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(110) surface atomic structures of covalent and ionic semiconductors
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A total-energy-minimization approach is applied to the determination of the (110) surface atomic geometries
of Si, Ge, GaAs, InP, InSb, ZnSe, and ZnTe. The accuracy of the model employed in the energy
minimization was tested by comparing calculated values of bulk elastic coefficients and phonon frequencies to
experimental data. Generally good agreement between the calculated and experimental results were obtained.
The relative displacements of nearest-neighbor surface atoms, when scaled for differences in lattice
constants, are found to be very similar for all the semiconductors studied. The displacements of individual

atoms from unrelaxed bulk terminated positions are, however, appreciably different and ionicity dependent.
The bond rotation or tilt angle at the surface which provides a partial characterization of surface relaxation
is nearly constant varying only from 30' in Si to 25.6' in ZnSe. The reduction in total energy resulting
from surface relaxation decreases from approximately —0.55 eV (per surface atom) in Si to —0.30 eV in
ZnSe and ZnTe. Subsurface relaxations are generally found to make a very small (-0.02 eV) contribution
to the lowering of the total energy.

I. INTRODUCTION

Studies of low-energy-electron

diffraction�

(LE ED)
spectra have shown' the surfaces of most semi-
conductors to be relaxed or reconstructed. While
it is relatively easy to determine the space group
symmetry of the surface unit cell through LEED
measurements, it is more difficult to extract in-
formation on the exact positions of surface atoms.
In the last few years analyses of LEED intensities
have indicated that the rearrangements occurring
at the surface involve large atomic displacements.
These surface relaxations have been shown to
greatly influence the electronic structure at the sur-
face, causing shifts of up to =1eV in surface states
and resulting in metal-semiconductor transi-
tions in some cases. ' ' These results suggest
that relatively large decreases in the total energy
of the electron-ion system may be involved in sur-
face relaxations and reconstructions of semicon-
ductors. A reasonably accurate model for the de-
pendence of the total energy on atomic coordinates
would therefore be very useful in determining sur-
face structure. Such a model is developed in this
paper and utilized in the determination of the (110)
surface structures of several semiconductors. An
energy-minimization approach to structural pro-
perties of crystals and surfaces . has also
been used in several recent publications.

, This paper is organized as foQows: A model for
the variation of the total energy with atomic
displacements is developed in Sec. II and its ac-
curacy in determining bulk structural properties
is discussed. The application of the model to the
(110) surfaces of Si, Ge, GaAs, InP, InSb, ZnSe,
and ZnTe is discussed in Sec. III and the results

of the calculations for surface atomic coordinates
are given.

The main results of the surface calculations
which are discussed in more detail in Sec. III are:
(i) The bond rotation angle 8 [as defined by Eq.
(9)] at the surface is nearly constant with a value
of about 27.5'+ 2' for all the semiconductors
studied. (ii) The displacements of the surface
anions (cations) in the direction normal to the
surface decrease (increase) with increasing ioni-
city in agreement with LEED studies' of (110)
GaAs and (1010) ZnO surfaces. The displacements
of anions and cations are in opposite directions
with the anions moving away from bulk atoms.
(iii) The reduction in total energy results pri-
marily from the relaxation of first layer (surface)
&toms. The relaxation of the first subsurface layer
lowers the energy by an amount which is more
than an order of magnitude smaller than for the
surface layer; relaxations of lower layers make
even smaller contributions.

II. TOTAL ENERGY APPROACH TO BULK AND

SURFACE STRUCTURAL PROPERTIES

A. Components of the total energy

It is important to note that in this work we are
not interested in the value of the ground-state
total energy. Our primary interest is to obtain a
method by which changes in the total energy re-
sulting from atomic motions can be calculated.
For the bulk this allows a calculation of elastic
coefficients and phonon frequencies. For the sur-
face it enables us to determine whether aparticular
kind of relaxation increases or decreases the total
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energy and it therefore allows a determination of
the surface structure.

