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We investigate the structure of the clean and Na-covered Si(100)2X 1 surface by a combination of the
polarization-dependent photoemission extended x-ray-absorption fine-structure (PEXAFS) experimental
technique and ab initio total-energy molecular method using force calculations (DMOL). We use the
unique ability of PEXAFS to measure the distances between the nearest neighbors of both Na adsorbate
and Si substrate atoms which allows a double check of interatomic distances. The Na-Si and Si-Si dis-
tances are obtained by analyzing the EXAFS signal at the Na 2p and Si 2p core-level lines. The experi-
mental Na-Si and Si-Si bond lengths are found to be in excellent agreement with the distances obtained
by ab initio total-energy DMOL calculations performed on very large clusters. The results indicate
unambiguously that Na atoms are adsorbed on a single site, the cave. We do not find any Na-Na dis-
tance consistent with any of the “double-layer” models. Furthermore, the lowest adsorption energy is
found for Na on the cave site. We also probe the fine structural changes of the Si(100)2X 1 surface upon
Na deposition including the Si-Si dimer relaxation. The combination of these experimental investiga-
tions and theoretical calculations enables us to get a deeper insight into the understanding of structural
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properties of alkali-metal/silicon systems and to propose a complete structural model.

1. INTRODUCTION

Structural studies of clean and alkali-metal adsorbate
covered Si(100)2X 1 surfaces and interfaces have been a
topic of interest for a few decades due to scientific and
technological importance.!”® New surface-sensitive
techniques have aided a better understanding of such sys-
tems especially for the structure of clean and alkali-
metal-covered surfaces. The atomic geometries of the
clean and alkali-metal-covered Si(100)2 X 1 surface were
investigated by several experimental techniques such as
low-energy electron diffraction (LEED),*~° photoelectron
diffraction using single-scattering analysis (PED),’
reflection high-energy electron diffraction (RHEED) mea-
surements,® medium-energy ion scattering (MEIS),? pho-
toemission adsorbed xexon (PAX),!° scanning tunneling
microscopy (STM),'! ™13 surface and/or photoemission
absorption fine structure (SEXAFS, PEXAFS),'*!
and x-ray standing-wave measurements (XSW).!6 Recent-
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ly, several ab initio total-energy theoretical calculations
using the local density functional approach have also
been performed on these systems.!””?° Among them,
pseudopotential calculations'®* "2 have, in general,
favored the so-called double-layer model with two ad-
sorption sites for the alkali-metal atoms on the
Si(100)2X 1 surface. This model was first proposed on
the footing of PED measurements using a single-
scattering analysis, with two adsorption sites, the pede-
stal and the valley bridge [see Fig. 1(a)].” These results
are in opposition to the very recent STM measure-
ments''!3 for the prototypical one-monolayer (ML)
K/Si(100)2 X 1 surface in which it was shown that K
atoms form one-dimensional linear chains distant by 7.68
A and parallel to the Si dimer rows along the (110)
direction with a single adsorption site.!* Furthermore, in
this later investigation, we have also shown that the pres-
ence of impurities, even at very low levels, results in the
growth of an additional K layer.!> Two decades ago,
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Levine, using LEED measurements, proposed the first
model of alkali-metal adsorption on a Si(100)2 X 1 surface
for Cs atoms which was found to be adsorbed on a single
adsorption site, the pedestal [see Fig. 1(a)], and to form
one-dimensional alkali-metal linear chains.* The Levine
model was also proposed to be suitable for the
K/Si(100)2X 1 and Na/Si(100)2 X 1 systems on the basis
of LEED measurements.’ ™’

The PEXAFS is a variation of the surface EXAFS
technique.??? 1In this case, the intensity of photoemis-
sion from a core level is measured directly as a function
of the photon energy. It is now well established that the
PEXAFS technique probes the short-range order of
atoms in the topmost atomic layer on the surface. The
very high surface sensitivity of the method is due to the
small escape length (=35 A) of primary photoelectrons in
the kinetic energy range of our PEXAFS data. Unlike
SEXAFS, PEXAFS allows us to study the local environ-
ment of adsorbate as well as substrate atoms. Other ad-
vantages of the technique are short data collection time
and improved signal-to-noise ratio. Polarization depen-
dent PEXAFS, which enables us to probe bond lengths
parallel as well as perpendicular to the surface plane—
see Figs. 1(a) and 1(b)—has lately been applied to deter-
mine the structure of clean and metal-covered semicon-
ductor surfaces and interfaces.’>?*

Recently, we have reported an investigation of the
atomic structure of Na/Si(100)2X 1 and Cs/Si(100)2X 1
systems using p-polarized PEXAFS in which we have
shown that this technique is applicable to structural in-
vestigations of Si(100)2X1 surfaces.'” The Na-Si dis-
tance of 2.80£0.1 A was obtained from the Na 2p
PEXAFS data and was found to be the same at low and
monolayer Na coverages, close to the sum of Na and Si
covalent radii.!®> These results support the model of co-
valent bonding between Na and Si atoms that we pro-
posed several years ago on the basis of core-level and
valence-band photoemission results.*»?*~%7 Our studies
also indicated that the alkali metals did not induce
significant major changes in the substrate structure.
However, since these experiments were performed in p
polarization [see Figs. 1(a) and 1(b)], the results were pri-
marily more sensitive to bond lengths perpendicular rath-
er than parallel to the surface.

