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Electronic, structural, and dynamical properties of the GaAq110):Ge surface

R. Honke, J. Fritsch, P. Pavone, and U. Sdero
Institut fir Theoretische Physik, Universtt&kegensburg, D-93040 Regensburg, Germany
(Received 6 December 1995

We have investigated the structural, electronic, and vibrational properties of Ge overlayers on thElGaAs
surface in the framework of the density-functional theory within the local-density approximation. By minimiz-
ing the total energy with the help of the Hellmann-Feynman forces, we have found two different zero-force
configurations for the GaA%10) surface covered with one monolay@fiL) Ge as well as for two ML's Ge on
GaAg110. For both coverages the atomic equilibrium positions and most of the electronic surface states
corresponding to the optimized structure with the lower energy minimum are very similar to those of the clean
GaAgq110 surface. A thermodynamical analysis indicates an instability towards cluster formation. In the case
of one ML Ge on GaAd 10 we have calculated the phonon-dispersion curves along high-symmetry lines in
the surface Brillouin zone using first-order density-functional perturbation theory without any adjustable pa-
rameters. As well as the electronic properties, the features of the phonon spectrum mostly resemble those of the
clean surface. Beside the appearance of an additional surface acoustic mode the main effect of Ge adsorption
is a slight down-shift of the phonon frequencies. The dynamical analysis of the(Gké1X 1):Ge surface
(1 ML) at T = 0_shows no instability towards reconstructions with periodicity along the high-symmetry
directionsT'X andT'X’.

I. INTRODUCTION lent agreement with all available experimental data. We use
the same method for the calculations of the GAA®6):Ge

Among the most important features of semiconductor desystem.
vices are interfaces between different types of materials such Adsorbed adlayers on semiconductor surfaces are of
as metals, oxides, and semiconductors. The progress in ngvhysical interest under various aspects. For instance, the ad-
preparation techniques such as molecular-beam epitaxy @orption of Al on GaA&L10 is relevant in connection with
metal-organic vapor phase epitaxy and the increasing sophighe formation of a Schottky contat®.In the same context
tication of the analyzing methodg.g., angle-resolved pho- adsorbed alkali-metal in the monolayer regime have been
toemission spectroscopy or scanning tunneling microscopyinvestigated, to8:” As ordered overlayers of Sb and Bi on
have strongly enhanced the efforts towards a better undeGaAg110) are relatively easy to obtafhmuch work has
standing of adsorption processes and initial stages of the ifseen done on the adsorption of these group V elements.
terface formation. With inelastic He-atom scattering and In this paper we report our results froa initio calcula-
high-resolution electron energy-loss spectroscopy, it has beions for the GaA&l10 surface covered with one and with
come feasible to measure surface phonon dispersions up taa@o monolayer§ML's) Ge. Because of the almost perfectly
high degree of precision. Thus there is a demand for micromatching lattice constant and thermal expansion coefficient
scopic theories which not only correctly describe the strucof the substrate and of the adsorbate, this system is an ideal
tural and electronic properties but also the dynamics of sureandidate for studies of heterojunctions.
faces with or without adsorbates. While for the ground state Experimentally the GaA410):Ge system has extensively
calculations density-functional theoretical methods have debeen investigated by standard surface probing techniques
veloped to standard techniques, studies of surface dynamissich as photoemission spectroscopy, low-energy electron
are still most commonly accomplished by model calcula-diffraction, Auger-electron spectroscopy, and scanning-
tions. A summary of what has been done so far on the topitunneling microscopySTM).®~**The results of these studies
of surface dynamics is given in Ref. 1. have demonstrated that Ge forms ordered overlayers on

