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Structure analysis of Si(111)-(+3X V3)R 30 /Ag using x-ray standing waves
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The x-ray standing-wave technique has been used to determine the positions of the Ag atoms in
the Si{111)-(&3X&3)R30'/Ag reconstruction. Using the (111) reAection, the Ag atoms are found
to be located in one plane at a height of 3.44+0.02 A above the center of the extrapolated bulk
Si(111)bilayer. This rules out several models that have been previously proposed in the literature
for the reconstructed surface. Data obtained by using the (111)and (220) reAections show that the
Ag atoms are reconstructed, i.e., are laterally displaced away from bulk Si positions. This directly
rules out the Ag-honeycomb model. Taking into account the many other studies on this system, the
most favored arrangement of the Ag atoms is in the form of triangles, with three Ag atoms per unit
cell. The registry of this Ag triangle with respect to the substrate has also been determined.

INTRODUCTION

Metal-semiconductor interfaces and surfaces are im-
portant both scientifically and from a technological
viewpoint. An understanding of surface and interface
properties such as Schottky barrier heights, surface
states, etc. , is linked closely to the structure of the inter-
faces. Consequently, such knowledge can only be ob-
tained if systematic structure data are available for a
large number of metals and semiconductors. In that
sense the (+3Xv'3)R30 reconstruction induced by Ag
on the Si(111)surface is one system out of many. Howev-
er, this system has been particularly hard to solve, despite
studies involving almost all structural techniques used in
surface science; see Table I. This difficulty is even more
surprising considering the small size of the
(&3 X &3)R 30 unit cell, which does not leave room for a
large variety of structural elements. Consequently, the
Ag on Si(111) system has become one of the more chal-
lenging structures in surface science.

One reason that no consensus has been reached,
despite the wealth of experimental data, may be that
most techniques provide an overall picture of the struc-
ture, and give data that are generally hard to interpret for
individuals unfamiliar with the technique or without ac-
cess to the appropriate analysis programs. This is the

case, for example, for low-energy electron diffraction
(LEED), reffection high-energy electron diffraction
(RHEED), x-ray photoelectron diffraction (XPD), ion
scattering, and x-ray diffraction. In cases where a simple
structural element could have been obtained from a tech-
nique, different groups have arrived at different con-
clusions: the honeycomb structure seen with scanning-
tunneling microscopy (STM) has been interpreted as
coming from either Ag (Ref. 6) or Si (Ref. 7), and Auger
electron spectroscopy (AES) has given diff'erent answers
for the saturation Ag coverage, being either —,

' (Refs. 3
and 4), or 1 (Refs. 1, 2, 5, and 6) monolayer, where 1

monolayer (ML) is equal to 7.8 X 10' atomscm . These
saturation coverages would determine the number of Ag
atoms per (V3 Xv'3)R 30' unit cell to be two or three, re-
spectively.

Simple structural parameters are therefore very impor-
tant. One such parameter is the position of the Ag atoms
with respect to the Si substrate. The x-ray standing-wave
technique determines distances from specific bulk-
extrapolated reAection planes with high accuracy. The
main aim of this paper is to determine with high accura-
cy (+0.02 A) the height of the Ag atoms with respect to
the (111) surface. The height information alone can
discriminate between a large number of proposed models.
In addition, the Ag position with respect to the (111)and
(220) planes has been measured. The latter gives infor-

TABLE I. List of structural techniques used to study the Ag-induced (&3X &3)R 30' reconstruction
on Si{111).

Technique

Auger-electron spectroscopy
Low-energy electron diffraction
ReAection high-energy electron diffraction
Surface extended x-ray absorption fine structure
Impact-collision ion-scattering spectroscopy
Scanning-tunneling microscopy
X-ray photoelectron diffraction
Ion scattering
X-ray diffraction

Acronym

AES
LEED
RHEED
SEXAFS
ICISS
STM
XPD
IS
XRD

References

1 —6
7 and 8
9 and 10
11
12-15
16 and 17
18-20
21 and 22
23 and 24
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mation on the registry of the Ag with the substrate
below. This not only provides further constraints on the
various models proposed, but allows us, together with
other information in the literature, to uniquely determine
the Ag atom positions. In order to allow other research-
ers to test their models against the data presented here,
all the required formulas are given in the following sec-
tion, which may be skipped by the reader interested in
the results only.

