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Angle-resolved high-resolution electron-energy-loss study of In-adsorbed
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The metallic In/Si(111)-(431) surface is known to show a temperature-induced transition into a (832)
structure. In the present study, we observed a drastic change of the surface free carrier density at 130 K that
corresponds to the phase transition. In spite of the decrease in the free carrier density, the (832) phase does
not show a complete semiconducting character at 90 K. Moreover, we observed two surface phonon modes at
33 and 60 meV that have different dipole activities for the (832) phase, and one phonon mode at 61 meV for
the (431) phase.
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The modification of semiconductor surfaces induced
the adsorption of metal atoms has been a topic of experim
tal investigations for the creation of nanoscale quant
structures with high perfection. Selecting In for an adsorb
several reconstructions are observed on a Si~111! surface that
depend on the coverage.1–4 Among the In-adsorbed Si~111!
reconstructed surfaces, the (431) phase is arguably th
most interesting one due to the recent observation of
quasi-one-dimensional~1D! charge density wave~CDW! on
this phase.5

A great number of studies have been done to determ
the surface structure,6–12 electronic character,5,13–15 and vi-
brational modes of the In/Si(111)-(431) surface.16 Several
models are proposed for the structure of the In/Si(111)
31) surface.6–12 Among them, the surface structure is su
gested to be formed with the reconstruction of surface
atoms in the recent scanning tunneling microscopy~STM!
~Refs. 10 and 11! and surface x-ray diffraction12 studies. For
the electronic structure, the In/Si(111)-(431) surface is
well known to have a metallic character at a sample temp
ture of 300 K.5,13–15Three surface bands that cross the Fe
level are observed by angle-resolved photoelectron spec
copy ~ARPES!,5,13 and a clear Fermi level crossing and
image-induced surface state by inverse photoelectron s
troscopy~IPES!.14,15 The dispersions of the In-derived thre
occupied surface bands,5,13 that of the unoccupied one,14 and
the anisotropic dispersion of the image state15 suggest the
quasi-1D metallic character along the 1D In chains. R
cently, the In/Si(111)-(431) surface is reported to show
temperature-induced reversible transition into a semic
ducting (832) phase that is originated by the instability
the metallic phase and by a 1D-CDW using a combined m
surement of ARPES and STM.5 However, the transition tem
perature is not decided yet.

In the vibrational study of the 300 K In/Si(111)-(431)
surface, only a long Drude tail originated by the metal
character of this surface is observed, and no vibrational
ture is seen due to the presence of this tail in the hi
resolution electron-energy-loss spectroscopy~HREELS!
study.16 Since the (832) phase is reported to have a sem
conducting character,5 the Drude tail is expected to disappe
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and the vibrational modes are in anticipation of observat
at low temperature. Moreover, HREELS is useful to obta
the information of electronic states close to the Fermi lev
because an electronic excited state with rather low energ
detectable from its high resolution.

In this paper, we present the temperature-depend
HREELS study of the In/Si(111)-(431) surface. Measuring
the temperature dependence of the full width at half ma
mum ~FWHM! of the elastic peak, we determine that a dra
tic change of the surface free carrier density occurs at 130
For the vibrational modes, we observe two surface pho
modes that energies are 33 and 60 meV for the (832)
phase, and one phonon mode at 61 meV for the (431)
phase.

The experiment was carried out in a UHV chamber tha
equipped with a HREELS spectrometer, a low energy el
tron diffraction ~LEED! optics, and an Auger-electron spe
trometer ~AES!. The base pressure was below
310210 Torr. A VSW IB2000 spectrometer was used for th
HREELS measurements. The Si~111! sample, cut from a
P-doped (n-type! Si wafer with miscut by 2° towards the