The clean GaAd10 surface belongs to the most studied GaAg4110 over a wide temperature range. At low coverage
semiconductor surfaces, both experimentally and theoretibelow 10 ML'S), however, the STM results of Ref. 15
cally (a short survey of some previous work may be found inclearly show that isotropic islands as large as 10 ML'’s in
Ref. 2. It is well established that its relaxation mainly con- height nucleate upon deposition of Ge at elevated tempera-
sists in a bond-angle relaxation in the first-layer Ga-Astures (= 700 K). Furthermore, it is known that at such tem-
chains. It is characterized by a tilt-angle of approximatelyperatures the arsenic atoms segregate to the growing Ge
30°, where the surface anions are lifted above the surfaceurface® 1*'°Chenet al? reported uniformly deposited Ge
plane and the surface cations are pushed down below tHayers on GaA&10 even in the monolayer regime for a
surface plane. As the clean GaA$0) surface is representa- substrate temperature of 330 K. However, due to the low
tive for the Ill-V semiconductof110) surfaces, it constitutes temperature, the crystal films turned out to be far from per-
an ideal system to examine. Recently, the linear-respondect.
approach proposed in Ref. 3 has been applied to calculate the The experimental evidence renders theoretical calcula-
phonon dispersion of this surfaéd&he results are in excel- tions of realistic systems in the ML coverage regime diffi-
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cult. Nevertheless, the study of systems with only a few buappropriate initial atomic positions, the modified Broyden
ordered ML's Ge on GaA410 can provide valuable infor- scheme proposed in Ref. 23 was applied in order to find a
mation upon the initial stages of the interface formation. Inzero-force configuration related to at least a local minimum
particular, a theoretical approach based on a semiempiricalf the total energy. The symmetry of the GA&E)):Ge sur-
Hamiltonian has been applied to GaA%0 systems covered face has been assumed to be the same as the symmetry of the
with half a ML up to three ML's in order to study the pre- clean surface, i.e., only Gafkl0-p(1x1)-Ge structures
cursors of the interface states of the Ge-GAAS) have been studied.
heterojunctiort®!’ Very recently, a refined version of this ~ The dynamics of the one monolayer covered GAA®)
method has been used to investigate Ge coverages up soirface has been treated in the framework of the first-order
twelve ML's and also the fully developed heterojuncti8it  density-functional perturbation theoty*2> Only recently,
has been found that the characteristic electronic interface feahis method has been extended to the calculation of surface
tures do occur already for the first Ge adlayer. The topic ophonons® The basic concept is that the variation of the
electronic interface states in (&eq(GaAs))-(110 hetero-  ground-state wave functions caused by a lattice distortion,
structure has been addressed by Pickett and co-wdPkersi.e., a phonon, is calculated iteratively until self-consistency
within local pseudopotential calculations. is achieved with respect to the screened perturbing potential.
The outline of the present paper is as follows. In SectioriThe dynamical matrices in the harmonic approximation can
Il we summarize the essential points of our calculations. Sede expressed solely in terms of the first-order deviations of
[Il contains our results in detail, divided into three parts. Inthe Kohn-Sham wave functions and the electronic ground-
the first part the structural properties including a stabilitystate properties.
analysis of the adlayer systems towards cluster formation are We have carried out phonon calculations for a system of
presented. The second part contains the discussion of tHally relaxed slabs containing seven layers GaAs and one ML
electronic properties for one and two monolayer coverageGe on the two substrate surfadés:or the two ML case we
The third subsection is devoted to the surface dynamics fohave carried out the calculation for phonons at Xiepoint
one and two ML's Ge on GaA$10 including a comparison with slabs containing only five substrate layers. As the inter-
with the results of the clean surface of Ref. 2. We concludeatomic force constants decrease at least two orders of mag-
the paper in Sec. IV with a short summary. nitude for atoms separated by more than three interlayer dis-
tances, it is possible to extend the calculated dynamical
matrices to those of slabs spanning much more than only
Il. METHODS OF CALCULATION nine layers without any further assumptions. More specifi-

The electronic ground-state calculations were carried out2!ly; the force constants of the four outermost layers in a
within the scope of density-functional theory in the local- V€'Y thick crystal film are adopted from those of the small

density approximation. Specifically, for a given atomic con-nine-layer slab. The remaining matrix elements for the inner
figuration, we solved the Kohn-Sham equatfnsith the layers of the extended system are determined from the values

