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We have obtained energy-minimized atomic and the resultant electronic structures for Na ad-
sorbed on Si(001)-(2x1) at two different coverages. The passage through a 2x3 structure before
reaching the 2Xx1 structure at a monolayer coverage is explained based on these results. At a
monolayer coverage the calculated structure is puckered in accord with recent experiments. The
observed reentrant behavior to an insulating state at the monolayer coverage of alkali metals also
follows naturally from these calculations. We also find that up to this coverage, the reversal to
ideal surface structure is energetically unfavorable and this is to be contrasted with Si(111)-
(2x1). An explanation is offered for differing values of charge transfer quoted in the literature.

The nature of metallization of Si(001)-(2x1) surface
by alkali metals, proposed! by Ciraci and Batra (CB) in
1986, has led to a flurry of activity both experimental-
ly>~ 1% and theoretically.!' '* Early experiments'® had
indicated that it is not possible to grow ordered layers
beyond one half of one monolayer coverage. Incidentally,
one half of one monolayer is 8 =1 in our definition, where
6 is the number of alkali atoms per 2 X 1 surface unit cell.
This is equivalent to 3.39 % 104 adsorbates/cm?2. More re-
cently,>> ordered overlayers beyond this coverage have
been successfully grown. However, the newer experimen-
tal data are still in mutual conflict>>? regarding the satu-
ration coverage. CB (Ref. 17) later extended the calcula-
tions to higher coverages of K and presented preliminary
results confirming their earlier picture of ionic bonding.

There have been several important new developments in
this field. Angular resolved photoemission experiments by
Enta, Kinoshita, Suzuki, and Koho® have shown that
when the Si(001)-(2x 1) surface is dosed to “saturation”
coverage of K, the resulting system is an insulator. From
their Auger electron spectroscopy (AES) measurements,
they® draw the conclusion that the saturation coverage
corresponds to 6=2. No characteristic breaks, normally
associated with a layer by layer growth, were observed by
them. Oellig and Miranda,> on the other hand, reported
at least four breaks in the Si LMM AES intensity. How-
ever, after the completion of second K layer, the growth of
the third and fourth K layer did not change the work
function. This is contrary to the results by Enta et al,’
who find that the saturation of A¢ and AES intensity coin-
cide with each other. Abukawa and Kono® have proposed
a model, based on a kinematical analysis of the x-ray pho-
toelectron diffraction patterns of K 2p core-level experi-
ments, for 6=2 coverage. Finally, a new 2x3 low-
energy-electron diffraction spectroscopy (LEED) struc-
ture has been reported '° at low coverages. We also men-
tion that no value of the charge transfer from alkali metal
to Si surface is yet commonly accepted. The actual ad-
sorption sites at various coverages are still largely un-
known.?

In this Rapid Communication, we present atomic and
electronic structures for the alkali metal adsorption on
Si(001)-(2x1) at two coverages, 6=1, 2, which have
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bearings on all of the above issues. We conclude from our
calculations that at the lower coverage, the quasihexago-
nal site proposed by Levine'® and a long bridge site along
the dimerization direction are equally favorable in energy.
Thus, both sites can be occupied at room temperature. At
the monolayer coverage (§=2), our calculations predict
simultaneous occupation of both these sites. The struc-
ture we find is puckered in accord with recent experi-
ments.® However, the cave site, tentatively proposed by
experiment,® is found to be unfavorable. The LEED ob-
servation '® of a 2x 3 structure at low coverages can be sat-
isfactorily explained in terms of near equal probability of
occupancy of the two sites. These calculations are also
able to explain the reentrant behavior to an insulating
state observed by Enta et al.’