@112̄# direction, has an electrical resistivity of 1000V cm
and a size of 531530.5 mm3. To obtain the clean recon
structed Si(111)-(737) surface, we heated up the chem
cally prepared sample to 1150 K for 10 min, and then up
1520 K for 3 sec by direct resistive heating in the UH
chamber. We checked the quality of the surface structure
the observation of a clear (737) LEED pattern, and verified
the cleanliness by HREELS and AES. The In/Si(111)-
31) surface was prepared byin situ deposition of In with an
effusion cell on the clean Si~111! surface that was heated a
approximately 700 K. The formation of a single doma
In/Si(111)-(431) surface was confirmed by LEED. Afte
cooling down the sample at 90 K, a single domain
3 ‘ ‘2’ ’) LEED pattern was observed. Here, the quotat
marks are used to indicate the presence of the streaks a
distinguish the pattern from that of a well-ordered phase

Figure 1 shows the HREELS spectra of the 300
In/Si(111)-(431) and 90 K In/Si(111)-(83 ‘ ‘2’ ’) surfaces.
We also display the elastic peaks of these two surface in
inset, to compare their FWHM’s. The energy of the incide
9923 ©2000 The American Physical Society
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electrons is 5.0 eV, and the incident and scattered angle
electrons are both 60° from the surface normal direction,
the specular condition. The HREELS spectrum of the
31) surface shows a long Drude loss tail originated from
1D metallic character of this surface, and no vibrational f
ture appears in the spectrum. This result is consistent w
the previous HREELS result,16 and those obtained b
ARPES ~Refs. 5 and 13! and IPES~Refs. 14 and 15! in
which the surface is stated to have a 1D metallic charac
After cooling down the sample at 90 K, the Drude tail b
comes much smaller than that at 300 K but still observ
Moreover, two loss features are observed at 33 and 60 m
and one gain feature at233 meV. The presence of th
Drude tail indicates that the In/Si(111)-(83 ‘ ‘2’ ’) surface
does not have a complete semiconducting character at 9
However, since the Drude tail is originated by the surfa
free carriers, the large decrease in the density of these c
ers is expected by the considerable reduction of the ta
intensity for the (83 ‘ ‘2’ ’) surface. To determine the tem
perature dependence of the surface free carrier density
have measured the temperature-dependent FWHM of
elastic peak because the elastic peak of the HREELS s
trum is known to broaden due to the presence of the Dr
tail for 2D metallic surfaces, and therefore contain inform
tion of the surface free carrier density.17,18 Figure 2 displays
the temperature-dependent FWHM of the elastic peak
Fig. 2, we clearly observe a discontinuity at 130 K. For t
Si(111)-(737) surface that does not show any transition
the surface structure and has a metallic character at any
perature, the FWHM decreases almost linearly as the t
perature goes down.17,18Hence, the discontinuity observed

FIG. 1. HREELS spectra of the 300 K In/Si(111)-(431) sur-
face and the 90 K In/Si(111)-(83 ‘ ‘2’ ’) one. The energy of the
incident electron is 5.0 eV, and the incident and scattered angle
electrons are both 60° from the surface normal direction for b
surfaces. The inset displays the FWHM’s of the elastic peaks of
(431) and (83 ‘ ‘2’ ’) surfaces.
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Fig. 2 suggests a dramatic reduction of the surface free
rier density at 130 K. Taking into account the appearance
the38 spots at a temperature just below 130 K in LEED, w
conclude that the (431)↔(83 ‘ ‘2’ ’) transition is accom-
panied with a drastic change of surface free carrier dens

In order to consider the origins of the two loss featur
observed in the spectrum of the In/Si(111)-(83 ‘ ‘2’ ’) sur-
face, we have measured their dispersions. Figure 3 show
dispersions of the two features measured along theḠ-X̄ di-
rection of the (431) Brillouin zone. To acquire the disper
sion of these two features, we have measured the HRE
spectra changing the incident and scattered angles of e
trons, i.e., at offspecular conditions, and used a total ene
range of 5.0–15.0 eV for the incident electron to collect t
data. During the offspecular measurements, we periodic
rotated the analyzer back to the specular direction and
peated the measurement. This procedure helped us to
firm the rotated angle, and to determine whether a cer
surface had degraded over time. The inset in Fig. 3 disp
the HREELS spectrum measured with an incident elect
energy of 5.0 eV, and incident and scattered electron an
of 65° and 55° from the surface normal direction, resp

of
h
e

FIG. 2. Temperature-dependent FWHM of the In/Si(111)-
31) @ In/Si(111)-(83 ‘ ‘2’ ’) # surface. The energy of the inciden
electron is 5.0 eV, and the incident and scattered angles are
60° from the surface normal direction.

