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Atomic Structure of Si(111)-(5 x 2)-Au from High Resolution Electron Microscopy and
Heavy-Atom Holography
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The main elements of the atomic structure of the Si(111)-(5 X 2)-Au surface have been found

by combining off-zone high resolution electron microscopy with y electron diffraction minimization
and direct phasing of the diffraction data using heavy-atom holography. The structure is different
from recent models based upon interpreting scanning tunneling microscope and x-ray data in terms
of disordered arrangements of gold atoms, and much simpler. It contains two lines of gold atoms
decorating a surface dislocation plus an expanded surface arrangement of silicon atoms. This model
appears to explain all the available experimental data and is consistent with an expansive surface stress
for Si(111).

PACS numbers: 61.14.Rq, 61.10.My, 61.16.Bg, 68.35.Bs

One of the most fundamental questions in surface sci-
ence and growth studies is the atomic structure of mono-
layers or submonolayers on a substrate. Despite several
decades of study, many of these structures are still un-
clear. One example is the gold on silicon (111)surface in
the coverage regime of 0.4—0.5 monolayer (ML), where a
large amount of apparently convicting information is avail-
able. From early LEED studies [1,2] the basic unit cell is
5 X 2, with phase slippage leading to weak streaks [2].
Early models [2—5] considered two lines of gold atoms
and were supported by ion scattering spectroscopy (ISS)
and reflection high-energy electron diffraction studies [5—
7]. Scanning tunneling microscopy (STM) studies [8—10],
however, appeared to contradict this, showing a more com-
plicated structure with a feature shaped like a "Y" and an
irregular decoration of protrusions. Other authors [9,11]
have noted that there are too many STM features for all of
them to be gold atoms, the coverage of which cannot be
more than 0.5 ML [12]. [Reliection electron microscopy
and STM studies indicate that the silicon content is signifi-
cantly lower than in the Si(111)-(7 X 7) structure [13,14].]
An x-ray diffraction study failed to give clean locations
for the gold atoms and was fitted by a disordered structure
with partial occupancies [15]. However, STM images, an
x-ray standing wave analysis [16], and transmission elec-
tron diffraction patterns [17] do not show high disorder
(aside from the phase slippage). The gold height from
an x-ray standing wave study [16] and one ISS study [5]
is within the first silicon double layer, while another ISS
study [6] found the gold 0.7 A above the outermost Si layer.

In this Letter we report the main details of this sur-
face using a combination of high resolution electron
microscopy (HREM), quantitative transmission electron
diffraction (TED), and a direct phasing holographic in-
version of the diffraction patterns. We show that all the
available evidence fits a relatively simple model with gold
atoms decorating a surface dislocation accommodating the
intrinsic stress of the Si(111)surface.

Silicon (111) samples were prepared by a combination
of ex situ thinning and in situ sputter-anneal cycles similar
to previous work [18,19] within the side chamber of a
UHV H9000 electron microscope [20]. Approximately
half a ML of gold was deposited onto the surface and
lightly electron beam annealed at about 550 'C (~50 'C).
(Reannealing or cleaning the surface followed by repeated
gold deposition and annealing to reproduce the structure
were performed many times over a period of about one
month. )

These samples were examined using the UHV H9000
by off-zone HREM [21] at 250 kV with the gold on
the top surface and by quantitative TED [22] at 250 and
300 kV with the gold on the bottom surface. For the
HREM images four different regions of a focal series of
nine members were analyzed after digitization with an
Optronics P1000 microdensitometer, all 36 images being
1024 X 1024 pixels in size. Noise reduction was per-
formed using a modified parametric Wiener filter [23].
For the diffraction analysis two different orientations were
used, one containing three domains while the other con-
tained )90% of a single domain. (Data reduction and the
calculation methodology was the same as in our previous
work [18,19].) The first three data sets with 275, 268, and
310 beams each came from a region 18.8 nm thick tilted
45 mrad from the (111)zone. Only beams between 0.3 and
2.5 A. ' and those of the 5 X 1 sublattice were included,
omitting the streak intensities (see Fig. 1). For the second
region (with a tilt of 71 mrad and a thickness of 37.6 nm)
648 beams were collected. This data set was used in the
final structure fitting but not in the holographic analysis
since its errors were larger. We assumed a y-axis mirror
in the half cell 0 ~ y ~ 0.5 with a translational symmetry
of (0.25,0.5); lifting the mirror symmetry had only a small
effect on the final results.

Figure 1 shows a typical TED pattern, using a rect-
angular 10 X 2 unit cell, there are streaks for (h, lc),
k = 2n + 1 and sharp diffraction spots for k = 2n.
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One approach might be to use Fourier difference maps,
but in practice we did not find these useful. A more pow-
erful technique is based upon the heavy-atom method in
x-ray diffraction [24]. Given an estimate for the wave
'Ir(u) generated by a ~ minimization with a given number
of atoms, consider an additional wave w(u) which mini-
mizes:

R' = &[1(u) —

nlrb(u)

+ w(u)l'j2),

FIG. 1. TED pattern from a region with predominantly a
single domain of the Si(111)-(5 X 2)-Au structure. This
pattern was indexed in terms of a centered 10 X 2 unit cell;
thus the arrowed strong surface beam is (h, k) = (—13,2).

