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Ab initio calculation of the phonon dispersion of antimony-covered110) surfaces
of 11l-V compounds

J. Fritsch, M. Arnold, and U. Schder
Institut fir Theoretische Physik, Universttegensburg, D-93040 Regensburg, Germany
(Received 21 January 2000

We present the results fromab initio linear-response calculations performed to investigate the surface
phonon dispersion of the antimony-covekg@d0) surfaces of GaAs, GaP, InAs, and InP. Our computations are
carried out for a complete monolayer coverage of antimony adsorbed in the epitaxial continued layer structure.
The surfaces are described within the slab-supercell approach. Our density-functional formalism is based on
the plane-wave pseudopotential method and the local-density approximation. We identify characteristic vibra-
tions of the adsorption overlayer, interface modes, and phonons related to those of the pristine surfaces with
changed dispersion due to the adsorption. A comparison of the modes computed for the different systems
allows us to analyze systematic trends and to study more thoroughly the physical origin of vibrational states
occurring on adsorbate-covered and clean (130 surfaces. Our computed phonon frequencies are in good
agreement with experimental data.

[. INTRODUCTION ture of the (1x 1) geometry. So far, only a few computations
were done to determine vibrational features characterizing

The physical and chemical properties of interfaces bethe Sb:lll-V(110) surfaces™??%~31The studies that were
tween metals and semiconductors attract much attentiogarried out on the basis of restricted dynamical models gave
from the viewpoint of fundamental research and because d¥honon energies of zone-center modes. The results from re-
their technological importance. Q10 surfaces of several Ccent Raman scattering experiments performed with substan-

I1I-V compound semiconductors, antimony is known to form tially enhanced resolutidh and the measurement of com-
well-ordered epitaxial overlayers. Therefore, a large numbeP!€te d_lspaersmn curves by means of inelastic helium-atom

of experimental data exists for antimony-covered GaAs,S’Catte”n_é (HAS) give stimulating new impulses for com-
GaP, and InEL10). These surfaces are ideal systems for in-Préhensive theoretical studies. There is a need for the com-
vestigating the structure and electronic properties of singlé’lJtatIon of (;omplete phonon dispersion curves, using a
adsorption layers. By means of low-energy electron diffrac_method that includes all degrees of freedom to describe the

. . vibrations of the atoms.
tion (LEED), Auger-electron spectroscopy, and photoemis- Here, we report the results froab initio linear-response

son spectroscopy, it was shown that the adsorption of Sb %alculations performed to determine the vibrational modes of
the (110 surfaces of GaAs, GaP, InAs, and InP can begy 4sorhed in the ECL structure on 10 surfaces of
brought to sat.uratlon with two atoms per surface unit Ce”'GaAs, GaP, InAs, and InP. Only for these Sb:I(2XL0) sys-
The adsozpuon layer ~shows well-ordered X(1)  {ems are measured phonon frequencies available. We use
symmetry'~ density-functional perturbation thedfy*> (DFPT) applied to
Antimony is an exceptionally well-behaved adsorbate.periodically repeated crystal films. In contrast with previous
Annealing at moderate temperature increases the quality gfivestigations, complete phonon dispersion curves are deter-
deposited Sb films and leads to essentially ideak{)}  mined by calculating the slab modes without any restriction
termination>™® For the adsorption of Sb detailed data areof the dynamics.
mainly available for GaAs, GaP, InAs, and [AR0 from The vibrational states of Sb on I1I{¥10) surfaces are not
LEED, surface extended x-ray adsorption fine structureonly of interest in order to understand the structure of the
(SEXAFS, photoemission diffractiodfPED), and grazing- adsorption systems more thoroughly. They are also helpful to
incidence x-ray diffraction(GIXD).*"1%71®|n total-energy  study in more detail the phonon modes of the clean surfaces.
calculations several models were proposed for the structurBome vibrational features of the pristine surface were dis-
of the one-monolayer adsorption geométty?> The theoret- cussed in a controversial way. One important example is a
ical studies show that the epitaxial continued lay8CL)  mode that may be considered to be the dynamical analog of
structure is the geometry with the lowest energy. This isthe surface relaxation. The tight-binding total-energy calcu-
consistent with the good agreement of the values computeldtions of Wang and Duke predicted a surface vibrational
for the relaxation parameters with those determined irfeature characterized by nearly bond-length-conserving rota-
experimentd:’10-16 tions that change the tilt angle of the surface anion-cation
In the course of the last decade, the vibrational features afhains®® For GaA$110) this mode was assigned to the flat
the interface and of the adsorption layer could be measureranch previously resolved at about 10 meV by means of
with increasing precision by means of RamanHAS experiments’®In a series of computations;*! an
spectroscopy> %/ The data provide important new informa- explanation similar to that given by Wang and Duke was
tion for a conclusive clarification of the surface atomic struc-provided for the experimentally observed branch. Theoretical
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TABLE I. Lattice constangy (in A) of zinc-blende-phase GaP, ECL structure are determined by minimizing the total energy
GaAs, InP, and InAs. Our results are compared with those of thevith the help of the Hellmann-Feynman forces, starting the
DFT calculation of Ref. 55 and the experimental data compiled inatomic relaxation from the ideal positions derived from the
Ref. 35. symmetry of the bulk. Each atom is allowed to move with
the exception of the central-layer atoms. The relaxation is