X-RAY STANDING-WAVE ANALYSIS

p„(r)=+5(r—r, ) .
J

(3)

Substituting Eqs. (1) and (3) into Eq. (2), and normalizing
the fluorescence yield to the total number of atoms, we
get

Y'(0) 1

XCIo
= 1+R (0)+2&R (0)—gcos[v(0) —2rrH ri ] .

(4)

We want this to be identical to the general shape of a

The standing-wave technique takes advantage of the
fact that an x-ray standing-wave field is generated within
a perfect crystal when the Bragg refiection condition is
satisfied. The standing-wave field extends outwards from
the bulk lattice into the vacuum, and thus the technique
may be used as a highly sensitive probe of the position of
foreign (i.e., di6'erent from the substrate) atoms at a crys-
tal surface. When rocking through the Bragg reAection
range, the nodes of the standing-wave field shift inwards
from a position at the diffraction planes, to a position
halfway between the diffraction planes. By measuring, in
conjunction with the rocking curve, a secondary signal
(like the x-ray fluorescence yield) from the foreign atoms
in the surface region, the position of these atoms with
respect to the bulk substrate lattice can be determined.

We will restrict ourselves to a brief description of how
this structural information is extracted. Our formulation
is closely related to those given by Hertel et al. and by
Bedzyk and Materlik. From dynamical diffraction
theory the intensity of the standing-wave pattern is ob-
tained, which is given in normalized form by

I(0,r) = 1+R (0)+2v'R (0)cos[v(0) —2nH. r],
Io

where the reAectivity R and the phase factor v can be
computed as a function of the reAection angle 0, H is the
reciprocal lattice vector of the reAection of interest, and r
is the position vector. The fluorescence yield at a given
angle is given by

Y(0)=CJ I(0,r)p„(r)dr, (2)

where C is a normalization constant, and p„(r) is the den-
sity distribution in one unit cell of the fluorescing atom
species, which in this case are the Ag atoms. Under the
assumption that the surface has X atoms per unit cell at
positions r, and that there is no disorder, the density is
given by

This is a quantity that we may call the x-ray standing-
wave structure factor Fxsw. The coherent fraction F and
the coherent position P are the amplitude and phase, re-
spectively, of Fxs~.

Fxsw is closely related to the structure factor as used
in x-ray diffraction:

—M.
where f is the atomic scattering factor and e ' the
Debye-Wailer factor for atom j. As long as the x-ray en-
ergy is far from an adsorption edge, the atomic scattering
factor is real and the phases of Fxs~ and FxRD are
equal. Then there is only a difference in amplitude be-
tween the two, which is caused by the fact that in the
standing-wave technique it is customary to use a normali-
zation such that the fluorescence yield away from the
Bragg angle is unity. A more rigorous treatment of the
fluorescence yield ' shows that Fxs~ should include
the same Debye-Wailer parameter as FxRD, and should
in addition contain the so-called commensurate fraction
parameter f„,which describes the fraction of the
atoms that are located at the actual lattice sites. Using
this, we arrive at the general equation for Fxs~..

;p fcorn —M —2niH. r .

Fxs e 'e
J

fcom M —2 i(hx. r+rky +Iz )Je J J J

N
(9)

where we used H=hb, +kb2+lb3, and r =x a,
+y~a2+zj. a3, with b; and a; the reciprocal and direct lat-
tice vectors, respectively. (hkl) are the Miller indices of
the reflection of interest, and (x,y, z ) is the position of
atom j in the unit cell, expressed as a fraction of the
direct lattice vectors. Note that a value f„&1 will lead
to a lower value of F, but will not change the value for
the coherent position P. In an x-ray-diffraction experi-
ment only the intensity is measured, and the phase infor-
mation is lost. In the standing-wave technique, both
these quantities are obtained for each reAection con-
sidered.

In the analysis, the experimental parameters F and P

fluorescence yield curve:

1+R (0)+2&R (0)FHcos[v(0) 2v—rPH ],
where FH and PH are the coherent fraction and position,
respectively. F and P are the two parameters that are
determined in a standing-wave experiment. The condi-
tion that the two expressions (4) and (5) for the Auores-
cence yield are identical, reduces to

F cos[v(0) 2mP]—=——gcos[v(0) —2mH r ] .
1

J
J

By writing the cosine as a sum of two exponentials, it is
straightforward to derive that this becomes
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are compared with the ones calculated for a model struc-
ture using Eq. (9). By analyzing results from several bulk
rejections, in principle enough information can be col-
lected to uniquely determine the atomic positions by
geometric triangulation.