parametrization of Perdew and Zun@fefor the exchange- correspondin.g.to atoms of the central plane of the r_1ine—|ayer
correlation potential. The electron-ion interaction was deS/aP by exploiting the fact that subsequétttQ layers in the
scribed by norm-conserving nonlocal pseudopotentials gerPUlk material are related by symmetry operations of the crys-
erated by Giannoz# Those pseudopotentials provide a t@l- This method has already been applied in Ref. 2. Our
good basis for the expansion in plane waves up to 10 Ry. mt_esults confl_rm the reliability of this method, as 'Fhe frequen-
fact, the bulk phonon frequencies and lattice constants of!€S @nd displacement patterns of well localized surface
GaAs and Ge are quite well converged even with such phonons in our calculations remain unchanged for different
small cutoff energy. slab sizes. The full dispersion relationliX direction(along
The geometry we used to describe the surface is a perthe surface zigzag chainand inI’X" direction(perpendicu-
odic array of Ge covered GaAs-“slabs” exposed to vacuumlar_to the chaing is determined by interpolation of four
at both sides. In this sense a three-dimensional periodic sy$F' X) and threg(I'X") dynamical matrices, respectively.
tem is retained, and hence, it is possible to apply the usual
techniques for bulk calculations. A vacuum region equal to
four interlayer distances proved to be sufficient for the wave [ll. RESULTS AND DISCUSSION
functions of neighboring slabs not to “overlap”; the elec-
tronic band structure remained unaltered, irrespective of an
increase in the spacing between the slabs. Due to symmetry In a first approach the atomic equilibrium positions were
reasons, it is convenient to consider an odd number of layerdetermined by starting from an ideally continued G&AS)
per slab. structure as input for the modified Broyden scheme. Due to
For the ground-state calculations we have taken 11 layershe given symmetry, no Hellmann-Feynman forces and there-
the outermost one or two layers consisting in the Ge adafore no shifts occur in the direction of the surface zigzag
toms. Hence, there are two identical surfaces per slab, i.ehains.
each surface state occurs to be a pair of two individual states. For the relaxed systems we found the bond lengths to
The surfaces bordering upon one slab are sufficiently decowdeviate no more than about 3% from the bulk value of GaAs.
pled, as the corresponding energy bands of such a pair aféhe latter was determined in bulk calculations to 2.431 A
fairly degenerate. The determination of the relaxation hasvhich compares well with the experimental value of 2.448
been accomplished by minimizing the total energy with theA.?” Furthermore, the atoms in the fourth layer already re-
help of Hellmann-Feynman forces. Specifically, starting withsume the positions of the ideal structure and hence, the re-

A. Relaxation geometries
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the electronic properties in the next section will give more
insight into the nature of the considered surface structures.
This point is of fundamental interest for the investigation of
the properties of the Ge-Gaf4.0 interface.

From the experimental point of view one or two Ge ad-
layers on GaA@L10) are found to be unstable towards cluster
formation. In order to address this point we use the calcu-
lated total energies to perform a thermodynamical analysis of
the stability afT =0. In particular, this can be done following
two different approaches.

Within the first approacl! an instability is obtained if the
surface free energy of the adlayer system becomes greater
than that of the free GaA%10 surface only partially cov-
ered with Ge clusters. In a first approximation, Ge clusters
may be regarded to serve as a bulk Ge reservoir in both
cases. Hence, the relevant quantity to be calculated is the
) surface free energy of the clean and covered surface in the
presence of a bulk Ge reservoir. The surface free energy per
(1% 1) surface unit cell of the clean surface is given by

& Ga Q@A O Ge

GaAs_ 1 GaAs
Q™ =3 (Bt~ Ngaadt Gaas)s

where ES¥S is the total energy anthgaas the number of

FIG. 1. Schematic diagram of the surface geometries for ond5aAs pairs per unit cell of the slab system. The chemical
and two monolayers Ge on Ga@40). Positive tilt angles refer to  potential is denoted by.gaas. The factor one-half accounts
counterclockwise inclined atomic chaing) Side view. (b) Top  for the two surfaces per slab. Correspondingly, the surface
view. free energy of the adlayer system is given by

