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High-resolution photoemission spectra of the Si 2p level for freshly cleaved Si(111) re-
veal two additional core-level structures which are shifted relative to the bulk. The ob-
served shifts are 0.59+ 0.04 eV to lower and 0.3~ 0.03 eV to higher binding energy, re-
spectively. These shifted peaks, which vanish with increasing contamination of the sur-
face, are shown to be directly correlated with reconstruction on the Si(111) 2&1 surface.

PACS numbers: 68.20.+ t, 79.60.Eq

In metals, core-level binding-energy shifts be-
tween surface and bulk atoms have long been pro-
posed to exist on theoretical' and experimental'
grounds. Recently, photoemission measurements
of the 4f core levels in the 5d metals Au, ' W, ' and
Ir ' have provided unambiguous proof for this ef-
fect. A key element of the proposed mechanism
for surface core-level shifts in metals was the
existence of tight-binding (d-like) valence-band
states. "

Here, we report the observation of core-level
binding-energy shifts at a semiconductor surface.
Our studies on Si which has only nonlocalized s-p
valence bands show that surface core-level shifts
exist on more general grounds than previously
assumed and that they can provide useful struc-
tural information for the technologically impor-
tant semiconductor surfaces. Photoemission spec-
tra of the Si 2p core level for a freshly cleaved
Si(111) 2&& 1 surface exhibit two pronounced addi-

tional structures at lower and higher binding en-
ergy relative to the bulk. The observed shifts are
different in sign and magnitude and can be direct-
ly related to charge transfer of Si atoms at the re-
constructed 2 && 1 surface. In particular, the two
core-level structures shifted by —0.6 eV to lower
and +0.3 eV to higher binding energy are directly
linked to the surface Si atoms which are buckled
inward and outward with respect to the bulk po-
sitions. ' Thos, a one-to-one correspondence be-
tween charge transfer, surface structure, and
surface core-level shifts can be established.
Since surface reconstruction and charge transfer
is a common phenomenon on semiconductor sur-
faces the surface core-level shifts observed here
have important general implications for structur-
al investigations of other surfaces.
Experiments were performed during dedicated

time (3.0 GeV, 80 mA) at the Stanford Synchro-
tron Radiation Laboratory with use of the Grass-
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hopper monochromator equipped with a 1200-
line/mm holographic grating. Spectra were re-
corded at hv=150 eV by use of a double-pass cy-
lindrical mirror analyzer (CMA) operated at a
pass energy of 10 eV. The combined instrumen-
tal resolution was 350 meV. The synchrotron
light was incident perpendicular to the CMA axis
at an angle of about 10' from the surface of the
sample. The n-type (n=1&& 10" cm ') Si single
crystals were cleaved in situ. Spectra were re-
corded within minutes after cleaving to avoid ef-
fects due to contamination buildup on the surface.
The base pressure in the vacuum chamber was
less than 5x10 "Torr.

The Si 2P photoemission spectra for a freshly
cleaved Si(111) 2 x 1 surface and after exposure
to 15 L (1 L =10 ' Torr sec) of oxygen are shown
as points in Fig. 1. The *'clean" upper spectrum
was obtained in a single sweep immediately after
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FIG. 1. (a) Si 2p core-level photoemission spectra
(dots) recorded at k&= j.50 eV for an in situ cleaved
Si(ill) surface. The solid lines denote a fit with three
spin-orbit-split doublets h2, B, and S~ discussed in the
text. Peaks B correspond to bulk Si atoms and peaks
~~ and &2 are attributed to atoms A and B of the relaxed,
buckled surface layer shown in Fig. 2(b). (b) Si 2p spec-
trum as in (a) after exposure to 15 L of unexcited oxy-
gen. Peaks J3 are attributed to bulk Si atoms and peaks
0 to Si atoms which have transferred charge to the
chemisorbed oxygen.

a cleave which produced a mirrorlike surface.
Several other spectra recorded for different
cleaves gave similar results. Surface cleanliness
was checked by core-level photoemission spectra
of the C 1s and Q ls lines using 650 eV radiation
from the Grasshopper monochromator.