The total energy E„,of an electron-ion system
can be expressed as

E

where E„, E„, and E«denote ihe electron-elec-
tron, electron-ion, and ion-ion interaction ener-
gies. Equation (1) can be ca,st into a more suitable
form by introducing the electronic band-strpcture
energy E„defined as

Eq = QE„(k), (2)

where the sum is over occupied single-particle
states with wave vector k and band index n. Be-
cause of the double counting of electron-electron
interactions in Eq. (2) we have

E~ =E„+2E„. (3)

Using this in Eq. (1), E„,can now be expressed
as

E),—F~ +U,

where

U=—E, ,- —E

The advantage of Eq. (4) over Eq. (1) is that for
two ions that are separated by a distance much
larger than the Thomas-Fermi screening length the
combined ion plus screening electron system is
nearly neutral and U is close to zero. It may
therefore be expected that to a good approxima-
tion this term can be described by a short-range
force-constant model. In fact, as shown below,
the variations in U with atomic displacements can,

be adequately accounted for by a two-parameter
model. For the buQ the model predicts changes
in U with atomic motions that are consistent with
those obtained by %'endel and Martin, ' who have
used a detailed self-consistent pseudopotential
approach in their calculations.

It should be noted, however, that the factor of 2

multiplying E„in Eq. (3) is strictly valid when

exchange and correlation effects are ignored. For
example, for a p' ' statistical exchange-correla-
tion model, the coefficient would be 4/3 for this
component of electron-electron interaction ener-
gies. Since, as discussed below, the variations in
U ar0 determined by a semiempirical model, the
exact value of the coefficient of E„ in Eq. (3) does
not affect the results obtained from the model.

8. Calculations of E» and U

To calculate E„for Si, Ge, GaAs, InP, InSb,
ZnSe, and ZnTe the tight-binding method with the
parameters shown in Table I were used. These
were previously obtained" "by fitting x-ray and
ultraviolet photoemission valence-band spectra
and optical gaps. Only interactions of s and p or-
bitals on nearest-neighbor atoms were considered.
The Hamiltonian matrix elements depend explicitly
on the nearest-neighbor atomic geometry. For
example, consider the interaction between two p„
orbitals on two nearest-neighbor atoms, one at
(0, 0, 0), the other at (x,x,x,). If x, =x, =0, then the
magnitude of the interaction is equal to V», (see
Table I). However, if x, =0, the interaction is
equal to V~~. For the general case, denoting the
direction cosines of the second atom with respect
to the first atom by (c,c,c,), the interaction within
the two=center approximatio'n is given" by cy Vpp
+ (e,'+.c,')V», . The interaction parameters V»„
V»„etc., are assumed to depend only on nearest-
neighbor distance. Our previous work" on the
structural properties of crystalline semiconduc-
tors shows this to be a reasonable approximation.

Spin-orbit interactions were considered in both
bulk and surface calculations" "for InSb and
ZnTe. For ZnTe the calculations showed the sur-
face and bulk structural properties to be insen-
sitive to spin-orbit interactions, and these were
left out of the final calculations. For InSb spin-
orbit interactions were included in all the calcula-
tions. This was done since the 0.25-eV bandgap
of InSb is much smaller than the 0.82-eV spin-or-
bit splitting of the top valence bands at the I' point

TABLE I. Tight-binding parameters used in the calculations. The subscripts 1 and 2 refer to anion and cation, re-
spectively. The parameters 6&, i=1,2 correspond to the renormalized atomic spin-orbit splittings. Spin-orbit inter-
actions were included only in the calculations for ZnTe and InSb.

Si (Refs. 15,16)
Ge (Refs. 15,16)
GaAs (Ref. 16)
InP (Ref. 17)
InSb (Ref. 17)
ZnSe (Ref. 16)
ZnTe (this work)

-4.03
-5.79
-8.21
-7.76
-8.22

-11.94
-10.8

E

3.17
2.62
1.28
1,17
0.76
0.47
0.6

2

-4.03
-5.79
-3.19
-1.98
-3.23

0.35
0.01

3.17
2.62
3.47
3.87
2.57
7.04
6.15 .