In order to provide deeper insight into the structure of
these systems, we have, in this paper, investigated further
the structural properties of the clean Si(100)2X 1 surface
and 1-ML Na/Si(100)2 X 1 interface by the combination
of polarization-dependent PEXAFS experiments and ab
initio total-energy molecular (DMOL) theoretical calcula-
tions. We are able to determine Na-Si and Si-Si distances
and, by comparing with DMOL calculations, we show
that Na is adsorbed on a single site of adsorption, the
cave site, which also has the lowest adsorption energy.
We also determine the structural changes of the substrate
upon Na adsorption. We did not find any Na-Na bond
length perpendicular to the {(110) direction consistent
with the existence of a second Na layer. In Secs. II and
IIT we provide the experimental and theoretical details,
respectively, while the results are described in Secs. IV
and V. Discussion is carried on in Sec. VI.
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FIG. 1. (a) Schematic top and side views of the reconstructed
Si(100)2 X 1 surface showing the different possible Na adsorp-
tion sites. (b) Schematic of the Si(100)2 X 1 sample set up for s-
and p-polarization PEXAFS.
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II. EXPERIMENTAL AND DATA ANALYSIS DETAILS

The PEXAFS experiments were performed at the Syn-
chrotron Radiation Center of the University of
Wisconsin—Madison. The radiation emitted by the 1-
GeV Aladdin storage ring was dispersed by the
“Grasshopper” Mark II monochromator soft x-ray beam
line. The ultrahigh-vacuum (UHV) experimental system
consisted of an angle integrating double-pass cylindrical
mirror analyzer (CMA), crystal cleaver, sample transfer
attachment, and a flux monitor system as described else-
where.!® During data acquisition, the pressure was better
than 5X 107! torr in the ultrahigh-vacuum experimental
system and better than 2X 10~ !! torr in the last focusing
mirror chamber of the monochromator. The Si(100)2 X 1
samples were prepared by conventional chemical cleaning
process prior to the vacuum treatment. The clean
Si(100)2X1 surfaces were obtained by a prolonged
thermal annealing of the Si substrate at rather low tem-
peratures followed by rapid thermal annealing cycles at
950°C. During the complete cleaning procedure, the
pressure always remained in the low 10~ !° torr range.
The cleanliness of the Si sample was judged from sharp
core-level and good valence-band profiles obtained in
photoemission with no contamination-related structures.
The Na overlayers for interfacial studies were deposited
in situ at room temperature from a SAES Getter chro-
mate source which was very carefully outgassed prior to
alkali-metal deposition in order to avoid any surface con-
tamination. The coverage was monitored by the use of
integrated intensity analysis of Na 2p and Si 2p core lev-
els as described previously.’> One sodium monolayer (1
ML Na) corresponds to the saturation coverage, i.e., one
Na atom per silicon dimer.>!> The pressure increase dp
during Na evaporation always remained below 2X 107!
torr. Using these conditions, no additional Na atoms
could be deposited at room temperature beyond the satu-
ration coverage of one sodium monolayer, since the Na
sticking coefficient becomes negligible at this point. It is
important to notice that the quality of the alkali-metal
overlayer, especially the pressure rise during deposition,
is of crucial importance for the interpretation of data.
We have recently shown that traces of impurities coming
from not correctly outgassed SAES alkali-metal sources
(pressure increase dp ~1.107!° torr) during potassium
deposition induces the growth of additional K over-
layers.!>?® We have observed also a similar behavior for
the Na/Si(100)2 X 1 with the clear evidence of growth of
a second sodium layer in the presence of impurities at
very low level.?’ These findings are relevant in view of
the present controversies between one-layer and two-
layer models and stress the crucial importance of very
high standard quality in surface preparation and alkali-
metal deposition.>11,13:15,27729

For PEXAFS experiments, the photoelectron energies
were analyzed by the CMA in the fixed retarding ratio
(FRR) mode (pass energy E, equals kinetic energy E; ) of
analyzer operation.!5.23,24 The photon flux was moni-
tored by collecting the total electron yield from a high
transmission grid (transmission > 809%) coated in situ
with lithium fluoride (LiF) with the use of an electrome-
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ter and a voltage to frequency (V-F) converter. All the
acquired data were normalized to the photon flux. The Si
2p and Na core-level spectra aid in determining binding
energy of the core levels with respect to the valence-band
edge, which is required to calculate the constant initial
state (CIS) parameters (work function plus binding ener-
gy) to obtain the PEXAFS spectra for the absorption
edge. The intensity of photoemission from the Si 2p core
level as a function of the photon energy was monitored in
the 115-280-eV photon energy range by a two-point CIS
method. The intensity of photoemission from the Na 2p
core level as a function of the photon energy was moni-
tored in the 80-260 eV photon energy range for 1 ML
Na coverage to determine the structure surrounding the
Na atom. For the s-polarization PEXAFS study, the Si
2p and Na 2p CIS data were acquired such that the angle
between surface normal (SN) and photon electric vector
(E) of plane polarized incident x rays on the sample was
80°. The advantage of this geometry is that, since the am-
plitude of EXAFS oscillations is proportional to cos’a
[where a is the angle between the electric vector of the
synchrotron radiation and the vector connecting the
atomic pairs of interest—see Figs. 1(a) and 1(b)], the ac-
quired data would be sensitive to the Si-Si dimers. In the
two-point CIS method, the data were acquired for one
point at the peak and one point in the background (at 5
eV lower binding energy). The experiments were repeat-
ed on different surfaces maintaining the same experimen-
tal conditions in order to obtain good statistics and check
the consistency of the results.

