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Using theab initio full-potential linear muffin-tin orbital approach, we have studied the characteristics of Ge
adsorption on the AG00 surface. We have determined the preferential adsorption site and analyzed the
adsorption-induced modifications of electronic structure of both the substrate and the adsorbate. By considering
three model epitaxial deposits 1.0, 0.50, and 0.25 Ge ML we have accessed the characteristics of the evolution
of the adatom-surface bonding as a function of the amount of deposited germanium. We report a very clear site
and coverage dependence of the measurable physical parameters, which can be directly used for analysis of
experimental datd.S0163-18209)05623-4

I. INTRODUCTION In order to better understand the fundamental process re-
sponsible for the physical properties of the semiconducting
For the last decade, major efforts have been focused odeposit and to furnish the experimentalists with a guideline
the understanding of the properties of metal-semiconductaio the analysis of their findings, we have undertakerahn
interfaces. This is mainly due to their direct technologicalinitio density functional study of Ge deposit on the(Ag0
applications but also to the wide range of very fundamentasurface. On the basis of the numerical results, we have ana-
questions that arise from the studies on these syst@asic  lyzed the microscopic effects in terms of simple chemical
goals of the research include a description of the metaleoncepts based on the atomic orbitals involved in the Ge-
semiconductor interface chemistry on an atomic level, and aurface bonding. We have focused our attention on the com-
characterization of the interface electronic structure. Most oparison between the calculated electronic structures of three
the work carried out until now has been performed by deposalternative surface adsorption sites, and on discussion of
iting metal fims on semiconductor surfacé8l/S)>® re-  their dependence on Ge coverage. In the present study we
flecting the historical evolution of metal/semiconductor de-have considered only model, epitaxial structures of the de-
vices. It is only very recently that a growing interest on posit, neglecting all reconstruction effects. This strategy, al-
semiconductors deposited on metal surfa@¥/1) is to be  though not giving the possibility of a direct comparison with
noticed and this is why much fewer studies concerning the particular set of experimental results, has the advantage of
reverse situation exiSt!! Since, especially on the early giving a relatively clear physical picture of microscopic
growth stages, the properties of the S/M and M/S systems amechanisms which determine the properties of the deposit
not necessarily symmetrical, we believe that such studies am@nd constitute a well defined basis for the future studigs
important for a better understanding of the properties of theffective approachgsAdditionally, calculated evolution of
metal-semiconductor interface. A question of particular in-experimentally accessible signatures of modifications of the
terest is the evolution of respective metallic and semiconelectronic band structure can be used directly for a qualita-
ducting character under the mutual influence of the two comtive analysis of experimental spectra.
ponents as a function of the growth mode and deposit The paper is organized as follows: in Sec. Il we briefly
coverage. In this context, on a more applied level, the propeutline the numerical approach used for the present study. In
erties of the (potentially self-assembling semiconductor Sec. Il we present the results concerning the adsorption of
nanoparticles on a metal support are likely to rise a signifi-an isolated Ge atom and the coverage dependence of the
cant industrial interest. adsorbate characteristics. Section IV contains the results on
During the deposition, the electronic and atomic struc-the core electrons binding energy and on the surface charge
tures of both the substrate and the deposit are affected kyensity distribution. Concluding remarks are presented in
their mutual interaction. For the former, this consists mainlySec. V.
in changes of the local density of state®0OS) at the Fermi

Iev_el._ For the Ia_tter, it leads to dif_ferent _adsorption charac_- Il COMPUTATIONAL DETAILS
teristics depending on the respective weights of the metallic
(tendency to maximize the coordination of the adsonbate The theoretical framework chosen for the present study is

semiconductor(orientational bonding due tsp® orbitals based on the density functional thebtyDFT) within the
characters. In fact, very recent experiments of Ge depositiolocal density approximatiofLDA).1* The Ceperley-Alder
on the Ag(100) surface show that the early atomic structureform of the exchange-correlation energy functional was
of the deposit is relatively complex and does not directlyused™® The one-particle Kohn-Sham equations were solved
reflect neither semiconductor nor metal-like adsorptionself-consistently using the all-electron full-potential linear
tendencied? muffin-tin orbitals(FP-LMTO) method!®1for which no ap-
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proximation on the shape of the charge density and one- TABLE I. Evolution of the number of neighbors of both Ge and
particle potential makes it adequate for low symmetry syssurface Ag as a function of adsorption site and Ge coverage:
tems such as surfaces and interfa&S. Within the FP-  ZioZaa.Zag) Where A, B denote Ge or Ag, andiy=Zaa
LMTO method the space is divided into nonoverlapping*ZAB'

spheres centered on atomic sites. The basis set consists of

atom-centered Hankel envelope functions which are aug- adsorption site.6 025 05 1.0 bulk

