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We report the diffraction of He atoms at the Si(ill) 7&7 reconstructed surface. The atom
diffraction patterns consist of numerous sharp peaks filling out the seventh-order net ob-
served by low-energy electron diffraction (LEED). In contrast to low-energy electron diffrac-
tion, the diffraction intensities in this seventh-order net are determined by only the outer-
most exposed layer of silicon atoms. These results should be sufficient to allow a semiclas-
sical scattering calculation to test critically the various structural models which have been
proposed for this reconstruction.

We report the diffraction of a thermal-energy
He beam from the (7&&7) reconstructed face Gf

the Si(111)crystal. The atomic diffraction shows
a sharp and complete seventh-order array of
peaks whose intensities vary with incident angle
and wavelength. The diffraction peaks extend to
large values of parallel momentum transfer, &kii
= (2w/X)(sino„— sin0;), with as many as 22 peaks
of rapidly varying intensity occurring in one an-
gular scan in the plane of the incident beam and

surface normal. Since the He atoms are corn-
pletely nonpenetrating, these seventh-order dif-
fraction intensities result from the periodic
structure of the outermost exposed atomic layer.

The reconstruction of the Si(111) surface to
form a 7 &7 unit mesh has been known for nine-
teen years' and has been the subject of numer-
ous structural investigations since. ' To data no
convincing evidence to support any of the struc-
tural models proposed has emerged. In part this
is due to the large size and complexity of the unit
mesh. In addition, low-energy electron diffrac-
tion (LEED), which is the most common probe of
surface structures, samples to a depth exceed-
ing 10 A, thereby making a structural determina-
tion of the outermost layer of a reconstructed
surface most difficult. On the other hand, it is
becoming apparent that another diffraction proc-
ess, namely diffraction of light atoms from crys-
tal surfaces, may often be more appropriate for
the determination of the surface geometries. Al-
though the experiment is not as easily performed
as LEED, atomic diffraction patterns are ex-
tremely sensitive to the shape of the unit mesh
potential and, at the energies employed (10-200
meV), the scattering process is completely re-
stricted to the outermost exposed layer of atoms.
For Si(111)this is probably the top double layer.
The absence of attenuated multiple scattering
from the bulk or selvedge allows fairly rigorous
calculation of the- atomic diffraction patterns for
a given structural model. We think that the dif-

fraction spectra reported here are sufficient to
test critically each of the geometric models so
far proposed for the reconstruction of the outer-
most exposed layer of the (111)7 x7 surface of
silicon.

The apparatus employed has been described
elsewhere. ' It consists basically of a nozzle
molecular beam source which produces a He jet
of narrow velocity distribution, a beam modula-
tion chamber in which the beam is collimated to
0.06', and an ultrahigh-vacuum scattering cham-
ber (P =1~ 5&&10 "Torr). The latter contains a
differentially pumped quadrupole mass spectrom-
eter which rotates in the plane of the beam and
surface normal, an Auger electron spectrometer
(AES), and separate LEED optics The .experi-
ments were run in a manner similar to our pre-
vious diffraction study of the Si(100) surface. '
The only significant change was an improvement
in resolution. The mass-spectrometer accep-
tance angle was reduced from 1.4' to 0.56', and
most diffraction data were obtained for a He-
beam expansion from a cooled nozzle source (T„
=95 K), with a wavelength of 1.0 A and a normal-
ized full width at half maximum (FWHM) of 4.2%.
Some data are reported for room-temperature
nozzle expansions which give a wavelength of
0.57 A and a FWHM of 10-12'~

The crystal was cut and polished outside the
vacuum chamber and cleaned in situ by ion bom-
bardment. It was then annealed at 1150 C for 2
min and slowly cooled to room temperature (- 3'/
sec). This procedure produces a sharp 7 &&7

LEED pattern, an AES spectrum with carbon as
the sole residual impurity [peak-to-peak ratio of
C(272 eV) to Si(92 eV) of 0.001], and sharp atom
diffraction peaks. We note that with Ar' bombard-
ment followed by a 10-min anneal at 800 C we
were able to reduce the C/Si AES ratio to only
0.007. However, a check of the atomic diffrac-
tion spectrum at 0; =75', X =0.57 A showed no
significant differences for the two types of sur-
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face preparation.
In Fig. 1 we show diffraction scans in the [0&1*