Figure 2 shows a typical near Schertzer defocus image
where atoms appear black. Two lines of strong scatter-
ing features can be seen running along the [01] direction,
which can be unconditionally identified as the gold atoms
due to their strong scattering. There are also a number of
not-well-resolved weaker features due to silicon atoms.

Although the HREM images clearly identify two lines
of gold atoms, the structure has to be more complicated
than this, as the weaker features in Fig. 2 show. In
addition, the diffraction pattern is very inhomogeneous;
for instance the (13,2) type is the strongest spot while
(11,2) is quite weak.

where in the simplest case I(u) is the experimental diffrac-
tion intensities of a single domain and n the scaling
constant determined by the y minimization. For the spe-
cial case R = 0 Eq. (1) reduces to the general form of on-
axis holography where both sidebands are invertible. This
method, which we will refer to as "heavy-atom hologra-
phy,

" exploits the interference between the known 'Ir(u)
and an unknown w(u) in the diffraction plane to determine
the phase. (It should be noted that for electron diffraction
in general 9'(u) has no special symmetry. ) The Fourier
transform of w(u) is then an approximation of the resid-
ual wave, and by inspection candidate atomic locations can
be determined. An example is shown in Figs. 3(a)—3(d).
Additional sites are incorporated in a dynamical g TED
minimization and the procedure repeated.

Although this formulation approaches a full solution, a
more powerful method including measurement errors is
required for the final steps. Extending Eq. (1) to many
domains and including the dynamical diffraction effects
before the bottom surface, one can write a more accurate

form:

Iu —o u +wu*Tu o u

(2)

FIG. 2. Near Schertzer defocus, noise filtered, off-zone
HREM image of the Si(111)-(5 X 2)-Au surface. Clearly
visible are two (arrowed) rows of dark features which corre-
spond to gold atoms.

where T(u) is the Fourier transform of the wave near the
bottom of the sample just prior to the reconstructed layers
(different for each domain) and rr(u) the measurement
errors. We determine w(u) as above by minimizing ~ .
This form is better but does not include variations of the
scaling constants n with w(u). To handle these we find
the smallest possible w(u) (minimum-norm solution) that
gives a gz near one by minimizing (w(u) ) exp( —Ag )
with A an adjustable constant typically in the range 0.1—
0.5, and then we update the estimates of the scaling terms
n periodically. An example is shown in Figs. 3(e) and
3(f) for determining the location of a Si adatom.

The final result is shown in Fig. 4, the x-y plane atom
positions are listed in Table I, and the strongest intensities
are listed in Table II. The g using all the experimental
data was 3.6; using just the three holographic analysis
domains it was 2.6. This g is for a structure with no
subsurface relaxations. Including these is possible and
for most surface structures necessary; however, here the
experimental beam intensity errors in combination with
the size and complexity of the surface unit cell make the
usefulness of such a calculation doubtful.
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FIG. 3. Various stages of the Si(111)-(5 X 2)-Au structure
solution for the silicon sites by heavy-atom holographic
phasing. Starting in (a) with white gold atomic potential sites
[0'(u) in Eq. (1)] combined with the bulk wave exiting the
sample, 'If(u) + w(u) in (b) shows several possible silicon
sites. Including the arrowed silicon site into the input wave
in (c) the resulting wave (d) clearly shows two silicon sites
while other potential sites in (b) are attenuated. In the later
stages the use of Eq. (2) for the input wave (e) changes the
shape of some sites but allows an adatom site to appear in the
output, arrowed in (f).

Besides the subsurface relaxation, two additional ambi-
guities still exist. First, since we are only strongly sen-
sitive to the atomic locations in the surface plane, the g

(height) locations are inferred. Second, since the data is
restricted to refiections from the 5 X 1 subcell (i.e., omit-
ting the streak intensities), all the positions can be shifted
by (0.5,0) without significantly changing the y~ value.
The configuration that we have chosen best matches the
HREM images.

The final structure appears to match all the available
experimental evidence rather well. At the level of visual
comparison, our Patterson function map is identical to
that determined by x-ray diffraction. The gold atoms
sit within the outermost silicon double layer slightly
displaced from bulk lattice sites in agreement with the
x-ray standing wave data and ISS. Silicon atoms appear
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between the two gold rows with gold-silicon spacings
similar to the missing top layer structures proposed for the
Si(111)-(J3 X ~3)R30'-Au surface [19]. If the silicon

TABLE I. Si(111)-(5 X 2)-Au atomic positions, Atoms refers
to the total number of atoms of that site type in the c(10 X 2)
unit cell, z direction layer positions are inferred (see text).
Plane group p ill with a (0.5,~0.25) translational element for
a c(10 X 2) surface unit cell: a = 33.252 A, b = 7.679 A.