mented inside the atomic spheres by means of numerical on-top 10, 32,1 54,

solutions of the scalar-relativistic Dirac equation. Due to theGe bridge 20,2 422 642 440

nonvanishing interstitial region, it is enough to use the mini- hollow 4049 6249 8(4,9

mal basis set: we have used thrgethreep, and threed

partials waves with kinetic energies of0.7, —1.0, and on.-top 98y 98D 96D

—2.3 Ry, thus, 27 functions per sphere. The “two-panel” Ag bridge 98D 10(82 1082 12(120
hollow 9(8,) 10(8,2 12(8,9

technique was used to include the 3d electrons of ger-
manium and the g semicore electrons of silver as full band
states. Valence states are Ge(4p 4d) and  gace cell, corresponds respectively to 1.0, 0.50, and 0.25
Ag(5s 5p 4d). In order tp ellmlnate.any p(.)ss.lble eITors ML coverage.

due to changes of the basis set, atomic muffin-tin radii were | g)| calculations the positions of substrate atoms were
fixed to 2.35 a.u. for Ag and 2.00 a.u. for Ge for all the not optimized. On one hand, for a clean metal surface, it is
calculations presented in this paper. We have verified thatnown that the modification of the surface energy due to the
using a different set of muffin-tin radii leads to only small surface relaxation is small and that the interatomic distances
differences in the adsorption energies and in the equilibriunthange by only a few percettOn the other hand, in order
geometries. In any case it does not modify the calculatedo estimate the contribution to the adsorption energy due to
tendencies. the substrate relaxation, we have tested the case of adsorp-

To obtain an accurate representation of the exponentiallgion of an isolated Ge atom on top of a surface Ag one. In
decaying density outside the surface, in slab calculations it ithis case, for which modification of the substrate character-
often necessary to cover the surface with one or several laystics is the most pronounced, we have optimized simulta-
ers of empty spheres. In the present calculations the adsorb&gously both the vertical positions of the adsorbate and of
Ge atoms were covered with a single layer of empty sphereghe surface atoms. This relaxation of the substrate atom in-
For 0.50 and 0.25 ML coverage, the missing Ge adatom8uced only a 2% increase of the adsorption energy and 1.5%
were also replaced by the empty spheres. The empty-spheffécrease of the Ge-Ag distance.
angular-momentum cutoff for charge density and for the
augmentation of the wave function was fixed to 6 and 4, Il. RESULTS
respectively.

The k-point summation was done on a uniform mesh in
the irreducible wedge of the Brillouin zone and converged t
within 10 meV/atom for 12Xk points in the Brillouin zone.
For a better numerical stability, a Gaussian broadening

In the following we will present the results concerning the
adsorption energetics and the characteristics of the electronic
%and structure for Ge deposited on the AQ0) surface. We

¥vil| start by considering the adsorption characteristics of an
0. S ) ;
—20 mRy was used in all the calculations isolated Ge adato_m deposited in the th'ree inequivalent sur-
7 ’ face adsorption sites. Further on, we will present the evolu-

We have verified that the bulk equilibrium properties of tion of the adsorption characteristics as a function of increas-
both Ag and Ge are reproduced correctly. In particular for

: th_ ing coverage of deposited germanium. Schematically, the
Atgh,_the lattice parameteag _4'90 A, thet bu_Ik modulus first part will give us information on the influence of the
B™=140 GPa, and the cohesive enerfy,=3.69 eV, umber of Ge-Ag bonds on both substrate and adsorbate
compare fairly well with the experimental low-temperature g|acironic structure. The second part will allow to analyze
values @g"=4.09 A, B®"=101 GPa, and EZ}  the respective contributions of the Ge-Ge and Ge-Ag bonds
=2.95 eV).2O For Ge, the calculated bulk lattice constant g the overall adsorption Characterist(e Tab|e)|_
a'=5.57 A, the bulk modulu8"=90 GPa and the cohe-

th

sive energyE.,,=4.85 eV, present a similar overall agree-

ment with the low-temperature experimental datg® _ _
=5.66 A, B®P=77 GPa, an€E®?=3.87 eV Systematic In our calculations, adsorption of 0.25 ML of Ge corre-

coh™ - . .
underestimation of the lattice parametgy and overestima- SPonds to the deposition of a square lattice of germanium
tion of the bulk modulusB and cohesive energg.,, are adatoms, separated by 5.65 A. Since in this configuration the

c° direct interaction between two Ge atoms is negligible, we

typical for the LDA approximation. X ) . - o )
Both clean and Ge-covered A0 surfaces were mod- will consider it as a good approximation for adsorption of
polated Ge atoms.

