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GeÕAg„111… semiconductor-on-metal growth: Formation of an Ag2Ge surface alloy
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We study a semiconductor on a close-packed surface of a metal for a system that tends to phase separation.
At room temperature, deposition of 1/3 monolayer of Ge on Ag~111! surprisingly induces a surface alloy
forming a p()3))R30° superstructure observed in low energy electron diffraction patterns. Yet high-
resolution scanning tunneling microscopy images do not exhibit any chemical contrast between Ge and Ag
atoms. This is interpreted withab initio total-energy calculations, which also show that the Ge atoms are
located in substitutional sites forming an ordered two-dimensional surface alloy with almost identical local
electronic densities for both elements.
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The formation of alloys that exist only in a confined r
gion near the surface of materials has important technol
cal implications. They generally show new interesting phy
cal and chemical properties. On metallic surfaces
formation of surface alloys are studied mainly in relation
either magnetism or chemical processes~as heterogeneou
catalysis!. Many metal on semiconductor interfaces ha
been investigated1–3 in order to develop a more comple
description of the Schottky barrier formation. Paradoxica
there are only very few investigations on the reverse syste
i.e., semiconductors on metals,4–6 which opens up new fields
of interest. These few studies concern systems that sho
strong tendency towards ordering, i.e., formation of orde
compounds such as silicides or germanides. Conversely
to now, there is no study of systems presenting a tendenc
phase separation. For these systems, the balance betw
metallic or a semiconducting character is delicate and m
lead to frustrated behaviors. Indeed, in this case partic
questions can be addressed concerning the evolution o
electronic properties of the deposited layer versus sur
coverage resulting from the probable competition betw
the metallic tendency to maximize the number of neighb
and the covalent character with a reduced number of orie
bonds.7,8 From this point of view Ge-Ag can be considere
as a model system with a tendency towards demixing
exhibited by the bulk binary phase diagram with a surfa
free energy of the semiconductor element lower than tha
the metal. As a consequence one can expecttwo-dimensional
cluster formation during the initial stages of deposition a
was indeed observed upon condensation onto the Ag~001!
surface.9,10

In this paper we report an unexpected orderedp()
3))R30° superstructure of 1/3 Ge monolayer~ML ! depos-
ited at room temperature on Ag~111!. Moreover although a
sharp p()3))R30° low energy electron diffraction
~LEED! pattern is observed, the Ge atoms involved in
reconstruction appear indistinguishable from the silver ato
in the scanning tunneling microscopy~STM! images~Fig. 1!
at any bias voltage. This ordered surface structure is v
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surprising since the Ge-Ag system presents a phase se
tion tendency, i.e., a tendency to clustering; a size effect
is generally invoked for such types of unexpected behav
observed on some other systems11,12 cannot be invoked here
since the Ge atoms are smaller than the Ag one~0.144 nm
for Ag and 0.122 nm for Ge!. Furthermore the lack of chemi
cal contrast in the STM observations is also extremely s
prising.

A concomitant photoemission spectroscopy~PES! study
and theoreticalab initio calculations both show that Ge a
oms form, at least during the first steps of the growth
surface alloy with a high metallic character in agreem
with the STM observations. These studies show a frustra
of the phase separation tendency of this system at the
face.

Experiments were performed in two separate ultrah
vacuum systems, comprising on one side LEED and S
and on the other side Auger electron spectroscopy~AES!-
LEED and PES. The latter experimental setup uses the

FIG. 1. p()3))R30° LEED pattern (Ep552 eV) left-upper
corner. Filled-state STM image (6.4 nm36.4 nm, V5250 mV, I
52.0 nA!. A line scan along the@110# direction gives the corruga
tion shown in the lower-left corner.
16 653 ©2000 The American Physical Society
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chrotron radiation from Super-ACO in Orsay. A single cry
tal of silver oriented in the~111! direction ~60.1°! was
cleaned by cycles of Ar1 ion sputtering, and annealed
400 °C for a few minutes until a clean surface presentin
sharpp(131) LEED pattern was obtained. Ge is deposit
in the low 10210Torr range from a Knudsen cell. The rate
evaporation is monitored using a quartz balance and the
posited amount checked by Auger spectroscopy.

At the beginning of the growth ap()3))R30° LEED
pattern is observed, which becomes more and more inte
and well defined as the deposition increases up to abou
ML. Above this coverage thep()3))R30° starts to fade
away while a newp(737) LEED pattern appears, whic
will be detailed precisely elsewhere.13 Figure 1 shows an
atomically resolved STM image of the surface with 1/3 M
of Ge deposited at room temperature, which displays a sh
p()3))R30° LEED pattern. Surprisingly the surface o
served by STM appears identical to a clean Ag~111! surface,
exhibiting no chemical contrast, as checked at differ
places on the surface for both positive and negative bia
between10.5 and20.5 V. The vertical corrugation is abou
0.3 Å, whereas the lateral distance between two atom
3.160.2 Å, which is close to the expected Ag-Ag distance
the ~111! plane. This distance is definitely different from th
parameter~5.0 Å! of thep()3))R30° superstructure. We
emphasize again here that there is no effect of the sign o
bias voltage and that tunneling at 50 mV was possible
shown in Fig. 1, which reveals the metallic character of
surface.