. 1 .
laxation may conveniently be expressed in terms of the tilt QM3 (Bt ™™ NoaadttGars™ Naeltae)-
angles of the atomic chains in the three outermost layersthe chemical potentials are taken to be the same as in the
Figure 1 qualitatively illustrates the atomic positions in thispulk GaAs and Ge, respectively. They are defined by the
region. In analogy to the clean GaA40) surface, there is a total energy per unit cell divided by the number of GaAs
pronounced relaxation in the outermost layer whereas thpairs or Ge atoms. For the determination of the total energy
atoms in the deeper layers are already located fairly close tof the bulk materials the same 10 Ry energy cutoff has to be
the ideal positions. The Ge atoms corresponding to As atomgsed. Furthermore, a unit cell adapted to the slab symmetry
in a hypothetically continued substrate are shifted outwardgs chosen, in order to guarantee an analogoymint sam-
The resulting tilt angle of the surface Ge chains is 36t  pling as for the surface systems. For the surface free energy
one and 31.5for two ML's Ge on GaA$110). In previous  of the clean GaAd10 surface, the present calculation re-
works using a semiempirical methoti;®similar equilibrium  sults in a value of0$=1.27 eV per surface unit cell
positions are found to be only metastable. In contrast withyhich is in good agreement with the experimental v&ld
our results the authors of Refs. 17 and 18 identify the conq .21 eV and with that of other pseudopotential calculafidns
figuration with the surface Ge chains inclined at an angle o{1.22 e\). In its more stable configuration, the surface free
approximately— 3(° as stable. Due to the hlgher total energy, energy of the ondtwo) ML covered GaA§110) surface is
we find the atomic positions corresponding to a negative tilfound to be 2.09 e\(2.13 eV} per surface unit cell. There-
to be less stable. fore, the adlayer systems is thermodynamically unstable to-

Our results for the surface structures and the correspongvards cluster formation as experimentally observed.
ing energy gain per surface unit cell with respect to the ideal Within an alternative approac?ﬁ,one can compare the
configuration are summarized in Table |. The discussion Of;urface energies of a Ga@40 system separated into the

two phases of a clean surfa@9%) and that of a two ML Ge

TABLE 1. Atomic equilibrium positions for one and two mono- covered surface with that of the entirely one ML covered
layers Ge on GaA410). The energy gail\E per surface unit cell surface. The surface energy for a slab with,,; GaAs pairs
is given with respect to the truncated ideal G&A9) structure. For  andng, Ge atoms per unit cell is defined by
the definitions ofw, 9, and¢ we refer to Fig. 1.

Es= 3 (Ewot~ NcaastGans™ N GeE(a;tgm)v @
Coverage 1ML (metlax;bl)a 2 ML (mefazﬂt;bl}e where ESE, s the energy of a free _non-spin-polarized_Ge
atom. We have calculated the atomic energy of Ge using a
o 36.1° -29.9° 31.5° —34.1° fictitious fcc cell with a next neighbor distancé®A and a
® —5.9° -1.9° —4.0° 0.5° 10 Ry kinetic energy cutoff. The surface energy of the 50%
9 2.0° 0.0° —0.7° 3.16° two-ML covered surface can be estimated as
AE (in eV) —0.56 —0.26 —0.55 —-0.39

Eg®=3 Qg™ 2 B8, @
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As(2)
FIG. 2. Total pseudovalence charge density shown in the planes -1 —W%g/ / A
perpendicular to the surface containing Ga-As chains terminated by %/ % o /%/ '
As-Ge bonds(upper graphsor Ga-Ge bondglower graphg (a)
Stable atomic equilibrium positions. The Ga-bound surface atoms
have “pseudoanionic” character as a result of an occupied dangling . .
bond which can be identified by the little hump labeleddgs The % vl % F Y
As-bound Ge atoms are “pseudocationi€d) Metastable configu-
ration. Note the interchange in the ionic characters of the Ge atoms
with respect toa). FIG. 3. Electronic energy dispersion of surface bound states
(heavy solid linesand resonanceslashed linesof the clean, fully

ML relaxed GaAg110 surface. The irreducible wedge of the Brillouin
where ES™" denotes the surface energy for the Complete'yzone is shown in the inset. The notations are taken from Ref. 34 .
two-ML covered system. For the atomic positions with the

lower total energy, the calculation results in a value of . L _ _
EéML: —19.41 eV EéML: —8.69 eV} per (1x 1) area for total_energy._Here the pseu.do amor@eauoqé are thg im-

the two(one ML covered GaA&l10) surface. Using Eql) mediate equivalents of the first layer As anid@a cationy

and Eq.(2) and the value of 1.27 eV pdix 1) area for Of the free GaA€l10 surface. .