The PEXAFS data were analyzed by the conventional
Fourier analysis methods and curve fitting procedures.
The two-point CIS data were normalized to the photon
flux. The normalized background data were shifted by 5
eV such that the kinetic energy values at each data point
for the peak and the background become equal followed
by subtraction of the background from the peak. This
procedure removes effectively the background as well as
any Auger peak, if present, in the spectrum. The data
thus obtained represent the absorption coefficient u.

III. THEORETICAL AND COMPUTATIONAL DETAILS

We have studied the adsorption of Na on the
Si(100)2X1 surface with an all-electron numerical
method (DMOL) which solves the local density function-
al equations and derives analytical energy gradients (force
calculation). The DMOL method, which uses the finite
size cluster model, has been described earlier’®*! and al-
ready applied to the study of Si(100)2X1 surface.!”3?
Therefore we will only give here the details of our calcu-
lation. We used a double numerical basis set for hydro-
gen (H) and an extended numerical basis set for Na and Si
which includes a double set of valence orbitals and d-
polarization function. The s, 2s, and 2p orbitals were
frozen for Si as well as the 1s and 2s for Na. The 2p or-
bital of Na was not frozen due to recent calculations’?
emphasizing the importance of the partial core correction
of the Na atom pseudopotential in the adsorption pro-
cess. The binding energy of a cluster is defined as

Eb =Et_Ea 4
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where E, is the total energy of the cluster and E, is the
sum of each atomic energy. For a given atomic
geometry, we have calculated the binding energy of the
system and the forces on each atom. To find the opti-
mized geometry, the atoms involved are further displaced
according to the forces acting on them. The force con-
vergence criterion is set to 4.0X 107 ° Ry/a.u. and the de-
gree of convergence for the energy is set to 107> Ry. In
determining the optimum geometry for the different clus-
ters, we restricted ourselves to the geometry which
preserves the C2v symmetry.

IV. EXPERIMENTAL RESULTS

A. Si2p PEXAFS

We first focus on the structures surrounding the Si
atoms by looking at the PEXAFS signal at the Si 2p core
level. Figure 2 shows the photon energy dependence of Si
2p PEXAFS signal for the clean and 1 ML Na-covered
Si(100)2 X 1 surfaces in s polarization—see Figs. 1(a) and
1(b). From the PEXAFS data, the experimental EXAFS
modulation function k2c (k) was obtained. The starting
threshold energy (E,) was taken as 105 eV. The thresh-
old energy E, is considered to be a floating parameter
and is readjusted later for greater accuracy of results.
Figure 3(a) shows the experimental k2c(k) function for
clean and Na-covered Si(100) surfaces. The k2c(k) data
were Fourier transformed to obtain the complex Fourier
transform F(R) in the real R space. The absolute F(R)
for clean and Na-covered Si(100)2 X 1 surfaces are shown
in Fig. 3(b). The absolute F(R) plot shows peaks near
R =Rj, where R; is the interatomic bond length for an
atomic pair j (Si-Si, Si-Na, etc.). The peaks represent
modified atomic pair distribution function.

For the clean Si(100)2X 1 surface, three peaks 4, B,
and C are observed in Fig. 3(b). Peak A4 represents a sin-
gle distinct peak as compared to the overlapping peaks B
and C. Peak 4 in F(R) was filtered by a window func-
tion W(R) and Fourier backtransformed. The Fourier
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FIG. 2. Si 2p s-polarization PEXAFS spectra for clean
Si(100)2 X1 and 1-ML Na/Si(100)2 X 1 interface.

P. S. MANGAT et al. 47

LI L B L

(a) Si 2p PEXAFS 1ML ]

K2 X (arb. units)

Clean
Si(100)2x1

IR FEETE EUTSS FTETE FER TS FTETE SRR N

3.0 4.0 5.0 6.0
k AD

A e s e e e e e Rty s
(b) Si 2p PEXAFS

1 ML
Na/Si(100)2x1

Clean
Si(100)2x1

ABSOLUTE F(R) (arb. units)

[TETEETIRRURET!
oo tLLLL bl i 111

QT GRS AR RN AR RN RRRRER

FIG. 3. (a) k*y(k) function for clean Si(100)2X 1 and 1-ML
Na/8i(100)2X 1 interface obtained from Si 2p PEXAFS. (b)
Absolute F(R) of the respective EXAFS function for clean
Si(100)2 X 1 and 1-ML Na/Si(100)2 X 1 interface.