Our calculations are based on an extensive set of ab ini-
tio total energy; electronic structure and force calculations
performed within the repeating slab geometry. We use
the standard self-consistent field (SCF) pseudopotential
method in the momentum space representation.'® The
particular alkali metal we have chosen is sodium; the re-
sults for K are expected to be similar. In our previous
work,! we used potassium as a prototype for alkali metals.
There is some suggestion’ that the particular form of the
ionic pseudopotential?® we used may lead to a low value
for the K-Si bond length. It is hoped that Na ionic pseu-
dopotential may not suffer from this drawback to the
same extent due to a somewhat smaller core size.

The structural models used in our calculations are
displayed in Fig. 1. We considered three types of adsorp-
tion sites in detail at the 2% 1 surface at 8=1. The hollow
site'® H(4,2,1) above the third layer of Si is quasihexago-
nal. The numbers in parenthesis give the number of Si
neighbors in the first three Si layers around the adsorption
site. In the long bridge site, B(2,4,2), the adsorbate is lo-
cated above a fourth-layer Si atom and connects the rows
of dimers. The cave site, C(4,2,2), has adsorbate above
the third layer of Si but due to reconstruction this is a
more open site than H(4,2,1). Also as can be seen in Fig.
1, the second-layer Si atoms are in fact closer to the ad-
sorbate than the first-layer Si atoms. This is indicated by
placing a caret above two. These sites are simply labeled
as H, B, and C in Fig. 1. Other possible sites were ruled
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FIG. 1. Side and top views describing the positions of ad-
sorbed sodium atoms on the Si(001)-(2x1) surface. Shaded
and empty circles denote Na and Si atoms, respectively.
Numerals in the circles indicate Si atomic layers. Important
sites in the unit cell have been labeled by H, B, and C.

out either from preliminary energy calculations or on
physical grounds.

Our analysis of the energetics for the optimum binding
structure at 6=1 is presented in Table I. H site is mar-
ginally more stable in energy than B site. The potential
energy curve, as a function of the vertical height A, at B
site is rather flat. The energy changed by only 0.007 eV
when A was changed by 0.5 a.u. This is due to the fact
that a large change in h produces only a minor change in
the nearest-neighbor Si-Na distance 4. An important
point is that d is nearly the same for H and B adsorption
sites which leads to similar adsorption energies. Also
from Table I, we note that our results for energy
differences and bond lengths seem to be well converged.
Only B site shows some sensitivity for reasons stated
above and becomes slightly more favorable (~0.01
eV/cell) than H site. We conclude that at room tempera-

TABLE 1. Calculated relative energies (in eV) measured
with respect to H site for various adsorption sites for Na at =1
on Si(001)-(2x1) and ideal (I) Si(001) surfaces. The opti-
mized vertical heights 4 and nearest-neighbor Si-Na interatomic
distances 4 are given in A. Positive values for AE correspond to
energetically less favorable configurations. The Bloch states
were represented by a basis set of —550 plane waves corre-
sponding to |k+G|2<4.5 Ry. The numbers in parentheses
are for calculations performed with ~1000 plane waves,
|k+G|2<6.5Ry.
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ture both H and B sites shall be occupied, governed only
by the kinetics considerations. Furthermore, since B site

" is almost buried in the surface, little change in work func-

tion will occur if only B sites were occupied. The occu-
pancy of C site is found to be unfavorable. Also from the
last columns it is clear that reverting to an ideal surface at
this coverage is energetically highly unfavorable. Al-
though the adsorption on the ideal surface is actually
more favorable, the loss in energy due to dimer breaking
(~1.6 eV) is not offset by the additional bonding due to
adsorption at the ideal surface. This is to be contrasted?'
with Si(111)-(2x%1) where the energy loss due to break-
ing weak Il-bonding reconstruction is well compensated
for by the additional adsorption energy on ideal Si(111).