Vss

-8.13 3.17
-6.78 2.62
-6.76 2.11
—5.59 2.12
-5.43 1.71
-6.16 1.81
-5.35 1.92

Vs|P2

7.51 5.88
6.82 5.31
5.96 4,75
4.90 3.81
4.46 3.93
5.49 3.26
5.07 3.77

Vs2P(

5.88
5.31
5.48
5.25
4.76
6.0
5.80

0.97 0.39
~ ~ ~

1.10 0.07
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tot, -0
dV

at equilibrium and by assuming that the linear
term in ~U is given by

(6)

bU=Q U, q;, , (7)
i&j

where q,-,. is the fractional change in the bond
length between two nearest-neighbor atoms de-
noted by i and j. The value of U, was chosen such
that ~U exactly canceled the linear term in the
variation of the band-structure energy E„with
volume. With the choice of 4U, in the form
given by Eq. (7), ~E has no linear terms in (hr,.}.

The quadratic terms in the expansion of &E„,as
a function fb, r,.}are related to harmonic restoring
forces which can be experimentally determined
from measurements on elastic coefficients and
phonon frequencies. To obtain these restoring
forces, it is necessary to include in Eq. (7) the
second-order changes in 4U. One component of
the second-order terms which has been included
in the calculations is the radial one, i.e., we take

b, U = U~q;&+ U2q, ,f)j
AEt, t

= 4Eq + 4U.

(8a)

(8b)

For a d ' dependence of the tight-binding parame-

of the zinc-blende Brillouin zone. Spin-orbit in-
teractions do not seem to affect the surface struc-
ture of InSb very much, either. The calculated
surface atomic coordinates are similar to those
of the other semiconductors studied.

In this work we have used a d ' dependence of the
tight-binding parameters on nearest-neighbor dis-
tance d. This approximation leads to predictions
of changes in E„with atomic motions that are in
agreement with the self-consistent pseudopotential
calculations of Ref. 8.

The variation of U with changes in atomic coordi-
nates 1 r,}is determined semiemprically in our
model through the imposition of constraints on the
total energy functional E„,1 r,.}). The most im-
portant constraint is that 4 E„,should be at least
quadratic in (b,r,}, i.e. , th.ere should be no linear
terms in {hr,}. We find that this can be accom-
plished by satisfying the single condition

ters on the nearest-neighbor distance d, the values
of Uy and U, used in the calculations are shown in
Table II.

Without using any additional parameters the
above model for ~E„,predicts the correct angular
restoring forces. The elastic coefficients C»-C»
and C,4 and the zone-boundary transverse acoustic
(TA) phonon mode at X are all related to angular
restoring forces and can be calculated directly
from the variation of E„,with the appropriate
atomic displacements. The calculated and experi-
mental values of these quantities for several semi-
conductors are compared in Table III. The agree-
ment between the two, except for the TA (X) mode
which involves long-range forces, ' is sufficiently
close so that no additional force-constant parame-
ters were used. To test the adequacy of the model
we have also calculated the transverse-optical
(TO) mode at I'. The changes in bond lengths and
bond angles are first order in the atomic displace-
ments for this mode. The calculated and experi-
mental values of the TO frequencies for several
semiconductors as shown in Table III agree to
within a few per cent.

In general there are other three-body terms
such as those proportional to q, ,q, , that need to be
included to describe the dependence of bEt t and
4U on atomic displacements. For simplicity,
these extra terms have been ignored in this work.
The coefficient of the &,-,.&,-,-type terms is of the
same sign as and approximately 12% of the q', ,
terms. The inclusion of these extra terms re-
sults in a value of U, close to that used in this
paper. For all the materials studied here we find
that the values of U, should be increased uniformly
by 20% in order to obtain the correct values for the
bulk modulii which tend to be underestimated in the
present model. " This does not affect the surface
calculations very much because U, is still suffi-
ciently large so that it tends to allow only small
changes in bond lengths at the surface.

The combination of ion-ion and electron-electron
interactions represented by the energy term U in
Eqs. (4) and (5) is often ignored in many calcula, —

tions and the approximation E„,=E„is used.
Our calculations indicate that it is important to
take into account, in both bulk and surface calcu-
lations, at least the short-range nature of U in the

TABLE II. Parameters U& and U2 (in eV) for use in Eq. (8).