QS one finds the surface energy for the phase separated As a result, most of the electronic surface states of the
surface to be 0.38 eV lower in energy than the completelypYSt€ms in question are closely related, which can be seen
one-ML Ge covered surface. Therefore, this consideratioffom the electronic band structure. The electronic band struc-

GaAs(110)

favors the formation of clusters, too. ture for the clean GaA$10 surface is shown in Fig. 3. It
) has been calculated for a system of fully relaxed slabs con-
B. Electronic structure taining nine atomic GaAs layers with a cutoff energy of 10

The pseudovalence charge density of GAA6) covered Ry. The atomic equilibrium positions are given in Ref. 2. The
with one ML Ge is shown in Fig. 2 for both of the equilib- surface states are in good accordance with previous theoreti-
rium structures. Two different pairs of planes perpendiculacal work (see, e.g., Ref. 32 and references theréihe one
to the surface are depicted in Fig. 2. One pair contains thgarticle eigenvalue spectra of tkmore stablgfully relaxed
GaAs chains terminated by As-Ge bonds and the other pafée covered GaA410) surfaces are shown in Fig. 4.
contains those terminated by Ga-Ge bonds. It is apparent that We will now discuss the surface electronic bands in the
the charge densities of the two equilibrium structures differorder of descending energies. The bands are characterized
significantly from each other in the surface region. As seerficcording to the shape of the charge distribution of the cor-
from the relative piling of the charges in the contour plots inresponding Kohn-Sham eigenfunctions. Analogous states in
Fig. 2, the heteropolarity of the substrate gives rise to dhe systems with one or two ML's Ge have the same labels.
“pseudoionicity” of the adatoms. While the Ga-bound Ge The bandD, is associated with the unoccupied dangling
atoms appear to be “pseudoanions” in the more stable strud?onds as is G@) in Fig. 3. The occupied dangling bonds
ture, the As bound adatoms show pseudoanionic behavior i¢ad to the band®; and A45). Respectively compared to
the other structure. The little humps labeledDssin Fig. 2  the clean surface staf®; andD, show much more disper-
indicate that the anionlike character originates in the occusion and the gap becomes very small. The stBieare back
pied dangling bonds of the upwards shifted Ge atomsonds and are located as(Asat the outward relaxed surface
whereas the dangling bonds of the downwards shifted G€'pseudo”) anions. On the upper rim of the “stomach” gap
atoms remain empty leading to a cationlike behavior. WenearX, we find p-like states orientated parallel to the surface
only note that analogous features occur at the GRE®  (P). They are localized at the As ions of the second layer for
surface covered with two ML's Ge, too. Again the outward one ML Ge[as are A§a) and A43b) for the free surfack
relaxed Ge atoms of the surface layer have doubly occupieBor two ML's Ge they are placed at the Ga-bound Ge atoms.
dangling bonds. Under this aspect the Ge covered @d@8s  The state labeled as @ in Fig. 3 iss-like and placed at the
surface is very similar to the clean surface, especially in thdirst layer Ga ions. For one ML and two ML's Ge coverage a
atomic configuration belonging to the lower minimum in the similar state(denoted as G appears in the first substrate
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FIG. 5. Phonon spectrum of the relaxed surface system
GaAg110-p(1x1)-Ge (1 ML) in the stable equilibrium configu-
ration. The surface projected bulk structure is indicated by the large
shaded area. Surface localized modes and resonances are drawn as
heavy solid lines. The smaller hatched regions represent broad fea-
tures with rather deeply penetrating surfaces states. The irreducible
wedge of the Brillouin zone is shown in the inset.
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the other Ge atoms of the surface layBp, and B,, are
associated with the two distinguishable Ge-Ge back bonds to
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how the bandsS; and S, in the one ML case an&;, to
B,y for two ML's Ge start to form the characteristic gégee,
! ! e.g., Ref. 19betweenX’ andM by filling up the heteropolar

) GaA$i(110)}-p$1x1)-Ft‘a(2Ml) gap along the other high symmetry directions in Fig. 3.
- % M X T v Finally, there is a resonance labeled aglAgor the clean
‘ and as As for the Ge covered surfaces. Its origin is an
s-like state of the As ions in the second layelean surface
or in the first substrate laydbone and two ML Gg It may
also be identified as the precursor of the secsitile inter-
face state5; of Ref. 19.