In Eq. (9), one has to use the same coordinate frame for
the Miller indices (hkl) and the positional coordinates
(x, ,yj, zj). In the present case of the Ag-induced
(&3X &3)R 30' reconstruction on Si(111), the Miller in-
dices for the Bragg reAections are usually expressed in
terms of the conventional cubic unit cell, whereas the po-
sitional coordinates are more conveniently derived in the
(&3X&3)R30 unit cell. We therefore have to trans-
form either the Miller indices, or the positional coordi-
nates to the other coordinate frame. Here we choose to
work in the (&3 X &3)R 30' frame and therefore have to
transform the Miller indices. The lattice vectors of both
the cubic unit cell and the (&3Xv'3)R30 surface unit
cell are shown in Fig. 1(a), where we have chosen as the
origin a point halfway into the bilayer, above an atom at
the lower half of the bilayer (see also Fig. 2). Using this
figure, it is straightforward to derive the matrix that
transforms cubic Miller indices to the equivalent
(+3X +3)R 30' notation:

[220]

FIG. 2. (110) side view of the Si(111) surface, showing the
position of the Ag atoms (black circles) of the Ag-triangle model
with parameters d =1.1 and r =0.43 [see also Fig. 1{b)]. The
circle on the right represents the projection of two Ag atoms
that have equivalent positions. In addition, the (111),(111),and
(220) di6'raction planes are indicated (solid lines), together with
the measured position P with respect to these planes (dashed
lines).

h
1

2

1

3

1

2

1

3

1

2

1

3

(10)

In the experiment, data were obtained for the (111),(111),
and (220) reflections, whose notation in (&3 X v'3)R 30
coordinates is now found to be

XSW origin I

it cell

-Triangle

=:Honeycomb

FIG. 1. Top view of the (111) plane showing schematically
one Si bilayer. (a) Lattice vectors of the conventional cubic and
the (&3X&3)R30' unit cells. The dashed a;,„b lattice vectors
lie 1 unit [i.e., 1 (111)-lattice spacing] above the plane. a, ~-, is
not shown, this vector is perpendicular to the (111) plane, and
has a length of 1 unit. (b) Two proposed arrangements of the
Ag atoms in the (&3X&3)R30 unit cell. r is the radial dis-
tance from the origin in the triangle arrangement.

(111),„b=(0,0, 1)~3,

(111),„„=(2,—1, 1/3)~-,

(220),„b=(2, —1,4/3)~-, .

( ——,', ,0,0)v; (12)

For the three rejections used here, we now find for the
offset phase

Note that the (111)reflection has no in-plane components
in the (&3X&3)R 30' frame, and therefore measures
only the height of the atoms.

A final important point is that in the experiment the
coherent position P is measured with respect to the Bragg
reflection planes, which are in the present case (no
significant absorption, centrosymmetric crystal) the
planes of maxirnurn electron density. Thus the
diffraction plane goes through the center of a Si bilayer in
the case of the (111)and (111)reflections, and goes exact-
ly through the atoms for the (220) reflection (see Fig. 2).
In general, the particular origin that one chooses will not
lie in the diffraction planes of all reflections measured.
Therefore one has to calculate for each reAection the
phase Po of the diffraction plane with respect to the ori-
gin and subtract this from the phase obtained from Eq.
(9). The value of Po for a reflection H is given by H. r,
where r is a point on the diffraction plane. One point
that lies in the diffraction planes of all three rejections
used here, and that we may therefore call the x-ray
standing-wave origin, has coordinates
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0 (111)

1

0, (111)

1

PO, (220)

(13)

Using Eqs. (11) and (13) it is straightforward to derive
from Eq. (9) the following relation:

P(220) P(111)+P(»-, ), mod 1 (14)

—2~i(rh +rk +dl) ie (16)

This shows, together with the fact that Pp(111)=0 that
the coherent position P~»&~ of the (111),„b=(001)&3
reAection directly measures the parameter d. Atoms 2
and 3 have the same phase factor for both the
(111},„b=(2,—1,—,')~3 and the (220),„b=(2,
—1,—', )&3 reflections, and thus there are only two non-

equivalent positions in the unit cell. The same conclusion
may be reached in a graphical way by considering a (110)
side view of the Si(111)surface, as shown in Fig. 2. From
Eq. (16) a coherent position and fraction is obtained for
each choice of d and r. In this particular example the
coherent fraction varies from 1 to a minimum of 0.33.
This minimum occurs for values of r that put one atom
half a lattice spacing away from the other two. Then the
first atom is completely out of phase with the other two
and effectively cancels the presence of one of these atoms.