Type Site Atoms x [~0.003] y [~0.013] z [inf. ]

Si
Si
Si
Si
Si
Au
Au
Si
Si
Si
Si
Si
Si

2c
2c
1a
1b
2c
2c
2c
2c
2c
1a
lb
1'
1b

2*
4
2
2
4

4
4
4
2
2
2
2

0.188
0.375
0.263
0.272
0.144
0.063
0.445
0.985
0.213
0.113
0.100
0.343
0.343

0.002
0.256
0.000
0.500
0.258
0.216
0.203
0.273
0.272
0.000
0.500
0.000
0.500

Layer 1

Layer 2
Layer 2
Layer 2
Layer 2
Layer 3
Layer 3
Layer 3
Layer 4
Layer 4
Layer 4
Layer 4
Layer 4

*Si adatom site with half occupancy.

FIG. 4. (a) Top view of the Si(111)-(5 X 2)-Au atomic
structure with the 5 X 2 primitive and the c10 X 2 unit cells
shown. The 5 X 1 subcell used in Table I is shown with
dashes. Also shown is a "Y" like feature, an alternate set of Si
adatoms sites (marked by "X"s), and the most probable type of
site for the STM protrusions (marked "P").(b) Side view of the
structure. The gold atomic heights are taken from Ref. [16] and
the silicon adatom heights are arbitrary. (No relaxations of the
second silicon double layer were included in the calculation. )
The surface silicon-silicon spacings expand and the surface
dislocation accommodating the resultant stresses is decorated
by the gold atoms.
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TABLE II. Experimental and calculated diffraction beam intensities, experimental errors, and
other error parameters for the strongest beams of Si(l l l)-(5 X 2)-Au.

Indices Experim.
Intensity

Calculat.
Intensity

Absol. Relat.
o (%)

6 Intens.

0
—13
—11
—3

3
11
13

—18
—16
—14

14
16
18

—13
—11
—3

3
11
13

0
—2
—2
—2
—2
—2
—2

0
0
0
0
0
0
2
2
2
2
2
2

1.00 x
1.48 X
1.70 X
4.50 x
4.50 X
1.54 x
1.39 x
2.39 x
2.17 X
2.98 x
3.08 x
2.25 x
3.05 x
1.38 x
2.03 x
4.42 x
4.29 x
1.52 x
1.58 x

10'
10-4
10-'
10
10-'
10-'
10-4
10-'
10-'
10-'
10
10-'
10-'
10-4
10
10-'
10-'
10-'
10-4

1.00 x
1.37 x
1.64 x
4.93 x
4.57 x
1.77 X
1.34 x
2.36 x
2.53 x
2.51 x
2.09 x
2.07 x
2.72 x
1.38 x
1.63 x
4.57 x
4.23 x
1.83 x
1.33 x

10'
10-4
10-'
10-'
10-'
10-'
10-4
10-'
10-'
10-'
10-'
10-'
10
10-4
10-'
10-'
10-'
10-'
10-4

4.21 x
1.43 x
2.36 x
2.13 x
1.40 x
3.22 x
2.02 x
2.51 x
1.62 x
1.75 x
1.51 x
2.48 x
3.37 X
2,56 x
2.11 x
2.04 x
1.40 x
5.37 x

10 6

10 6

10
10
10 6

10-'
10
10 6

10-'
10
10
10
10
10
10 6

10
10 6

10 6

2.84
8.38
5.24
4.74
9.06
2.32
8.47

11.60
5.42
5.70
6.72
8.13
2.45

12.62
4.77
4.76
9.19
3.41

2.66
0.45

—1.80
—0.30
—1.60

1.49
0.16

—1.46
2.92
5.65
1.21
1.32
0.00
1.56

—0.68
0.27

—2.23
4.62

adatom is interpreted as the bottom feature of the STM
Y then the Y in Fig. 4(a) would be the only set of sites
which could correspond to the STM features. From this
we infer which set of silicon sites is the higher sites of
the expanded silicon double layer. The reconstruction
driving force appears to be expansion of the silicon
surface spacings similar to Si(111)-(7 X 7), with the gold
atoms segregating to the core of a surface dislocation that
accommodates the strains [see Fig. 4(b)].

We should briefly comment about the "protrusions"
seen approximately every other cell in some STM images
[8—10] but not in another [25]. We tested the hypothesis
of adding silicon adatoms with a partial occupancy of 0.4,
the optimum location is the site marked "P" in Fig. 4(a),
but the reduction in y was small. More significantly
there is no evidence in our diffraction patterns for partially
ordered defects. Defect ordering has been detected by
Takahashi, Tanishiro, and Takayanagi [17], but only in

samples heated at higher temperatures; the STM images
which show protrusions [8—10] were prepared at higher
temperatures than we used; no STM protrusions were
observed in samples prepared at 500 'C [25].
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