direction for an incident angle 8; =70' at X =0.57
A (Z=63 meV) and X =1.0 A (K=20 meV). The ar-
rows show the expected peak positions for the 7
&&7 reconstruction. The agreement is excellent
except for the peaks at grazing emergence in
each case. This shift is qualitatively accounted
for by the spread of the 1-mm incident beam
across the crystal at L9; =70' and the extended
area of the crystal viewed by the mass spectrom-
eter at 0„=80'. The diQraction peaks are of in-
tensity similar to that observed for the Si(100)
surface4 whereas the "background" is reduced
as expected for the higher angular resolution of
the detector. The widths of the peaks are ac-
counted for by the wavelength distribution in the
beam and the angular resolution of the detector.
The total in-plane diffracted intensities amount
to somewhat less than 'Po of the incident beam I..
The total number of diffraction beams allowed in
and out of the detector plane, however, is very
large (-10') and there is some indication that the
out-of-plane intensities in the vicinity of the in-
tense in-plane peaks are considerable (see below
and Fig. 2). Thus the total diffracted intensity

may be a considerable fraction of I, consistent
with the value of 10-2(Po suggested by the Debye-
Waller factor. ' With the azimuth rotated 60' we
obtain a diffraction pattern qualitatively equiva-
lent to that of Fig. 1.

In Fig. 2 we plot the diffraction pattern for a
scan in the [12]*direction (y = 30') for 8; = 60,
X = 1.0 and 0.5V A. In Fig. 2(a) the detector ac-
ceptance angle, b 8„(for a point source on the
crystal), is 0.56', and the FWHM wavelength
spread about X =1.0 A is 4.&o. In Fig. 2(b) we
plot the intensities obtained for X =0.5V A (&A./A

=12%%), 48„=1.4'. The reciprocal net spacings
for the 7 &7 reconstruction are sufficiently small
with respect to the incident-momentum wave vec-
tor ( I k; - 11 A ', d* = 0.2V A ') that this &8„ is
insufficient to eliminate the nearest out-of-plane
peaks from the in-plane scan. Thus in Fig. 2(b)
we see intense "extra" peaks of apparent four-
teenth order appearing in between the expected
seventh-order peaks in addition to a higher "back-
ground" level. Indeed, for this detector resolu-
tion at 8

&
=75' and A = 0.57 A, scans taken at y

= 0'-30' in 10' intervals reveal numerous "extra"
peaks. With ~8„ improved to 0.56', scans in 0„
at 0& =70' for a series of y at 10' intervals are
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FIQ. 1. Normalized scattered helium intensity for
8; =70', cp =0 vs scattering angle for (a) )I.~0.57 ~ and
(h) A = 1.0 A. The angular positions marked with arrows
were calculated from the grating formulan A. =d(sine„
—sins; ) with d=3.326 A (n =0,+~, . . .). The detector
acceptance angle (AO„) is 0.56' for both plots. The
wavelength dispersion (see text) is 10' for (a) and 4.2%
for (b). The inset shows the reciprocal net for the
(111) 7 &&7 surface with the convention we use for the
azimuthal angle y.

I I I I I I I

0 10 20 50 40 50 60 70 80 90
ep (DEGREES)

FIQ. 2. Normalized scattered helium intensity for
6; =60', y =30' vs scattering angle for (a) )I.~1.0 A and
(h) X=0.57 ~. The arrow positions were calculated us-
ing d = 1.92 A in the grating formula For (a),.EA/A,

=4.2' and 60„ is 0.56 . For (b), the corresponding pa-
rameters are +12Vp and 1.45'. The extra peaks in
(b) are from the closest out-of-plane beams which are
detected because of the greater angular acceptance
range.
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FIG. 3. Normalized scattered helium intensity vs
paraQel momentum transfer for scans in the [Oll* (y0=0') direction, for A, =1.0 &. The grating relation al-
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lows diffraction peaks at multiples of 0.27 A '.

devoid of these "extra" features. Thus in Fig.
2(a), we note the absence of the extra features
seen in Fig. 2(b) which are understood to be the
nearest out-of-plane peaks to the in-plane scan.
This figure gives an indication of the significant
diffraction intensities scattered into the vicinal
out-of-plane peaks for this surface.

In Fig. 3 we present a summary plot of diffrac-
tion intensities in the [OT]* direction for four in-
cident angles, 0; =70', 60', 45', and 30', at A.

=1.0 A. The reduced intensities are plotted
against ~Kt~ so that the alignment of the diffrac-
tion features can be observed. Note that the ma-
jority of data points correspond to increments in
O„of 0.5'. There is some slight misalignment of
the peaks which in part may be attributable to a
wavelength shift during the experiment of 1%%uo

due to a corresponding temperature change in
the source of 2'C. Each scan is rich in diffrac-
tion features which extend well beyond the first
integral peaks in both directions. We note that
the enueloPe of the diffraction intensities in these
scans is directly connected to the structure of the
unit mesh.