FIG. 3. Dispersion of the surface phonon of the In/Si(111)-

3 ‘ ‘2’ ’) surface along theḠ-X̄ direction. The spectrum shown in
the inset is measured with the incident electron energy of 5.0
and incident and scattered electron angles of 65° and 55°, res
tively. A total range of 5.0–15.0 eV for the incident electron ener
was used to collect the data.
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tively. Among the two loss features, the intensity of the 3
meV feature decreases remarkably asq// varies from 0 like
the intensity of the elastic peak. Thus we are not able
observe the 33-meV feature in the inset, and it appears
just aroundq//50 in Fig. 3. On the contrary, the 60-me
one is observed at anyq// . These behaviors indicate that th
33-meV feature is a dipole active mode and the 60-meV
is observed by impact scattering. Since the electronic exc
tions are observed by impact scattering, the dipole activity
the 33-meV feature suggests its origin as a vibrational e
tation. For the 60-meV feature, though it is observed by
pact scattering, we assign the origin to be also a vibratio
excitation because the negligible dispersion of this mod
not able to be explained by the electronic excitation from
large dispersive In-derived occupied states of
In/Si(111)-(83 ‘ ‘2’ ’) surface.5 Taking into account the
mass number of In, the energies of 33 and 60 meV are
large to attribute them as the Si-In vibrational modes, and
consider them to be surface phonon modes. The observa
of a phonon mode by impact scattering suggests that it
mode in which the dipole is parallel to the surface or
Raman-active mode, i.e., a dipole forbidden mode. The
fore, we conclude the 33-meV mode to be a dipole act
optical phonon mode and the 60-meV one as a dipole for
den optical phonon mode.

To obtain knowledge of the phonon modes of t
In/Si(111)-(431) surface, we have measured the HREE
spectrum at 150 K, i.e., a temperature just above the tra
tion temperature. We select a temperature of 150 K to exc
the influence of the (83 ‘ ‘2’ ’) phase that results from th
unevenness of the sample temperature at a lower temp
ture, and because the increase of surface free carrier de
should enlarge the intensity of the Drude tail and theref
hide the vibrational features at a higher temperature. Figu
shows the HREELS spectrum of the 150 K In/Si(111)-
31) surface measured using an incident electron energ
5.0 eV, and incident and scattered electron angles of 65°
55° from the surface normal direction. The inset shows
spectrum measured at the specular condition. Comparing
spectrum shown in the inset of Fig. 4 with that in Fig. 1, w
recognize the reduction of the tail’s intensity that resu
from the decrease of the surface free carrier density.

FIG. 4. HREELS spectrum taken for the In/Si(111)-(431) sur-
face at 150 K. The energy of the incident electron is 5.0 eV. T
incident electron angle of 65°, and scattered one of 55° from
surface normal direction. The inset shows the spectrum measur
the specular condition.
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though the intensity of the Drude tail becomes small,
feature appears in the spectrum measured at the spe
condition. At the off-specular condition, we observe a sm
feature at 61 meV. Here, the combination of two effects h
made the observation of a loss feature of the In/Si(111)
31) surface possible. That is, because the Drude tail or
nated by the surface free carrier results from dipole scat
ing, both the reduction of the cross section of dipole scat
ing at an offspecular condition and that of the surface f
carrier density at a low temperature, decrease the intensit
the Drude tail. The small feature at 61 meV has a negligi
dispersion and observed at a large range ofq// like the 60-
meV mode observed for the In/Si(111)-(83 ‘ ‘2’ ’) surface.
Since the electronic excitation should not show such a sm
dispersion on a Si(111)-(431) surface, we consider thi
feature as a dipole forbidden optical surface phonon mod