GaP GaAs InP InAs stopped when all forces are smaller than 0.1 mRy/a.u. This
This work 5.411 5.613 5.802 5980 defines the computed equilibrium positions with a numerical
DET 5.359 5.559 5.662 5.861 uncertainty of less than 0.01 A. For the determination of
Expt. 5451 5654 5 869 6.036 realistic surface geometries, it is necessary to calculate bond

lengths with sufficient accuracy. This is achieved in our
computations as reflected by the agreement of our lattice

studies that accounted for the coupling of surface modes witgonstants with measured data and the results summarized in

bulk phonons gave vibrational states of this kind. However N Next section.

the computed phonon modes were found to be largely reso- 1€ Phonon dispersion is determined by means of
nant with bulk vibrations. Hence, no clear identification of d€nsity-functional perturbation the;g@FPT) using the for-
the rotational mode was possifife %6 malism of Baroni and co-workeré:**We calculate dynami-
Another interesting topic is the behavior of the gap pho-C8l matrices for entirely relaxed nine-layer slabs by deter-
non modes found for compounds such as GaP and InPNiNINg the static linear response of the electrons for periodic
which show a large separation between their acoustic angisPlacements of the atoms from their equilibrium positions.
optical bulk mode frequencies. Previous computations pre>¢reening through the electrons is included by computing the
dicted substantial shifts of the gap mode energies resultin§fSt-order variation of the charge density in an iterative
from changes of the relaxation angle. The frequency Shift§cheme, until self-consistency is achieved for the variation of
determined for the ideal unrelaxed surfaces were consisteffi€ linear response of the electrons and the screened perturb-
with those found for hydrogen coverad8é**” Unfortu- NG potential. In order to determine the complete phonon
nately, hydrogen exposure leads to surface-etching chemicd|SPersion along and perpendicular to the Sb chains of the
reactions. Therefore it is not possible to verify experimen-ECL structure, dynamical matrices are calculated at four

tally the predictions from theory by means of hydrogen ad-0ints in thel’X and three points in thEX" direction of the
sorption. Overlayers of Sb, however, stabilize the I{V0) surface Brillouin zone. The dynamical matrices at arbitrary
surfaces. The possibility to prepare monolayer coverage¥ave vectors can be evaluated with the help of Fourier de-
with excellent structural quality emphasizes that Sh is arfonvolution. In order to identify resonances and deeply pen-
ideal adsorbate to be used in measurements that protsdrating surface states, we construct the dynamical matrices

adsorption-induced frequency shifts of the gap modes. of larger slabs comprising 25 atomic layers. The force con-
stants in the surface region of the large crystal films are

assumed to be the same as the respective force constants in
the nine-layer slabs. For the inner region of the large crystal

Our computations are based on density-functionafilms, we use bulk force constants.
theory’® (DFT) applied in the local-density approximatiéh.
For the exchange-correlation potential we use the form pro- |j|. SURFACE RELAXATION OF THE EPITAXIAL
posed by Ceperley and Ald8rin the parametrization sug- CONTINUED LAYER STRUCTURE
gested by Perdew and Zung@fThe electron-ion interaction
is described by norm-conserving nonlocal pseudopoten- Several structural models were proposed for the adsorp-
tials52~%* The electronic wave functions are expanded intion of Sb on the(110 surfaces of GaAs, GaP, InAs, and
plane waves up to a maximal cutoff energy of 10 Ry for spInP. A detailed compilation of experimental and theoretical
adsorbed on GaAs, InAs, and IfiR0) and 11 Ry for Sb on work done to determine the surface geometry of a complete
GaR110. monolayer with (1X 1) periodicity is given in Ref. 22. In-
To apply the plane-wave formalism to ti&10) surfaces Vvestigations of the adsorption of group-V elements(bh0)
of 11I-V semiconductors, we introduce periodically repeatedsurfaces of other 11I-V compounds were essentially restricted
thin crystal films, fixing the lattice constant at the theoreticalto Bi:GaSit110). In a series of total-energy calculations per-
value determined for the bulk of GaAs, GaP, InAs, and InPformed for Sb adsorbed on GaAs, GaP, InAs, and‘fiiP;
as listed in Table I, which shows that our computed latticethe ECL structure was found to be the most favorable model.
constants are in good agreement with experimental data. THather geometries such as thé structure, the epitaxial on-
slabs contain a total of nine atomic layers, which comprisdOp structure, the epitaxial overlapping chain structure, and
seven substrate layers and one monolayer of Sb adsorbed #i¢ dimer mode(see Fig. 11 of Ref. 22ave higher surface
either of the two surfaces of each crystal film. Two neigh-energies. In the ECL geometry, two Sh atoms are adsorbed
boring slabs are separated by a distance that is equal to thre€r (1X1) unit cell of the pristine surface, occupying all
removed atomi¢110) layers. The thickness of the slabs and atomic positions of the “next lattice layer” derived from the
their separation guarantee that the interaction of neighboringymmetry of the underlying material. By this, the Sb atoms
crystal films is negligible and that the surfaces of each slafare arranged in chains along th&10] direction. Each Sb
are sufficiently decoupled. For thepoint sampling we use atom is bonded to one atom of the substrate and the two
six special points in the irreducible part of the surface Bril-neighboring Sb atoms in its chain. The structural parameters
louin zone. The equilibrium positions of Sb adsorbed in theand the zone-center frequencies of highly localized surface