eled by five-layer-thick slabs, separated by seven layers d
vacuum(about 28 A. The lattice constanigh determined for
the bulk silver and the\(2 X \2)R45° surface cell were sys-
tematically used in all slab calculations. We have verified In order to determine the preferential adsorption site for
that in this framework the surface energy converges withiradsorption of an isolated Ge atom, we have evaluated the
10 meV. Deposition of four, two and one Ge adatom peradsorption energy for three inequivalent surface adsorption

A. Adsorption of an isolated Ge atom

1. Preferential adsorption site
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29 seems to be a rather general rule played by adsorbates of
= top site different natures. Jentet al?® by low-energy electron dif-
\/ :::ﬁ'g; ss'l‘ti fraction (LEED) on sulfur and carbon overlayers on
34 Mo(100), found the adsorbed adatoms at or near the fourfold
coordinated sites. Similar LEED experiments on H chemi-
S \w/ sorbed on PA.11) by Eberhardet al?* suggested adsorption
9; 3.9 of H at the highest coordinated threefold surface site.
uf A very well pronounced tendency can be also seen in the

evolution of the Ge-Ag bond length, which is the shortest
-4.4 (2.33 A) for the on-top adsorption site and becomes progres-
sively longer for the bridge and hollow site®.44 and
2.56 A, respectivelytending towards the sum of atomic ra-
A8 3 24 25 26 27 dii in the last case. Here also the increase of the bond length
oo (R) with increasing number of bonds created in the adsorption
process is typical for a metal adatom adsorption on a transi-
FIG. 1. Adsorption energyE.qs (€V), as a function of the tion metal surface. This tendency can be explained on the
Ge-Ag nearest-neighbor distandg,_ 4 (A) calculated for adsorp-  basis of a simple tight-binding mod&and is systematically
tion of a single Ge adatom in the hollow, bridge, and on-topreported by recendb initio calculations(see, e.g., Ref. 26
Ag(100) surface adsorption sites. The arrow indicates the sum oft is also worth noting that the Ge-Ag bond length deduced
pure elements atomic radii. from the LEED I-V experiments by Huanet al?>’ on Ag
deposition on the G&11) surface (2.520.09 A) is consis-
geometries: on-top, on-bridge, and in the hollow surface sit¢ent with our results, which suggests that it is an intrinsic
(the center of a square formed by four surface afofier  characteristics of the M-S interactions and depends little on
the (100 surface, germanium atoms adsorbed in the thregne particular M/S or S/M growth mode.
considered sites have respectively one, two, and four nearest Finally, similar results issued from semiempirical calcula-
neighborssee Table)l In Fig. 1 we display the correspond- tions have been recently reported for Ga deposition on Ag
ing calculated dependence of the adsorption energy on th@o).?® The authors find the four-fold hollow site preferred
distance between the deposited germanium atom and its Stfgr adsorption by about 1 eV with respect to the bridge and
face silver first neighbors_. Adsorption energy is given Withon-top ones. The reported Ga-Ag bond lengths, and their
respect to a free germanium atom: evolution as a function of the adsorption site correspond also
_1,-GelAg(100)_ EAg(100)  oeGe well to the present findings. Although this correlation could
Eads= 2 (E E 2Eatom) appear as natural judging by the relative positions of Ga and

ECEAI100) EAY100) and ESE  being the total energies of Ge in the periodic table, it is however important to underline

the adsorbate-covered slab, of the clean slab, and of the frdBat their respective bulk and surface properties are sensibly
Ge atom respectively. The factor 1/2 accounts for the faclifferent.

that the Ge adatoms are deposited symmetrically on both _ o

sides of the slab. It is worth noting that since adsorption 2. Adsorption versus substitution

geometries are not equivalent, the Ag-Ge first neighbors dis- By analogy with situation often encountered for M/M de-

tance is not directly representative for the vertical Ge-surfac@osit, and to complete the study we have also considered the
distance. In fact, the greatest the coordination of Ge, thease in which the Ge adatom is substituted in place of one
longer the Ge-Ag bond, but the lowest the Ge elevatiorsurface Ag atom, rather than adsorbed on the surface. In this

above the surface. case, the formation energy can be calculated as
The hollow site appears to be energetically the most fa-

vorable for adsorption, the on-bridge and on-top sites having g, = 1(EC®AI(100)_ EAI(100)_pESe | oEAQ )
their energy minima respectively 0.9 and 1.5 eV higher. It is

worth noticing that this geometry allows both Ge and AgECG®AI(100) EA100) ECGe  andE(Y, being the total ener-