EXPERIMENTAL RESULTS

The experiment was performed at the ATILT Bell Labs
beam line X15A at the National Synchrotron Light
Source in Brookhaven. The setup consists of an
ultrahigh-vacuum chamber with separate chambers for
specimen cleaning and deposition, an analysis chamber
for LEED and AES, and an x-ray chamber with a highly
stable specimen goniometer. Transfer between the
chambers is accomplished with a rotating manual arm, so
that the specimen always remains in an ultrahigh-vacuum
environment. A specially designed holder for strain-free

This can be used to check the self-consistency of the data.
All that is left to do before Fxs~ can be computed is to

derive the coordinates for a particular model that we
want to test against the data. As an illustration of this,
consider the Ag-triangle model, as shown in Fig. 1(b).
This model contains three Ag atoms, whose positions are
determined by the distance d above the center of the bi-
layer, and the radial distance parameter r [see Fig. 1(b)]:

Ag, = ( r, 0, d—)~3,

Ag2=(0, —r, d)&-
3,

Ag3=(r, r, d)&3 .

r and d are expressed in reduced units, i.e., as fractions of
the corresponding lattice parameters. Ignoring f„and
the Debye-Wailer parameter, we get for the structure fac-
tor

—27Ii ( —rh +dl) l
—27Ti ( —rk +dl)Fxsw= 3&e +e

mounting of crystals was essential to prevent crystal de-
formation at the high temperatures required for surface
cleaning.

Four different samples were prepared. The polished
and chemically (Shiraki) etched Si(111) crystals
(10X10X4 mm ) were cleaned by annealing to 850'C.
This yielded surfaces with C or 0 contamination less
than the detection limit of the AES apparatus, and gave
sharp 7X7 LEED patterns. Subsequently, Ag was depos-
ited from a Knudsen cell while the substrates were held
at 500'C. The total Ag coverage 8 was estimated by
combining information from deposition times, Auger sig-
nal and fluorescence yield. Calibrated against a Ruther-
ford backscattering measurement, the values for the four
samples were 8~=0.6, GB=0.9, Bc=0.6, and eD=0. 8,
with an estimated error of 15%. The LEED pattern for
the samples with e=0.6 showed both the
( &3 X &3)R 30' reconstruction and remains of the 7 X 7
reconstruction, whereas for samples with a higher Ag
coverage only the (&3X&3)R30 pattern was visible.
This indicates that 0.6 monolayer (ML) Ag is not enough
to fully eliminate the 7X7 regions of the surface and
favors a saturation coverage of 1 ML over a value of 3

ML.
In the standing-wave experiments it is very important

to keep the total Ag coverage below the saturation cover-
age, because for larger coverages the Ag will form islands
on the surface, that will lead to a large incoherent signal
in the Ag fluorescence yield [small value of f„ in Eq.
(9)]. We observed this effect on sample D, where two
depositions with 8 & 1 ML gave coherent fractions of 0.7
and 0.8. The data on sample D presented in this paper
were obtained for a coverage of 0.8 ML and had a
coherent fraction of 1.0. Because the drop in coherent
fraction occurs around an estimated Ag coverage of 1

ML, this is an additional indication that the saturation
coverage for the (V'3 X/3)R30 reconstruction is 1 ML.

In the experiment the Ag I. fluorescence (2.98 keV)
was measured, while cycling the substrate many times
through a Bragg reflection. The (111), (111), and (220)
rejections were used. The fluorescent signal was mea-

sured with a Si(Li} detector, the rocking curve by a Na(I}
detector. The energy of the incoming x-ray beam was 8
keV. The (111)and (111)data for sample C are shown in
Fig. 3; the other samples yielded similar results. By
fitting the rocking curves and fluorescence yields (solid
lines in Fig. 3), the coherent position and coherent frac-
tion are obtained.