The spectrum obtained for the oxygen ex-Posed
surface in Fig. 1(b) shows two well-defined peaks
corresponding to the spin-orbit-split Si 2P,&, and

2P,~, levels located at kinetic energies 45.6 and
46.2 eV, respectively. We have plotted the data
as a function of the measured electron kinetic en-
ergy (E„;„)and binding energy (E~} relative to the
vacuum level (Es=hv-E~;„). In addition, we ob-
serve a weak peak around Ek;„=44.7 eV which be-
cause of its absence in the clean Si 2p spectrum
is identified as oxygen induced. The spectrum
recorded for the clean surface exhibits the same
main two-peak structures. However, the high-
kinetic-energy side shows a pronounced shoulder
around E~;„=46.9 eV. Another shoulder around

EI,;„=46.0 eV fills in the spin-orbit gap of the two
main peaks. With increasing surface contamina-
tion as monitored by the 0 1s photoemission in-
tensity a continuous transition from the "clean"
to the "dirty" spectrum in Fig. 1 can be observed.
It is for this reason that we have used a rather
poor signal-to-noise "clean" spectrum for Fig.
1(a) which consists of a single sweep recorded
immediately after cleaving. It should be noted
that the "dirty" spectrum in Fig. 1(b) corresponds
to about 3-monolayer coverage only.

The spectra in Fig. 1 were analyzed by a curve-
fitting program with use of a line shape which had
a 50% Lorentzian and 50% Gaussian contribution.
In all cases the spin-orbit-split components were
required to have equal widths, a 2:1 intensity ra-
tio and a 0.60-eV separation. The main 2P,~, and

2p,~, peaks labeled B which we attribute to "bulk"
Si atoms were fitted with the same linewidth [0.5
eV full width at half maximum (FWHM)j in all
spectra. Both spectra shown in Fig. 1 exhibited
extra features which could not be accounted for
by a single spin-orbit-split doublet.

For the clean surface two additional structures
labeled Sy and S, were needed to fit the observed
spectrum. One was a spin-orbit-split doublet
shifted to lower E~ by —0.59 +0.04 eV, the other
a similar doublet shifted to higher E~ by + 0.30
&0.03 eV. The fits were most sensitive to place-
ment of the dominant 2P,~, components which ba-
sically account for the low-binding-energy shoul-
der and the filling of the main spin-orbit gap seen
in Fig. 1. We attribute these two additional struc-
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tures to surface Si atoms in the outermost layer.
Both surface-related structures Sy and 8, were
found to have equal intensity within a few percent
but different widths of 0.67 eV and 0.41 eV FWHM,
respectively. Their combined intensity is 57% of
the main doublet B. The oxygen-exposed surface
exhibits another spin-orbit-split doublet labeled
O with 0.41 eV FWHM and shifted to higher bind-
ing energy by + 0.89 +0.03 eV as shown in Fig.
1(b). This doublet is attributed to surface Si at-
oms which have transferred charge to chemi-
sorbed oxygen atoms or molecules.

Most recent discussions seem to favor the buck-
ling model for the Si(111) 2 && 1 reconstructed sur-
face first proposed by Haneman. ' In this model
shown in Fig. 2 the outermost plane of Si atoms
in the (111)surface plane is first relaxed inwards
by d —d* = 0.12 +0.04 A, ' "with alternate rows of
atoms A raised and atoms B lowered with respect
to the second layer underneath. The buckling
amplitude b has been estimated to be somewhere
between 0.30 (Ref. 9) and 0.70 A (Ref. 10). The
charge transfer at the Si(111)surface in various
geometries has been the subject of numerous cal-
culations. ""

