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Ge tetramer structure of the p„2A2Ã4A2…R45° surface reconstruction of GeÕAg„001…:
A surface x-ray diffraction and STM study

H. Oughaddou, J.-M. Gay, B. Aufray, L. Lapena, and G. Le Lay
CRMC2, Centre National de la Recherche Scientifique, Campus de Luminy, Case 913, 13288 Marseille Cedex 09, Franc
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Institut für Experimentalphysik, Universita¨t Hamburg, Luruper Chaussee 149, D-22761 Hamburg, Germany

~Received 27 April 1999; revised manuscript received 29 September 1999!

The surface atomic structure of thep(2A234A2)R45° superstructure obtained at 0.5-monolayer coverage
by deposition of germanium on the Ag~001! surface at room temperature has been investigated using surface
x-ray diffraction and scanning tunneling microscopy. A structural model is proposed with clusters of four Ge
atoms preferentially adsorbed near hollow and bridge sites on the surface. The Ge-Ag bond strength is suffi-
cient to induce rearrangement of the Ag atoms in the uppermost layers and stabilize the reconstruction.
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I. INTRODUCTION

The structure and electronic properties of the interfa
formed by thin layers of noble metals deposited on semic
ductor surfaces have been extensively studied over the
ten years.1–4 This type of work is motivated by the techno
logical necessity of understanding the electronic interf
states and the details of the Schottky-barrier formation
semiconductors. Surprisingly, only very few investigatio
have been performed on the inverse system formed by
positing semiconductor thin films on metallic substrates5–7

The reversal of the deposition sequence can significantly
ter the chemical state and composition of the interface
have a significant influence on the interface morphology. I
important to investigate the geometrical structures of the
terfaces formed by depositing semiconductors on metal
order to gain an understanding of the mechanisms that
to these different structures.

In this paper, we report a study of thin films of germ
nium deposited under ultrahigh vacuum conditions on
single-crystal Ag~001! substrate. This system was chos
since several works on the adsorption of Ag on Ge~Refs.
1–3! have already been performed and also for compari
with the results of previous studies of the intermixing a
phase segregation of metals on metals.8–10 In particular, the
germanium-silver system is in some ways comparable
silver-copper in that~i! both tend to phase separation and~ii !
the deposited element~Ge or Ag! has a lower surface fre
energy than the substrate~Ag or Cu, respectively!.8,9,11 For
the Ge/Ag system, it is also interesting to investigate whet
the adsorbed Ge atoms behave like in a metal or a semi
ductor. In metals the atoms usually tend to maximize
number of nearest neighbors in a close-packed structure
semiconductors orbital hybridization leads to the format
of highly directional covalent bonds at the expense of
packing density.

A previous study by Auger electron spectroscopy~AES!
and low-energy electron diffraction11 ~LEED! was devoted
to the growth mode and the dissolution kinetics of Ge
Ag~001!. It revealed in particular a sharpp(2A2
PRB 610163-1829/2000/61~8!/5692~6!/$15.00
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34A2)R45° superstructure up to about 0.5 ML coverag
The primary goal of the present paper is to clarify the atom
structure of thep(2A234A2)R45° superstructure by com
bining surface x-ray diffraction~SXRD! and scanning tun-
neling microscopy~STM! studies.

