
VOLUME 45, NUMBER 25 PHYSICAL REVIEW LETTERS 22 DECEMBER 1980

373 (1979).
6G. Brusdeylins, R. B. Doak, and J. P. Toennies,

Phys. Rev. Lett. 44, 1417 (1980).
~A more extensive account of the present work will

be given by B. Feuerbacher, in "Vibrations at Surfaces, "
edited by R. Caudano, J. M. Qilles, and A. A. Lucas
(to be published).

Earlier literature has frequently used the term "in-
elastic" here, which can create confusion in the pres-
ent context.

R. M. Logan, Mol. Phys. 17, 147 (1969).
~OG. Wolken, J. Chem. Phys. 59, 1159 (1973).
~~F. O. Goodman and S. Liu, Surf. Sci. 49, 417 (1975).
~ G. Boato, P. Cantini, and L. Mattera, Jpn. J. Appl.

Phys. , Suppl. 2, 553 (1974), and J. Chem. Phys. 65,

544 (1976).
3R. G. Rowe and G. Ehrlich, J, Chem. phys. 63,

4648 (1975).
Q. %olken, J. Chem. Phys. 62, 2730 (1975).

~'U. Garibaldi, A. C. Levi, R. Spadacini, and G. E.
Tommei, Surf. Sci. 55, 40 (1976).
' W. Allison, M. R. Adriaens, and B. Feuerbacher,

to be published.
17Q. Benedek, Phys. Rev. Lett. 35, 234 (1975).

G. Benedek and N. Garcia, to be published.
~B. Feuerbacher, M. R. Adriaens, and H, Thuis,

Surf. Sci. 94, L171 (1980).
Q. Brusdeylins, R. B. Doak, and J. P. Toennies,

in Proceedings of the Fourth International Conference
on Solid Surfaces, Cannes, 1980 (to be published).

Atomic Displacements in the Si(111)-(7&7)Surface

R. J. Culbertson, L. C. Feldman, and P. J. Silverman
Bel/ Laboratories, Murray Hz7/, New Jersey 07974

(Received 22 September 1980)

The parallel and perpendicular displacements of atoms in the first few layers of Si(111)-
(7x 7) have been determined with use of ion scattering. lt was directly observed that the
major reconstruction of this surface involves - 0.4 A. displacements perpendicular to the
surface.

PACS numbers: 68.20.+t, 61.80.Mk

The determination of the atomic positions of
atoms in reconstructed semiconductor surfaces
is a continuing challenge to the surface scientist.
The primary structural tool, low-energy electron
diffraction (LEED), can be used in a straight-
forward manner to determine the periodicity of
the surface arrangement, but has been less suc-
cessful in unambiguously establishing the actual
atomic positions. In this Letter we report on an
ion-scattering study of the Si(111)-(7&&7)sur-
face. The experimental results provide the first
straightforward and definitive evidence that the
major reconstruction in this surface involves ver-
tical displacements of - 0.4 A. We have also
found that the lateral strain is small, much less,
for example, than that observed in the Si(001)-
(»& 1) case. ' In this paper we discuss the acquisi-
tion and analysis of these results and their impli-
cations for the various models of the Si(111)-
(7&&7) surface.

The ion-scattering technique for surface-struc-
ture determination makes use of the shadowing
effect2 which occurs for an ion beam incident
along a major crystal axis direction. The first
atom in an ideal string of atoms parallel to the

incident beam forms a shadow cone which re-
duces the probability of close encounters between
the incident ions and atoms further along in the
string. In a reconstructed surface the Grst atom
may not be aligned with the atomic row and the
shadowing is reduced. The energy spectrum of
the backscattered ions contains a high-energy
surface peak (SP) due to interactions of the beam
with the exposed surface atoms. The SP is a
quantitative measure of the shadowing effect.

The apparatus for this study has been described
elsewhere. ' BrieQy, it consists of a UHV sys-
tem coupled to a Van de Graaff accelerator which
produces He -ion beams collimated to -1 mm2

over the range of 0.1-4.0 MeV. The system con-
tains visual-display LEED apparatus, Auger ap-
paratus, sample-cleaning equipment, and a sam-
ple manipulator for channeling orientation. Also
held on the manipulator is a scattering standard
consisting of a heavy element implanted at low
energy into Si. Scattering from this standard,
calibrated against a known implanted standard, '
can be compared to the scattering from the sam-
ple to obtain an absolute determination of the
areal atomic density in the SP.
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The Si surface was cleaned by Ar sputtering
and annealing. The sample was considered suita-
ble when (1) there was no indication of an oxygen
Auger signal to within the noise bmitations of the
Auger apparatus; (2) the carbon I'LL signal was
&1/1000 of the Si LVV line; and (3) the LEED pat-
tern was a well-developed 7 &&7 structure. Ruther-
ford backscattering analysis indicated a trace of
heavy-metal contaminants in the surface region
of total concentration & 2&&10" atoms/cm'. These
impurities were not detectable by Auger analysis.