(a) Unre I axed 1&1

(b) Relaxed and Buckled 2 X1
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FIG. 2. (a) Schematic representation of the ideal un-

relaxed Si(111) 1&1 surface showing the first two sur-
face layers in a side view. (b) Relaxation and buckling
according to Haneman's model viewed from the side.
(c) Top view of the relaxed and buckled surface showing
rows of raised (A) and lowered (B) atoms in the surface
layer.
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Qn buckling of the surface plane the bonds de-
hybridize and charge is transferred from atom B
which moves towards the bulk to atom A which
projects from the surface. Energy-minimization
calculations by Chadi" indicate that the charge
transfer which accompanies the buckling is the
dominant effect, the net charge transfer being of
the order of 0.25-0.3 electron. Only a small
charge transfer of less than 0.04 electron is as-
sociated with the inward relaxation of the surface
plane. '0

The charge transfer implied by the theoretical
studies is in good agreement with our findings
for the clean surface. For a Si surface atom
which is more electropositive (electronegative)
than a bulk Si atom a chemical shift towards high-
er (lower) binding energy will result. This is
clearly evident from Fig. 1(b) where a shift to
higher binding energy is observed for those Si
surface atoms which have donated electrons to the
chemisorbed oxygen atoms. The buckling results
in a binding energy shift to lower values for atoms
A (increased charge density) and to higher values
for atoms B (decreased charge density). Experi-
mentally we find two core-level components S,
and S, shifted by -0.6 eV to lower and+0. 3 eV to
higher binding energy. These are thus interpre-
tated as belonging to Si atoms A and B in the sur-
face layer, respectively. To estimate the expect-
ed core-level shift due to a change in valence
charge, we use a simple electrostatic model
which assumes that the effect of valence charge
transfer on the core-level binding energy is the
same as the effect of core-electron-charge trans-
fer on the valence band. The effect on the valence
band due to one less electron in the core is the
same as the effect due to one more proton in the
nucleus. Therefore, a good approximation of the
core-level energy shift due to the loss of one val-
ence electron is the change in the hybird energy
between Al, Si, and P." This energy changes by
an average of 2.1 eV between Al, Si, and P,"thus
implying a core-level shift of 2.1 eV per Si val-
ence electron. For a charge transfer of 0.25
electron from atoms B to A this would suggest a
core-level shift of ~0.5 eV.

It is tempting to decompose the observed shifts
of +0.3 and —0.6 eV into a ~0.45-eV shift due to
charge transfer upon buckling and a —0.15-eV
center-of-gravity shift due to relaxation of the
surface layer relative to the bulk. However, it ap-
pears from present calculations" that the charge
transfer upon relaxation is too small to account
for a —0.15-eV shift. Besides the absolute value
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of the charge transfer upon buckling the nonspher-
ical charge distribution of the valence electrons
at the surface will affect the chemical shift. The
nature and geometry of the bond to the second lay-
er is found" "to be quite different for atoms A
and B. This will modify the shifts expected from
a pure charge-transfer model. An estimate of
this effect is, however, quite difficult without a
detailed theoretical calculation. It is interesting
to note that the observed broadening of the sur-
face peaks 8, in Fig. 1 appears to be explainable
by energy minimization calculations of Chadi. "
He finds a well-defined energy minimum for the
position of atom B while the outward motion of
atom A is less well defined energetically.

The derived ratio of the surface to bulk photo-
emission intensity for the clean surface I~/I~
=0.57 can be used to derive a mean electron scat-
tering length A. ' Using the known spacings be-.
tween the Si layers and an average acceptance
angle of 48' for the CMA with respect to the Si
surface, we obtain A. =4.1~0.3 A at hv=l50 eV, in

good accord with published values. "
The surface structures S, and S, disappear upon

small oxygen exposures indicating "healing" of
the cleaved reconstructed surface. Even for sub-
monolayer coverage of oxygen charge neutraliza-
tion of the previously polar surface appears to be
achieved. The chemical shift of 0.9 eV for the
oxygen-exposed surface is smaller than those
previously reported. " We attribute the doublet
0 in Fig. 1(b) to Si atoms which are bonded to ox-
ygen in form of 0, or more likely" OH molecules
on the surface. We believe that this chemisorp-
tion state is the same as the one discussed before
by Garner eta/. " These authors, however, did
not find a chemical shift of the Si 2p level, which
we attribute to the poor experimental resolution
of their core-level spectra. "