atoms to keep their respective atomic volumekd ny gies of the Ag slab including the Ge substituted atoms, of the
=r°+r%9), thus avoiding any size-mismatch stress. Thisclean Ag slab, of the free Ge atom, and of the Ag atom in its
preference for the hollow site can be interpreted differentlyown bulk, respectively. The microscopic process corre-
depending on that it is viewed as the best way for Ge eithesponds thus to replacement of a surface Ag atom by a free
to maximize its number of neighbotmetalliclike charactgr ~ Ge one, the Ag atom being reintegrated into the bulk or
or to recover the same number of neighb@mur) as in its  equivalently moved to a kink. We have verified that the
own bulk (covalentlike charactgrHowever, one has to keep modification of the substitution energy due to the relaxation
in mind that the orientationalp® bonds occuring in the latter of Ge is small(about 0.02 eV/atojnand that the interatomic
case(Ge in the center of a tetrahedjonave nothing to do distances between Ge and Ag change by less than 2%.
with the present situatioflGe on top of a pyramid so that We find that energetically this final configuration is by
the present result is rather the signature of a preferential mé-.33 eV more stable than the adsorption in the hollow sur-
tallic character of adsorption. The tendency to maximize thdace site, discussed in the previous paragraph. However, one
number of neighborgas for M/M adsorptiofi) imposed needs to keep in mind that the reference energetics for ad-
by the metallic character of the substrate, instead of saturasorption and substitution are not fully equivalent, so that any
ing dangling bonds in a preferential orientation mannerdirect comparison of formation energies may be misleading.
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FIG. 2. Local DOS calculated for a single Ge adatom deposited FIG. 3. Local DOS calculated for the 0.25 Mb), 0.50 ML (b),
in the hollow (a), bridge (b), and on-top(c) Ag(100 surface sites. and 1.0 ML (c) Ge deposit in the hollow Ag100 surface sites.
Both Ge projectedupper paneland surface Ag projectedower Both Ge projectedupper paneland surface Ag projectedower
pane) DOS are plotted. Dashed lines represent the LDOS for sepggane) DOS are plotted. The dashed lines represent the LDOS for
rated systems. separated systems, and the dotted lines the Ag bulk one.

Additionally, since the substitution energy is to a large extenf"i9- 3. The 3 and 5 bands hybridize with thed one and
dominated by theﬁfﬂk term, the latter being overestimated 91V€ the dommant contrlbutlpn around t_he Ferm|_level. For
by the LDA approach, this could possibly induce further er-all thrge adsorption geometries, a_dsorptlon of an isolated Ge
rors. atom induces two main modifications of the substrate DOS.
Finally, as it has been already pointed out before, a therO" the one hand, the center of gravity of the Band is
mal activation(in the form of creation of surface vacandies Shifted towards lower energies. With respect to the clean
is necessary for activation of the substitutional adsorptiorfurface, we find shifts of—0.28 eV, —0.45 eV, and
mode. At temperatures sufficient to activate surface diffusiori” 0-64 €V for adsorption in the hollow, the bridge, and the
of Ge but not high enough to create surface vacancies, thn-top sites, respectively. This evolution rgflects the increase
adsorption will take place principally at adatom positions. ©f the Ge-Ag bond strengttseen already in the shortening
of the Ge-Ag bond lengyhwhen passing from a more to a
less coordinated adsorption site. On the other hand, due to
the interaction with thesp-shell of Ge, an additional peak
In order to relate the site dependence of adsorption chaappears below thediband. Both its position and size change
acteristics to the modifications of the electronic structure weas a function of the adsorption geometry. In particular,
present in Fig. 2 the locdprojected on the atomic spheyes higher coordination of the adsorption site corresponds to its
densities of stategLDOS) obtained for the three different larger downward shift and smaller intensity. Again, this is a
adsorption geometries considered. Since we have verifiedear signature of weakening of Ge-Ag bonds with their in-
that the adsorption-induced modifications of the substratereasing number.
DOS are limited principally to the surface layer, in the figure  Let us now analyze the evolution of the LDOS of germa-
we show the projection on the surface adsorption site onlynium. A free atom is characterized by the d4nd 4p Dirac-
The dashed lines represent the LDOS of the separated sylike peaks(in the figure, systematically a Gaussian broaden-
tems: of an isolated Ge atom and of an Ag atom of theing of 20 mRy was used separated by about 7.7 eV. The
surface layer on the cleafi00 surface. For the different Fermi level intersects the latter one, giving the atomic para-
adsorption geometries, the energy scales were aligned as teagnetic ground state s84p?. The adsorption-induced
superpose the DOS projected on the Ag atom in the center ghodifications of the germanium LDOS are twofold. On the
the slab(not shown in this figure, but see Figl. ¥he DOS  one hand we find that both germaniwandp states hybrid-
of free Ge atoms were shifted as to align the correspondinige with the substratd band, giving for all considered ad-
Fermi levels. The LDOS of a clean A@00) surface is domi-  sorption geometries a clear contribution in thband energy
nated by the d band centered at about 4 eV below the Fermiregion. On the other hand, bothand p peaks are modified
level, thus about 0.4 eV higher than the buld Band(see upon the adsorption. The former is significantly damped and