II. EXPERIMENT

The experiments were performed at the Hamburg S
chrotron Radiation Laboratory~HASYLAB ! at DESY, Ger-
many. The samples were prepared in a large ultrahi
vacuum system with extensive surface preparation
characterization facilities~e.g., reflection high-energy elec
tron diffraction, LEED, STM, and x-ray fluorescence ana
sis!. The Ag~001! substrates were cleaned by extended
nealing and repeated cycles of sputtering with Ar1 ions ~500
eV! and subsequent annealing at elevated temperat
(4002600 °C) until a sharpp(131) LEED pattern was
obtained. The germanium was deposited on the substra
room temperature from a calibrated effusion cell w
a pyrolytic boron nitride crucible at a pressure
2310210 mbar. After depositing about 0.5 ML Ge~which
corresponds to 6.031014 atoms/cm2) a sharp p(2A2
34A2)R45° LEED pattern was obtained. Two nominal
identical samples were prepared; one was used for the S
investigations and the other was transferred to a porta
ultrahigh-vacuum chamber~base pressure less tha
1029 Torr) with a hemispherical Be window, which wa
mounted on the vertical diffractometer at the BW2 beaml
at HASYLAB for the x-ray diffraction measurements. Th
x-ray wavelength was selected to be 1.33 Å using a silic
double-crystal monochromator. The angle of incidence w
kept fixed at 0.4°~i.e., slightly larger than the critical angl
for total reflection! during the measurements.

III. RESULTS

STM images have been recorded at various stages du
the growth of Ge/Ag~001!. Figure 1 is a filled-state atomi
cally resolved STM image at 0.1 Ge ML on the well-order
Ag~001! surface. We observe an isolated cluster with
5692 ©2000 The American Physical Society
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slightly distorted square shape formed of four associated
trusions. This square is rotated 45° with respect to the@10#
direction of the silver surface. The interspacing between
protrusions is about 3.96 0.5 Å.

Figure 2 shows a filled-state STM image of a 10 n
310 nm area of the Ag~001! surface after the deposition o
0.5 ML Ge. The total gray scale of the image correspond
a height amplitude of 0.5 Å. This image shows wavy rows
spots that look like small clusters. The surface periodic
agrees with thep(2A234A2)R45° superstructure observe
in the LEED pattern. Figure 3 shows an atomic resolut
STM image (4 nm34 nm) of this superstructure; each sp
of the former image is in fact made of four protrusions sim
larly to what is observed at 0.1 Ge ML. The maximum heig
difference between the protrusions does not exceed 0.1
Eight protrusions are observed in the unit cell with a gli
line along the@01# axis of the cell. It is appealing to conside
the eight protrusions as Ge atoms, which would be consis

FIG. 1. Filled-state STM image (4 nm33 nm V520.053 V,
I 53.705 nA) at;0.1 ML Ge coverage. An isolated group of fou
Ge atoms can be seen on the Ag~001! substrate.

FIG. 2. Filled-state STM image (10 nm310 nmV521.74 V,
I 51.65 nA) at 0.5 ML Ge coverage. The@10# and @01# directions
of the silver surface are parallel to the sides of the image. Clus
~white protrusions! appear in thep(2A234A2)R45° superstruc-
ture shown by a rectangle.
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with the Auger calibration.11 With this assumption, the STM
images provide valuable information about possible start
models for the x-ray structure analysis.

The x-ray diffraction data consist of a set of 9
nonsymmetry-equivalent in-plane reflections and
nonsymmetry-equivalent rod profiles. Assuming equa
populated domains the reciprocal space exhibits the p4
symmetry. The intensities of the in-plane reflections a
shown by half circles in Fig. 4. The systematic error in t
data set~17%! was estimated from the reproducibility of th
most intense symmetry-equivalent reflections@~3,0!; ~0,6!;
~23,0!; ~0,26!#. In the reciprocal space basis (AW , BW ) of the
p(2A234A2)R45° superstructure~see Fig. 4!, the half-
order reflections are missing along theh axis, which is con-
sistent with thepg plane-group symmetry of the system.

Typical rod profiles are shown in Fig. 5. The modulatio
observed along the fractional order (3/4,3/4,l ) rod results
from the limited thickness of the reconstructed surface lay
which is roughly estimated to a few monolayers from t
inverse width of this modulation. This qualitatively show
that the Ag atoms in the topmost layers are likely displac

rs

FIG. 3. Empty-state STM image (4 nm34 nm V50.004 V, I
58.64 nA) showing an atomic resolution of thep(2A2
34A2)R45° superstructure with two distorted tetramers in the s
face unit cell.~a! top view, ~b! 3D view. The unit-cell with the two
Ge tetramers and its glide-mirror line are indicated in~a!.
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5694 PRB 61H. OUGHADDOU et al.
from the bulk silver lattice sites and therefore participate
the superstructure.

