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Self-consistent Pseudopotential Calculations on Si (111)

: %
‘Unreconstructed and (2 x 1) Reconstructed Surfaces

M'.-‘Sc_hliiter,+ James R. Chelikowsky,
Steven G..Loﬁie# and Marvin L. Cohen
.De?artment oflPhysics, University of California -
and | | |
Inorgaﬁié Materials Research Division,

Lawrence Berkeley Laboratory, Berkeley, California 94720

. Abstract
A recently developed method for the self-

cohsistent calculation of localized configurations
has been applied to the Si (111) surface. -Results
have been obtained for aﬁ unrelaxed; relaxed and

(2 x 1) reconstructed (buckled) Surface; Densities
of states and charge densities are'presented and -
discussed. The salient experimental findings are>

reproduced.

In this letter we report self-consistent pséudopotential
calculations on Si (111) surfaces. Three different surface
models have been studied and the résulfing calculated.densityf
of states curves and electronic charge dénéity distribufions_'
have been examined to extract the:eésential physical features .
of.the vérious models. In each case the calculations were
carried to self-consistency following a becehtly developed

procedurel which is based on the pseudopotential'scheme.
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Similar to the calculation of the electronic: structure of a-

Si, molecule presented in ref. 1 the requirement of self-'

2
: con51stency proves to be absolutely necessary to account
Zfor the modified screening in the surface reglon |

The three dlfferent models for the Si (111) surface
vstudled are:

a) An unrelaxed nnreconstructed surface, in which all
surface atoms remain at their exact "bulk" p081t10ns, |
- b) A relaxed surface, in whlch the outermost atomlc
layerels rlgldly relaxed inwards by an amount of A = 0.33 R;'
‘These +two models have'been studied by Appelbaum and Hamann’
in the only_previously existing self-consistent appfaachjt¢7
the problem, and their results are basicallytconfirmed by
our calculations. In addltlon we flnd new types of surface
»states and are able to present den51ty of states curves.
The third model we studled is ‘ - ’1" ;-' :. -

c) AQ x D reconstructed surface, in whlch atoms of ‘the
outermost atomic layer are alternatively moved inward and
outward to form a @ x 1 planar unit cell. This model has'
been refined in a second step as first proposed by Haneman
by moving atoms of the second atomic layer slightly lateraily,'
the effect,of which was small compared to the effect of the
"buckling" at the flrst step. The predominant resuit'off
this (2 x 1) reconstruction is the splitting of the "dangllna-
bond" surface state in the gap into two peaks corresponding

to two separate surface bands one of which is occupied.. This



essential feature is in good agreement with experimentsu and

is not obtained in the other two models.

The method used to obtain the electronic surface structure

in'a self-consistent fashion has beén discussed in detail in
our recent 812

the essential features in this paper. The local configuration

‘molecule calculatiOn,.l therefore we only review

in the present case is a 12-layer slabvbf'Si, simulating two
- non-interacting surfaces; The slab is ﬁlaced in a periodic
- lattice sufficiently spaced to prevent inferaétion between
: the differentAslabs (or surfaces). This artifact has the
enormous advahtage that the system can now in principle be
treated as any periodic cryétal and thaf.the pseudopotential .
method in its standard form can be appiied. A self-consistent
' treatment, however, is'necessary to achieve theAcOrrect
screening of the atoms in the neighborhood (~3 to 4 atomic
iayérs) of the surfaces. |

One problem which arises when simﬁlating'surfaces by
finite slabs of atoms periodically_repeated, is spurious
structure in the density of states due to the "unreal" 
periodicity of slabs p'erpendicu_lar‘to“tﬁe_surfaces.5 Spurious'
two-dimensional singularities occur. Théir number increases
with the ﬁumber of atomic layers per slab. For the ﬁtrue"
surface case these singularities become “dense" and disappear.
For finite slab calculations all structures in the density’
of states have to be investigated in this spibit. Similar
problems are encountered when simulating an amorphous material-

by large unit cells periodically repeated.6

»



As for the molecule casel the calculatioﬁs are inifiated

with an empirical pseudopotential carried over from crystélline

calculations. From the resulting total charge.denéity;
screening and exchange potentials are derived and added -

' to an atomic Si+l+ ion-pc_»fential.7 New.screeningv and exchange
'-potentials are derived and the process .1is repeated'ﬁhtil |
self—consiétency (étability of the eigehvalueé_or'étébiiity
of the input'vefsus output potentials within 0.1 eV) is .-
reached. At each step a density of stéteg curQe haé been
.computedffrom 3367kgpoints'in the two-dimensional Brilibuin
zone to'guaranteé a precise location‘of the Férmi level.
The totai.charge dehsity could then be deri?éd from all
‘states with énergies below the Fermi level. From the self-
consisteﬁt calculatién an ionizatibn potential7of'about_:“
o = 4.0 eV was obtained for the relaxed surface.