FIG. 4. Energy dispersions of surface bound stéesvy solid
lines) and resonancdéeavy dashed ling®f the stable equilibrium
configurations(a) GaAg110-p(1X 1)-Ge (1 ML), (b) GaAg110-
p(1Xx1)-Ge (2 ML).
layer, i.e., at the forming interface. Therefore these states can C. Vibrational properties
be identified as the precursors of an interface state of the In the preceding section we have shown that the adsorp-
forming heterostructure. In fact, they seem to be related téion of one ML Ge on GaA410 results in structural and
the interface state labeled & in Ref. 19. The next few electronic properties which are very similar to those of the
resonances and surface bands cannot be described simultdean surface. Furthermore, Ga, Ge, and As are consecutive
neously and thus we have to distinguish between the differelements in the Periodic Table. Thus the mass of Ge is close
ent systems. to both the mass of As and Ga. From this one may expect

For one ML coverage the resonances; @Gase from pre- that the adsorption of one ML Ge will not result in a com-
dominantlys-like Ga states of atoms in the third and deeperpletely new surface mode spectrum.
lying layers. S, is related tos-like states localized at the In fact, most of the predominant vibrational features of
As-bound Ge atoms. A surface state with mixed charactethe clean GaAd10 surface(see Ref. 2 can also be ob-
(approximately 50% Ge-Ga bond, 50% &4ike) gives rise  served in the phonon dispersion for the system with one
to the bands,. adsorbed ML Ge in the equilibrium configuration with the

In the case of two ML's Ge coverage, there is a pair oflowest energy. The latter is shown in Fig. 5 for wave propa-
resonanceflabeledS,, andS;;,) next to Ga. S;;, is located gation parallel(I'X) or perpendiculafI’X") to the surface
at the outward relaxed'pseudoanionic’) Ge atomsS;, at  Ge chains. The large shaded area indicates the projected bulk
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structure (PBS of GaAs. The smaller hatched regions re- mode lies in the movements of the Ge ions now being re-
semble broad features with several rather deeply penetratingersely phased to those of the substrate ions.

surface modes. Above the PBS, similar to the clean surface In order to investigate confined modes in the Ge overlayer
and with almost the same energies, appears the significaB Well as localized modes originating in the presence of
branch of an optical surface mode. It is characterized by aRoth the surface and the interface, we have calculated the
opposing motion of the inward relaxed Ge ions and the secdynamical matrix at th&’ point of a relaxed GaA410):Ge

ond layer As ions. For long wave vectorsliX’ direction, it ~ SyStém with five substrate layers and two Ge adlayers per
exhibits a splitting of the two individual states forming the Slab. The corresponding phonon spectrum showed only mar-
pair related to this surface phonon. The mode at the upp inal changes with respect to that of the one ML covered
fim of the PBS becomes macroscopic by coupling to the aAg110) surface. In particular, each of the surface phonons

longitudinal optic bulk phonon. The other mode merging into" " the one ML covered surface is found also in the two ML
9 P P ' 9ing INt0 -\ ered system at hardly differing freqencies. No appre-

the PBS remains localized at the first and second atom'giable difference is also found for the corresponding eigen-
layer. _ . . vectors of the Ge atoms in the second layer moving qualita-

In a similar fashion all of the other modes in the UpPeryy ey as the corresponding Ge or As atoms. This indicates
and intermediate energy regime correspond to modes of th@ ¢ these vibrations are caused by the presence of the sur-
clean surface. Most of the surface phonons of the Ge coverggce rather than by the GaAs-Ge interface. The only new
system, however, appear approximately 2 meV lower in enfeature of the two ML case is the appearance of an additional
ergy. optical surface localized mode with an energy of 34.3 meV,

More significant changes due to the adsorption of Geslightly above the PBS of GaAkl0). This mode consists of
are present in the region of the acoustic surface modes. lan SH-polarized opposing motion of the two second layer Ge
the I'X direction we find an additional branch beside two atoms. Since the optical phonons of bulk Ge are somewhat
surface acoustic modes which are related to similar vibrahigher in frequency than in GaAshis surface mode might
tions in the clean surface. This third phonon mode is crossinglready be related to an optical phonon of bulk Ge confined
the upper mode at about 7.7 meV. It is dominated by a viin the overlayer.

bration of the Second |ayer AS ions normal to th‘ﬂ_o) Another interesting pOint to mention iS that the I’esultS f0r
planes, and of the outward relaxed Ge ions parallel to théhe dynamical properties of the one ML system do not seem
surface and perpendicular to the Ge chain direction. to show an instability towards reconstruction at zero tem-