Il. THEORETICAL METHOD
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TABLE IlI. Bond lengths(in A) of the adsorption system and
the substrate determined for Sb covering GaAs, GaP, InAs, and
INP(110 in the one-monolayer ECL structure. Our results are com-
pared with those of Ref. 22 and the experimental data of Refs. 10,
11, and 15. The sulr,, of the covalent radii is summarized for

each bond.
Surface Reference dspsp dspv  Agpan dyey
Sh:GaAs  This work 2.82 2.64 2.62 2.43
DFT (Ref. 22 281 266 259 241
LEED (Ref. 10 2.77 2.66 2.64
2T cov 280 260 266 246
O sb-atom .
[110] Sh:GaP This work 2.77 2.52 2.62 2.34
@ goupsion DFT (Ref. 22 278 255 259 232
SEXAFS(Ref. 15 2.88 2.60 2.79
O group-lll-atom [001] S cov 2.80 2.46 266 2.26
FIG. 1. Side view of the relaxed ECL structure of Sh coveringgp.;nas  This work 287 262 277 259
the (110) surfaces of III-_V compound semlt_:onductors. The struc- DFT (Ref. 22 284 266 272 254
tural parameters determined for the adsorption on GaAs, GaP, InAs, s 2 80 260 284 270
and InP are summarized in Tables Il and Ill. The dotted circles cov ' ’ ) ’
indicate the ideal positions derived from the symmetry of the bulk. )
Sh:lnP This work 2.84 2.52 2.77 2.51
. . DFT (Ref. 2 2.82 2.55 2.72 2.45
vibrations computed for the ECL structdté?compare very LEEEg Ref ? s8> 250 280
well with experimental dat&?1%1%2426 2T herefore, it is now (Ref. 13 ' ' '
: ' SFeov 280 246 284 250

well established that the one-monolayer adsorption of Sb on
the (110 surfaces of GaAs, GaP, InAs, and InP results in the
ECL structure.

Figure 1 illustrates the atomic positions in the ELC geom-r€laxation parameters and compare the data with those of
etry and some of its characteristic structural parameter€xperimental investigations'>**and the resuits of the DFT
Tables Il and Ill summarize our values computed for thecalculations of Schmidt and co-workers? The measured

relaxation parameters are well reproduced by our calcula-

TABLE I, Structural parameterén A) of one monolayer of Sb tions and those of Refs. 21 and 22. Some of the expgrimental
adsorbed in the ECL structure on tHEL0) surfaces of GaAs, GaP, data compare better with our re_sults, while other are in better
InAs, and InP. The parameters are defined in Fig. 1. Our results ad@@reement with those of Schmidt and co-workers. As can be
compared with those of the DFT calculation of Ref. 21 and experi-S€€n from the figure, the relaxation of the clead0 sur-
mental data taken from Refs. 10, 12, and 13. faces is removed and replaced by a slight counter-rotation of
the anion-cation chains in the first substrate layer. The Sh-Sb
Surface  Reference A;, Ay, dyyy  dipy Ay A,y chains formed by the overlayer atoms are tilted in a similar
way as the first-layer zigzag chains of the respective clean
Sb:GaAs This work  0.07 2.00 239 4.50 0.09 143 gyrfaces. However, the relaxation angle of the adsorption

LEED® 0.08 199 234 0.11 1.40 The magnitude of the tilt angle essentially reflects the
difference between the Sh-anion and Sh-cation bond lengths.
Sb:GaP  Thiswork 0.12 199 239 432 0.07 1.38 This can be seen from the parametexs, , dg,y, and
DFT? 0.10 2.03 238 434 007 135 dg, compiledin the tables. Schmidt and Srivastava pointed
PED® 0.07 191 232 456 out that the vertical sheaX, , , which characterizes the ad-
sorption structure, increases steadily with the inequivalence
ShinAs Thiswork 0.16 1.93 241 461 011 157 of the substrate atonfs.The authors of Ref. 21 found that
DFT?® 0.12 194 231 463 0.08 1.51 the overlayer buckling varies nearly linearly with the relative
PEDY 0.10 193 2.39 difference of the tetrahedral radii and also with the charge
asymmetry between the group-Ill and group-V atoms of the
Sh:inP  This work 020 196 243 447 0.10 152 Substrate. The experimental data show a similar behavior