backtransforms yielded a complex function k2y ,(k).
The bond length was determined by phase analysis and
floating of E, according to a procedure reported by Stohr
et al.’* The complex k2y ,(k) data were decomposed
into phase [2kR 4+ f (k)] and amplitude 4 4(k). The
phase function f ,(k) (in this case Si-Si) was calculated
using the theoretical absorber (Si) phase function [ f,(k)]
of Teo and Lee®® and backscattering (Si) phase function
[f»(k)] of McKale et al.3® The calculated phase func-
tion for respective absorber-backscatterer atomic pairs
was subtracted from the total phase [2kR ,+f ,(k)] to
acquire 2kR , (k). At this point, E, was floated such that
the plot of 2kR , vs k has a zero intercept on the y axis.
The slope of 2kR ;4 vs k was divided by two to acquire the
interatomic bond length. This procedure resulted in a
bond length of 2.20+0.05 A (see also Table I) which is
somewhat shorter than values obtained using classical
dynamical LEED measurements (2.40+0.10 A).® How-
ever, our value is in excellent agreement with the ab initio
DMOL calculation which gives a value of 2.21 A and will
be presented in the next section. The origin of this dis-
tance can be explained on the basis of polarization depen-
dence of PEXAFS. Since the data were acquired in the
s-polarization geometry, the incident photon electric vec-
tor is almost parallel and therefore very sensitive to the
Si-Si dimer bond length [Fig. 1(a)]. So, this distance is
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the Si-Si dimer bond length. Peaks B and C in Fig. 3(b)
for clean Si(100)2X 1 surface clearly represent two over-
lapping peaks. Peaks B and C in the F(R) were filtered
together by a window function W (R), and Fourier back-
transformed. The Fourier backtransforms yielded a com-
plex function kYp (k). Curve fitting procedures were
used to determine the Si-Si distances. The experimental
Imkyp (k) was fit by a model function described by
k[xp(k)]+k[xc(k)] where k[xg(k)] is described as
A (k)sin[2kR g+ fg(k)] and k[x(k)] can be described
as fA(k)sin[2kRc+ fc(k)]. A(k) is the amplitude
function which can be fitted to a single Lorentzian func-
tion as described by Teo and Lee and f is described as the
fudge factor.>® Theoretical and experimental phase func-
tions were used for the two Si-Si atomic pairs. The com-
plete description of the curve fitting procedures has pre-
viously been published in detail elsewhere.® Figure
4(a) shows the experimental imaginary kY, (k) along
with the curve fit obtained for the bond length determina-
tion. The bond lengths thus computed from the analysis
are 3.84+0.1 and 4.60+0.1 A. They represent the
second and third nearest-neighbor distances—see Table
I

When the surface is covered by a Na monolayer (mean-
ing one Na atom per Si dimer), we observe an evident
change in the first peak position in absolute F(R) in com-
parison to the clean surface—Fig. 3(b). The peak ap-
pears broader and asymmetric. The peak position is in-
termediate between peak A and peak B for the clean sur-
face. Clearly, it has a two-pair distribution function.
Thus we label this peak as D +D’ for 1| ML Na-covered
surface in Fig. 3(b) where D and D’ represent Si-Si and

TABLE 1. Experimental and theoretical bond lengths.

DETERMINATION OF THE Na/Si(100)2X 1 SURFACE AND . . .

For PEXAFS experiment:
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Si-Na atomic pair distribution. The determination of Si-
Si and Si-Na bond lengths required curve fitting pro-
cedures. The bond lengths thus determined are
2.44+0.05 A for the Si-Si atomic pair and 2.67+0.05 A
for the Si-Na atomic pair. Figure 4(b) shows the experi-
mental kY p 4 p(k) along with curve fit. Peak D +D’ was
also fit assuming D’ to be the Si-Si atomic pair but better
fit was obtained for the Si-Na atomic pair, which suggests
that D’ is related to a Si-Na atomic pair. The observed
values of the bond distances are of particular interest.
The Si-Si distance of 2.44+0.05 A indicates that there is
relaxation by 0.24 A in the Si-Si dimers due to the sodium
deposition. The Si-Na distance of 2.67+0.05 A corre~
sponds to the sum of covalent radii of Si atom (1.11 A)
and Na atom (1.57 A) thereby supporting the model of
covalent bonding between Na and Si established before
from the electronic properties on the footing of our pho-
toemission experiments.>> 2?7 One should also notice that
this bond length is in very good agreement with the one
measured at 2.80+0.10 A using p-polarized Na 2p
PEXAFS."® It is important to remark that it was not
possible to obtain the Si-Na bond length from p-polarized
Si 2p PEXAFS. Moreover, in the p-polarization study,
the Na-Si bond distance was obtained from the Na 2p
PEXAFS which gives structure surrounding the Na
atom.!®> At this point, it is interesting also to mention
that the Si-Na distance measured here by s-polarization
PEXAFS indicates that the Si-Na bond direction makes a
very small angle with the incident photon electric vector
thereby contributing more to the EXAFS oscillations.
This suggests that the Si-Na bond is more “horizontal”
than ‘“‘vertical” which does not favor a pedestal (or

(a) R,(Si) and R,(Si) indicate the first and

second nearest-neighbor distances surrounding the Si atom obtained from Si 2p PEXAFS. (b) R;(Na) and R,(Na) indicate the first
and second nearest-neighbor distances surrounding the Na atom obtained from the Na 2p PEXAFS. For DMOL calculations: (c) d,
and d, indicate the first and fourth nearest distances between Na and Si atoms. The number between brackets after the bond lengths
(1) indicates the number of the atomic layer from the top of Si(100)2 X 1 surface.

