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Ab Initio Calculation of Surface Phonons in GaAs(110)
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We have investigated the dynamics of the relaxed GaAs(110) surface using an ab initio linear-
response approach in the framework of density-functional theory. The relaxation geometry was
found by minimizing the total energy with the help of the Hellmann-Feynman forces. In terms of
the electronic ground-state properties we have calculated the full phonon dispersion of GaAs(110)
along high symmetry lines of the surface Brillouin zone by means of a self-consistent first-order
perturbation scheme without any adjustable parameters. Our results are in excellent agreement
with all available experimental data.

PACS numbers: 68.35.Ja, 71.10.+x, 81.60,Cp

The last years have witnessed a substantial progress
in studies of the vibrations in crystal surfaces. Inelas-
tic He atom scattering and electron energy loss spec-
troscopy have reached such a stage of sophistication that
surface phonon dispersion can be measured with high
precision for a great variety of systems. The need for mi-
croscopic models which describe correctly not only the
structural but also the dynamical properties of crystal
surfaces has intensified theoretical investigations on this
topic. A short summary of what has been done so far is
given in [1]. While model calculations can be used for a
proper description of the force constants in the surfaces of
ionic crystals, a self-consistent treatment of the electrons
is necessary in metals and semiconductors, Up to now
computationally demanding ab initio calculations of sur-
face phonons have been done only for some metals [2—4]
and elemental semiconductors [5]. In order to extend
the self-consistent description to the surface dynamics
of binary semiconductors, we have applied the density-
functional linear-response approach proposed in [6,7] to
GaAs(110). The method used is different from all former
surface calculations of this type. By treating the elec-
tronic response with the help of the one-particle Green's
function, the advantages of frozen phonon calculations [2]
and of the dielectric function approach [3—5] can be com-
bined in one formalism. The method has been applied
very successfully to the bulk dynamics of a large number
of elemental and binary semiconductors [6] and to other
materials [8]. Especially in the case of GaAs all of the
details of the bulk phonon spectrum (not only in high
symmetry directions) have been reproduced. Therefore
we have a reliable basis for our surface phonon calcula-
tion.

Among the surfaces of binary semiconductors,
GaAs(110) has been studied the most, both experimen-
tally [9—15] and theoretically [16—24]. It is now well es-
tablished that the surface relaxation is mainly character-
ized by a bond-length —conserving rotation of the surface
chains by a tilt angle of about 30' [9—11,16—19], with As
shifted above the ideal (110) plane and Ga shifted to-
wards the bulk. In contrast to the detailed examinations

of the structural and electronical properties, up to now
only a few investigations have been made on the surface
phonons of GaAs(110).

On the experimental side inelastic scattering of He
atoms has been used to explore the surface dispersion in
the lower part of the frequency spectrum [12,13]. Harten
and Toennies performed measurements along the chain
direction and along I' M of the surface Brillouin zone [12].
They observed a distinct Rayleigh phonon branch in each
direction, a Hat branch at 13 meV in the vicinity of X,
and a weak dispersionless feature in the chain direction
at about 10 meV. Doak and Nguyen [13] confirmed the
results of [12]. Moreover, looking at the direction per-
pendicular to the surface chains, they found two acoustic
surface modes with a zone boundary energy of 5.6 meV
and 7.3 meV. The high frequency surface phonons were
investigated by high resolution electron energy loss spec-
troscopy, which is dominated by the Fuchs-Kliewer mode
at about 35 meV [14,15].

Most of the previous theoretical work on the dynam-
ics of GaAs(110) is based on semiempirical approaches
to describe the interatomic force constants. Santini and
co-workers applied the bond charge model to GaAs(110)
[20,21]. In [22] and [23] a tight-binding model was used
to explore the surface dynamics. Das and Allen investi-
gated the surface phonons by means of a nearest neighbor
force constant model [24]. The calculations of [20—24] of-
fer a rough insight into the microscopic nature of the
dynamics in GaAs(110). Nevertheless, it is necessary to
examine the surface vibrations starting from first prin-
ciples in order to achieve correct force constants from a
consistent description of the charge redistribution at the
surface, due to the relaxation and atomic displacements.
The only previous ab initio calculations on the dynam-
ics of GaAs(110) were done by Di Felice and co-workers
by performing Car-Parrinello molecular dynamics simu-
lations for supercells containing five (110) layers [19].

With our calculation we have been able to go be-
yond such supercell calculations, which are restricted to
a few high symmetry points. We have succeeded in de-
termining from first principles the full phonon disper-
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TABLE I. Atomic geometry of the relaxed GaAs(110) surface, compared with low energy electron
difFraction (LEED) and former calculations. The displacements of the top layer atoms are shown
in the first two rows. The quantities 61,~, 61 II, A2, ~, d12,~, d1q, II

are defined in Fig. 1. All values
are given in A. The rotation angle is defined by ur = tan (Ai, ~/Ai, h).