DFT? 016 198 244 444 007 146 Withthe exception of Sb:GaAs10.
PED® 013 187 241 459 Another parameter that exhibits a systematic trend is the
bond lengthdg,_spbetween neighboring adlayer atoms along
aReference 21. the chains. In good agreement of our results with those of
bReference 10. Schmidt and Srivastava, which are slightly closer to the ex-
‘Reference 12. perimental data, we find that the value computeddey. gy,

dReference 13. increases with the lattice constant of the substrate, as can be
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2.90 vibrations change drasticalfy:*’ However, hydrogen expo-
sure is disadvantageous because of its surface etching behav-
ior. The feasibility of Sh-overlayer preparation finally allows
one to investigate experimentally relaxation-angle dependent
frequency shifts of modes as already predicted for the clean
InP(110) surface™®
Figures 3, 4, 6, and 7 illustrate the phonon dispersion
computed for the ECL structure of Sb on tfiel0 surfaces
GaP of GaAs, GaP, InAs, and InP. Our results are compared with
data from Raman spectroscopy and frozen-phonon
calculations;**?>#'which were restricted to the determina-
Lattice constant (A) tion of zone-center modes. For wave vectors alongltKé
direction, the vibrational states are strictly separated Aito
FIG. 2. Sb-Sb bond length computed for the Sb adlayer on th?‘nodes purely polarized in the sagittal plane afdmodes

(110 surfaces of GaP, GaAs, InP, and InAs as a function of they "o "o oo dich i camants only parallel to the adlaver
calculated lattice constant. Our results are indicated by filled . P y P y

squares. Empty circles represent the results of Ref. 22. The lined9%a9 chains. Also included in the figures are characteristic

result from a linear fit to our dateolid line) and those represented phonon modes O,f the u!’]covered surfatstted lines.
by the circles(dotted ling. The triangles in the figures represent the results form the
frozen-phonon calculations of Schmidt and Srivastava. They

seen from Tables | and Il and from Fig. 2. The bond |engthstudi_ed the vibrational modes on the base of a restricted dy-
dsp.c=2.88 A determined by SEXAFS for Sb:GARO) namlpal .model using the force constants computed for
(Ref. 19 is significantly larger than the data measured byatom_m displacements in the outer th_ree layers. The au_thors
LEED for Sb on GaAs and Ir®10.*1° While the bond qonS|dered phonon modes Iocgllze;d in the adlayer and in the
length between the adatoms is dependent on the substrdiEst substrate layer. Ideally, this yields sk and threeA”
lattice constant, the bond lengthis,,; andds,., between Sb modgs. Thg frequ_er_10|es of weII—Iocallzgd modes can be de-
and the substrate atoms are essentially independent on tiFmined with sufficient accuracy by this approach. The en-
particular compound. Our computed values for€rdies of V|brat!onal states with d('ae'p penetratl_on, howe\{er,
dsp.ca dspin, anddg.pare 2.62, 2.77, and 2.52 A. For the €aN only be estimated. Moreover, itis not_posglble to distin-
adsorption of Sh on GaAs and InA<0), we obtain 2.64 and guish be'_(ween reaII_y surfa_lce-locallzed_ vibrational feature_s
2.62 A fordgyae. The sharp difference between the behay-and b_qullke modes in restricted dynamical models. There is
ior of the Sb-Sb bond lengths one the one hand and that dt° strict relation between the number of atoms in the surface
the adlayer-substrate bond lengths on the other indicates thé§9ion and the number of surface states that can be detected.
the bonds between neighboring Sb atoms are weaker than th&°St of the phonon modes determined in the frozen-phonon
bonds between the adlayer and the substrate. A comparis&iiculation correspond to vibrational features determined by
with the bulk-bond lengthsi,., also compiled in Table |1l U computations. However, some modes have distinctly dif-
shows thatlg,.o,is always larger thaxi,., . This indicates ferent frequencies or are not surface localized according to

that the Sb atoms are displaced from the ideal ECL positionEEur calculations. Before we focus on a compilation of similar

parallel to the surface and perpendicular to the Sh-Sb chain atures that are present in all phonon spectra, our results
obtained for the individual surfaces are summarized and

compared with experimental findings.

285 r

d gp-sp (A)

280 r

2.75

5.3 55 57 5.9

IV. SURFACE PHONON DISPERSION

The ECL adsorption geometry closely resembles the bulk- A. Phonon dispersion of Sb:GaA§110)
derived structure. Hence, the cation-bonded Sb atoms are _. . . : .
adsorbed in an anionlike environment, while the anion- Figure 3 |Ilustrates_the phonon dispersion determined for
bonded Sh atoms occupy the cation sites in the layer abovab:GaA$110. At the point, we obtain five strongly local-
the surface. The vibrational features of a Sh:(t¥0) sur-  ized phonon modes with energies of 9.5, 22.4, and 26.6 meV
face therefore comprise oscillations of adlayer atoms, interfor three vibrations wittA" character and 19.7 and 29.3 meV
face phononS, and phonon modes that Correspond to Vibra)r two A” modes. Hence, the vibrational states detected by
tions of the pristine surface. Raman scatterirfd®°at 9.2, 20.6, and 22.3 meV can be iden-