Si Ge GaAs InP InSb ZnSe ZnTe

U, (eV)
U, (eV)

-23.50
53.35

-20.10
47.52

-35.91
44.80

-15.00
43.32

-13.87
39.00

-14.34
36.67

-14.12
37.34
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TABLE III. values of some pulk elastic coefficients and phonon frequencies calculated from
E&,& as compared to their experimental values (given in parenthesis).

Si Ge GaAs InP ZnSe ZnTe

Cig —C(2
(10 erg/cm )

C44

(10~~ erg/cm3)
TA (X)
(10~2 Hz)
TO (I)
(10&2 Hz)

10.12
(10.18)

8.95

(7.96)
6.52

(4.49)
15.5
(15.6)

7.27
(8.02)
7.37

(6.71)
3.14

(2.39)
8.97

(9.1)

6.22
(6.49)
6.17

(5.92)
3.02
(2.39)
8.42
(8.1)

4.34
(4.46)
4.65

(4,60)
3.18
(2.OS)
10.19
(9.1)

3.04
(3.03)
3.36

(3.02)
1.76

5.61
(5.37)

3.21
(3.22)
3.33

(4 4])
2.30
(2.10)
6.25
(6.21)

2.76
(3.06)
2.88

(3.12)
2.02

5.76
(5.31)

model for E„,. The surface structures determined
when U is included or excluded from the calculation
are not the same, i.e. , the minimum of E„,does
not, in general, coincide with that of E„. In our
previous work" on angular restoring forces in
semiconductors, the linear term in the variation
of U with p, &

was included implicitly in the calcu-
lations, i.e. , both U, gygd the variations of the
tight-binding parameters with q „.were set equal
to zero, thereby satisfying Eq. (5). In addition,
only lattice distortions resulting in second-order
changes in bond lengths were considered in these
calculations, "so that the contribution of the U,q',.

&

term in Eq. (8) would be negligible, justifying the
neglect of U, . The results for the elastic coeffi-
cients and the TA (X) mode calculated here and
previously are therefore very similar, as ex-
pected.

In the surface structure calculations discussed
below, the bond lengths at the surface were not
constrained to remain fixed. We have therefore
tested the adequacy of the, harmonic expansion in
Eq. (9). For Si the coefficient U, of q'„. can be
obtained from the results of Keating'o and also
from the recent self-consistent pseudopotential
calculations of Wendel and Martin. ' The value of
U, obtained in this way is found to be about -166
eV. This indicates for ~q,.&

~=0.05, the cubic term
is only about 15'%%up of the quadratic term. In gene-
ral, the effect of the cubic term is even smaller
since both bond-length contractions and expan-
sions occur at the surface and ~&,, ~

is usually
smaller than 0.05. The cubic term results in

0
corrections of 0.02 A in the relaxations of surface
atoms and was not included in the (110) surface
calculations.

C. Application to surface structure

For all the surfaces considered in this paper the
electronic configuration, after surface relaxation,
is such that all bands are either completely filled
or empty. Since the total electronic charge distri-

bution at the surface is not greatly different than
the bulk, the electron-electron interaction energy
at the surface is expected to be similar to that in
the bulk. In the surface structure calculations all
parameters were assumed to be the same at the
surface as in the bulk. In previous calculations'
this approximation has been shown to lead a sur-
face band structure in agreement with experiment.

The surface state calculations were started on
a six-layer slab periodic in two dimensions and
extended to a 12-layer slab when subsurface re-
laxations were also taken into account. To obtain
E„the energies of all occupied states, whether
bulk or surface derived, were summed. The
calculations show that ~AE„~ arising from surface
relaxation is insensitive to the number of layers
used, increasing by 0.02 eV or less when the num-
ber of layers is increased from 8 to 12. A small
number of special points in the Brillouin zone were
found to give convergent results for AE„, especially
for the nonmetallic ionic surfaces. For Si and Ge
the surface is metallic in the absence of surface
relaxation, and a larger number of points need to
be used in determining the Fermi energy and the
change in E„,with relaxation. The calculated
values of 4E„, for these two compounds are not
as accurate as those for the zinc-blende materials.
This does not, however, affect the accuracy of the
calculated surface structures. Surface relaxation
makes the surface semiconducting, making the
calculations similar to those for zinc-blende ma-
terials. The relaxed surface coordinates are de-
termined by finding the minimum of E„„and the
exact value of ~E„,does not affect the results.