As
Ga

+1,II

d12
II

Present
0.220T
0.435$
0.66
4.45

—0.09
1.47
3.22
29.3'

Theory
Di I"eliee

et al.
Ref. [19]

0.64
4.39

—0.06
1.47
3,21
28.5'

I erraz
et al.

Ref. [16]
0.235T
0.510$
0.75
4.45

—0.04
1.46
3.36
31.6'

gian
et al.

Ref. [18]
0.143T
0.442[,
0.58
4.39

—0.07
1.44
3.18
27.4'

Puga
et al.

R,ef. [9]
0.1931'
0.515[,
0.71
4.43

—0.06
1.45
3.18
30.1'

LEED
Tong
et al.

Ref. [10]
0.176T
0.510[,
0.69
4.36

—0.03
1.47
3.17
28.0'

sion parallel and perpendicular to the surface chains.
The electronic problem was solved in the framework of
density-functional theory in the local density approxima-
tion with the parametrization of Perdew and Zunger for
the exchange-correlation potential [25]. For the expan-
sion in plane waves up to 10 Ry we used the norm-conser-
ving nonlocal pseudopotentials generated by Giannozzi
[26]. With these pseudopotentials the bulk phonon fre-
quencies and the bulk lattice constant are converged
quite well even at such small cutoK energies. For sam-
pling over the surface Brillouin zone we used six special
points. The lattice constant of 5.613 A. was determined
in bulk calculations. We introduced a periodic slab con-
figuration consisting of periodically repeated nine-layer
slabs separated by vacuum equal to three layers. Such
a spacing turned out to be sufBcient, as the electronic
band structure remained unchanged, irrespective of an
increase in the distance between neighboring slabs. Fur-
ther evidence came from a phonon calculation performed
for five-layer slabs showing no dispersion perpendicular
to the surface. For symmetry reasons it is advantageous
to use an odd number of layers per slab. In agreement
with other calculations [16,17] we found that nine layers
guarantee quite a good decoupling of the surfaces bor-
dering one slab.

The determination of the relaxation geometry was
done by minimizing the total energy with the help of
the Hellmann-Feynman forces starting from the ideal sur-
face. In order to find the zero-force configuration, we ap-
plied the modified Broyden scheme proposed in [27]. As
pointed out in Table I, our results for the surface relax-
ation are in excellent agreement with experimental data
and previous calculations, thus confirming the rotation-
relaxation model. In a side view of the first three layers
Fig. 1 illustrates the buckling of the surface chains by a
tilt angle of about 30 .

The surface dynamics were treated by calculating the
harmonic force constants of the fully relaxed nine-layer

slab. In order to obtain the static linear electronic re-
sponse to a lattice distortion in terms of the electronic
ground-state properties, we used the density-functional
perturbation scheme described in full detail in [7]. The
key step of this method is that the variation of the charge
density in response to an atomic displacement is calcu-
lated iteratively until self-consistency is achieved with re-
spect to the screened perturbing potential caused by the
lattice distortion. The calculated interatomic force con-
stants decrease at least 2 orders of magnitude for atoms
separated by more than three layers compared to the
nearest neighbor interactions. Therefore the force con-
stants of a nine-layer slab were used to model the dy-
namical matrices of a much larger slab containing 25 lay-
ers [28]. In order to obtain the full dispersion parallel
and perpendicular to the surface chains, we used the in-
terplanar force constants calculated from four dynamical

" (110)

~ As

o Ga

I'IG. 1. Side view of the first three layers of the relaxed
GaAs(110) surface. The relaxation parameters refer to Table
I.
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calculated the differential reflection coeKcient of inelas-
ic e scattering for constant-Q scans usin E . 6.37)

. [ ]. igure 3 shows three typical constant-Q scan
g

curves for scans between the I' point (( = 0) and the X
point (( = 1). Besides the distinct peak of the RW, we
observe a broad feature at 10 m V ' ' '

lme arising mainly from
a series of states which penetrate deeply into the bulk.
It is present in the regions indicated as dashed areas in
Fig. 2. Near the zone boundar th A dy, e g mo e occurs as
a further distinct peak. In comparison with the curves of
[12], we find a good agreement for the width and relative
intensities of all peaks.