Data for the (111)reflection were taken on all samples;
the resultant coherent positions and fractions are listed in
Table II. The value for P(», )

is very reproducible, F(», )

shows a somewhat larger variation, which should be at-
tributed to variations in sample quality. Table II also
shows the average of all data. Since any form of disorder
will lower the coherent fraction, the intrinsic value of F is
most likely close to the highest value measured. There-
fore the average F is biased towards the largest experi-
mental values. The (111) results show a remarkably high
coherent fraction of 0.98, indicating a well-ordered Oat
surface layer. Systems with almost perfect coherent frac-
tions are rare. So far only in two other monolayer semi-
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conductor systems have such high coherent fractions
been observed: (1) As on Si(111) with F =0.98 (Ref. 25)
and (2) GaAs on Si(111)with F=0.95. '

Reliable data using the (111) reflection were only ob-
tained on samples C and D, the results are shown in
Table III. For this reAection, it is very important to set
the azimuth such that no asymmetry occurs between the
incoming and outgoing beams. This requires the azimuth
to be set within -0.5'. Otherwise the rocking curve will
change and systematic errors in P and F may occur, as
observed in our initial data on samples A and B. On sam-
ple C a (220) Bragg reflection was also measured as a con-
sistency check. This gave a coherent position
P(22p) 0.974+0.015 and a coherent fraction
F(22p~=0. 56+0.04. As explained in the preceding sec-
tion, P~22o~ should be equal to P~», ~+P~»-, ~, Eq. (14):

0.974+0.015 ='(1.096+0.007)

00 ... & 1 I I & I

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

FIG. 3. The results of the standing-wave measurements on
sample C. (a) and (b) are the rocking curve and fluorescence
yield, respectively, for the (111) reflection, (c) and (d) are the
same curves for the (111) reflection. Crosses and open circles
are the data points, solid curves are theoretical fits to the data.

Sample

A
B
C
D

Standing-wave results

P(111)

1.096+0.010
1.099+0.010
1.093+0.007
1.096+0.010

0.92+0.02
0.96+0.02
0.97+0.03
1.00+0.02

TABLE II. Results for the (111) reflection. Listed are the
coherent position P and coherent fraction F as measured for all
samples and the values for these parameters calculated for the
different models proposed in the literature [see Fig. 1(b)]. For
the models, also listed is the height (in A) of the Ag atoms above
the center of the bulk-extrapolated Si(111)bilayer.

+(0.866+0.006), mod 1

=0.962+0.009 .

These values are indeed almost equal, indicating that the
coherent position is reliable within an error of -0.01.
Alternatively, Eq. (17) provides a method for calculating
P( & ~ ~ )

from P( & & & ~
and P(22p~ . The value derived in this

manner is listed in Table III. Also listed are the average
values for P(„&) and F(~ & I) where the coherent fraction is
not really an average, but rather an estimate of the range
in which the intrinsic F is expected to fall. This range is
rather large, because only two samples have been mea-
sured. In general, the coherent fraction will be more sen-
sitive to sample preparation conditions than the coherent
position. We have seen this, for example, for As on
Si(111), where the coherent fraction varied from 0.75 to
0.98 while the coherent position remained the same
+0.01. We therefore feel that in the analysis that fol-
lows, we are justi6ed in weighting the position value P,
rather more heavily than the coherent fraction F. Figure
2 shows schematically the coherent position for the three
rejections used in the present experiment.

DISCUSSIQN

Average

Ref.

7
36
20

23
24
10

22

1.096+0.005

Ag honeycomb

0.74
0.65
0.81

2.33
2.03
2.44/2. 64

Ag triangle

3 ~ 3+0. 1

3.0+0.8
3.34+0.05

1.05+0.03
0.95+0.26
1.07+0.02

Silicon adatom vacancy

5.67 0.81

Structure models
0

Height (A) p(i»)

0.98+0.02

1

1

0.98

A large number of structure models has been proposed
for the (&3X &3)R 30' structure. Since the standing-
wave results are only sensitive to the Ag atoms, we can
ignore the reconstruction of the Si substrate, and focus on
the Ag atoms. Then only a few models remain; the two
most frequently discussed ones are shown in Fig. 1(b).
The Arst model has the Ag atoms arranged in a honey-
comb, and contains two Ag atoms per cell. The parame-
ters describing this Ag-honeycomb model are the registry
and the distance d above the center of the bilayer, ex-
pressed as a fraction of the (111)-lattice spacing. Figure
1(b) only shows one registry, but displacing the honey-
comb over ( —,', 0) or ( —', ,0) gives two more possibilities.
The second model has three Ag atoms arranged in a tri-
angle, which is characterized by the vertical distance d
and by the radial distance r of the Ag atoms from the ori-
gin, where r is expressed as a fraction of the lattice pa-
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TABLE III. Comparison between experimental and model values for the coherent position P and
coherent fraction I for the (111)reAection. r is the size of the Ag triangle, as shown in Fig. 1(b). d is
the height above the center of the last bilayer.