(a)
Si 2p PEXAFS Si dimer R,(Si) R,(Si) R, (Si) R,(Si)
Clean Si(100)2X1  (4) 2.20+0.04 A (B) 3.84+0.06 A  (C) 4.60+0.08 A
(Si-8i) . (Si-Si) (Si-Si)
Na/Si(100)2X 1 (D) 2.44+0.04 A (D’) 2.67+0.05 A (E) 3.90+0.08 A
(1 Na monolayer) (Si-Si) (Si-Na) (Si-Si)
(b)

Na2p PEXAFS R,(Na) R,(Na)
Na/Si(100)2X 1 (A) 2.67£0.05 A*® (B’) 5.10+0.10 A
(1 Na monolayer) (Na-Si) (Na-Si)

(c)
DMol (Si-Si) d, (Na-Si) d, (Na-Si) d; (Na-Si) d, (Na-Si)
Clean Si(100)2X1 2.21 1§ . .
Na/cave 234 A 2.86 A (1) 3.59 A (2) 3.94 A 3) 511 A (1)
Na/pedestal 226 A 3.03 A (1) 3.62 A (2) 451 A 3 526 A ()
Na/valley bridge 231 A 3.02 A (2) 3.48 A (1,3) 4.86 A (2) 5.19 A (3)

#2.80+0.10 A measured in p polarization (Ref. 15).
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FIG. 4. (a) Imaginary part of the experimental complex
k2xp +c(k) (square) and curve fit (circle) for peak B + C shown
in Fig. 3(b) for clean Si(100)2 X 1 surface. (b) Imaginary part of
the experimental complex k2y,.p(k) (square) and curve fit
(circle) for peak D +D’' shown in Fig. 3(b) for 1-ML
Na/Si(100)2 X 1 interface.

bridge) site of adsorption for the Na atom.* The peak E
observed in the F(R) for 1-ML Na/Si(100)2X1 yields
[Fig. 3(b)] a bond distance of 3.90x+0.06 A using Si-atom
(absorber) and Si-atom (backscattered) phase function,
which is related to the second nearest-neighbor Si-Si dis-
tance.

B. Na 2p PEXAFS

We now examine the structure surrounding the Na
atom from Na 2p PEXAFS for 1-ML Na/Si(100)2 X1 in-
terface. Figure 5(a) shows the Na 2p EXAFS function
and Fig. 5(b) the respective absolute Fourier transform of
the EXAFS function. The starting threshold energy for
the EXAFS function was 30 eV and was floated later in
the analysis as explained earlier. From the peaks ob-
served in the absolute Fourier transform in Fig. 5(b), we
notice two major distinct peaks and we label these as
peaks A and B. We analyzed these peaks in the absolute
Fourier transform using the Na(absorber) -
Si(backscatterer) phase function obtained from the
theoretical absorber phase function of Teo and Lee®® and
backscattering phase function of McKale et al.3¢ The
Na-Si distance obtained for peak 4 is 2.67+0.05 A [see
Table I(b)]. From peak B, the distance obtained using
Na-Si phase function is 5.10+0.1 A, which is the second
Si atom distance from the Na atom —see also Table I(b).
Furthermore, one should also meontion that we do not
find any Na-Na distance around 4 A, which could be con-
sistent with any of the double-layer models’ %8720 (4.4
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FIG. 5. (a) k*y(k) function for 1-ML Na/Si(100)2 X1 inter-
face obtained from Na 2p PEXAFS. (b) Absolute F(R) of the
respective EXAFS function for 1-ML Na/Si(100)2 X 1 interface.

A between pedestal and cave sites and 3.9 A between
pedestal and valley-bridge sites). It is also interesting to
notice that we find the Na-Si bond length (measured us-
ing Na 2p PEXAFS) to be strictly equal to the Si-Na
bond length (measured using Si 2p PEXAFS) at
2.67+0.05 A. It shows a unique feature of the PEXAFS
technique in its ability to double-check interatomic dis-
tances.

V. THEORETICAL CALCULATIONS

A. Study of the clean Si(100)2 X 1 reconstructed surface

We now turn to the results given by the theoretical
DMOL calculations. Since it is possible that surface re-
laxation might be of some relevance in the determination
of the correct adsorption site, we also have to take into
account this parameter to figure out its relative impor-
tance. Therefore, in order to have a clear understanding
of the relaxation, we have first studied the structure of
the reconstructed clean surface on different sites. The
purpose of obtaining the reconstructed geometry of the
clean surface is to have minimization of the forces acting
on the atoms of the substrate to the criterion of conver-
gence, so that the forces created on the Si atoms by Na
adsorption will have no contribution from nonoptimized
substrate forces. For the investigation of the reconstruc-
tion, three models were chosen to simulate the dimer and
substrate, with hydrogen atoms used as a classical pro-
cedure to saturate the dangling bonds. The three clusters
are centered on the pedestal, cave, and valley-bridge sites
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with 71, 59, and 71 atoms, respectively, including five to
six layers of Si—see Figs. 6(a), 6(b), and 6(c). The sizes of
the clusters are chosen so that the center atoms are in a
good crystal environment (which is not the case for the
cluster boundary atoms). Thus choosing three clusters
centered on different parts of the unit cell allows us to
give a good description of the forces and geometry optim-
ization on all atoms of the unit cell.