The epitaxial continuation of the substrate in the ECLtified as surface-localized modes in our computations. How-
structure allows one to investigate the influence of the adeVver, the feature resolved experimentally at 11.0 meV lies in
sorption layer on the dispersion of acoustic phonon modes region of high density of bulk states, where we do not find
The Sb-overlayer atoms have a larger mass than the atoms afdistinct surface-localized mode, while Schmidt and Srivas-
the underlying material. Therefore, a significant reduction ofava identified a state at 11.1 meV. Figure 2 of Ref. 31 indi-
the frequencies of some modes like the Rayleigh wave has teates that a coupling of this mode to bulk vibrations probably
be expected. As a result of the adsorption, the relaxation othanges its frequency only to a small extent.
the substrate is removed and replaced by a slight counter- OurI" point phonon at 9.5 meV corresponds to a nearly
relaxation. For the adsorption of hydrogen, which leads to alispersionless mode that can be resolved in both directions.
similar derelaxation of the cleaf110) surfaces, it was pre- This vibrational state is particularly interesting since it is
dicted by previous DFPT studies that the frequencies of theelated to a branch detected for the clean surface by means of
modes lying in the gap between the acoustic and optical bulldAS 3”8 In contrast with our results for the pristine
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Sb:GaAs(110) Sb:GaP(110)
40 60

Energy (meV)
Energy (meV)

X T X

FIG. 3. Phonon dispersion computed for the ECL structure of F|G. 4. Phonon dispersion computed for the ECL structure of
Sh:GaA$110). Surface-localized modes are indicated by solid Sh:Gap110). Surface-localized modes are indicated by solid lines;
lines; dotted lines represent vibrational modes of the clean surfacjotted lines represent vibrational modes of the clean surface. Tri-
Triangles: frequencies determined in the frozen-phonon calculatioangles: frequencies determined in the frozen-phonon calculation of

of Ref. 21. Filled circles: experimental data from Raman scatteringRef. 21. Filled circles: experimental data from Raman scattering
(Refs. 24 and 26 (Ref. 29.

surface’? it can be clearly identified as a surface-localizedSame vibrational pattern. The displacement pattern is closely
state for the Sb:GaA$10) surface. As discussed in Sec. related to the atomic shifts that characterize the relaxation of
IVB, a similar mode is present in the spectrum of the IlI-V(110 surfaces. ,
Sh:GaR110). In the region below the flat branch, there are  Restricting the atomic motion to a smaller number of lay-
three acoustic phonon modes. Our computations yield tw rs does not drastically change the vibrational energy, as can
B . ; : e seen by comparing the frequency determined in our ap-
nearly_ degenera_\te V|l?ra_t|on.s in the dlsp§r5|on along the ad proach and that of Ref. 21. This is consistent with the fact
tom zigzag chains wittX point frequencies of 6.3 and 6.4 i5; the rotational mode’s frequency for a large variety of

meV. The third branch has a zone-boundary energy of 8.84.\/ (110 surfaces could already be estimated with reason-

meV. In theI’X" direction, two branches of phonons with gpje accuracy in the tight-binding approach of Wang and

sagittal polarization are present. We obtain 4.6 and 7.4 meYyyke3® although coupling to substrate vibrations was ne-

for the frequencies at the zone boundary. The third mode hagiected in their predictions.

shear-horizontal polarization and an energy of 5.0 meV al’ The rotational mode was discussed in a series of theoret-

the X’ point. ical investigations with an appreciable degree of
controversy’°3%-4345The ejgenvector of the phonon state
determined for Sb:GdR10) provides clarification. For clean

B. Phonon dispersion of Sh:GaR110) (110 surfaces, the rotational oscillation lies in a region of

The phonon dispersion calculated for Sh:GdP) is il-
lustrated in Fig. 4. Only one distinct phonon mode could be
measured by Raman spectroscopy at 20.7 ffaVe obtain
20.9 meV for thisA” mode, in good agreement with the
experimental result and the vibrational energy of 20.8 meV
determined by Schmidt and Srivastavaln analogy with
Sh:GaA$110), we find three acoustic surface phonon modes
for Sh:GaR110 in both directions. The zone-boundary fre-

guencies are 6.8, 7.1, and 9.3 meV at %epoint and 5.4,

5.6, and 8.2 meV at th¥’ point.
A remarkable vibrational feature is the flat mode with a
zone-center energy of about 10.7 meV. The frozen-phonon
approach of Schmidt and Srivastava predicted its vibrational
energy to be 11.1 meV. For clean GaP0) no phonon with
strong surface localization could be detected in this region.
The eigenvector of the mode at 10.7 meV is illustrated in Sb:GaP(110) 1101
Fig. 5. It is characterized by normal displacements of the o(T) = 10.7 meV [001]
atoms in the adsorption layer and several substrate layers
below. The eigenvector of the corresponding mode of FIG. 5. Displacement pattern of the rotational mode in
Sb:GaA$110 determined at 9.5 meV has essentially theSh:GaR110) in a side view of the first four atomic layers.
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FIG. 6. Phonon dispersion computed for the ECL structure of FIG. 7. Phonon dispersion computed for the ECL structure of