The presence of Ge in the surface region can be as
tained both from the AES analysis and the Ge 3d core levels.
Its metallic state is well corroborated by the set of spec
shown in Fig. 2 recorded during the first step of the grow

FIG. 2. Ge 3d core-level spectra recorded at normal emission
a photon energy of 65 eV during the growth.
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up to 1/3 ML. For each spectrum the binding energy is r
erenced to the Fermi level. The following decompositi
scheme was used to analyze them in more detail. A Shir
type secondary electron background14 was used and the pea
was fitted with a Doniach-Sunjic line shape15 involving the
following parameters: a Gaussian full width at ha
maximum~FWHM! around 0.19 eV~the experimental reso
lution!, a Lorentzian FWHM of 0.15 eV~inverse lifetime of
the core hole! and a large asymmetry parameter equal
0.18, which is the signature of the metallic character of
Ge atoms. Indeed, if we define the metallic character by
existence of electronic states at the Fermi level@n(EF)Þ0#
in the electronic density-of-states projected on the conside
atom ~here Ge!, the asymmetry parameter of the Doniac
Sunjic core-level line is a direct signature since it is prop
tional ton(EF). The spin-orbit splitting was found to be 0.5
eV while the branching ratio was 0.62, close to the statist
value for d electrons~0.67!. The Ge 3d spectra have been
fitted with two components (S1) and (S2) at 28.80 eV and
29.07 eV, respectively, in the whole coverage range. T
(S1) component is attributed to thep()3))R30° super-
structure. The (S2) component, which is weak at low cove
age, increases markedly beyond 1/3 ML. We assign it to
second superstructure@p(737)#, which grows, whereas the
p()3))R30° begins to disappear. The@p(737)# super-
structure will be studied in more detail in a forthcomin
paper.13 The binding energy 29.07 eV is close to the bulk G
value 29.19.16 At this point it is worth emphasizing that th
p(737) superstructure is clearly observed by STM where
the p()3))R30° is not.

Figure 3~a! shows two spectra around the Fermi level r
corded for the clean Ag~111! surface and after the depositio
of 1/3 Ge ML. The clean Ag~111! surface shows a very shar
peak just below the Fermi level derived from a Shockl
surface state.17 This intense peak is totally quenched alrea
after 0.1 Ge ML deposition, while instead a clear Fermi s

t

FIG. 3. ~a! Two spectra around the Fermi level recorded
normal emission at 43 eV for the clean Ag~111! surface and after
the deposition of 1/3 Ge ML.~b! Ag 4d valence-band spectra re
corded in normal emission at 65 eV for the same Ge depositio
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persists up to completion ofp()3))R30° phase at 1/3 Ge
ML. Figure 3~b! shows Ag 4d valence-band spectra recorde
in very surface sensitive conditions for the same Ge dep
tion. The Ge deposition alters significantly the density-
states in the 4d region. The disappearance of the surfa
state together with the modification noticed in the 4d region
are signatures of significantly modified electronic propert
of the surface by thep()3))R30° superstructure, which
could be explained by the formation of a 2D surface al
characterized by the hybridization of the Agd states with the
Gesp states.

To summarize, this PES study reveals the metallic ch
acter of the Ge atoms in thep()3))R30° superstructure
which have only one type of chemical environment. Th
environment could correspond to Ge atoms either in ada
or substitutional position. The STM study observatio
which show that Ge and Ag atoms are absolutely indis
guishable, would indicate that the later case is more p
sible. In order to analyze and discuss these surprising exp
mental findings, we have performed anab initio study of the
deposition of Ge on the Ag~111! surface. All calculations
were done within the local-density approximatio
framework,18,19 using the all-electron, full-potential linea
muffin-tin orbital method.20,21The detailed description of th
computational settings for the Ge/Ag system, together w
the results of convergence tests on bulk materials and
~001! surface are given in Ref. 22. Both clean and G
covered Ag~111! surfaces were modeled by slabs consist
of five ~111! layers of Ag, separated by seven layers
vacuum~about 16 Å!. A unique ()3))R30° surface unit
cell was used in all the calculations. Since we have verifi
that substrate relaxation modifies only slightly the adsorpt
characteristics,22 in the present paper only the positions
the adsorbate atoms were optimized.

In order to determine the preferential Ge site we ha
calculated the energies of adsorption and substitution o
ordered 1/3 ML of Ge on the Ag~111! surface. The adsorp
tion energy per germanium adatom is given byEads

5EGe/Ag~111!2EAg~111!2Eatom
Ge , with EGe/Ag~111!, EAg~111!, and

Eatom
Ge being the total energies of the Ge-covered slab, of

clean slab, and of the free Ge atom, respectively. In the c
of substitution, the corresponding expression isEsub

5EGe/Ag~111!2EAg~111!2Eatom
Ge 1Ebulk

Ag , EGe/Ag~111!, and Ebulk
Ag

being the total energies of the Ag slab including the sub
tutional Ge atoms, and of one Ag atom in the bulk, resp
tively. In this case the microscopic process consists in
replacement of a surface Ag atom by a free Ge one, the
atom being reintegrated into the Ag bulk.