In the I'X direction our calculation yields three
surface-localized acoustic phonons with a zone bound-
ary energy of 5.78 meV, 6.13 meV, and 7.58 meV, re-
spectively. The intermediate phonon branch displays a
strict y horizontal displacement pattern in the chain di-
rection, so that it cannot be dete t d H
experiments. The other two branches are polarized nor-

with atomic motions mainly parallel to the (110) plane.
However, approaching the zone boundary the to l

s are vibrating normal to the surface, while the sec-

lower ac
ond ayer atoms are moving in the 110 lane.
ower acoustic phonon shows a complementary displace-
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FIG. 2. Phonhonon spectrum of the relaxed GaAs(110) sur-
face. The surface-projected bulk b dan structure is repre-
sented by the large shaded area. Surface-loc l' ed and reson-
ant states are drawn as solid lines. Th d h d
10 m

es. e as e areas at about
meV indicate the regions where th A k 'ere e q pea is present in

our calculated constant-Q scan intensities. In the I'X direc-
ion the two individual states of th h' ho e cg est surface phonon

show an LO-TO splitting indicated b the hica e y e cavy dashed line

as trian es Ref.
a a out 35 meV. Inelastic He scatterin d t dg a a are epicted
as riang es (Ref. [12]) and open circles (Ref. [13]). The ir-
reducible wedge of the surface Brillouin zone is h hzone is s own in the
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FIG. 3. DifF
'
fFerential reflection coeKcient calculated f

constant- s-~ scans at three difFerent points between I = 0
cacu a e or

and X (( = 1).
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matrices in the I XX and three dynamical matrices in the
I' X direction.

Figure 2 summarizes our results. The large shaded
area indicates the surface-projected bulk band structure.

s can be seen, the calculated dispersion of the surface
acoustic phonons is in excellent agreement with the He
scattering experiments of [12,13]. The lowest mode in the
I X direction is the Rayleigh wave (RW) which starts at
I' as an in-phase vibration of the surface atoms normal
to the ~110~ l( ) p ane. Approachmg the zone boundary, it
switches to an in-phase vibration of the first layer As ions
and second layer Ga ions perpendicular to the surface
with an energy of 8.60 meV. The acoustic phonon above
the RW begins for long wavelengths as a shear horizontal
mode. In the vicinity of the X point h, 'towever, it acquires
a strong vertical component with a displacement pattern
complementary to the RW linked t the o e inequivalence of
the surface atoms. In the vicinit f th X'

y o e point we find
a Hat branch at 13 meV denoted as A

' the as 2 in t e experiment
f [ ]. In very good agreement with [20], this mode is

dominated by a vibration of the first layer Ga ions in the
chain direction and of the upperm t Armos s ions perpendic-
ular to the surface chains. Our c l l t' dr ca cu a sons do not reveal
a clear surface state which would explain entirel the flat

12 . In
a meV in the I' X direction referr d t A

[ ]. n order to clarify the origin of this feature we have
7
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ment pattern. This agrees very well with the results of
[19] and with the observed scattering intensities of [13].
Because of the behavior of the lower phonon starting at
E' as a vibration mostly normal to the surface, and be-
cause of its group velocity near the zone center of about
2820 m/s, in accordance with continuum theory [29] we
identify this branch as the RW.

In the lower part of the phonon spectrum an additional
flat branch occurs in the I'X direction with an energy of
16.45 meV at I' and 14.53 meV at X. In the vicinity
of the X point our calculation places this phonon at
13.44 meV. It is dominated by a motion of the topmost
Ga ions perpendicular to the chain direction. A similar
mode was found in the molecular dynamics simulations
of [19], although at smaller energies.

The most significant surface optical phonon of our cal-
culation occurs above the bulk phonon bands. Its dis-
placement pattern is dominated by an opposing motion
of the first layer Ga ions and the second layer As ions
perpendicular to the surface chains. The zone boundary
energy of this mode is 34.40 meV at X and 35.70 meV
at X . Approaching the zone center in the I'X direc-
tion, it touches the bulk continuum with an energy of
34.59 meV. For long wavelengths in the I'X direction,
however, we find an LO-TO splitting between the two
individual states forming the pair related to the surface
optical phonon. This is due to the symmetry which leads
to an effect of the macroscopic polarization only on one
of the two individual states. The higher mode is pure
longitudinal optic and involves all layers of the slab. It
matches the Fuchs-Kliewer mode at I', with an energy
of 35.33 meV. Because of the finite number of layers per
slab, this LO mode is slightly split off the bulk contin-
uum. For very large slabs its frequency converges to the
bulk value of the longitudinal optic phonon lying at 35.2
meV, which is slightly underestimated due to the small
cutoff energy of 10 Ry.

In conclusion, we have presented a completely self-
consistent calculation of the surface geometry and sur-
face dynamics of GaAs(110). We have achieved excellent
agreement with the experimental data for the surface re-
laxation and all available experimental data for the sur-
face phonons without adjusting any parameters.