Previously Eberhardt etal. "performed high-
resolution studies of the 2P core levels for a se-
ries of jn situ cleaved Si samples as a function of
doping. For the sample which exhibited a doping

(n = 10'4 cm ') closest to the one used in the pres-
ent study a line broadening was observed when

the photon energy was increased from threshold
(-100 eV) to 150 eV. At 150 eV their instrumen-
tal resolution was comparable to ours. The line
broadening was attributed to fluctuations in the
chemical shifts of Si atoms in the first few sur-
face layers which become more apparent at high-
er photon energies because of an increasing sur-
face sensitivity (decreasing escape depth). Un-
fortunately the surface orientation of their sam-

ples was not specified by Eberhardt etal. " If we
assume that they were polymorphic, a broadening
due to a distribution of surface shifts is indeed
plausible. This would also lend additional credi-
bility to our earlier conclusion that the surface
structures S, and S, observed by us are charac-
teristic for the Si(111) 2 x 1 surface It appears
that our experimental results for the core-level
shifts at the Si(111)2 x 1 surface can now serve
as a test criterion for a complete theoretical de-
scription of the reconstruction.

We would like to thank I. Lindau and W. E. Spi-
cer for the use of their computer system and
D. J. Chadi and W. A. Harrison for valuable dis-
cussions.

This work was supported by the National Sci-
ence Foundation under Contract No. DMR-77-
27489, by the Basic Energy Division of the De-
partment of Energy, and by the National Science
Foundation-Materials Research Laboratory Pro-
gram.

P. Fulde, A. Luther, and R. E. Watson, Phys. Rev.
B 8, 440 (1973).

J. E. Houston, R. L. Park, and G. E. Laramore,
Phys. Rev. Lett. 30, 846 (1973).

P. H. Citrin, G. K. Wertheim, and Y. Baer, Phys.
Rev. Lett. 41, 1425 (1978).

T. M. Duc, C. Guillot, Y. Lassailly, J. Lecante,
Y. Jugnet, and J. C. Vedrine, Phys. Rev. Lett. 43, 789
(1979).

J. F. Van der Veen, F. J. Himpsel, and D. E. East-
man, Phys. Rev. Lett. 44, 189 (1980).

See, for example, W. Monch and P. P. Auer, J.Vac.
Sci. Technol. 15, 1230 (1978).

D. Haneman, Phys. Rev. 121, 1093 (1961); A. Taloni
and D. Haneman, Surf. Sci. 10, 215 (1968).

J. V. Florio and W. D. Robertson, Surf. Sci. 24, 173
(1971); H. D. Shih, F. Jona, D. W. Jepsen, and P. M.
Marcus, Phys. Rev. Lett. 37, 1622 (1976).

W. Monch, P. P. Auer, and R. Fedder, J. Vac. Sci.
Technol. 16, 1286 (1979).

10D. J. Chadi, private communication, and to be pub-
lished.

J. A. Appelbaum and D. R. Hamann, Phys. Rev. Lett.
31, 106 (1973), and 32, 225 (1974), and Phys. Rev. B
12, 1410 (1975).

M. Schliiter, J. R. Chelikowsky, S. G. Louie, and
M. L. Cohen, Phys. Rev. B 12, 4200 (1975).

I. P. Batra and S. Ciraci, Phys. Rev. Lett. 34, 1337
(1975), and 36, 170 (1976).

K. C. Pandey and J. C. Phillips, Phys. Rev. B 13,
750 (1976).

F. Casula, S. Ossicini, and A. Selloni, Solid State
Commun. 30, 309 (1979).

1417



VOLUME 4$, NUMBER 17 PHYSICAL RKVIKW LKTTKRS 27 OcroBER 1980

A. Redondo, W. A. Goddard, T. C. McGill, and G. T.
Surratt, Solid State Commun. 20, 733 (1976).

W. A. Harrison, Electronic St~ctuxe and the A oP-
erties of Solids (Freeman, San Francisco, 1980).

C. M. Garner, I. Lindau, C. Y. Su, P. Pianetta, and
W. E. Spicer, Phys. Rev. B 19, 3944 (1979).

Electron-stimulated-desorption studies of oxygen-
exposed Si surfaces usually exhibit large amounts of

H and OH ions unless the surface is heat treated in
special ways (M. L. Knotek, private communication,
and to be published).