In X’ direction we identify four branches of surface perature. In fact, the instability tpwards the formation <_)f a
. . superstructure along or perpendicular to the surface zigzag
phonons in the energy regime below the PBS, whereas onla( ) ) . ]
4 . hains would result in the occurrence of imaginary frequen-
three surface acoustic waves were found in Ref. 2 for the. ; h | X directi the'X’
clean GaA&l10 surface. A more detailed analysis reveals /€S Tor SOMe phonon along irection or he
. . ) .. direction. Since the calculated frequencies are well above
the origin of the additional phonon branch: The phonon with .
th bound £ 4.93 me\sat | ¢ zero, we expect the one ML covered GABR))-(1X1):Ge
€ zone boundary energy of .95 me IS analogous 10 gy face atT = 0 to be dynamically metastable while the
the Rayleigh wavegRW) in Ref. 2. It starts af” with pre-

instability towards cluster formation is of thermodynamical

dominantly normal displacen_n;:n_ts and a group velocity ofyrigin. However, an instability towards reconstruction with
approximately 2.&10° msec ! in accordance with con- N FaN

: 3 S _ we v periodicity in direction other thad’X andI'X’ cannot be
tinuum theory®* NearX’ it is dominated by a vibration of the excluded by the present calculation.

Ge atoms in the direction of wave propagation and a vibra-
tion of the second layer Ga and As ions with an additional
component normal to the surface. The next higher mode with

a zone boundary energy of 5.88 meV shows a complemen- |n the present paper we have reported the results aban
tary displacement pattern with the Ge ions vibrating mainlyinitio calculation of the relaxation geometries and electronic
in the vertical direction. It corresponds to the third surfaceproperties of the GaA$10:Ge surface covered by one or
localized acoustic phonon in Ref. 2. two ML's Ge. For one ML coverage we furthermore have
The mode with the lowest energy Xt (at 3.20 meY  determined the surface phonon spectra of the fully relaxed
shows a strictly shear horizontal polarization. It is related tosystem. As in previous model calculatidéh¥we have found
the intermediate acoustic branch at the clean surface. For theo atomic equilibrium positions corresponding to a positive
free surface its displacement pattern near the zone boundaand a negative tilt angle, respectively. In contrast to the in-
is characterized by an in-phase vibration of the first layer Garestigations of Refs. 17 and 18, our calculation favors a posi-
and As ions. The adsorption of one ML Ge does not alter theive buckling of the outermost Ge chains similarly to the
motion of the uppermost Ga and As ions, although they areelaxation of the clean GaAELO) surface above negatively
second layer atoms in the covered system. This is because tilted Ge chains. From thermodynamical considerations it
the fact that in this special case the adsorbed Ge ions rigidlizas been demonstrated that the ordered adlayer systems are
follow the vibration of the atoms in the first substrate layer.unstable towards cluster formation as experimentally ob-
This explains the fairly low energy of 3.20 meV 4t com-  served. Nevertheless, the investigation of the GaA®-
pared with the related branch of the clean surface whicl1Xx 1) surface with one and two adsorbed Ge layers provides
always runs slightly above the RW. The mode with the high-interesting information under various aspects. As could be
est energy below the PBS is polarized strictly in the sheaseen from the relative piling of the valence charge densities,
horizontal direction, too. The difference from the previousall structures have in common an occupi@thoccupied

IV. SUMMARY
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dangling bond located at the outwafihward) relaxed Ge erojunction. The dynamical analysis of the GaK<)-
atoms of the surface layer. In the discussion of the electroni¢lx 1):Ge surfacgl ML) at T = 0 did not show instability
band structure, we have pointed out a variety of analogietowards reconstructions with periodicity along the high-
between the Ge covered and the clean G&2® surface. symmetry directiond X andT'X'.

Additionally, for the two ML coverage, some precursors of
interface states of the Ge-GaA30 heterojunction have
been identified. As a result of the similar atomic and elec-
tronic structures, the phonon spectrum of the Ga4A8 sur- The authors are indebted to S. Baroni and P. Giannozzi for
face covered with one ML Ge mainly resembles the featureproviding numerical support. This work has been done on the
found for the clean surface in Ref. 2. Besides a shift toward€RAY-YMP supercomputers of the HLRZ of the KFA in
lower energies for most of the modes, an interesting effect ofuich under Contract No. K2710000 and of the Leibniz Re-
the Ge adsorption upon the dispersion relations was the aghenzentrum in Munich. This work has been supported by a
pearance of additional branches among the acoustic surfaggant of theDeutsche Forschungsgemeinschéitough the
phonons. However, we found no evidence for early stages dbraduiertenkolleg “Komplexitain Festkopern: Phononen,

ACKNOWLEDGMENTS

the formation of interface modes at the Ge-GdA$) het-

Elektronen und Strukturen.”