Sb:InAg110. Surface-localized modes are indicated by solid Iines;Sb:InF(l_lc))' Surface-locglizeq modes are indicated by solid Iines;_
I(_jotted lines represent vibrational modes of the clean surface. Tri-

dotted lines represent vibrational modes of the clean surface. Tri

angles: frequencies determined in the frozen-phonon calculation oqngles: freguenc!es determmgd in the frozen-phonon calculatlorj of
Ref. 21. Filled circles: experimental data from Raman scatterin ef. 21. Filled circles: experimental data from Raman scattering

(Ref. 27. Ref. 24.

high bulk density of states. It is therefore characterized byexactly the same as those determined for Sb. Within this
strong hybridization with bulk vibrations. As a result of the Mass approximation, a localized phonon mode similar to that
adsorption, the frequency of the rotational mode is substarillustrated in Fig. 5 is predicted for Bi:InA$10) with an
tially reduced because of the large mass of Sb. It is shiftegnergy of 6.8 meV.

below the region of high density of bulk states. In particular,
for Sh:GaR110), the mode couples only weakly with the

vibrations of the substrate. Consequently, it is largely surface D. Phonon dispersion of Sb:nR110
localized. Detailed information from Raman spectroscthig avail-

able particularly for Sh:In@10), as illustrated in Fig. 7.
Two A” modes were found at 20.0 and 36.0 meV, while six
A’ modes were detected at 11.9, 19.5, 22.9, 35.8, 39.8, and
Figure 6 illustrates the phonon dispersion determined fos3.9 meV. Our DFPT computations yield the energies 19.4
Sh:InAg110). By Raman spectroscopy, thrdé modes were and 35.5 meV for the respecti&’ modes and 12.6, 19.6,
resolved at 11.9, 21.6, and 24.5 meV, and one vibration witf23.0, 35.9, 40.8, and 44.7 meV for the corresponding states
A" character at 19.1 me¥.These values compare very well with A’ character.
with our surface vibrational energies of 11.4, 18.7, 21.7, and For the majority of the vibrational energies, there is also
24.5 meV. In addition, we obtain five more modes at 6.8,good agreement of our results with those of the frozen-
18.6, 24.5, 26.9, and 29.9 meV. We find two acoustic phophonon calculation of Schmidt and Srivastava. However,
non modes along th&X direction having the same zone- large deviations occur for th&” mode detected by Raman
boundary energy of 5.4 meV. Our computations yield threescattering at 36.0 meV. The frequency determined by means
acoustic branches for tHeX' direction with end-point ener- of our DFPT calculations compares well with the experimen-
gies of 3.1, 4.5, and 6.3 meV. tal value but is in contrast with 40.3 meV obtained in the
In marked contrast with Sb:Gafisl0) and Sb:GaRL10), restricted dynamical model of Ref. 21.
no clear indication is given for a flat branch that corresponds The vibrational pattern labeled &s in Fig. 8 illustrates a
to a rotational mode. The vibration found in our computa-sagittally polarized mode determined in our computations for
tions at 6.8 meV exhibits atomic displacements along theésb:InR110) at 35.9 meV. It mainly consists of atomic oscil-
adlayer zigzag chains. The rotational mode obtained in thétions of P atoms in the second atomic layer. Vibrations in
frozen-phonon calculations at 7.5 meV mixes strongly withdeeper layers are negligible. This mode is related to the
vibrations of the substrate and cannot be identified whefower gap mode of the clean I{PLO) surface, as can be seen
allowing unrestricted dynamics. One can easily understanffom Fig. 7 of Ref. 43. By means of their frozen-phonon
this behavior in terms of the mass relation between the atomapproach, Schmidt and co-work&rsobtained two vibra-
in the surface region. The frequency of the rotational mode i¢ional states for the pristine 11110 surface at 34.2 and 36.0
reduced only slightly by the adsorption of Sb on IfAK0), meV, while DFPT predicted two modes at 32.0 and 33.9
because of the small mass difference between In and Sb. WeeV. The two vibrational states were recently resolved for
checked this by computing the vibrational modes for a BilnP(110) by Raman spectroscopy with zone-center energies
overlayer. This was done under the assumption that thef 31.5 and 33.6 meV® Our results show that the eigenvec-
structural details and the bond strengths of a Bi adlayer artor of the lower gap mode is only slightly influenced by the

C. Phonon dispersion of Sh:InA110)
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Side view Top view TABLE IV. Vibrational energies(in meV) of the zone-center
phonon modes illustrated in Fig. 8. Resonant modes are indicated
by parentheses.