The structural analysis is based on the comparison of
perimental and calculated data from simulations of the
plane reflections and of the rod profiles using different m
els. Standard crystallographic data evaluation programs w
used to analyze the data and determine the Ge and Ag a
coordinates. The refinement of the atomic positions in
model is performed by minimizing the usualx2 parameter
allowing the Debye-Waller terms, and an appropriate sc

FIG. 4. Inplane SXRD intensities, measured~half circle on the
right! and computed~half circle on the left!. The areas of the circles
are proportional to the intensities.The reflections are indexed (h,k)
relatively to the reciprocal unit cell of thep(2A234A2)R45° su-
perstructure shown by the dashed rectangle. The solid line sq
represents the conventional LEED (131) reciprocal surface cell
The bulk Ag reflections indexed~1,1!, ~1,3!, ~2,2!, and~0,2! in the
conventional LEED notation are not represented due to their h
intensities.
x-
-
-
re
ms
e

e-

factor to vary. The preliminary analysis relies on the in-pla
fractional order reflections, which are sensitive to the str
ture projected on the surface plane; subsequent analys
the rod profiles reveals the full three-dimensional structu

We investigated several models with thepg symmetry as
indicated by the missing reflections in the SXRD and LEE
data and the atomic resolution STM images. This symme
requires that the number of Ge atoms in thep(2A2
34A2)R45° unit cell is even. The uncertainty in the AE
calibration11 allows unit cells with 862 Ge atoms and the
STM images suggest a unit cell with 8 atoms. On this ba
we have studied models with

~i! 6, 8 and 10 Ge adatoms,
~ii ! 6, 8 and 10 substitutional Ge atoms in the Ag t

layer.
Vacancies in the first Ag layer were also considered

these trial models.
The models with substitutional Ge atoms are definit

ruled out sincex2 cannot be reduced less than 3.9. The b
fits are obtained for models with eight Ge adatoms. In
data analysis, a large number of configurations have b
tested with the four Ge atoms of the asymmetric half-u
cell initially located in hollow, bridge or top sites of the A
surface. In a first stage, the refinement of the positions of
Ge adatoms and the Ag atoms in the first layer gives ax2

factor of 2.3. The fit is further improved by relaxing th
atoms in the second Ag layer. The finalx2 is equal to 0.9.

Figures 4 and 5 show the best fit simulations along w
the experimental in-plane reflections and rod profiles. T
proposed model is presented in Fig. 6 and the atomic co
dinates of the four Ge atoms of the asymmetric unit in
surface layer are given in Table I. Rows of Ge adatoms p

re

h

-

D
he
FIG. 5. Rod profiles for 6 nonequivalent frac
tional ~upper rows! and integer order~lower row!
reflections. The indices are given with the LEE
convention. Data and best fit are shown by t
symbols and the solid lines, respectively.
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allel to the@10# direction of thep(2A234A2)R45° cell are
clearly visible. There are two rows of 4 Ge atoms per u
cell in agreement with thepg group symmetry. In these G
tetramers, the atoms are located near hollow@atoms labeled
1, 2, and 4 in Fig. 6~a!# or bridge~atom 3! adsorption sites of
the Ag~001! surface. The Ge height positions~0.139 to 0.252
nm! above the average underlying Ag plane reveal a ra