We report measurements of the (111)SP inten-
sity as a function of energy (0.15 to 1.0 MeV) and
the (001) SP intensity as a function of energy and
tilt angle about the channeling direction. An ac-
curate determination of the SP intensity is ob-
tained by using a grazing exit-angle technique for
the scattering geometry and detector placement;
this provides optimum depth resolution and mini-
mum background subtraction. The SP intensity
was extracted from backscattering energy distri-
butions of the type shown in Fig. 1 and is accu-
rately converted to atoms/cm', or monolayers,
through the use of the calibrated standard. The
statistical error associated with the determina-
tion of the SP is less than + Yo and relative values
at different energies and temperatures are cor-
respondingly accurate. The absolute determina-
tion of the SP may involve systematic errors as-
sociated with the standard ( 2%) and the assump-
tion of Rutherford scattering for Si (& 2%). We
have ascribed a total error of + 5% to the SP.

The (111) SP intensity as a function of incident

ion energy at room temperature is shown in Fig.
2(a). The SP is measured in terms of atoms/row.
One atom/row corresponds to three monolayers,
since in the (111)direction of a Si(111) surface
the atom strings begin at three different layers.
The increase of the SP as a function of energy is
expected, based on the general ideas of the shad-
owing concept. The full curve is obtained from
computer simulations using a bulklike surface
structure. 2 They include bulk vibration ampli-
tudes (bulk Debye temperature of 543 K) and two-
atom correlations. 4 In general, there is rather
good agreement between the measured and calcu-
lated values, particularly at low energies. The
small deviations that appear at high energy can
be due to either laterally displaced surface atoms
or enhanced vibration amplitudes, or both. Com-
puter simulations using reconstructed surfaces
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FIG. l. Backscattered spectrum for 1-MeV He+ in-
cident to a Si(111)-(7&&7) surface.

FIG. 2. Surface peak intensity as a function of in-
cident ion energy for (a} the (111)direction at 300 K
and (b) the (001) direction at 300'K. The full and
broken curves are calculated values at 300 K for a
bulklike surface and a bulklike surface with enhanced
vibration amplitudes, respectively. In the (111) and
(001) directions one atom per row is equivalent to
three and two monolayers, respectively.
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allow us to set an upper limit of 0.15 A trans-
verse displacements in one to two layers.

Experiments performed in the (111) direction
are only sensitive to atom displacements paraLLeL

to the surface. By orienting the beam along a
nonnormal axial channeling direction, such as the
(001), atom displacements perpendicuLar to the
surface are detected. The measured SP intensity
for the (001) direction is compared to the simula-
tion results in Fig. 2(b). The large discrepancy
between experiment and simulations for a bulk-
like surface (full curve) is in marked contrast to
the (111)data [Fig. 2(a)]. Since the (001) direc-
tion in Si(111) consists of two monolayers —i.e.,
1 atom/row corresponds to two monolayers-
these data indicate that at least two monolayers
have large displacements perpendicular to the
surface.

By measuring the SP as a function of small var-
iations of the incident angle further geometrical
information about the displacements can be ob-
tained. ' Such an angular scan was made about the
(001) direction in the (110jplane using 500-keV
He'. The results are shown in Fig. 3(a) along
with computer simulations for all the atoms in
each of the first two monolayers contracted from
0 to 0.61 A perpendicular to the surface. The cal-
culated curves for perpendicular displacements
of 0.12 to 0.37 A are very asymmetric, as expect-
ed for displacements of the order of the shadow-
cone radius. Much larger displacements yield
symmetric results; the displaced atom simply
adds 1 atom/row but has no effect on the shape
of the curve. If half the (100) strings have the
first atom displaced upward and the other half
have the first atom displaced downward by the
same amount the angular scan would always ap-
pear symmetric [Fig. 3(b)]. The results for dis-
placements of 0.24 A or less still fall well below
the data, but the fit for the 0.49-A displacement
is fairly good. Although from the results in Fig.
3 it is not clear if the atoms are moved inward,
outward, or a combination of both, the presence
of large perpendicular displacements in two lay-
ers is firmly established.

A parameter of some uncertainty in the calcu-
lation is the surface vibration amplitudes. Sur-
face-vibration-enhancement factors can be ex-
tracted from LEED experiments; the largest val-
ue in the recent literature yields an enhancement
in the mean-square amplitude of a factor of 3.8,
corresponding to a surface Debye temperature of
330 K.' As an extreme case we have calculated
the (100) surface peak using an isotropic enhance-

I I I I I I

(a)

K
V)

o

A,4

0.5

LIJ
(3
LL
CL

(A
0.2

0.12

pl
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

ANGLE (DEGREES)
5 I I I I I I I

0.49

K
V)

oI-

0.3

0.24

LU
C3

U
K p
M

I I

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
ANGLE (DEGREES)