Density of statesvcurves for the’self—consisfenf,resulfs |
for the three surface models are presented in Fig. 1.. Since‘-
lthese curves répresent the total density of stateé for a
-12 layer slab, their overéll features stronglyrreSemblei
those of the Si bulk density of states. To locate structureél'
associated with surface states (no distinction is madé in the
present case between bona fide surface states and.étrong'
surface resonaﬁces) we investigated the charge density
distributions for small energy intervals scanning the entire

width of the valence bands. As already menfioned, becausé

. of the existence of artificial two-dimensional singularities : 

-



not all sharp structures in the dehsity of efates corfeépohd

" to surface states. The locations of some of the very apparent
surface-stafes (for the relaxed_case) are indicated by arrows
in Fig. 1. Their energies are compared in Table 1 with
.experimeﬁtal,data obtained from UPS ﬁeasurementsu and with

2,8 on Si (111) surfaces.

previous Calculetions
In particular wevihvestigated the points I' (center) and

K (corner) of the two-dimensional hexagonal Brillouin zone.
. Model calculatiohs9 indicate that K rather than M (edge
:.midpeint) is a point of special interest'toistudy surface
- states. |

' Let us first discuss the results at-F;' Below the.energy
zero Whieh_was chesen to coincide with the bulk valence band

edge E,, we find (in agreement with Appelbaum and Hamann2'and

v

Pandey and Phillipsg) three surface states. Two of them are

degenerate and close to E representing the transverse back

v
bonds with charge localized between the firet and second
atomic leyer. Thevthird state is localized at the botfom

of the valence bands and is predominantly s-like'around

the outermost atoms. With the_"dangling bond" state above
EV,Which we shall discues later, there are fQur surface states

at T which agrees with the classical tight binding concept.8'

The situation, however is different at K. We find only one

tb’ Lb

having more longitudinal or s-like character. The

~ "pure" transverse back bond K the remeining states K

and Kﬂb'

interesting feature is that some states K (at -2.0 eV and

b’



-9.7 eV) have most of their charge localized between the

second and thlrd layer in contrast to the state bi

-8.5 eV) which is a mixture of s-like and p—llke states at

(at

the outermost atoms giving rise to-a charge-distribﬁtione o
between the first and second layer. In Flg 2 we show a .-

contour map of the charge of the state K at -2.0 ev.

b
We would llke to stress the fact that surface states
apparently can "penetrate" into. the second longitudinal bond
whlch puts a limitation on the position of a_"matchlng plane"2
_~separat1ng the surface region from the bulk The appearance
- of surface states at K in the second longltudinal bond
1ncreases the number of surface states from four to flve
whlch has been predicted by model calculatlons9 but whlch
is in contrast to the findings of Pandey and Phllllps.svtAt
the point M the situation is expected to be similar but less
pronounced with some of the surface states merging into the
bulk continuum‘.9 | |

Let us now examine the surface states in‘the energy~

gap above E As shown in Fig. 1 we find'fon'the unrelaxed,

v
unreconstructed surface one very flat surface-band about
mid gap. This almost dispersionless band is half occupied;
placing the Fermi level right at the peak.i The charge
distribution of these (either occupied or empty)'mid‘gap d
-surface states is very much."dangling bond"—like exhibiting

a pronounced p-like charge centered at the outermost atoms.

When the last atomic layer is relaxed inward, the back bonds



get stronger resulting in a mixing of the "dangling bond"
states with lower lying back bond states; This increases 
the interaction between the individual "dangling bonds" via
the'sécénd étomic layer and the dispersion of the surface
band increases. In fact, the resulting density of states
exhibits the aéymmetric shape of critical points expected
for a planar triangulaf network of s- or.ﬂflike'orbitals;
The critical_pdints are labelled X, and T

d d.
cating their origin in k-space. A charge dehsity plot for

in Fig. 1 indi-

the‘Stétes Kd is shown in Fig. 3. It exhibits.the very

proﬁounced "dangiing bond" character. The unoccupied Sfates

Iy show a stronger mixing with back bonds. As for the
unrelaxed case there is only one surface band

which is half occupied. This changes qualitatively when

. we consider the (2 x ‘D reconstructed surface. Enlarging

the real space unit cell in one dimension corresponds to

folding back the Brillouin zone in certain directions.