The degrees of freedom for the geometry optimization
are the following: for all layers, the y axis is frozen as a
result of the 2 X 1 symmetry reconstruction and previous
analysis.’>37 The first and second layers are allowed to
relax along the x and z axes and the third layer along the
z axis. The atoms below are kept in their bulk position.
Although it has been shown®’ that the reconstruction
may affect the substrate up to the fourth layer, we have
chosen to freeze it, in order to avoid boundary effects
from the bottom of the clusters. We have found a recon-
structed geometry consistent with the three clusters
represented in Figs. 6(a)—6(c). The dimer bond length for
the clean Si(100)2X 1 surface was found to be 2.21 A on
all three clusters, in excellent agreement with the experi-
mental value given above at 2.20£0.05 A by PEXAFS—
see Table I. Our calculated value agrees well with the
one given recently by Tang, Freeman, and Delley’? at
2.23 A with a cluster centered on the bridge site that we
therefore did not study again in this paper.

B. Na adsorption on the Si(100)2 X 1 surface

In order to have a better representation of dimers and
substrate relaxation for each site (i.e., minimization of the

(a) Pedestal

(b) Cave

FIG. 6. Clusters used in the calculation to study the clean
Si(100)2 X 1 surface. Each cluster is centered on one of the Na
possible adsorption sites: (a) Pedestal, Si;;H,s, (b) cave, SizsHjg,
and (c) valley bridge, Si;o Hj;. The hydrogen atoms are not
represented.
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boundary effects), we have built three new clusters
embedding in each case two identical adsorption sites
lined up perpendicularly to the dimer rows. Each site
was studied with the adsorption of two Na atoms per
cluster, with 71, 65, and 77 atoms for the pedestal, cave,
and valley-bridge sites, respectively—see Figs. 7(a), 7(b),
and 7(c). It should be noticed that the two sodium atoms
on each cluster are separated by 7.68 A and are located
on different rows. Therefore we expect a negligible con-
tribution of the Na-Na interaction to the binding energy.
This was further confirmed in our calculation. Moreover,
having two Na atoms per cluster enables us to claim for
the representation of a higher coverage model of the sur-
face and thus to be able to compare our calculations with
the experimental values. We have plotted in Table I(c)
the relaxed bond lengths of the Na atom with the four
nearest-neighbor Si atoms for each site of adsorption, to-
gether with the relaxed Si-Si dimer bond length (the num-
bers in brackets refer to the layer of the Si atom).

The geometry optimization, based on force calculation,
has shown that the Na-induced substrate relaxation
mainly affects the dimers. On the cave site, where the re-
laxation is most important, the dimers relax upwards by
0.16 A and are stretched apart by 0.13 A, while second-
and third-layer atoms relax less than 0.02 A. Thus a sim-
ple comparison of the relaxed dimer bond length with
that of the clean surface gives a correct knowledge of the
importance of the relaxation on each site. Relaxation on
the valley-bridge site is similar to that of the cave site,
with the same directions of displacement for the Si dimer
atoms and no significant effect under the first layer. It
can be seen that, unlike the cave and valley-bridge sites,

(a) Pedestal

FIG. 7. Clusters used in the calculation to study the various
Na adsorption sites: (a) Pedestal, Si;H3;,Na,, (b) cave,
Si;;H34Na,, and (c) valley bridge, SizoH3sNa,. The hydrogen
atoms are not represented.
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the pedestal site does not undergo a strong relaxation: di-
mers move 0.03 A upwards and are 0.05 A stretched
apart.

It should be noticed first that, for the Na atom on the
valley-bridge site, the first nearest neighbor is the
second-layer Si atom. This characteristic of the valley-
bridge site implies some significant ionicity of the Na-Si
bonding, since the second-layer Si atoms are saturated.
This does not agree with recent experiment emphasizing
a covalent Na-Si bond.">**~?7 For the first neighbor dis-
tances the cave site has the best fit (2.86 A) to the experi-
mental distance of 2.67+0.05 A and differs from the two
other values by 0.17 A.3® Also, the fourth nearest Na-Si
distance (d,) for the cave site is in excellent agreement
with the experimental Na 2p PEXAFS value of R,(Na) at
5.104+0.10 A, unlike the corresponding dlstances for the
pedestal (5.26 A) and valley-bridge (5.19 A) sites (see
Table ).

The Na adsorption energies per atom are shown in
Table II for each absorption site. For the case of unre-
laxed substrate, the cave site has the lowest adsorption
energy followed closely by the pedestal site with a
difference of 0.04 eV. The energy difference is too small
to build a reliable conclusion on the correct site of ad-
sorption on the basis of unrelaxed calculation only. The
valley-bridge site has an adsorption energy 0.31 eV
higher. We now consider substrate relaxation obtained
using force calculations. The cave site undergoes a
significant relaxation which lowers the energy by 0.19 eV
compared to 0.06 and 0.20 for the pedestal and valley-
bridge sites, respectively. Thus the cave site has now the
lowest adsorption energy after relaxation (0.17 eV lower
than the pedestal, which is a significant difference). Al-
though the valley-bridge site has a comparable lowering
of the adsorption energy due to the relaxation, it remains
0.30 eV higher than the cave site.