FIG. 3. Surface peak intensity as a function of tilt
angle in the (110) plane for 500-kev He' incident in
the (001) direction at 300'K. The center of the ex-
perimental data was determined from bulk measure-
ments obtained simultaneously. The calculated curves
are from computer simulations with the first atoms
of a string displaced perpendicular to the surface by
the amounts indicated. The calculated curves in (a)
are for the case of the first atom in the first bvo mono-
layers contracted while the curves in (b) result from
the atoms in one monolayer contracted and the first
atom in the second string relaxed.
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ment (in the mean-square amplitude) of a factor
of 4 in the first taco monolayers of the surface
(Fig. 2). Enhanced surface vibrations can have
some effect on the quantitative interpretation of
the data but clearly will not alter the main con-
clusion of this study, namely that the major re-
construction of the Si(ill)-(7& 7) surface involves
substantial vertical displacements in two mono-
layers.

The interpretation of our experiments does not
require a presumed model; general features of
the surface structure are determined. While
these results alone cannot explain the surface
periodicity, any realistic model of the 7 && 7 struc-
ture' must incorporate the geometric features
found here. The (001) data indicate that two lay-
ers have large displacements (-0.4 A) normal to
the surface. It is clear that this rules out any
model with atoms in bulklike positions, such as
a ~re vacancy model. ' Partial agreement is ob-
tained with models having only perpendicular dis-
placements, such as the rippled-surface model of
Mark, Levine, and McFarlane, ' which has a re-
laxation in the first two layers modulated by a
small-amplitude ripple. The buckled-surface
model of Chadi" contains both small parallel dis-
placements and large perpendicular displace-
ments in several layers. This type of model gives
the best agreement with the present ion-scatter-
ing results. The epitaxial misfit strain model of
Phillips" also involves lateral and normal dis-
placements.

In conclusion, we have measured the SP inten-
sity in the (111) and (001) directions for the

Si(ill)-(7&& 7) surface. The energy dependence
of the (ill) SP intensity is close to that expected
for a bulklike structure and implies that trans-
verse displacements are confined to one to two
monolayers with a magnitude of (0.15 A. The
angular dependence of the (001) SP intensity at
500 keV indicates that two monolayers have dis-
placements of -0.4 A perpendicular to the sur-
face. This provides the first definitive evidence
that the major reconstruction in Si(111)-(7 x 7)
involves large perpendicular displacements.

'L. C. Feldman, P. J. Silverman, and I. Stensgaard,
Nucl. Instrum. Methods 168, 689 (1980).

I. Stensgaard, L. C. Feldman, and P. J. Silverman,
Surf. Sci. 77, 513 (1978).

'J. L'Ecuyer, J. A. Davis, and N. Matsunami, Nucl.
Instrum. Methods 160, 337 (1979).

0. H. Nielsen, Institute of Physics, University of
Aarhus, Denmark, Internal Report, 1979 (unpublished).

'E. Bogh and I. Stensgaard, Phys. Lett. 65A, 357
(1978) .

W. Monch, Surf. Sci. 86, 672 (1979).
7For recent reviews, see Ref. 6, and D. E. Eastman,

J. Vac. Sci. Technol. 17, 492 (1980).
J. J. Lander and J. Morrison, J. Appl. Phys. 34,

1403 (1963).
~P. Mark, J. D. Levine, and S. H. McFarlane, Phys.

Rev. Lett. 38, 1408 (1977).
' D. J. Chadi, R. S. Bauer, R. H. Williams, G. V.

IIansson, R. Z. Bachrach, J. C. Mikkelsen, Jr. ,
F. Houzay, G. M. Guichar, R. Pinchauz, and Y. Pet-
roff, Phys. Rev. Lett. 44, 799 (1980).

'J. C. Phillips, Phys. Rev. Lett. 45, 905 (1980).

Diffuse-X-Ray- Scattering Study of the Fast-Ion Conductor P-Ag2S
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Disks of diffuse scattering are observed at q = (-0.6, 0, 0) around the bcc Brsgg reflec-
tions implying correlations of the Ag ions in the l. 1001 directions. The average correla-
tion length and the inverse Haven's ratio both decrease with increasing temperature.
The x-ray measurements provide structural evidence for strongly correlated ionic trans-
port in P -Ag2S.

PACS numbers: 66.30.Hs, 61.10.-i, 61.55.Hg

The mechanism for the high ionic conductivity
in silver-based salts such as n-AgI is currently
under active study. ' The silver ions are highly
disordered and can be treated as a "liquid" con-
fined to the channels of the body-centered cubic
lattice formed by the iodine ions. In P-Ag, S,

twice as many Ag ions are distributed in the chan-
nels of the bcc lattice of sulfur anions, and a cat-
erpillar mechanism' for cooperative ionic charge
transport has been proposed to explain the anom-
alously small ratio (Ha, ven's ratio) of the diffu-
sion coefficients derived from tracer and ionic
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