Mode GaAs GaP InAs InP
Al (21.1) 22.8 21.7 23.0
A} 26.6 39.0 24.5 35.9
A 48.5 29.9 44.7
Al 19.7 20.9 18.7 19.4
Ag 29.3 41.6 24.6 35.5

There are always surface vibrational states found by
DFPT that are close to the mode&2and 4A’ of Ref. 21 as
can be seen in Figs. 3, 4, 6, and 7. In some cases, these
modes are rather resonant phonon states. This does not allow
us to identify a distinct character for these vibrations. For
such modes, it is not possible to follow their dispersion in all
directions of the Brillouin zone.
We find the rotational mode @' in Ref. 21 illustrated in
Fig. 5 to be a strongly localized state in Sh:GER). It can
be identified as a clear surface state also for Sh: GHAS.
4 [110] However, a rotational motion with a similar degree of sur-
face localization is not found for Sb:IGPLO) and
[001] Sb:InAg110. The high density of bulk states leads to a
strong hybridization of the rotational mode with substrate
vibrations. The mixing changes its frequency only to a minor
FIG. 8. Side and top views of optical zone-center phonon disgxtent. However, the displacement pattern is drastically in-
placement patterns that are characteristic for all Sb:(1) sur- fluenced. Therefore, this mode is visible in restricted dy-

faces. Corresponding atoms in the side and top views are number amical models but not in computations that take into ac-
The frequencies computed for the modes of Sb adsorbed on GaAgy it 41| degrees of freedom. It is also important to note that

GaP, InAs, and InP are summarized in Table IV.

the energy of the rotational mode does not change with the

I relaxation angle. This was clearly seen for hydrogen-covered
presence of the Sb overlayer. In Sbh:(hP0) the oscillation 1V (110 surface€**” The frequency of the rotational

of the first-substrate-layer P atoms includes Sb-P bonds, Ifode can be effectively tuned by changing the atomic

addition. Therefore, the vibrational energy is increased fron?‘nasses It is strongly localized in cases where(1i) sur-

32.0 meV to 35.9 ”?ev- _Und_er the assumption 'ghat the_: €Ntaces are covered by heavy atoms adsorbed in the ECL struc-
ergy of the respective vibrational mode determined withing, o “This is concluded form our results obtained for Sb ad-

the frozen-phonon approach should be increased by about&, e on the 111-¥110) surfaces and for the adsorption of
meV, one would expect a surface vibrational state at 38. i on INAS(110).

meV. Actually, Schmidt and Srivastava find a corresponding .. frequencies of tha,, A”, andA} modes summa-
state at 37.5 meV. 20 A 2

rized in Table IV show clear trends: For a given adsorption
system, the frequency of th&, mode is almost the same as
that of the A7 mode. Both states are characterized by an
The Sb-covered110) surfaces of GaAs, GaP, InAs, and out-of-phase vibration of the first-substrate layer atoms. In
InP have a series of overlayer modes, vibrations of the sulthe A, mode, the atomic motions are polarized in the Q) 1
strate and the interface which are characterized by very simplane, while the atoms vibrate parallel to the Sh-overlayer
lar displacement patterns irrespective of the particular subchains in theAj mode. The shear vibratioA! is strongly
strate. Figure 8 illustrates the five zone-center modes that algcalized in the adsorption layer. Its frequency is essentially
abundant in each of the considered adsorption systems. Thgtermined by the strength of the bonds between the over-
only exception is theA; mode, which hybridizes strongly |ayer atoms and their masses. The frequency of this mode is
with bulk vibrations on the GaA$10 surface. In Table IV, the largest for Sb:Ga®10) and the smallest for
the phonon energies of the five characteristic states are sungh:InAg110), in complete consistency with Fig. 2, which
marized. In contrast with our results, Schmidt and Srivastavglustrates the Sh-Sb bond lengths as a function of the sub-
have compiled a total of s’ and threeA” modes™ Our  strate lattice constant. In principle, one might expect a simi-
modes labeled ad;, A;, A7, andAj correspond to the |ar trend for theA; vibrations. However, the frequencies be-
modes &', 6A’, 2A”, and A" of Ref. 21. The frequen- have in a slightly different way, since this mode also
cies of ourA, feature are consistently in better agreementincludes oscillations of the atoms in the first substrate layer.
with the vibrational energies of theA3 modes of Schmidt An interesting question in the comparison of the clean and
and Srivastava than with those of thei4oscillations. adsorbate covered surfaces is focused on the behavior of the

E. Comparison and trends
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Side view Top view TABLE V. Vibrational energiegin meV) of the zone-boundary
phonon modes illustrated in Fig. 9. Resonant modes are indicated

A, (X) by parentheses.
4 Mode GaAs GaP InAs InP
3

AL(X") 4.6 5.4 3.1 4.0
ALXT) 7.4 8.2 (6.3
ALXT) 5.0 5.6 45 4.9
ALXT) 75 9.5 5.4 6.4

A (X)

our DFPT calculations, we obtain two shear horizontally po-

larized low-energy phonon modes at té point. Their
diplacement patterns are illustrated in Fig. 9. For

Sbh:InAg110 and Sbh:InP110), the A(X') feature can in-

deed be related toA’-like shear modes at thié point with
energies of 6.8 and 8.1 meV, respectively.