III. (110)SURFACE RELAXATION

A. General discussion

The most important feature of (110) surface re-
laxation is the outward (away from bulk atoms)
and inward motions of the two atoms in the two-
dimensional unit cell (see Fig. 1). Occupied sur-
face states near the valence-band maximum are
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(110) SURFACE
FIG. 1. Two-dimensional unit cell for the (110) sur-

face of zinc-blende structure crystals.

associated primarily with the outwardly relaxed
atoms, which for zinc-blende compounds corre-
sponds to the anions. Similarly empty surface
states near the conduction-pand minimum arise
primarily from the inwardly relaxed cations.
For the Group IV semiconductors we will refer
to the raised and lowered atoms by anions and
cations, even though the same species of atoms
are involved.

The tilt angle 8 of the relaxed anion cation
bonds at the surface gives a partial but useful de-
scription of (110) surface relaxation. This angle
is zero for the unrelaxed surface since all atoms
lie in the same plane. Taking the x and y direc-
tions to be as in Fig. 1 and the z direction to be
normal to the surface, 8 is defined by

(9)

where y„and z» are the differences in the y and
z coordinates of nearest-neighbor atoms at the
surface. Analyses of LEED spectra' indicate that
the displacements of the surface atoms are, in the

y and z directions only. In the unrelaxed con-
figuration, ~y»~ is equal to —,'a, where a is the
cubic lattice constant. The effect of relaxation
is to increase Iz»I and to decrease ~y»~. The angle
8 defined through Eq. (9) is valid even when bond-
lengths at the surface are not constant.

For a purely rotational type of relaxation which
does not involve any bond length changes, 8 com-
pletely determines the surface relaxation when
only surface (and not subsurface) relaxation is
considered. For the general case, however, 8

gives only a partial description of surface relaxa-
tion. This can be easily seen from Eq. (9); for
example, a uniform displacement of surface
atoms along y or z leaves 8 unchanged. The en-
ergy-minimization calculations indicate that 8
varies -in the narrow range of 25.5'-30 for all the
semiconductors studied. The calculated relaxa-
tions are not purely "rotational" characterized by
constant nearest-neighbor distance. Bond-length
changes, even though small, have a large effect
on the transverse displacements of the atoms.
The variations in bond lengths tend to yedmce the
transverse (i.e., along y) motions of both anions
and cations at the surface as compared to that ex-
pected from a purely rotational relaxation. In
Table IV we compare the relaxed coordinates of
(110) ZnSe for a rotational relaxation characterized
by 8=25.6 and that obtained from the energy-
minimization procedure which is also characterized
by 8=25.'6 but which, in addition, involves bond-
length changes.

It is useful to study the purely rotational relaxa-
tions in more detail. Taking GaAs as a prototypi-
cal material, these types of relaxations are equiva-
lent to a decrease of the Qa-As-Ga angle in Fig. 2
from 28, to 28, —y and an increase of the As-Ga-As
angle from 28, to 280+ y', where 28, is the ideal
tetrahedral angle of 109.4V (the angles 8, and 8
are completely unrelated). The constraint of
constant bond lengths implies that y and cp' are
not independent of each other. The relation be-
tween the two is given by

cos(28, —p+ y') -V3 cos(8, —p')

= v 3 cos(8, —y) ——,' .
Therefore, for a given value of y the angle y'

can bg determined numerically from the above
equation. In addition, from the new coordinates
of the atoms obtained using the values of y and y'
the tilt angle 8 as defined by Eq. (9) can also be
determined. In 'Table V the values of q' and 8 for
y ranging from 10' to 20' are given. The corre-

TABLE IV, Comparison of the surface atomic structure of ZnSe for two relaxations char-
acterized by a bond-rotation angle ~ of 25;6'. The structure determined from energy mini-
mization involves bond-length relaxations, whereas in the purely rotational relaxation all
bond lengths are kept constant. The displacements shown are in A.