Standing-wave results
Sample

C
D

+(220) +(ill)

Average

P(la)

0.866+0.008
0.876+0.010
0.881+0.017

0.871+0.01

0.61+0.02
0.56+0.02

estimated range
0.6+0. 1

Refs.

37, 16, and 20

13
1

10, 23, and 24

+0.24
0.22~0.25

—0.22~ —0.25
0.43~0.46

—0.43~—0.46

Structure models
d

Ag honeycomb
0.1+n

Ag triangle
0.1

1.1
2. 1

1.1
0.1

p(ia)

0.86

0.70
0.84—+0.86
0.90~0.88
0.88~0.91
0.85~0.82

0.29
0.56~0.74
0.56—+0.74
0.69~0.48
0.69~0.48

22 0.24
Silicon adatom vacancy

0.1

Quasihoneycomb
2. 1

Si vacancy

0.70

0.77

0.07

0.47

10' twist 0.43
Twisted Ag angle

1.1 0.85 0.53

rameter a, &3. By allowing r to be both positive and neg-
ative, two orientations for this Ag-triangle model are ob-
tained, which differ by a rotation over 60'.

(111)reflection

The standing-wave data for the (ill) reflection are a
direct measure of the vertical distance d. Table II gives a
summary of the heights as proposed for various models in
the literature and compares them with the (111)
standing-wave results. In addition to the two models
mentioned above, Table II lists also the silicon adatom-
vacancy model, which has three Ag atoms arranged in a
trimer that is rotated 30 with respect to the Ag-triangle
model shown in Fig. 1(b). Table II does not show a com-
plete list of proposed models, because in many cases the
height was not measured. Most models have the Ag
atoms located in one plane, and therefore predict a
coherent fraction F(», ) of I. The honeycomb model as
proposed by Bullock et al. contains two nonequivalent
domains with a Ag height that differs by -0.2 A, which
leads to a coherent fraction that is slightly less than 1.
The measured coherent fraction is very close to 1, indi-
cating that the Ag atoms are indeed located in one plane.
The small deviation from 1 is most likely caused by the
thermal vibration amplitude of the Ag atoms. The value

F =0.98 corresponds to a mean-square vibration ampli-
tude of 0.1 A, which is the same as the value 0.094 A de-
rived from the bulk Debye temperature of Ag of 215 K.
X-ray-diffraction results indicated a strongly enhanced
thermal vibration amplitude of -0.2 A, corresponding
to a reduction of the coherent fraction by a factor -0.9.
The present standing-wave data indicate no such
enhancement of the thermal vibration amplitude.

The average P(», )
value of 1.096+0.005 corresponds

to a height of the Ag atoms above the last bilayer of
3.44+0.02 A, modulus a (111)-lattice spacing. The mod-
el values for P(», )

in Table II are simply the heights of
the Ag atoms above the center of the last bilayer, divided
by the (111)-lattice spacing. The experimental value of
P(&») is determined modulus an integer, and therefore
the numbers shown in the table are taken to lie in the in-
terval 0.5 & P($$&) ( 1.5. It is clear that the Ag-
honeycomb models and the silicon-adatom vacancy mod-
el do not agree with the data, and that only models with
Ag in the triangle arrangement are consistent with the
standing-wave results.

(111)reflection

An additional test for the models is the comparison
with the data obtained for the (111) reflection. These
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data are sensitive to both the height and the lateral posi-
tion of the Ag atoms, and are summarized in Table III.
The fact that the coherent fraction for this reAection is
definitely less than 1 directly shows that the Ag atoms are
not located at equivalent sites when viewed from the
[111]direction. Thus the Ag atoms cannot be located at
bulk-symmetric sites, but have to be laterally displaced.
In calculating the coherent position and fraction, we have
used for all models the height as determined by the data
for the (111)reliection. Adding 1 to the height d, means
adding —,

' to the value of P~&&&], as can be seen from Eqs.
(9) and (11). Therefore there are three different heights
we can use. The heights as shown in Table III are the
ones that give the closed agreement with the experimen-
tal coherent position. All three possibilities give the same
coherent fraction.

The Ag-honeycomb model has the Ag atom located at
bulk-symmetric sites, and therefore gives a coherent frac-
tion of 1 in the [111]direction, irrespective of the registry
of the Ag atoms. Though there is some uncertainty in
the experimental value, the measured coherent fraction is
definitely less than I and is therefore in disagreement with
a Ag-honeycomb model.