The calculation was repeated with three Na atoms ad-
sorbed on cave sites on a line perpendicular to the dimer
rows along the (110) direction, in order to trace the
effect of increasing the number of Na atoms and to check
consistency of our results. The cluster contains 37 Si, 38
H, and 3 Na atoms and is represented in Fig. 8. The re-
sults are in excellent agreement with the calculations per-
formed using two Na-atom clusters (Fig. 7). In this case,
the relaxed adsorption energy is 2.23 eV compared to
2.22 eV for two Na atoms and all the relaxed bond
lengths were within 0.03 A of the values obtained previ-
ously.

TABLE II. Na-adsorption energies for the cave, pedestal,
and valley-bridge sites in the cases of unrelaxed and relaxed
Si(100)2 X 1 substrate.

Na adsorption

DMOL Unrelaxed Relaxed
Cave —2.03 eV —2.22 eV
Pedestal —1.99 eV —2.05 eV
Valley bridge —1.72 eV —1.92 eV
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FIG. 8. Cluster used in the calculation to simulate three Na
atoms adsorbed on cave sites: Si;;HjsNas. The hydrogen atoms
are not represented.

VI. DISCUSSION

The present results show that the Si-Si dimer bond is
2.20+0.05 A on the clean Si(100)2 X 1 surface, which is
somewhat shorter than the value obtained recently by
dynamical LEED measurements at 2.4+0.1 A.® Howev-
er, the experimental measurement using s-polarization Si
2p PEXAFS is in excellent agreement with the above ab
initio total-energy DMOL calculation giving practically
the same value at 2.21 A. Upon the deposition of a sodi-
um monolayer, the PEXAFS results indicate that the Si-
Si dimer is relaxed by 0.24 A at 2.44 A. The agreement
with the calculations is found to be better for the cave
site at 2.34 A, than for the pedestal site at 2.26 A and
the valley-bridge site at 2.31 A, and close to the value ob-
tained by dynamical LEED measurements.® This relaxa-
tion is likely to result from electron redistribution at the
Na-Si interface as a consequence of the hybridization be-
tween the Na 3s valence electron with the Si 3p orbital re-
lated to the dangling bond leading to the formation of a
covalent bonding as shown previously on the basis of
photoemission experiments.>*® The Si-Si dimer relaxa-
tion by 0.24 A also indicates a weakening of the dimer
bonding which is consistent with a different equilibrium
in the electronic structure as described above. Our re-
sults do not indicate any other major structural changes
within the (100) surface of silicon upon Na deposition
which is in very good agreement with the previous p-
polarized PEXAFS measurements.!®> This is significantly
different from the behavior of the InP(110) surface on
which Na was found to induce significant structural
changes, even at rather low coverages.”? This limited
change of the Si(100)2 X 1 surface is likely to result from
the fact that the covalent bonding between Na and Si is
weak. 31526

In our previous p-polarized PEXAFS experiments'®
were not able to use the Si 2p (unlike the Na 2p) to mea-
sure the Na-Si bond length. It is interesting to notice
here that we have also used and analyzed the EXAFS os-
cillations in s polarization at both Na 2p and Si 2p to
measure the Na-Si as well as the Si-Na bond lengths. The
results are identical in both cases at 2.6710.05 A, which
corresponds to the sum of Na (1.57 A) and Si (1.11 A) co-
valent radii as measured for the 1-ML K/Si(100)2 X1 in-
terface by SEXAFS.'* This value is in very good agree-
ment with the result given by p-polarized PEXAFS at
2.80+0.10 A (Ref. 15) and with the bond length calculat-
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ed by DMOL for the cave site at 2.86 A (d, in Fig. 9).
Again, the agreement is less good with the bond length
calculated for the pedestal (3.03 A) and valley-bridge
(3.02 A) sites. If the Na atom is adsorbed with a small
height above the surface on an adsorption site like the
cave as favored for K in the calculations of Ye, Freeman,
and Delley,!” the Na-Si bond length would be rather hor-
izontal. In this case, it is likely that the measurement of
the Na-Si bond length would be easier using s-polarized
PEXAFS since the electric vector of the incoming syn-
chrotron radiation would be parallel to the Si(100)2X1
surface [Fig. 1(a)]l. In that respect, our s-polarized
PEXAFS results suggest that the Na is adsorbed on the
Si(100)2 X 1 surface with a short height above the surface
which would be again consistent with the cave adsorption
site as proposed previously.!”