ZnSe: Az

Energy minimization
Rotational relaxation

25.P'
25.6

0.184
0.316

0.374
0.456

0.036
0.190

-0.55
-0.42
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TABLE V. Variation in surface atomic coordination
from unrelaxedpositions for rotational relaxations in which
bond lengths are kept fixed. The tilt axgle 8 is a mea-
sure of the rotation of surface anion-cation bonds and is
obtained from Eq. (9). The relaxations can be regarded
as resulting from two separate (but not independent) ro-
tational displacements through the angles y and y' of
the surface cations and anions, respectively (see Fig. 2).
The displacements along y are in units of ~a and those
along z are in units of a/2v 2, where q is the cubic lat-
tice constant. The angles y, y', and 0 ax'e in degrees.

r

/
/

/
/'

10.0 7.1
12.0 7.9
14.0 8.5
16.0 9.0
18.0 9.3
20.0 9.4

by Qy )

17.9 O.182 (O.23O)
21.3 0.204 (0.272)
24.7 0.220 (0.312)
28.0 0.234 (0.351)
31.4 0.241 (0.388)
34.8 0.244 (0.423)

hz Q,z )

0.080 (-0.138)
o.oss (-o.169)
0.094 (-0.201)
0.098 (-0.234)
0.101 (-0.267)
0.102 (-0.302)

FIG. 2. Side view of a (110) surface showing atomic
motions involved in a purely rotational relaxation. Be-
laxed atomic positions are showed by dashed l.ines. The
angles y and y' are not independent and the relation be-
tween the two is given in Eq. (10) and in Table V.

sponding displacements from unrelaxed positions of
of the surface anions and cations are also shown.

B. Results

The calculated atomic displacements for the
first three layers at the surface, b,E„,(in eV
per surface atom) and 8 for Si, Ge, GaAs, Inp,
ZnSe, ZnTe, and InSb are shown in Table VI. The
relaxations of the atoms are in the same sense as
for purely rotational relaxations. Some note-
worthy features of the results are:

(i) (110}surface relaxations are accompanied by
large changes in the total energy. In the III-V
semiconductors 4E„,varies from about -0.51 eV
per surface atom in GaAs to about -0.30 eV in
ZnSe and ZnTe (see Table VI). The large value of
4E„, in GaAs is consistent with the results of
Goddard et a/. " They have considered the (110)
surface relaxation through the use of clusters,
and find a b,E„,of approximately -0.65 eV per
surface atom. For Si and Ge the corresponding
energy lowering is approximately -0.55 eV per
surface atom. As noted above, the values of
&E„,for Si and Ge were not determined as ac-
curately as for the heterpolar materials. The
surface atomic coordinates are d~''ermined by
finding the minimum of E„,and are unaffected
by the uncertainties in the value of E„,for the
unrelaxed structure. The values of 4E„,for Si,
Ge, GaAs, InP, and ZnSe are fitted almost exactly
by the relation E!

bE„,=-0.55(1-f',) eV/surface atom,

where f, is the Phillips"-Van Vechten" ionicity
parameter. The values of 4E„,for InSb and
ZnTe are both within 0.1 eV of those obtained from
Eg. (11). The large spin-orbit splittings in the
latter two compounds, which were taken into ac-
count in obtaining the tight-binding parameters, ,

may have affected the results for hE„,.
(ii) The normal (to the surface) displacements

of the surface anions are, on the average, a de-
creasing function of ionicity. This result is con-
sistent with LEED studies' of GaAs (110) and
ZnO (1010}surfaces In un. its of the interlayer
spacing a/2 v 2, where a is the cubic lattice con-
stant, ~z, ranges from 0.12 in Si to 0.09 in GaAs
to 0.03 in ZnTe and 0.02 in ZnSe. There is rela-
tively much less variation in the normal displa. ce-
ments 4z, of the surface cations. For Si and

group III-V semiconductors, hz„ in the same
units as above is in the range -0.22 to -0.24. For
the II-VI materials ZnSe and ZnTe, & z, is about
-0.28. The negative values of 4z, denote a relax-
ation toward bulk atoms. For purely rotational
relaxations different trends for 4z, and 4z, would
be expected i.e., the results shown in Table V
indicate that for bond rotation angles 8 ranging
from about 18 to 35' the normal displacements
of the anions are fairly constant, whereas the
displacements of the cations vary by a factor of
nearly 2.