At =2, a plausible structure involves occupying H and
B sites simultaneously. An alternative involves occupying
H and C sites simultaneously. Simultaneous occupation
of B and C sites can be ruled out on physical grounds.
The H-C structure has been tentatively proposed®!” but is
energetically unfavorable, according to our results sum-
marized in Table II. We also establish that reverting to
the ideal surface is energetically unfavorable even at a
monolayer coverage. The low-energy structure according
to our calculation is a puckered one for which Ak =0.9 A.
The puckering leads to a reduction in the ion-ion repulsion
energy. It may be thought of as a dilayer?? of alkali met-
al. A puckered structure at monolayer coverage of K on
Si(001)-(2x 1) has been proposed® with Ah=1.1 A. Our
results confirm the puckering but suggest that the site is
H/ B rather than H/C. The vertical heights we find are
hi=1.4 and h,=0.5 A. Both these values are larger than
the corresponding heights at 8 =1. This is in accord with
the known results?® that with increasing coverage there is
an outward relaxation of the overlayer. At low coverages
(6=2/3) a 2x3 structure'® can arise because an adsor-
bate in H site blocks off four surface sites. Then the next
alkali atom can adsorb in B site, but must skip the adja-
cent unit cell. This gives rise to a 2X3 structure at
0=2/3. At monolayer coverage all H and B sites can be
filled and we again recover a 2X 1 structure. The ordered
structures'® 2x1, 2x3, and 2%1, are thus readily ex-
plained by the energetics presented in Tables I and II.

Our calculated electronic structures at the two cover-
ages, shown in Fig. 2, give a band picture rather similar to
that for the clean Si(001)-(2x1) surface. Recall that
Si(001)-(2x1) has two surface dangling bands, D; and
D>, in the bulk forbidden energy gap which can accommo-

TABLE II. Calculated relative energies (in eV) measured
with respect to H/ B site for various adsorption sites for Na on
Si(001)-(2x1) and ideal (I) Si(001) surfaces at 6=2. The
symbol H/B, for example, defines adsorption sites for two Na
atoms; one in H and the other in B site. Their optimized vertical
heights (in A) are h; and k>, respectively.

Sites H B C I1(H) 1(B)
AE 0.0 0.03(—0.01) 0.14(0.14) 0.89 1.32
h 1.27(1.32) —0.16(—0.29) 0.64(0.58) 0.79 1.80

d 2.60(2.62) 2.64(2.66) 2.83(2.79) 2.83 2.63

Sites H/B H/C I(H/H) I(H/B)
AE 0.0 0.1 0.2 0.6
hi 1.4 1.4 0.7 0.6
h 0.5 0.7 0.7 1.7
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FIG. 2. Calculated energy band. structure of Na-covered
Si(001)-(2x1) surface at (a) 6=1 and (b) §=2. The zero of
energy is arbitrarily set at the lowest unoccupied level at . The
adsorbates are in H and H/B sites.

date up to four electrons but actually hold only two. The
reconstructed clean surface is thus insulating in nature. A
single alkali adsorbate atom per unit cell partly fills the D,
band leading to a metallic state. If two adsorbate atoms
are present, the 2X1 unit cell would have just enough
electrons to fully occupy D; and D, bands leading once
again to a semiconducting® surface at =2. This picture
is confirmed by our calculations. An important point is
that the alkali overlayers do not introduce any new bands
in this energy region although some modifications of the
intrinsic bands are obviously noted. The reentrant behav-
ior to the insulating state’ as a function of coverage thus
follows naturally from our calculations. The transfer
of Na(3s) electron into Si levels is also consistent with
the atomic term values since e€si(3p)=—0.48 and
ena(35) =—0.38 Ry.