We have considered three alternative positions of the
atom: adsorbed in the surface hollow site, substituted in
surface layer, and substituted in the subsurface layer.
calculated adsorption energies are24.26,25.31, and24.87
eV per Ge atom respectively, showing a clear preference
the substitutional site in the surface layer. The nonmono
nous evolution of the adsorption energy reflects the com
tition between two effects. On the one hand, the low surf
energy of Ge favors its segregation to the surface and m
the subsurface substitution energetically unfavorable. On
other hand, the important difference of coordination betwe
the surface hollow site~three nearest neighbors! and the sub-
stitution site within the surface layer~nine nearest neigh
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bors!, and the metalliclike tendency of Ge to maximize t
number of its first neighbors,23 make substitution in the sur
face layer more favorable than adsorption on the surfa
Furthermore, by considering a series of different configu
tions and coverage rates for Ge, we were able to estimate
effective interaction23 between the Ge atoms substituted
the surface layer of the Ag~111! surface. Its repulsive char
acter for low Ge coverage confirms the experimental t
dency for formation of an ordered surface alloy and is co
sistent with the experimental mixing energy that reveal
weak tendency to ordering in the dilute Ag~Ge! limit.25 Note
however that our calculations do not take into acco
atomic relaxations which, as it was shown recently, can
verse in some cases the tendency to order.24 Complete results
concerning the characteristics of Ge adsorption on differ
silver surfaces are presented and discussed in Ref. 23.

In order to analyze the puzzling absence of detecta
chemical contrast in the STM measurements, we have a
lyzed the details of the electronic structure of an ordered
ML of Ge substituted in the surface layer of Ag~111!. In
Fig. 4 we present the calculated densities-of-states~DOS!
projected on the substitutional Ge atom and on its nea
surface Ag neighbor. As a reference, the DOS of an Ag at
on a clean Ag~111! surface is also plotted. One notices th
the germaniums and p states hybridize with the substra
bands, giving a clear contribution in the whole region of t
Ag 4d band. Due to this interaction a non-negligible part
the Ge states is pushed towards higher energies and cle
in the region of the Fermi level, the shapes of the Ag and
Ge projected DOS are extremely similar, reflecting t
metallic-like character of the substitutional Ge atoms. W
respect to the clean surface, the Ag 4d band is shifted to-
wards higher binding energies. If estimated from the posit
of the first moment of the DOS, this shift amounts to abo
20.25 eV. An additional peak due to the interaction with t
sp shell of Ge appears below the main 4d structure.

In order to evaluate the experimentally observed corru

FIG. 4. Density-of-states projected on a Ge atom substitute
the surface Ag~111! layer and on its first surface Ag neighbor. A
a reference, the DOS of an Ag atom at a clean Ag~111! surface is
also plotted. The insert shows a zoom of the Fermi level region
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16 656 PRB 62H. OUGHADDOU et al.
tion and to estimate the difference between an adsorbed
a substitutional Ge atom, we have simulated the STM ima
using the most basic approximation taking into account
electronic effects, in which the tunneling current is prop
tional to the density of electrons in the region of the Fer
level.

Figure 5 presents the cross sections of the electronic
sities evaluated in an energy window of60.5 eV around the
Fermi level, as obtained for adsorption and substitution of
ordered 1/3 ML of Ge on the Ag~111! surface. Using an
arbitraryr5131023 e/a.u.3 contour for the two systems w
find the corrugation equal to 2.0 and 0.3 Å, respectiv
showing, as it could have been expected, an important

FIG. 5. Electron densities at the Fermi level for a Ge adat
~left panel! and for a Ge atom integrated~right panel! into the first
layer of the Ag~111! surface.
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ference between the two alternative adsorption geomet
As for adsorption on the Ag~100! surface,22 this difference is
mainly related to the local packing of atoms, electronic
fects giving only a small contribution. On the other hand, t
calculated small corrugation of substitutional Ge and its m
tallic character induced by interactions with Ag neighbo
are reflected in the small chemical contrast between the
face Ag and the substitutional Ge and explain the lack
appearance ofp()3))R30° reconstruction cell in the
STM images.

In conclusion, we have used STM, PES, and LEED
investigate the Ag~111!-Ge surface at Ge coverage rangin
from 0.1 to 0.4 ML. For 1/3 ML Ge, a surface alloy giving
p()3))R30° LEED pattern was observed. STM imag
show that the Ge atoms are absolutely indistinguishable f
the silver ones at any bias voltages when thep()
3))R30° superstructure forms.Ab initio total-energy cal-
culations confirm that the Ge atoms are in substitutional s
and present only a very small corrugation.
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