(iii) The bond-rotation angle 8 at the surface is
nearly constant for all the semiconductors studied.
This angle is found to vary between 25.6' in ZnSe
to about 27.3 in GaAs and 30 in Si. The values of
8 and the surface atomic coordinates of GaAs are
in good agreement (see Table VII) with the LEED
determined structures of Mark et al.~s (8 = 26.4'}.
The displacements of Ga and As surface atoms
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TABLE UI. Surface atomic relaxations from unrelaxed positions as determined from the energy-minimization pro-
cedure. The y and z displacements are in units of 4a and a/2v 2, where a is the cubic lattice constant; z is normal to
the surface, and the x and y directions are shown in Fig. 1. The superscripts a and c refer to anion and cation, re-
spectively. The subscript 1 refers to the surface layer, 2 to the subsurface layer, etc.

+Etot &xi %xi) »i (& i) Az~ (~~) 6z' (Az~)

Si
Ge
GaAs
InP
InSb
ZnSe
ZnTe

=-0.55
=-0.55

-0.51
-0.40
—0.39
-0.30
-0.30

30'
29.4
27.3'
26.5'
25.7'
25.6'
27.5

0.13 (0.24)
0.13 (0.24)

, 0.13 (0.245)
0.15 (0.27)
0.13 (0.245)
0.13 (0.265)
0.075 (0.225)

0.12 (-0.245)
0.12 (-0.235)
0.093 (-0.23)
0.085 (-0.225)
0.082 (-0.22)
0.018 (-0.275)
0.031 (-0.282)

-0.05 (0.025)
-0.05 (0.025)

0.03 (0.035)
-0.02 (0.035)
-0.03 (0.035)
—0.025 (0.06)
-0.04 (0.053)

0.02 (-0.02)
0.02 (-0.02)
0.01 (-0.02)
0.01 (-0.02)
0.01 (-0.02)
0.02 (-0.02)
0.01 (-0.02)

relative to one another are also in excellent agree-
ment with the LEED determined results of Tong
ef al. '4 (8=27'). The atomic displacements for the
34.8 rotational relaxation model" and the reduc-
tions in 4'E„t for the various surface relaxations
are also shown in Table VII. The electronic
structures calculated' for the =27' relaxed sur-
faces are in good agreement with photoemission
measurements. ""Therefore, at least for GaAs,
the results of different probes of the surface struc-
tural and electronic properties all seem to be con-
sistent with each other.

(iv) The relaxations obtained from the energy- .

minimization procedure involve bond-length varia-
tions at the surface. The variations are largest
for ZnSe (with q, , =-7%) and ZnTe (with e;, =-6%).
The bonds affected most are the ones between sur-
face anions and subsurface cations. There are
only minor changes (~1.5%) in the surface anion-
cation bond lengths. For the III-V semiconductors
all bond-length changes are calculated to be less
than 3%. The main effect of the bond-length
changes is to reduce the transverse motions of the
surface anions and cations from the one expected
for purely rotational relaxations.

(v) The relaxation of atoms on the surface layer
makes the largest (~ 90%) contribution to the re-

duction in E„,. The relaxation of each subsequent
layer below the surface reduces E„,by approxi-
mately an order of magnitude less than the layer
immediately above it. This is not surprising,
since the atomic relaxations are largest at the
surface and these are damped very quickly as one
goes toward bulk atoms.

C. Accuracy of calculations

There are two separate questions that can be
asked regarding the accuracy of the surface struc-
ture calculations. The first concerns the accuracy
of the energy-minimization procedure inpredicting
the "real" surface geometry. This can only be
answered by comparing the calculated surface geo-
metries against those determined from various
surface sensitive measurements such as LEED,
photoemission, and surface EXAFS. At present
the most thoroughly studied III-V surface is that
of (110) GaAs. The ca.lculated (110) surface
atomic and electronic structures of GaAs for struc-
tures characterized by 8 =27 are consistent with
LEED" "and photoemission measurements, '
respectively. Future LEED and photoemission
work on other semiconductors should allow for
more extensive tests of the calculated surface

TABLE VH. Atomic displacements in A from unrelaxed positions for the (110) surface of
GaAs as compared to LEED determined structures. The calculated AE„t are in eU per sur-
face atom. In previous work (Refs. 7 and 26) the surface structure of Ref. 23 has been re-
ferred to as the "bond-relaxation" mod~i.