3. Densities of states
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shifted downwards on the energy scale. This downward shift 08

increases with the increasing coordination of the adsorption »

site, we find 0.6, 0.9, and 1.2 eV for the three sites, respec- 05 ¢ \ m top site

tively. Germaniump states clearly hybridize with the Ag \ & bridge site

band, and a non-negligible part is pushed above the Fermi il \

level. This tendencies are compatible with existence of one < ‘\‘

stronger Ag-Ge bon¢bn-top site, evolving into four weaker 9; 28 [

ones(hollow site). wf Ny
Modifications of the electronic structure of a similar char- -35 .

acter were already reported for Ge deposited on thélCQ) >

surface. When studied by the angle-resolved direct and in- 48

verse photoemissiofi,a 0.5 eV downward shift of the Cdi '\, o

band with respect to the clean surface spectrum was ob- 5200 025 050 075 100 1.25

served. Also Weaveet al¥° have reported a coupled syn- Coverage 0

chrotron radiation photoemission and ASW energy-band cal- . _
culation study of metal silicides. They found a lowering of ~ FIG. 4. Adsorption energf,qs (eV) as a function of the Ge

metal-derived 8 states that hybridize with Si-derivedp3 coverage, calculated for adsorption in the hollow, bridge, and on-
states. top Ag(100 surface sites. Dashed line represents the cohesive en-

ergy of the floating(strained Ge deposit.

B.D d the G . L .
ependence on fhe e coverage cess together with the contribution due to the adsorption-

n order to get information on the. dependence of adsorpinduced change of the Ag-Ag bondirdecohesionin the
tion characteristics on the germanium coverage, we havgypstrate.
considered three model germanium deposits corresponding | Fig. 4 we have compiled the numerical results concern-

t0 0.25, 0.50, and 1.0 ML coverage in the three inequivalenfyq the energetics of adsorption of germanium deposits as a
adsorption geometrietsee Table )l At 0.25 ML coverage  ¢nction of coverage in three inequivalent adsorption geom-

the configuration corresponds to the nearly isolated atom a%ies. The general tendency B, is an enhancement of

1Ofhe adsorption energy when the coverage increases, which is
. : : onsistent with the fact that more Ge-Ge bonds are created
neighbors. At 0.50 ML the deposit consists of parallel "'OWS,pon adsorption of Ge atoms. However, this change of ad-
sr$aced by S'ESGA forme?] by ge”'(‘;a”'“m i%atoms. W'Lh'”sorption energy is significantly site dependent. It is smaller

the row, eac € atom has two Ge neighbors space bﬁﬁr more coordinated adsorption sites, indicating a saturation

2.83 A (compared to 2.42 A in the bulk germanijinFi- adsorption energy with increasing number of neighbors.
nally, at 1.0 ML the germanium adatoms occupy a squUargye find a change of about 0.92, —0.64, and—0.35 eV

lattice of Ag lattice parameter. Each Ge atom has thus fou&vhen passing from 0.25 to 1.0 ML coverage for, respec-

Ge ngighborr;s at§.8|:_% .A' h ithouah the full tively, on-top, bridge, and hollow adsorption sites. At the
It is worth underlining that although the full geometry .0 time, in all considered cases, this energy gain is much

optimization of the deposit does not enter in the scope of thi%maller than the cohesive energy of the floating, unrelaxed
paper, the considered germanium configurations cover thgeqit(see dashed line in Fig.)4lt is thus clear that the
range of germanium coordination numbers characteristic fo{)verall adsorption energetics cannot in any case be approxi-
the atomic environment in sma_ll germanium cluste_rs, on theated by a simple sum of Ag-Ge and Ge-Ge interactions
Ge (111 surface, as well as in the bulk germamg(see only, and that both substrate Ag-Ag bonds and Ge-Ge bonds
Table ). Let us recall, however, that the corresponding bonqy, yhe deposit are modified by the adsorption. In particular, it

Igngths are §ignifigantly larger than the t.’“"( ones. The COMis worth noticing that this correlated evolution of the bonding
sidered configurations can be thus considered as representdiaracter makes that for the preferential adsorption(sité

tive for proto(;ypes (;f sys';]en;]s V\.'itfh a more com]!olle>f< atomiciy,  sjte) the adsorption characteristics are practically
structure and can furnish the information useful for con-¢,erage-independent. This is partially due to the fact that
structing effective poten'ual_s necessary for a full-scale dy'the considered deposit is epitaxighe Ge-Ge bond lengths
namical study of Ge deposit on the A§00 surface. were elongated by 17%, as to match the Ag-Ag distances
but we have verified that in all cases, the energy necessary to