The He-Si potential is primarily repulsive and

one may examine these data qualitatively by con-
sidering classical specular scattering by a hard'

repulsive wall whose shape over the unit mesh is
directly related to the atomic positions. This
"shape function" in classical scattering predicts
a continuous distribution of scattered intensity,
independent of velocity, with rainbow maxima
corresponding to each point of inflection in the
shape function. In a more realistic semiclassical
hard-wall calculation, although scattering ap-
pears only at the angular positions corresponding
to the two-dimensional grating relation, the en-
velope of diffraction peak intensities is similar
to the classical envelope. Additional modifica-
tions of the potential such as adding a long-range
weak attraction and using a softer repulsion
cause further (often minor) changes in the dif-
fraction intensities and their angle and energy
dependence. An illustration of the applicability
of a hard-wall type of potential can be seen in
Figs. 1(a) and 1(b). The spacings of the diffrac-
tion peaks are quite different yet the envelopes
of the diffraction intensity maxima in scattering
angle are remarkably similar for 45'&8„&80'.
Clearly a full quantum calculation would generate
the correct intensities, but because of the large
number of scattering channels (& 10') it would in-
volve massive computer time. A three-dimen-
sional semiclassical calculation using classical-
trajectory Monte Carlo methods is a tractable
computation even for a unit mesh containing 49
atoms. ' One may assume in analogy with He scat-
tering from other surfaces (alkali halides, plati-
num silicide) an attractive well perhaps 10-20
meV in magnitude. This well is expected to have
a noticeable refraction effect on some of the an-
gular profiles and will have to be taken into ac-
count in a structural calculation. For example,
in Fig. 3, 0; =30', there is a distinct alternating
sequence of peaks extending from ~K~~ = —1.0 to
0. At 0; = 45' this sequence has apparently shifted
to &K11=+0.6, a change in i9„of 30', although
hard-wall scattering would predict a change of
only 15' in 8„.

In conclusion, we have presented a set of atom-
ic diffraction spectra for He scattering from the
Si(111)surface which show the outermost exposed
layer to be reconstructed into a 7&V unit mesh
as expected from previous LEED studies. In con-
trast to LEED, however, these diffraction inten-
sities are determined by scattering only from the
top double layer. A large number of diffraction
peaks are observed in each spectrum for a range
of incident angle and two wavelengths. The total
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diffraction intensity in plane is of the order of 2%%uo

of the incident beam. Strong vicinal out-of-plane
peaks recorded in scans using a larger detector
acceptance angle (1.4') indicate that the total dif-
fractive scattering may be a substantial fraction
of I, as expected for an estimated surface Debye
temperature of 360 K.' There is some indication
that a hard-wall potential with a weak attractive
well is appropriate for this scattering system.
The different structural models which have been
proposed for the Si(ill) VX7 reconstruction' ' are
expected to generate quite different intensity se-
quences versus 0„ for the range of incident con-
ditions we report. Consequently, we think that
the data we present here are sufficient to give
each model a critical test.
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The coherent o, -o, ' phase transiton of H in Nb has been studied in several sample
shapes. The samples were loaded in st'tu with the critical hydrogen concentration of
0.31 H/Nb above T =171 C aud slowly cooled. Below T a coherent macroscopic spiuo-
dal decomposition takes place. By x-ray scattering and examination of the relaxed
crystals, the spatial arrangement of the phases was determined. The macroscopic
modes so revealed depend sensitively upon sample shape through the fulfillment of the
elastic boundary condition.

The n-o. ' phase transition of H in Nb resembles
a gas-liquid transition of a real gas. "2 In this
transition the lattice retains its original bcc sym-
metry, and the phases are only distinguishable
by their different lattice expansions. This tran-
sition and similar transitions in PdH (Ref. 3)
and PdAgH (Ref. 4) are still under discussion. "
They have often been treated as textbook exam-
ples of a lattice gas,"and the interaction ener-
gy, responsible for the phase transition, is intro-
duced as a suitable parameter proportional to the
measured critical temperature T, . In contrast to
the lattice-gas model the real lattice is deform-
able and the interstitially dissolved protons set
up long-range distortion fields. ' " The e-o. '

transition has therefore been attributed to an
elastic interaction via this lattice distortion in-
duced by the protons. ' '" The model of elastic
interaction leads in turn to the concept of macro-
scopic elastic modes' '" caused by internal
stress produced by the inhomogeneous hydrogen
density variation in a coherent lattice. At T,
only a few modes become unstable which depend
upon the sample geometry through the fulfillment
of the elastic boundary condition. Therefore,
the study of the shape dependence of the phase
transition is a crucial test of the validity of the
elastic interaction as the main contribution to
the attractive part of the energy.

Nb samples (single crystals, wires, and foils)
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