Present work Ref. 23
GaAs

Ref. 24 Ref. 25

8

&Etot

&yf (&xj)

Ez~i (kzg~)

6z~ (hz~)

Ass (As))

27e3
-0.51

0.19 (0.35)

0.19 (-0.46)

-0.06 (0.07)

0.02 (-0.04)

26.4'
-0.39

0.20 (-0.50)

0.05 (0.05)

0.025 (-0,025)

27.1
-0.46

0.32 (0.48)

0.10 (-0.55)

34.8
-0.42

0.34 (0.60)

0.20 (-0.60)
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structures.
Assuming that the model used for the total en-

ergy is accurate, the sensitivity of the energy-
minimization procedure in separating different
surface geometries differing only slightly in their
E„,needs to be analyzed also. One has to ask
whether a few hundredths of an eV difference in

E„,for two different structures has any signifi-
cance? To answer this question it is useful to
consider first the application of the total energy
procedure in determining bulk structural proper-
ties. Consider, for example, atomic displace-
ments characteristic of a k = 0 TO phonon mode in
GaAs. For a relative displacement of 0.045 A of
the two basis atoms along the (100) direction we
find an increase in E„,of 0.011 eV. This value for
&E„,can also be inferred from the measured
TO(I') phonon frequency. In determining bulk
atomic positions through an energy-minimization
procedure this increase of 0.01 eV in E„,with
atomic displacements, although small, is significant
and canbe calculated with sufficient accuracy. For
the surface calculations, in order to give a better
description of the sensitivity of the energy-mini-
mization procedure in discriminating between
different structural models, it is convenient
to consider the six different rotational relax-
ation models shown in Table V. We will con-
sider the change in &E~, for GaAs resulting from
these relaxations. The first relaxation charac-
terized by 8=17.9' gives a bE„, of -0.46 eV (per
surface atom), which is 0.05 eV higher than the
value of -0.51 eV obtained through energy minimi-
zation. The calculations show that close to
8=17.9', &E„,decreases at the rate of approxi-
mately 0.01 eV per surface atom for each 2 change
in 8. Since there are two surface atoms in the
surface unit cell, &E„,for the two atoms is
changing at the rate of =0.01 eV per degree, which

is an appreciable rate of decrease for &E„,. Us-
ing a quadratic interpolation between the calculated

values of E for the various values of 8 in Table V,
we find that the minimum of E„,for the rotationally
relaxed surfaces occurs for & = 23.4 . At this angle
the interpolated value of &E„,is nearly -0.48 eV.
Near 8 = 23.4, ~E„, is quadratic in ~8 and varies
very slowly with changes in 8. The energy-mini-
mization procedure is sufficiently sensitive, how-
ever, that rotational-relaxation models charac-
terized by 8 as small as 18 or as large as 35' can
be ruled out. It should be emphasized again at this
point that the surface structures determined via
the energy-minimization approach and shown in
Table VI are not rotational in character since
bond-lengths are not constrained to remain fixed
in these calculations. The atomic displacements
are, however, in the same sense as in rotational
relaxations.

In the surface structure calculations a large
number of surface coordinates were tested in de-
termining the structure with the lowest energy.
The variations of E„,were required to be quad-
ratic in the atomic displacements for the final
relaxed structures. Atomic displacements by

0
+0.02 A about their equilibrium positions result in
small (&0.01 eV) variations in E„,. The small
energies associated with typical phonon modes
suggest, that at finite temperatures the phonon
contribution to the total energy should be included
in the calculations and the Debye-%aller factors
need to be taken into account in measurements of
atomic positions. The possibility of using the
method to calculate surface phonon modes and the
surface Debye temperature are under study at
present.
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