1. Adsorption energetics elongate the Ge-Ge bonds is small compared to the cohesive
The adsorption energy is defined, as previously, with reenergy of the deposit.
spect to isolated germanium atoms as a reference: The trends of evolution of the bond lengths across the

series of configurations are unambiguoiiSg. 5). In all

cases we observe a dilation of Ge-Ag distances, when the
EC@AQ(100)_ EAg(100_ o\ ECE coverage incr_eases. This covgrage-ir)duced effect remains

however relatively small—we find an increase of 6%, 6%,

and 3% for hollow, bridge, and on-top sites respectively. In
whereN is now the number of Ge atoms per surface unit cell.all cases the maximal variation does not exceed 6%, while
In this way one obtains the gain in energy due to new bondthe variation of Ge-Ag distance as a function of adsorption
(both Ge-Ge and Ge-Agcreated within the adsorption pro- site is of the order of 11%.

1
Eads:m(



15342 S. SAWAYA, J. GONIAKOWSKI, AND G. TRELIA PRB 59

28 between thes and p states of germanium increases, and the

& hollon ste separation of the two effects becomes less justified.
27 | Htop site

«—

IV. MEASURABLE CHARACTERISTICS
OF THE ELECTRONIC AND ATOMIC STRUCTURE
OF THE DEPOSIT

25 | In the present section we discuss the principal experimen-
tally accessible signatures of the electronic structure of the
Ge/Ag 100 system, focusing on their relation with the
241 -/./_. atomic structure. We start by an analysis of the adsorption

induced core level shifts on the Ag surface atoms and of their
dependence on both adsorption site and Ge coverage. We
finish by a simple simulation of STM images of a Ge deposit
on the Ag100 surface, discussing them in context of similar
FIG. 5. Ge-Ag nearest-neighbor distartkg, 4 (A), as a func-  results existing for the Ga/Ag00) system.

tion of the Ge coverage, calculated for adsorption in the hollow,
bridge, and on-top AG.00) surface sites.

2.3 . . . ;
000 025 050 0.75 1.00 1.25
Coverage 0

A. Binding energy of core electrons

It is well known that the core-level binding energies de-
pend upon the atomic and chemical environment, and can

We will now focus on the modification of the interface thus contain the information on the local structure. For ex-
electronic structure related to changes of the Ge coverage. lmple, since the local atomic environment of atoms in the
order to simplify the presentation, in the following we only bulk of a crystal differs from that at the surface, surface
show the LDOS obtained for the preferential adsorption siteatoms generally exhibit different core-level energies than at-
Figure 3 depicts the LDOS obtained for the three differentoms in the bulk. Similarly, deposition of atoms on the sur-
coverage rates. As before, full and dashed lines corresponéhce can alter the local atomic environment of some surface
respectively, to Ge/Ad.00) and to separated systefisg of  sites. In general, this modification depends not only on the
a clean(100 surface and a floating unsupported germaniumsite on which the adatoms adsorbs, but it also varies with the
deposit. The energy scales were aligned as to superpose thedsorbate coverag@.At the same time, both the type of
DOS projected on the Ag atom in the center of the skd®  adsorption site and the adsorbate coverage do influence the
the dotted line in Fig. B The DOS of free Ge deposits were binding energy of the adsorbate core electrons. Thus, the
shifted as to align the corresponding Fermi levels. high-resolution core-level photoemission experiments on

For the three coverage rates, the adsorption-inducedoth the substrate and adsorbate core levels can often pro-
modifications of the substrate DOS have principally a two-vide vital clues for the deduction of the adsorbate-substrate
fold character. On the one hand, the center of gravity of thénterface structure.
Ag 4d band is shifted towards lower energies, i.e, towards A photoemission experiment can be seen as an excitation
bulk Ag. With respect to the clean surface, we find a shift ofprocess consisting of the emission of a core electron, fol-
—0.28 eV, —0.52 eV, and—0.82 eV for adsorption of lowed by the relaxation of the valence electrons in order to
0.25, 0.50, and 1.0 ML of germanium, respectively. As canscreen the resulting localized positive charge. Measured
be seen by comparison with Ag bulk LDOS which is shifted binding energy corresponds thus to the total-energy differ-
by ~—0.4 eV with respect to surface, this is consistent withence between the fully relaxed system and the unperturbed
more and more bulklike character of surface Ag até¢fran  one. In the so-called initial-state approximatitrthe value
the point of view of their coordinatignIn fact, the surface of a core-level shift between clean and adsorbate-covered
atoms even go beyond bulk charadiee will come back on surface is approximated by the difference in the respective
this point latey. On the other hand, due to the interaction core eigenvalue energies between the two systems. Since the
with the sp band of Ge, an additional structure appears bedegree of screening on a clean and adsorbate covered surface
low the 4d band. Its width and the degree of hybridization may be different, this approximation neglects the “final-
with the 4d one increase with increasing coverage, followingstate” effects. However, existing results on the relative im-
the evolution of the LDOS of the unsupported Ge depositportance of the initial- and final- state contributions show
Similar tendency was already reported for Si deposited orthat in most materials, the overall evolution of the core elec-
the amorphous Au for which the photoemission study bytron binding energies is principally controlled by the initial-
Franciosiet al 3! showed an increasing shift of the Atband  state effects. In the following we will thus consider only the
to higher binding energies which can be correlated to thénitial-state contribution.
increasing coverage rate of the Si deposit. Results on the calculated shift of surface Ad 8nd Ge