In order to discriminate between the one-dimensional
alkali-metal chain (ODAC) model as shown by STM for
the K/Si(100)2X1 system!*> and double-layer mod-
els,/ 118720 we have investigated the possibility of
measuring the Na-Na distance between two chains, per-
pendicular to the {110) direction. In the case of the
ODAC model (whatever is the adsorption site), the dis-
tance between Na chains would be 7.68 A, which is too
large a distance to be measured by any EXAFS technique
since the EXAFS oscillations would be overshadowed by
the noise. In the case of a two-layer model, the distance
between two Na atoms located in two nearby layers
would be close to 7.68/2, i.e., 3.84 A (the distance be-
tween pedestal and cave is r)z4.4 A and between pedestal
and valley bridge is 3.9 A), which is a distance that
should be clearly resolved and give rise to EXAFS oscil-
lations seen in s-polarized PEXAFS. Despite many mea-
surements, we did not find any Na-Na bond length dis-
tance which could be consistent with any of the double-
layer models. This suggests that, as shown for
K/Si(100)2X 1 by STM,'"!3 Na is also likely to form
one-dimensional chains parallel to the silicon dimer rows
along the (110) direction, with a single site of adsorp-
tion.

One has now to use the distances obtained above to
identify more directly the Na adsorption site. Let us first
examine the case of a cave adsorption site. From Table I,
one can see that the Na-Si bond length is 2.671£0.05 A
[R;(Na) from Na 2p PEXAFS and R,(Si) from Si 2p
PEXAFS in Table I], the Si-Si dimDer bond length on the
Na-covered surface is 2.44+0.04 A [R,(Si) from Si 2p
PEXAFS in Table I], and that the distance between a Na
atom and the fourth Si nearest-neighbor distance is
5.10+0.10 A [R,(Na) from Na 2p PEXAFS in Table I].
Since the PEXAFS data are collected in s polarization,
the contribution of the two top atomic layers would be
significantly dominant and the sensibility would be best
for direction of bond lengths close to that of the electric
vector (see Fig. 1). If we now calculate the distance from
the Na atom to the fourth Si nearest neighbor (d, in Fig.
9) using the Na-Si bond length (d, in Fig. 9) at 2.67+0.05
A and the Si-Si dimer bond length at 2.44:+0.04 A, one
obtains a value of 4.99+0.09 A, which corresponds exact-
ly (within the errors) to the values obtained directly by
PEXAFS (Table I) at R,(Na)=5.10+0.10 A and by
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<110> —>

Side View

FIG. 9. Structural model proposed in this work for the ad-
sorption of Na on the Si(100)2X 1 surface (top and side views).
The Na atoms are adsorbed on cave sites and form one-
dimensional linear chains parallel to the Si dimer rows along the
(110) direction and distant by 7.68 A as shown in the top view.
The numbers on the atoms indicate the atomic layers from the
surface towards the bulk. On the side view, d; and d, indicate
the distances between Na and, respectively, the first and fourth
nearest Si atoms.

DMOL calculations at 5.11 A. Let us now examine the
cases of the valley-bridge and pedestal adsorption sites as
done above for the cave site. The closest Na-Si distances
from the value of 5.10 A for the fourth nearest neighbor
would be at 5.5 and 6.1 A for the valley-bridge site, while
for a pedestal adsorption site the closest corresponding
distances would be 6.3 and 6.9 A. These distances are
clearly larger than the one obtained from the R,(Na) Na
2p PEXAFS (Table I). We could therefore distinctly con-
clude that the cave is the Na adsorption site, which is fur-
ther confirmed by its lowest adsorption energy (Table II).
This finding is in very good agreement with the fact that
the Na atoms are covalently bonded to Si atoms through
the Si dangling bonds as shown by photoemission experi-
ments,?® which would also make the cave site the most
favorable adsorption site—see Fig. 9. In that respect,
our present PEXAFS and DMOL investigation for the
Na/Si(100)2 X1 agrees very well with the very recent
STM study of the K/Si(100)2 X 1 system.'?

VII. CONCLUSIONS

In conclusion, we have investigated the 1-ML
Na/Si(100)2 X 1 system by the combination of s-polarized
photoemission EXAFS experimental technique and
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DMOL total-energy molecular calculations. We have
used the unique ability of PEXAFS to measure both ad-
sorbate and substrate nearest-neighbor distances, which
allows a double checking of the bond lengths. We have
measured the Si-Si dimer distance on the clean surface to
be 2.20+0.05 A and its relaxation by 0.24 A upon Na ad-
sorption in excellent agreement with total-energy molecu-
lar DMOL calculations. The Si-Na (Si 2p PEXAFS) and
Na-Si (Na 2p PEXAFS) distances were found to be strict-
ly equal at 2.6£0.05 A, corresponding to the sum of co-
valent radii, which supports the model of covalent bond-
ing between Na and Si proposed on the basis of photo-
emission experiments. Together with the other Na-Si and
Si-Si bond lengths, also in very good agreement with the
calculations, the measured distances clearly indicate that
Na is adsorbed on a single site, the cave site. We did not
find any Na-Na distances perpendicular to the (110)
direction which could be consistent with any of the
double-layer models. Calculations of adsorption energies
further support the cave site. Our structural model for
the Na/Si(100)2X 1, based on the combination of these
theoretical and experimental investigations, is in excellent
agreement with the one we have recently proposed for
the corresponding K/Si(100)2X 1 system on the basis of
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a very different experimental technique, the scanning tun-
neling microscopy. Our investigation shows that the
combination of new sophisticated experimental tech-
niques with state-of-the-art theoretical approaches brings
deeper insights into the understanding of the structure of
surfaces and interfaces.
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