Porter et QI. ' proposed an arrangement like the Ag-
triangle model, but with two equally populated domains,
corresponding to parameters r of 0.24 and —0.24. This
model does not reproduce the data. Other choices for r
and d in the Ag-triangle model as given by several
groups" ' ' give a fair agreement with the data. The
silicon adatom-vacancy model is in disagreement with
the standing-wave data. Kono et al. proposed a
quasihoneycomb model, consisting of a Ag honeycomb
combined with an additional displaced Ag atom. This
model also does not agree with the standing-wave data.

Fan et al. claimed from their LEED results that the
Ag atoms in the (+3X +3)R 30' reconstruction "do not
form a lattice structure that has long-range order, " and
proposed a Si-vacancy model for the (&3X&3)R30'
structure. The present observation of a large coherent
signal in the (ill), (111), and (220) reflections directly
shows that the Ag atoms do have long-range order and
therefore invalidates the LEED results.

It has been suggested that the Ag triangle may be
twisted and occur in two domains, ' ' similar to the
model proposed for the (&3X V3)R 30' reconstruction of
Pd on Si(111). Though the RHEED analysis of Ichimi-
ya et al. ' pointed to a twist of a Si trimer and not of the
Ag triangle, Table III shows nevertheless the calculated
coherent position and fraction for one choice of r and a
rotation of 10 . It is clear that this also gives a fair fit to
the standing-wave results.

In effect we have found that, though we can rule out
several models, there is a number of models that fit the
(111)data reasonably well, implying that we cannot dis-
tinguish clearly between these models on the basis of our
standing-wave data alone. Therefore we have to make
use of the results by other techniques in order to find the
most likely arrangement. The Ag-triangle arrangement
with parameters according to Wehking et al. was ruled
out by x-ray diffraction and ion scattering. The
quasihoneycomb model and the twisted Ag-triangle ar-

rangement both give poor fits to the x-ray-diffraction re-
sults. In addition the height d of 2. 1 of the quasihoney-
comb model would lead to a registry of the honeycomb
that is inconsistent with the STM findings. '

Triangle model of Ag on Si(111)

The only remaining candidate is therefore the Ag-
triangle model with parameters given in Refs. 10, 23, and
24. This is the only arrangement proposed in the litera-
ture that describes the data for both the (111) and (111)
reAection. We can obtain a more detailed understanding
of the agreement between the Ag-triangle model and the
(111)data by calculating the coherent fraction and posi-
tion as a function of the radial distance r. From the
(111)-re(lection data we know that the parameter d can
only have the values 0.096, 1.096, and 2.096. In Fig. 4,
the coherent position P is plotted for these three d values
as the solid curves. The coherent fraction F is the same
for these three d values, and is plotted as a dashed curve
in Fig. 4. From Fig. 4, or from Eq. (16), it can be seen
that adding 1 to d and subtracting —,

' from r will lead to
the same values for F and P. The two horizontal solid
lines in Fig. 4 denote the range in which the experimental
coherent position was determined to fall. Unfortunately,
the experimental value is right at a value where there are
plateaus of the theoretical P as a function of r, thus giv-
ing a large range of allowed r values. The two measured
values for the coherent fraction are shown as the two
horizontal dashed lines in Fig. 4. It is clear that these ex-
perimental coherent fractions are smaller than the values
expected for the Ag-triangle model based on the position-
al information. This shows that not too much weight
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FIG. 4. Plot of the coherent fraction F(»-, )
(dashed curve)

and coherent position P(»-, )
(solid curves) as a function of the

radial distance r for the Ag-triangle model. The three curves
for P, I, &)

correspond to the three possible values for the height
d. The horizontal solid lines indicate the region in which the
experimental value for the coherent position was determined to
fall. The two horizontal dashed lines correspond to the two ex-
perimental values obtained for the coherent fraction. The three
vertical solid lines indicate the r values corresponding to the
measured average position. The vertical dotted lines indicate
the range of r values reported in the literature using x-ray
dift'raction (Refs. 23 and 24) and RHEED (Ref. 10).
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should be given to the coherent fraction for the [111]
direction.