The adsorption-induced modifications of the germaniuni3d core levels are summarized in Figsaand &b), respec-
LDOS consist principally in an overall broadening of the tively. In the case of Ag 8 core levels, our results show that
deposit valence band. As it can be clearly seen for the isan all cases the adsorbate-induced shift compensates the sur-
lated atom adsorption, the origin of this broadening is two-face core-level shift and even goes beyond, the modification
fold. On the one hand germaniusrstates are shifted down- being very sensitive to both adsorption site and Ge coverage.
wards, on the other hand the states hybridize with the On the one hand, for the lowest coverage consid€de2b
substrate band. With increasing coverage, the hybridizatioML or isolated atomswe find an increase of the binding

2. Densities of states
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04— @ ) whole coverage range, the initial evolution as a function of

clean (100) surface R - . R R .

o3r 06 coverage is significantly site dependent: binding energy of
02| mtop ste 05 | Ge A levels increases if Ge adsorbs in the hollow site and
@ bridge site *
0.1 - @hollow site

* substitution

oal decreases otherwise.

0.0
03 |

02| B. Simulated STM images

01 |

02

Ag 3d core levels (eV)
Ge 3d core levels (eV)

01} In the last decade STM has become a wide spread tool for

surface characterization. The atomic scale resolution which
can be achieved by modern microscopes makes also possible

%00 025 o050 075 100 125 oo 02 os o 100 125 to use this technique for studies of surface adsorption and of

Coverage 6 Coverage 6 early stages of surface growth. However, it has been pointed

FIG. 6. Calculated shifts of Ag®(a) and Ge @ (b) core states out that since what is registered by the probe corres_ponds to
as a function of the adsorption site and Ge coverage. Fordpé & Superposition of structural and electronic effects, direct ex-
energy of the bulk core level is taken as a reference. The shift of GEaction of structural characteristics from STM images often
3d states is given with respect to the on-top adsorption of an isof€quires some caution. In this domain, the covalent systems,
lated Ge adatom. for which delocalization of electronic charge along the inter-

atomic bonds is strong, constitute a classical example. Ap-
energy from the hollow to the on-top site. Since for thisproximations of different level of sophistication have been
coverage, regardless the adsorption geometry, surface Agjaborated in order to model efficiently the interaction of the
atom has a single Ge first neighbor, this evolution reflects th&TM tip with the surface, to calculate the tunneling current
increase of the Ge-Ag bond strength when passing from thand thus to simulate the STM images. Many questions con-
more to the less coordinated adsorption sites. It is wortlterning the relative weights of different approximations re-
noticing, that single Ge-Ag bon¢hollow site) is enough to  main still unanswered. In the following we take into account
compensate the surface core levels shift, which means théhte electronic effects at the most basic level of approxima-
one has to be carefull when trying to define a metallic chartion, in which the tunneling current is considered as propor-
acter for adsorption, the Ge-Ag bond being definitely strontional to the surface electron density of electrons in the
ger than any metallic bond of Ag-Ag type. On the otherFermi level region.
hand, for adsorption in the hollow site, the binding energy In Fig. 7 we show the contour plots of electron density in
increases monotonouslite., core levels shift towards lower the region of£0.5 eV around Fermi energy for an isolated
energieswith the Ge coverage. This is principally due to the Ge adatom on the A@00) surface in the three different ad-
increasing number of Ag-Ge bonds and thus to higher coorsorption geometries. The left and right panels represent the
dination of surface Ag atoms. Similarly, for 1.0 ML cover- cross-sections in planes perpendicular and parallel to the
age, when passing from on-top to bridge and to hollow adAg(100 surface, respectively. For all the three adsorption
sorption site, the number of first Ge neighbors increases angeometries the horizontal miscut plane was taken at 2.67 A
so does the binding energy. However this simple systemafrom the surface.
ics, showing the influence of both Ag-Ge bond strength and Focusing on the left panel one clearly sees that the ampli-
number of Ge neighbors, does not hold throughout all theéude of the corrugation due to the adsorbed Ge adatom de-
considered cases. Indeed at the early growth stage, as a fumends substantially on the adsorption site. Using an arbitrary
tion of the Ge coverage, the binding energy clearly increases=1x103 e/ad contour for the three adsorption geom-
for Ge adsorbed in the surface hollow site, whereas otheretries we find its corrugation to be equal to 2.38 A, 2.76 A,
wise it decreases. This information can directly serve to deand 3.10 A for the hollow, bridge, and on-top adsorption
termine the preferential adsorption site of isolated Ge atomsites. This evolution reflects principally the difference of lo-
from experimental results taken at very low Ge coveragecal packing of atoms: a Ge adatom integrates itself into the
Additionally, since the calculated shift of Agd3levels in-  surface the most when adsorbed in a hollow site, and the less
duced by a substitutional Ge atom is considerably smallewhen adsorbed on-top of a surface Ag atom. Using the cal-
compared to any surface adsorption case, photoemission egulated nearest-neighbor bond lengtR&g. 5, the equilib-
periments can potentially be used also for determination ofium spacings between the Ge adatom and th&18g) sur-
the adsorption mode. Finally, it is worth underlining that theface are found to be equal to 1.61 A, 1.97 A, and 2.33 A for
calculated shifts of the Ag @ states correlate well with the the hollow, bridge, and on-top adsorption sites. Thus, al-
displacements of the Agd valence band reported in the though taking into account the spatial distribution of elec-
preceding sections. trons makes the corrugation largéine same conclusion can