(110] [110] Table V summarizes the frequencies obtained from our
— 6] corMations for the four lowest surface phonon modes at
the X' point. The frequencies of the corresponding three
FIG. 9. Side and top views of displacement patterns of acousti®honon modes of the clean surfaces are significantly higher,
zone-boundary phonon modes determined for the Sh{lli1Q) as illustrated by the dotted lines in Figs. 3, 4, 6 and 7. The
surfaces. Corresponding atoms in the side and top views are nunglifference results from the large atomic mass of Sb and the
bered. The frequencies computed for the modes of Sb adsorbed @urface localization of the acoustic phonon modes close to
GaAs, GaP, InAs, and InP are summarized in Table V. the zone-boundary points. There are two modes with shear
horizontal polarization in the dispersion along 1h¥’ direc-
gap modes. The adsorption of Sh changes the phonon dispelen, while only one respective phonon branch appears in the
sion in the gap between the acoustic and optical vibrations ofispersion of the pristine surfac&s** The shear mode
the bulk in particular for GaP and IGP10), as indicated by ~ A%(X’) resembles that of the uncovered surfaces. The vibra-
the dotted lines shown in Figs. 4, 6, and 7. As already d's_fional stateAZ(x—’) can also be derived from the shear-

_cussed 'g %ec. l;V I?,Sthe f\r/e?#enc%]otfhthe(;owert_gap ;r;]ode horizontal mode of the clean surfaces. The adsorption of the
mcreas(;a_ y_g Otfj Im? ! r;);? de a ts_orp |ont. e Ct%rﬁeavy Sb atoms enhances the restoring forces for substrate-
responding vibrational state ot the adsorption System 1S fayer displacements and hence increases the respective vibra-

A, mode. The upper gap mode of the pristine surfaces i VI
shifted into the continuum of optical bulk vibrations so that%Onal energy. For smaller wave vectors, thg(X') mode

the corresponding state cannot be identified. For clean anecomes resonant. It can be relatedItgoint vibrations
hydrogen-covered surfaces it was predicted that the energgnly for Sb adsorbed on InAs and I(IR.0).
of the lower gap mode decreases as a result of the
derelaxatiorf>**4” The additional bonds between the first
substrate-layer atoms and the heavy Sh-overlayer atoms,
however, finally lead to an increase of the vibrational energy. In this paper, we have presented the results fadminitio

It is interesting to note that ouh; mode computed for linear-response calculations for the phonon dispersion of the
Sh:InAg110) has nearly the same energy and dispersion a&CL structure of Sb adsorbed on t#10) surfaces of GaAs,
the lower gap mode of the clean surface alongltedirec-  GaP, InAs, and InP. Our dispersion curves are in good agree-
tion. Also the eigenvectors are essentially the same, assurfent with all existing experimental data available for these
ing that the two Sh atoms simply substitute for In and As.systems.
The oscillation involves all atoms of the outermost two lay- ~Our computations yield five localized phonon modes at
ers. The larger mass of Sb should lead to a slight reduction ahe I' point characterizing the ECL structure of the Sb ad-
the vibrational energy. It may be concluded from the fre-sorption. The displacement patterns of these modes are es-
quency of theA; mode that the bonds between the adsorpsentially independent on the particular substrate. The calcu-
tion layer and the substrate are strong enough to compensdaged vibrational energies compare very well with the results
the mass effect. obtained by means of the frozen-phonon methahd the

The frozen-phonon calculations of Schmidt and Srivas-experimentg®12132426.2frhe additional modes found in the
tava yield a low-frequency shear mode labeled &¢ In previous computations are not localized for all of the Sb:lll-
Ref. 21. In this mode, the zigzag chains of the substrate and(110) surfaces considered in our study.
the overlayer move as separate rigid units in the direction of Our results provide important new insights into the nature
their orientation. The vibration mainly consists of an oscilla-of the rotational mode. This vibrational feature was proposed
tion of the first-substrate layer chains against the zigzady early tight-binding total-energy calculatio?fsin order to
chains in the adlayer and the second substrate layer. Froprovide an interpretation for the flat branch detected by HAS

V. SUMMARY
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in the dispersion of the clean Gad40 surface about one the frequencies measured by Raman spectroscopy for the
decade agd’® Successive computations indicated that theshear modes.
frequency of the rotational oscillation is essentially indepen- Finally, the energy of the two gap modes characterizing
dent of the relaxation angle. Our present study shows that thine clean surfaces of GaP, InP, and InAs is drastically
energy of this vibration can be effectively tuned by changingchanged as a result of Sb adsorption. The upper gap mode is
the atomic masses in the surface region. This allows one tshifted upwards into the continuum of the optical bulk vibra-
make the rotational mode clearly visible by covering thetions. The energy of the lower gap mode is increased by
(110 surfaces of GaAs and GaP with Sb. For Sb(l1®) about 5 meV.
and Sb:InA$§110), however, the mode is still largely reso-
nant.

The probably most characteristic vibrational feature of the
one-monolayer ECL structure is the nearly dispersionless This work was supported by the Deutsche Forschungsge-
shear mode\] . Its frequency scales with the inverse of the meinschaft through a HabilitationsstipendidfR 1426/2-].
Sb-Sb bond length, which is primarily predetermined by theWe are indebted to S. Baroni, P. Giannozzi, and A. Testa for
substrate lattice constant. This is completely consistent witiproviding numerical support.
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