The Ag-triangle model is in agreement with the experi-
mental coherent positions for values of r around —0.26,
0.08, and 0.41, as indicated by the vertical solid lines in
Fig. 4. The solution for r =0.08 can be ruled out, since
this corresponds to an interatomic Ag-Ag distance of 0.9
A, which is much smaller than the atomic diameter of
2.88 A or the ionic diameter of 2.52 A for Ag. As men-
tioned above, the solution for r =0.26 is in disagreement
with x-ray difFraction and ion scattering, and can
therefore also be discarded. Then only r =0.41 remains,
a value which corresponds to a closest Ag-Ag distance of
-3.5 A. X-ray diffraction ' and RHEED (Ref. 10)
determined for the radial parameter values in the range
0.43 ~

~r~
~ 0.46. These ranges are indicated by the verti-

cal dotted lines in Fig. 4. For the positive r values this
partly coincides with the range as allowed by the experi-
mental values for P~&&-, ~. For r negative, there is no over-

lap within our estimated error bars. Thus the solution we
find has d =1.096 and r =0.42. This solution also leads
to a registry of the honeycomb associated with the model,
that is in agreement with STM results. ' This registry
puts the Ag atoms roughly above a hollow site of the un-
derlying Si bilayer (as drawn in Fig. 1). The absolute
value of the height is in good agreement with the height
as determined from x-ray diffraction and RHEED. '

The registry of the Ag triangle corresponding to positive
r is in agreement with the one favored by one x-ray-
diffraction study. The registry favored in the other x-
ray-diffraction analysis corresponds to a negative value
of r; this was called model III in Ref. 24. However, mod-
el II from Ref. 24 also gave reasonable Q.ts to the x-ray-
diffraction data and has the registry as favored here. The
model with the Ag atoms in the triangle arrangement and
a registry corresponding to a positive r value is shown in
Fig. 5. This arrangement of the Ag atoms has been called
the honeycomb-chained trimer (HCT) model.

Si atom positions

The standing-wave technique cannot determine the po-
sitions of the Si atoms. Here we discuss Si atom positions
as determined by other techniques consistent with the
standing-wave results. X-ray diffraction found that in
addition to the Ag triangle there is a Si trimer, which
may be twisted as suggested by a RHEED study. ' Fig-
ure 5 shows also these Si trimers, without the twist, and
at a height as determined from x-ray diffraction and
RHEED. ' As shown in Fig. 5, these Si atoms are prob-
ably bonded to the top atoms of the underlying bilayer.
The large displacement from bulk positions of the Si
atoms in the trimer may be expected to give rise to a
small shift in position of the top bilayer atoms. This has
indeed been observed using x-ray diffraction. Various
techniques have claimed that a Si honeycomb forms the
topmost layer of the surface, ' ' but there is also a large
amount of data that indicate that this is not true, or at

0
least that the Ag is not more than -0.5 A below the sur-
face. ' ' ' We have therefore indicated this possible Si-
honeycomb structure by dashed circles in Fig. 5. If the Si
honeycomb were indeed absent, and the Ag arrangement

top view

side view Ag

FIG. 5. Schematic showing the position of the Ag atoms
(black circles) with respect to the Si(111)substrate in both a top
and side view. The hatched atoms are reconstructed Si atoms
forming a trimer as suggested by other techniques; see text. The
dashed circles indicate the positions of a possible Si layer that
would form a honeycomb structure on top of the surface.

as shown in Fig. 5 is correct, we have to conclude that
the honeycomb as seen by STM (Refs. 16 and 17) does
not consist of single atoms, but instead is formed by the
three-atom Ag clusters in the model that center around
the dashed atom. This is a point that requires more
study.
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CONCLUSiONS

By measuring the Ag-fluorescence yield while rocking
through (111),(111),and (220) rejections, the position of
the Ag atoms in the (&3X&3)R30' reconstruction on
Si(111) has been determined using the x-ray standing-
wave technique. The Ag atoms are located in one plane,
at a height of 3.44+0.02 A above the center of the last Si
bilayer. There are three Ag atoms per unit cell that form
a triangle. The size of the triangle as derived from the
(111)-position information is consistent with the sizes
determined from x-ray diffraction ' and RHEED. '

The registry of the Ag triangle is such that the Ag atoms
are roughly located above a hollow site of the underlying
Si bilayer.

The model that emerges for the (&3X &3)R 30' recon-
struction is supported by the present standing-wave re-
sults, x-ray diffraction, ' ion scattering, ' RHEED
(Ref. 12) and has a registry that is in agreement with an
STM determination. ' The main technique that disagrees
with the current model is XPD. '
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