Thus two surface bands will.appear.separated by a gap.

resuiting from the potential perturbation of the reconétfuc—

tion. If this gap is smaller or comparable to the dispersion

of the surface bands it might not lead to a vanishing dehsity

of states between the bands. This situation is found for |

the self-consistent result of a @ x D "buckled" surface

 (see Fig; 1) with atomic displacements of Ain = O.llvz and

Aout = 0.18 Z as suggested by Haneman.3 The two péaks in

the density of states now correspond to two separate bands,



thus allowing e.g. for an infrared surface absorptioh as
observed by Chiarottiet al.lo- The states of_the twbipeaks
in Fig. 1 show very interesting "real space'behavior.".
- Electrons in states originating from the lower éeak iabeiied
dout predominantly sit on those atoms which have been moved
outward(w1th a charge dlstributlon resembling the one given “i
. in Fig. '3) and avoid the atoms which have been vaed 1nward;
' Conversely the wavefunctiens for unoceubied states ef the
peak labeiled diﬁ ere mostly.concentrated afbuhd those atoms
which‘hateﬁbeeh moved inward. The.sufface tﬁus exhibits a o
Q x 1) pattern of 24foid occupied "dangliﬁg“Bdnd; stetes. -
Rogghly speaking,.the unpaired electron‘of.eQery'seeEnd
,surface atom (in) is transferred to its.neighboring atom (out)
where it pairs up with another electron. | | ’
In addition to the appearanee'of two split surface bands:
we observe en-overall shift towards lower energies placing
the occupied surface state at about Eva This'trend is.
~compatible with all available exper’imen*cs'+ which give a
surface state at abeut 0.5 eV below Ev.
Our self-consistent calculations on the @ x l)fecon—
structed surface model thus give results which fer_the first
time agree with the salient features of the ekperimental
findings, i.e. split surface states, possibility of infrared
‘absorption and loﬁering of the occupied surface band below EV;
The authors would like to thank Dr. F. Yndurain, Prof. L.
Falicov and Prof. D. Haneman for stimulating'discussions. Paft
of this work was done under the auspices of the U.S. Energy

Research and Development Administration.
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Table 1 =

SCLC and - ppe experiment - (UPS)
relaxed : S . (2x1) (7x7)
I o412 +0.88 +1.08 - o
~-12.6 ~ =12.87 -12.90. ¢ -11.7% -12.3%
K +0.5 - +0.11 “:8‘S§b 4012
reconstructed) T
-2.0 -3.6%
4.2 ~5.65
-8.5 a -8.35 . o -7.88
- ~9.7 -9.60

®J. E. Rowe, H. Ibach, Phys. Rev. Lett:. 32, 421 (1974).
by, E. Eastman, W. D. Grobman, Phys. Rev. Lett. 28, 1378 (1972).
L. F. Wagner, W. E. Spicer, PhYs. Rev. Lett. 2§,-1381 (1972).:

dReference 2.

e
Reference 8.



00 .+ g 4 ;5 { 511;.5' 7

;Table Caption
Table i.’ Caiculated energies ofvseveral-surface states of_
the relaxed surface at T (center) and K (corner) of the
two-dimensional Brillouin zone. VAlso indicated ére
experimental (UPS) results for (2 % 1) and (7 x 7)
reconstruéted surfaces. ; The énergy zero is taken at

'the_bulk valence bandvedge EV.

| Figure Captions |

'Figuré'i. Calculated density of stateé for a 12 layer Si
.<lll) slab. 'The results for the unrela%ed,(full 1inej
and relaxéd suffaces are supérimpbéed: Thevlabeiling
of the various surface states reférs.their-locations.
iﬁ E—space and to the type of bond (transverse or
longifudinél).» Inserted is the density of states for
the "déﬁgling bond" of the 2 x 1 reconstrudtedvsurface.

Figure 2. Charge density contours in a.(110) plane cutting

the relaxed (111) surface of the longitudinal back bond

state bi,. | | |
Figure 3. Charge density contours of the occupied part Kd

of the dangling bond states for the relaxed surface

model.
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