FIG. 6. The proposed model for the p(2A2
34A2)R45° superstructure; Atomic coordinates of the Ge ato
are given in Table I.~a! top view and~c! side view normal to the
@01# direction. Black circles represent the Ge atoms and the d
and light-grey circles the Ag atoms in the first and second lay
respectively.~b! Detailed image of the proposed atomic structure
the p(2A234A2)R45° reconstruction outlining the local environ
ment of the Ge atoms~dark circles!. The Ag atoms in the first laye
are represented in shadowed grey.
it

er

large surface corrugation, which can be seen in the side v
of Fig. 6~c!. The lateral displacements of the Ag atoms in t
first layer can be more clearly seen in Fig. 6~b!. The root-
mean square displacement and the relaxation of the two
Ag layers are given in Table II. Significant displacements
the Ag atoms are shown, more particularly in the@01# sur-
face direction resulting in a slightly higher silver atomic su
face density underneath the Ge tetramers. The mean sq
displacement of the Ag atoms is also important normal to
surface in agreement with the rather large corrugation of
Ge surface layer. The displacements are smaller in the
ond layer than in the first one. The Debye-Waller parame
used for the best fit for Ge and Ag in the first and seco
layers and in the bulk, are 3.2, 5.4, 1.7, and 0.5 Å2, respec-
tively. The large values of the surface Debye-Waller fact
and particularly for the first Ag layer are indicative of mu
tiple positions, which cannot be resolved from the pres
data.

IV. DISCUSSION

The comparison of the atomically resolved STM imag
with the top layer arrangement deduced from the SXR
analysis ~Figs. 3 and 6! reveals a fairly good agreemen
about the structure of 0.5 Ge ML on Ag~001!. Both tech-
niques show~i! the p(2A234A2)R45° reconstruction with
the pg symmetry and~ii ! the existence of two Ge tetrame
per unit cell. Although tetramers with similar shape and t
same orientation on the~001! surface are evidenced by bot
STM and SXRD, a more extended detailed comparison
the Ge atomic coordinates reveals small discrepancies, w
may originate from the different ranges of order, local ran
and long range, respectively. In addition the ability for ST
to provide the actual atomic image of the surface may
questioned.

s

rk
r,
f

TABLE I. Atomic coordinates of the 4 nonequivalent Ge atom
in the p(2A234A2)R45° unit cell (a50.817 nm,b51.634 nm);
x and y are relative coordinates whereasz denotes the Ge atom
height above the average Ag top layer. The coordinates of the o
four Ge atoms are given by the symmetry relation: 12x, y11/2.

# x y z(nm)/Ag surface

1 0.85360.005 0.05260.003 0.25260.004
2 0.84660.005 0.27560.003 0.13960.004
3 0.48660.005 0.09560.003 0.18060.004
4 0.25860.005 0.22960.003 0.20560.004

TABLE II. Root mean square~rms! displacements of the Ag
atoms of the two top layers in the@10# (A^DX2&) and @01#
(A^DY2&) surface directions of thep(2A234A2)R45° superstruc-
ture, and perpendicularly (A^DZ2&). The average relaxation is
given by ^DZ&.

#
A^DX2&

~nm!
A^DY2&

~nm!
A^DZ2&

~nm! ^DZ&

1st Ag layer 0.01360.004 0.03860.004 0.03960.004 24%
2nd Ag layer 0.01060.004 0.01560.004 0.01960.004 20.1%
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A recent calculation12 of the electronic structure of th
Ge/Ag~001! system has shown that the density of states
the Fermi level has maxima at the actual positions of
surface atoms. This would suggest that the STM ima
would not be dominated by electronic effects and would p
vide steric geometric views of the surface. This calculat
however ignores the tip-surface electronic interactio
which could alter more or less heavily the images.

The SXRD model shows that the Ge atoms are locate
the close vicinity of the preferential hollow or bridge sites
the Ag~001! surface. Using anab initio full-potential linear
muffin-tin orbital approach, Sawayaet al.12 have shown a
strong preference for isolated Ge adatoms to adsorb on
low sites. It is worth noting that the bridge surface sites
energetically the second most favorable sites. In addit
Sawayaet al. claim that the adsorption characteristics a
practically coverage independent. The calculation sugg
that at half monolayer, Ge atoms may adsorb either on
low or on bridge sites, in qualitative agreement with the e
perimental results presented above. The calculations do
allow any reconstruction of the Ag~001! surface. A more
detailed comparison between theory and experiment is th
fore not possible.