C. M. Garner, I. Lindau, C. Y. Su, P. Pianetta,
J. N. Miller, and W. E. Spicer, Phys. Rev. Lett. 40,
403 (1978).

'W. Eberhardt, G. Kalkoffen, C. Kunz, D. Aspnes,
and M. Cardona, Phys. Status Solidi (b) 88, 135 (1978).
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The force transmitted through the layers of smectic-A. and smectic-B phases of
butyloxy-benzylidene-ootylanine (40.8) have been measured at frequencies between 1
and 10 000 Hz, in the presence of an ac shear parallel to the layers. It is found that the
smectic-A behaves as a viscous fluid. The smectic-B shows an elastic response, with
a shear modulus C44

- 106 cgs units. The low-frequency plastic behavior and the high-
frequency dispersion which is related to internal friction are discussed.

PACS numbers: 61.30.Eb, 62.10.+s

Smectic liquid crystals are layered systems.
Lower symmetry smectic phases, like the S~,
show a regular molecular ordering inside the lay-
ers, although higher symmetry ones, like the S„,
are considered as liquidlike inside the layers.
Contrary to three-dimensional (3D) crystals, the
smectic phases are defined through the ability of
their layers to glide easily on top of each other.
An important question is: Should smectic-B liq-
uid crystals be considered true liquid crystals or
SD solids? Different models' have been proposed
for the B.phase, considered for instance' as a pil-
ing of two-dimensional crystals, with possible
hexatic' order. Recent x-ray experiments on thin
films' or in bulk' smectic-B samples demonstrate
that on a 1 ~ (or more) scale, the smectic-B
appears as a 3D solid. Closer to the above ac-
cepted definition, mechanical experiments with
use of ultrasonic techniques have been designed
to observe the shear of the smectic layers on top
of each other. The results indicated the existence
of an elastic response to the shear, with an elas-
tic modulus in the range of 10' cgs" or lower
than 10' cgs. ' However, all these results were
obtained in the megahertz frequency range, too
high to give definite conclusions in the presence
of relaxation processes. We present here the
first mechanical experiment in the very low-fre-
quency range (down to 1 Hz), to test if the re
sponse of a smectic-B liquid crystal to a shear

parallel to the layers is elastic or viscous.
Our experimental setup is very similar to the

one already described' with the only difference
being that we use shear strains and stresses, in-
stead of compression. The sample is butyloxy-
benzylidene-octylanine (40.8) which undergoes
the following transitions:

C33 Cg 49.5 Cg 63 ~ 7 C ~79 CI

The sample is oriented homeotropically with use
of a silane surface treatment of the two boundary
glass plates (see inset of Fig. 1). The glass
plates are cemented to a piezoelectric ceramic
which is in turn cemented on a rigid holder,
placed inside an oven and regulated to + 0.05 C.
The ceramic is so polarized as to create a dis-
placement 5 parallel to the layers, when apply-
ing an electric field as shown in Fig. 1. Optical
inspection is possible for the central region.
The parallelism of the two glass plates can be
trimmed with three adjustable spacers and
screws, to within + 10 ' rad. The thickness can
be adjusted from 30 to 200 p, m. The sample
available surface is a 5& 12 mm' rectangle. The
upper ceramic is driven by an ac voltage V,.
x exp(i+I) (in the range of 10-100 V, from 0.1 to
10 kHz) to induce an ac shear strain parallel to
the layers. The lower ceramic, submitted to the
transmitted shear stress, gives an output voltage
V, exp'(&et +p) (in the range of 100-1000 pV). The
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