supported by experimen-
tal results from helium atom scattering [32,51,52] and x-ray
diffraction [53].

Our observations could be explained by a simple model
where the populations of electrons in the surface conduction
band and holes in the valence band both increase with
temperature. This effect would be enhanced by the sur-
face band gap’s reduction with increasing temperature shown
above [38]. These factors would permit H atom collisions
to excite low-lying electron-hole pairs (EHP) in intraband
transitions—the predominant energy-loss channel seen for
metals—in both the surface valence and conduction bands,
whereas at low temperatures, only interband excitations are
possible. However, based on our observations, we cannot ex-
clude a change in the electronic structure for temperatures
above 1050 K. Within the uncertainties of our experiment,
we are not able to conclude whether the metallic behav-
ior is caused only by thermal population of the conduction
band or additionally by a change of the surface electronic
structure.

Our analysis also allows us to extract the temperature
dependence of the surface band gap as shown in Fig. 4(b).
The surface band gap decreases from a value of ∼0.5 eV
at 138 K to ∼0.25 eV at 942 K. The value at low tem-
peratures is in good agreement with STS measurements
at 30 K that obtain a surface band gap of 0.49 eV [26].
The nearly linear decrease of the surface band gap by a
factor of 2 in the studied temperature range is in correspon-
dence to the temperature dependence of band gaps of bulk
semiconductors [54] and the Ge(111)(2 × 1) semiconducting
surface [38].

Finally, we want to emphasize that the physics of H atom
inelasticity can be quantitatively simulated for both insulat-
ing and metallic surfaces using first-principles theory and
validated dynamical models. In the case of metals, prior
work has clearly shown that classical MDEF simulations
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FIG. 4. Electronic character of the Ge(111) surface as a function
of surface temperature. Panel (a) shows the relative intensities de-
termined from the fits in Fig. 3 for the sum of the semiconducting
components, S1+S2 (�) and the metallic component, M (•). Error
bars reflect the uncertainty of the fit due to the overlap of the S2 and
M components. Shaded areas correspond to the fractions of S1 (dark
gray) and S2 (light gray) of the overall semiconductor component,
respectively. Panel (b) shows the surface band gap as a function of
surface temperature, determined from the onset of the S2 component
in Fig. 3; for details see Supplemental Material [37]. In both panels,
lines between data points are given as a guide to the eye.

employing high-dimensional potential-energy surfaces de-
rived from density-functional theory data yield highly accu-
rate energy-loss distributions [18,19,39]; here, the electronic
friction picture is able to describe intraband EHP excitation
induced by the H atom collision. Insulators, on the other hand,
have a band gap with occupied states below the Fermi energy,
and unoccupied states above the Fermi energy; hence, only
interband electronic excitations are possible at low temper-
atures. Furthermore, the band gap is typically so large that
energy can only be dissipated to phonons, meaning that H
atom inelasticity can be quantitatively reproduced by molecu-
lar dynamics (MD) simulations within the Born-Oppenheimer
approximation [20]. The ability to quantitatively model the H
atom energy-loss spectra for two of the most common classes
of surfaces simplifies its interpretation, allowing us to make
conclusions about the temperature dependence of the elec-
tronic structure of Ge(111). The analysis needed to extract this
information is remarkably simple. Inelastic H atom scattering
has great potential to give detailed insights into the electronic
properties of surfaces.
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