The Ge-Ge interatomic distances in the unit cell a
d1250.28760.004 nm, d2350.31660.004 nm, d3450.351
60.004 nm, andd1450.38260.004 nm, respectively@see
Fig. 6~a!#. Only d12 is close to the Ge-Ge bond length in th
three-dimensional~3D! diamondlike Ge structure~0.245
nm!; all the others are significantly larger. In addition, t
height distribution of the Ge atoms in the SXRD mod
shows that the tetramers are not planar. The proposed m
in fact, reveals the competition between the tendency
forming short and oriented Ge-Ge bonds and that of ads
ing Ge in preferential Ag surface sites.

The stability of the Ge tetramers observed in thep(2A2
34A2)R45° reconstruction is also supported by th
existence at lower coverage~Fig. 1!. Moreover, a previous
study11 has shown a rapid dissolution of Ge upon anneal
1 ML Ge/Ag~001! at 250 °C, which stops when th
p(2A234A2)R45° superstructure is attained at 0.5 Ge M
coverage.

The bonding between the Ge atoms and the Ag ato
induces subsurface displacements, which involve the two
atomic layers and produces a density modulation in the s
strate. The 4% inward relaxation of the first Ag layer is n
untypical for this type of metallic surface@about 3% was
reported for the clean Ag~001! surface.13# The disorder in the
top Ag layers indicated by the larger Debye-Waller facto
deduced from the SXRD analysis indicates that thep(2A2
34A2)R45° phase may be a precursor to the surface m
fication observed by AES-LEED at higher Ge coverage11

We expect the structure induced by Ge on Ag~001! to be
driven by a delicate balance between surface-substrate la
mismatch, bond enhancement, and stress relaxation, re
sentative of the relative strengths of Ag-Ag, Ge-Ge, a
Ag-Ge bonds. For relatively weak Ge-Ge interactions o
would expect Ge atoms to occupy favorable adsorption s
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on the unperturbed Ag~001! surface. On the other hand
stronger Ge-Ge interactions would produce Ge clusters
top of an essentially unperturbed Ag~001! surface if the
Ge-Ag bonds were weak. The reconstruction of the Ag~001!
surface layers shown in the present work suggests that
the Ge-Ge and Ge-Ag interactions play a significant role
this system. It is known that the clean Ag~001! surface does
not reconstruct, whereas its iso-electronic neighbor in thed
series, Au~001!, forms a contracted quasihexagonal top lay
on the underlying square lattice.14,15 The Au~001!
reconstruction16 is attributed to the gain in the number o
nearest neighbor bonds rather than to stress relief. Theo
cal calculations17 indicate that the top layer of clean Ag~001!
would prefer to transform into a more compact hexago
arrangement, but the energy gain is not sufficient to ov
come the substrate potential that pins the top layer. Ge
sorption on Ag~001! could favor the natural tendency of si
ver to pack more closely, locally in rows of higher atom
density.

The Ge/Ag system was primarily chosen for its simila
ties with the bimetallic Ag/Cu system concerning its te
dency to phase separation and the lower surface tensio
the deposit in both systems. These properties easily jus
that the Ge atoms do not incorporate in the Ag~001! surface.
More original is the stabilization of the Ge clusters at 0
ML, which has no equivalent for Ag/Cu. The formation o
Ge tetramers is likely responsible for the particularly sta
p(2A234A2)R45° superstructure. Ge/Ag~001! can be fi-
nally considered as representative of a new class of bin
systems different from the bimetallic ones previously o
served.

V. SUMMARY

An atomic model deduced from STM and SXRD studi
is presented for thep(2A234A2)R45° superstructure in-
duced by 0.5 ML Ge deposited on an Ag~001! single-crystal
substrate. The model is made up of two Ge atom tetram
per unit cell on top of a reconstructed Ag bilayer. Ge adso
tion induces displacements of the Ag atoms in the top t
layers resulting in a density modulation. The Ge atoms
preferentially adsorbed near hollow and bridge sites of
Ag~001! substrate.
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