Similarly, the Ge 8l core levels are relatively sharp and be obtained simply from comparison of Ag and Ge atomic
the technique of low energy diffraction spectroscopy can beadii), the changes of the electronic distribution as a function
successfully used to examine also this level at existing synef adsorption geometry remain small. It is thus likely that use
chrotron radiation sources. In Fig(§, we have represented of more sophisticated modeling tools in order to account for
the Ge 3l level shifts with respect to an arbitrary reference: electronic contributions would not alter present conclusions.
the isolated Ge adatom adsorbed on-top of surface Ag. Thi is also worth noticing that the recent results, obtained by
main characteristics of the evolution of the binding energyelectronic scattering quantum chemistry ESQC method for
correspond well to what is found for the Agd3levels. Ga/Ag100),% give surface corrugations of 2.11 A, 2.35 A,
Again, although the same tendency does not hold in thend 2.87 A for the hollow, bridge, and on-top adsorption
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' top of surface Ag atoms and the smallest for adsorption in
e the hollow site, reflecting calculated corrugation heights.

V. CONCLUSIONS

Using theab initio FP-LMTO approach we have studied
the characteristics of Ge adsorption on the (A0 surface.
For isolated Ge adatoms we find a strong preference to maxi-
mize the number of bonds with the surface and thus to ad-
sorb in the surface hollow sites. The progressive increase of
the adsorbate-substrate bond length as a function of increas-
ing number of bonds, reflects a well-known many-body char-
acter of interactions proposed already for purely metallic sys-
tems. From this point of view, Ge should then present a
quasi-metallic behavior with respect to adsorption. For
higher coverage, results obtained for model epitaxial Ge de-
posits show that although the energetical preference of Ge to
adsorb in the hollow site is still present, increasing coverage
reduces the differences between the three adsorption geom-
etries. This suggests that the direct Ge-Ge interaction can
become competitive with the adsorption energetics and that
as a consequence a Ge deposit can reconstruct, recovering
partially its covalent character. By analyzing the adsorption-
induced modifications of the electronic structure of the sub-
strate and of the adsorbate as a function of adsorption geom-
etry and coverage, we were able to extract some very clear
tendencies. The drastic deformation of Ag LDOS due to Ge
bonds clearly puts some limits to a pure metallic-like char-
acter of Ge/Ag adsorption. Moreover, especially for low cov-
erage rates, they can be used for the interpretation of experi-
mental results. In particular we have analyzed the evolution
of the substrate valence band and both substrate and adsor-
bate core level binding energies. Coupled to experimental
results, these findings should allow to describe the changes
in the atomic structure of the Ge deposit as a function of the
coverage. Finally by a simple approach we have simulated
the STM images of Ge adatoms on the(Ag0) surface. Our
. . . results show that differences in surface corrugation for dif-
FIG. 7. Electron density at the Fermi level, for the Ge adatom Nearent adsorption geometries are related pringcipally to the

the hollow (a), on-bridge(b), and on-top(c) adsorption sites. The . . N . .
cross-sections in the planes perpendicular and parallel to the surfapeOSItIonS of atoms, the electronic contribution being practi-

(100 are depicted in the left and right columns, respectively. BlackCaIIy negligible. On_the other hand, St!‘ong dependence of the
dots indicate the positions of surface Ag atoms. calculated corrugation on the adsorption geometry can reveal

useful for practical determination of atomic positions from

sites, showing not only the same evolution as a function ofSTM images of complex reconstructed structures.
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