The origin of the above metal-insulator transition is
traced to the ionic interaction between the alkali metal
and Si, and to the presence of active surface states on the
Si surface. This can be best seen from the spatial distri-
bution of the alkali-metal charge upon adsorption in H
and H/B sites. In Fig. 3(a) the difference valence charge
density plot Ap(r) =pg=1(r) —pe=0o(r) in a vertical (110)
plane passing through the dimer bond is shown. The par-
tial filling of the dangling-bond states by the Na(3s) elec-
tron is fairly obvious. Some depletion of charge is noted
from the region between first and second layers in favor of
accumulation between the Na and Si surface layer. The
corresponding plot at =2 is shown in Fig. 3(b). The
valence electrons of the adsorbed atoms are again essen-
tially accommodated in the dangling surface state bands.
However, a small amount of charge does accumulate be-
tween alkali metals and the second-layer Si atoms. This
suggests some covalency in an otherwise ionic bond. Also
from the charge distribution one can sense an onset of in-
teraction between alkali atoms. Of course, this interaction
is weak and in view of the gap between D, and the con-
duction band, one concludes that the alkali overlayer is
not metallized up to the monolayer coverage. One should
keep in mind that the intra-atomic Coulomb repulsion
(Hubbard U) may become effective when both D and D,
are fully occupied. This may alter the electronic structure
somewhat, but is beyond the scope of present calculations.

There has been much discussion in the literature! ~!°
about the amount of charge transfer, AQ, from alkali met-
als to Si. Values ranging from 0 to ~1 have been quoted
for the K-Si system. Oellig and co-workers>* have ob-
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FIG. 3. Contour plots of the charge-density difference be-
tween Na-covered and clean Si(001)-(2x 1) surface in the verti-
cal (110) plane, (a) 8=1, (b) 8=2. The contour spacings are
5%x1073 ef/a.u.® Dotted lines give zero-density contours; de-
pletion region is given by contours with crosses. Positions of Si
and Na atoms are indicated by filled and open circles, respec-
tively. The dotted circle shows that Na is not in this plane.
Small arrows give the direction of increasing charge-density
contours.

tained AQ ==0.3. This value is extracted from their exper-
imental data on the change in work function using the
Helmholtz formula as well as an empirical tight-binding
calculation. Based on the charge density analysis and the
charge allocation obtained from their pseudofunction cal-
culations, Kasowski and Tsai!! have given AQ=0. Tsu-
kada et al.'® have concluded, from Mulliken population
analysis as well as a space partitioning scheme, that
AQ==0.1. A more sophisticated analysis'? of the charge
transfer, based on a constrained space orbital variation,
led to AQ=0.9.

An examination of the spatial distribution of the charge
density in Fig. 3 offers an explanation for these widely
different computed values. The alkali charge is obviously
localized in the region between alkali overlayer and Si sur-
face layer whether or not the charge is in Si dangling
bonds. It is also clear that Na and Si cores are situated
rather close to each other. The problem then arises in as-
signing the charge in a unique fashion to a particular
center. Any sensible partitioning of the space would pro-
ject AQ~0.1-0.4. A similar value shall be obtained from
an analysis based on Helmholtz expression which at 6 =1
is AQ=A¢(eV)/6r,(A). Here, r, is the normal dipole
length. If we take it equal to 4 from Table I for H site,
then for Ag =3 eV, one gets AQ=0.4. However, this ig-
nores the fact that the spatial distribution of the charge
density is quite asymmetric as can be seen from Fig. 3(a).
The ““center” of the excess charge in the normal direction
does not coincide with the Si core. This essentially means
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that r, entering in the Helmholtz formula is less than A.
A simple estimate then gives r,=0.6 A and, hence,
AQ==0.8. Thus, one has to be careful in supplying an ap-
propriate value for the separation between positive and
negative “centers.” For these reasons, several different
values for the charge transfer exist in the literature.

In closing, we state that our calculations have led to the
conclusion that the two Na atoms per unit cell prefer to be
in a puckered structure in accord with recent experimental
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observations.® The surface dangling bond bands (some-

what modified due to the adsorbates) continue to exist up
to 6=2. Since these bands are completely filled for 6 =2,
one gets an insulating surface at this metal coverage in ac-
cord with the experimental findings.> Whether the multi-
layer of alkali metals can grow on Si(001), or the adsorp-
tion saturates at 8 =2, remains an unresolved experimen-
tal>>8 issue.
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