Finally, we mention the inconsistency between the el
tronic property of the (83 ‘ ‘2’ ’) phase obtained in the
present result and the recent ARPES study,5 in which the
(83 ‘ ‘2’ ’) phase is reported to have a semiconducting ch
acter from the absence of the electronic state at the Fe
level. Three reasons are able to explain the inconsiste
First, the phase transition is not accompanied with a CDW
suggested in the previous report,5 and the electronic state o
the (83 ‘ ‘2’ ’) phase just below the Fermi level is not d
tected in ARPES from its simply small cross section. S
ond, due to the instability of the 1D-CDW, the electron
states close to the Fermi level fluctuate and only a pseu
CDW gap is in existence. The pseudo-CDW gap should h
only a small density of states due to the partly metallic ch
acter that is caused by the fluctuation of the electronic sta
and might not be detected in ARPES due to its small cr
section. Third, since there are three metallic surface band
300 K, only one of them opens a CDW gap. In order
examine the third reason, we have measured the electr
excited states of the In/Si(111)-(83 ‘ ‘2’ ’) surface. The
HREELS spectra shown in Fig. 5 are obtained with an in
dent electron energy of 15.0 eV, and incident and scatte
angles of 60° from the surface normal direction. The in
shows the same spectrum with a wider energy loss ran
Since the cross section of dipole scattering decreases u
an incident electron with a higher energy, the Drude t

e
e
at

FIG. 5. Electronic excited states of the In/Si(111)-(83 ‘ ‘2’ ’)
surface. HREELS spectra are taken with an incident electron en
of 15.0 eV. The incident and scattered angles of electrons are
same as those of Fig 1. The inset shows the same spectrum but
a wide energy loss range.
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becomes invisible in comparison with the spectrum shown
Fig. 1. Due to the disappearance of the Drude tail, we
able to discuss the electronic states around the Fermi lev
the 90 K In/Si(111)-(83 ‘ ‘2’ ’) surface. Moreover, the in
visible Drude tail allows us to clearly observe the two lo
features at 33 and 60 meV at the specular condition. For
electronic states, a very small but finite intensity is obser
in the full range of the spectrum. The finite intensity ind
cates that the occupied electronic states and the unoccu
ones continue at the Fermi level, and therefore no purely
exists at the Fermi level. The loss features observed in Fi
hide the electronic information below 60 meV. Howeve
because the CDW gap is estimated to be in the orde
80–160 meV in the ARPES measurement19 and no feature
indicating the presence of a gap is observed in this ene
range, we consider that none of the three metallic surf
bands open a gap. Therefore, the third reason descr
above is not appropriate to explain the inconsistency
tween our present result and the previous ARPES stu5

Although we are not able to determine the proper origin,
propose two possibilities for the explanation of the incons
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tency. First, there is no CDW at all. Second, if there is CD
the (832) phase is partly metallic due to the instability
the 1D-CDW with a significant reduction of the surface fr
carrier density. The inset of Fig. 5 might be the interba
transitions or surface plasmons, though we are not able to
their origins within the present result.

In conclusion, we have investigated the electronic a
vibrational properties of the In/Si(111)-(431) and -(8
3 ‘ ‘2’ ’) surfaces using HREELS. The (431)↔(8
3 ‘ ‘2’ ’) phase transition is accompanied by a drastic cha
of the surface free carrier density at 130 K. For the vib
tional property, two surface phonon modes are observe
33 and 60 meV in the low temperature (83 ‘ ‘2’ ’) phase,
and one mode at 61 meV in the high temperature (431)
phase. The 33-meV mode is a dipole active mode, and
60- and 61-meV ones are dipole forbidden optical phon
modes that are not dispersive.

The authors are grateful to Professor S. Suto of the
hoku University for his critical discussions, and they al
thank I. Matsuda of the University of Tokyo for his help i
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