IW. Kress and F. W. de Wett&urface Phononé&Springer, Berlin,
1991).

2J. Fritsch, P. Pavone, and U. Sctieo, Phys. Rev. Letf71, 4194
(1993.

1w, E. Pickett, S. G. Louie, and M. L. Cohen, Phys. RevliB
815(1976.

20w. Kohn and L. J. Sham, Phys. Rel40 A1133 (1965; L. J.
Sham and W. Kohnipid. 145 B561 (1966.

3p. Giannozzi, S. de Gironcoli, P. Pavone, and S. Baroni, Phys2l3 perdew and A. Zunger, Phys. Rev2B 5048(1981).

Rev. B43, 7231(199)).

22p_ Giannozzi(private communication

4J. Ortega, F. J. Garcia-Vidal, R. Perez, R. Rincon, F. Flores, C23p vanderbilt and S. G. Louie, Phys. Rev.3B, 6118(1984.

Coluzza, F. Gouo, G. Margaritondo, Y. Hwu, L. Lozzi, and S. L.

Rosa, Phys. Rev. B6, 10 277(1992.

5S. B. Zhang, M. L. Cohen, and S. G. Louie, Phys. Re@4B768
(1986.

63. Hebenstreit and M. Scheffler, Phys. Rev® 10 134(1992.

7J. Ortega and F. Flores, Surf. S261/252 442 (1991).

8W. Richter, N. Esser, A. Kelnberger, and M. m Solid State
Commun.84, 165(1992.

SW. Monch and H. Gant, J. Vac. Sci. TechntlZ, 1094 (1980.

0. Moénch, R. S. Bauer, H. Gant, and R. Marshall, J. Vac. Sci.

Technol.21, 498(1982.

1R, s. Bauer and J. C. McMenamin, J. Vac. Sci. Techh§|.1444
(1978.

12p chen, D. Bolmont, and C. A. Sebenne, Surf. 382 505
(1983.

243, Baroni, P. Giannozzi, and A. Testa, Phys. Rev. |58}.1861
(1987.

25p, pavone, K. Karch, O. SétipW. Windl, D. Strauch, P. Gian-
nozzi, and S. Baroni, Phys. Rev4B, 3156(1993; O. Schiit, P.
Pavone, W. Windl, K. Karch, and D. Straucibjd. 50, 3746
(1994.

26The limitation to only nine layer slabs is only due to computa-
tional reasons. However, besides a slightly larger splitting of
some electronic surface bands, the results for the ground state
remained practically unchanged with respect to 11 layer slabs.

2’semiconductors: Intrinsic Properties of Group IV Elements and
-V, 1I-VI, and I-VIl Compounds edited by O. Madelung,
Landolt-Banstein, New Series, Group Ill, Vol. 22, Pt. a
(Springer-Verlag, Berlin, 1987

13p Zurcher, G. J. Lapeyre, J. Anderson, and D. Frankel, J. Vac®C. Messmer and J. C. Bilello, J. Appl. PhyE2, 4623(1981).

Sci. Technol. Al, 695(1982.

1D. Denley, K. A. Mills, P. Perfetti, and D. A. Shirley, J. Vac. Sci
Technol.16, 1501(1979.

15Y.-N. Yang, Y. S. Luo, and J. H. Weaver, Phys. Rev® 15 387
(1992; 46, 15 395(1992.

16p, Kriger and J. Pollmann, Phys. Rev.3B, 3406 (1984).

R. Kalla and J. Pollmann, Surf. S@00, 80 (1988.

183, Che, A. Mazur, and J. Pollmann, Phys. Rev5B 14 470
(1995.

29G.-X. Qian, R. M. Martin, and D. J. Chadi, Phys. Rev38 7649
(1988.

303, E. Northrup, Phys. Rev. B4, 1419(1991).

31X. Meade and D. Vanderbilt, Phys. Rev. Leitl, 1404 (1989.

82p. C. Ferraz and G. P. Srivastava, Surf. 982 161 (1987).

33B. A. Auld, Acoustic Fields and Waves in Solidnd ed.(R. E.
Krieger Publishing Comp., Malabar, FL, 1990

34A. Zunger, Phys. Rev. B2, 959 (1980.