We are grateful to S. Baroni and P. Giannozzi for pro-
viding numerical support. This work has been done on
the Cray-YMP supercomputers of the HLRZ of the KFA
in 3iilich under Contract No. K2710000 and the Leibniz
Rechenzentrum in Munchen. This work has been sup-
ported by a grant of the Deutsche Forschungsgemein-
schaft through the Graduiertenkolleg "Komplexitat in
Festkorpern: Phononen, Elektronen und Strukturen. "

[1] W. Kress and F. W. de Wette, Surface Phonons
(Springer-Veriag, Berlin, 1991).

[2] K. M. Ho and K. P. Bohnen, Phys. Rev. Lett. 56, 934
(1986).

[3] A. G. Eguiiuz, A. A. Maradudin, and R. F. Wailis, Phys.

[4]

[6)

[7]

[9]

[10]

[11]

[13]

[14]

[15]
[161

[17]
[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]
[26]

[27)

[28]

[29]

Rev. Lett. 60, 309 (1988).
A. A. Quong, A. A. Maradudin, R. F. Wallis, J. A. Gas-
par, A. G. Eguiluz, and G. P. Alldredge, Phys. Rev. Lett.
66, 743 (1991).
A. Muramatsu and W. Hanke, Phys. Rev. B 30, 1922
(1984).
S. Baroni, P. Giannozzi, and A. Testa, Phys. Rev. Lett.
58, 1861 (1987).
P. Giannozzi, S. de Gironcoli, P. Pavone, and S. Baroni,
Phys. Rev. B 43, 7231 (1991).
P. Pavone, K. Karch, O. Schutt, W. Windl, D. Strauch,
P. Giannozzi, and S. Baroni, Phys. Rev. B 48, 3156
(1993); O. Schiitt, P. Pavone, W. Windl, K. Karch, and
D. Strauch (unpublished).
M. W. Puga, G, Xu, and S. Y. Tong, Surf. Sci. 164, L789
(1985).
S. Y. Tong, M. W. Mei, and G. Xu, J. Vac. Sci. Technol.
B 2, 393 (1984).
R. M. Feenstra, J. A. Stroscio, J. Tersoff, and A. P. Fein,
Phys. Rev. Lett. 58, 1192 (1987).
U. Harten and J. P. Toennies, Europhys. Lett. 4, 833
(1987).
R. B. Doak and D. B. Nguyen, J. Electron. Spectrosc.
Relat. Phenom. 44, 205 (1987).
U. del Pennino, M, G. Betti, and C. Mariani, Surf. Sci.
211/212, 557 (1989).
G. P. Schwartz, Phys. Rev. B 26, 794 (1982).
A. C. Ferraz and G. P. Srivastava, Surf. Sci. 182, 161
(1987).
A. Zunger, Phys. Rev. B 22, 959 (1980).
G. X. Qian, R. M. Martin, and D. J. Chadi, Phys. Rev.
B 37, 1303 (1988).
R. Di Felice, A. I. Shkrebtii, F. Finocchi, C. M. Bertoni,
and G. Onida, in Vibrations at Surfaces VII, Santa
Margherita Ligure, 13th-17th June 1993 [J. Electron.
Spectrosc. Relat. Phenom. (to be published)].
P. Santini, L. Miglio, G. Benedek, U. Harten, P. Rug-
gerone, and J. P. Toennies, Phys. Rev. B 42, 11942
(1990).
P. Santini, L. Miglio, G. Benedek, and P. Ruggerone,
Surf. Sci. 241, 346 (1991).
Y. R. Wang and C. B. Duke, Surf. Sci. 205, L755 (1988).
T. J. Godin, J. P. LaFemina, and C. B. Duke, J. Vac.
Sci. Technol. B 9, 2282 (1991).
P. K. Das and R. E. Allen, in Proceedings of the 20th
International Conference on the Physics of Semiconduc
tors, Thessaloniki, Greece, 1990, edited by E. M. Anas-
tassakis and J. D. Joannopoulos (World Scientific, Sin-
gapore, 1990), p. 1473.
J. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).
P. Giannozzi (private communication). The same pseu-
dopotentials were used to obtain the bulk phonon disper-
sion of GaAs in [7].
D. Vanderbilt and S. G. Louie, Phys. Rev. B 30, 6118
(1984).
The reliability of this method was confirmed by com-
paring the phonons of a nine-layer slab modeled from
a seven-layer slab to the self-consistently calculated
phonons of the nine-layer system.
B. A. Auld, Acoustic Fields and Waves in Solids (R. E.
Krieger Publishing Comp. , Malabar, Florida, 1990), 2nd
ed.

4197


