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Valence-band photoemission from GaA&L00)-c(4X4)
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The energy distributions of photoelectrons emitted fromaf#Xx 4) reconstructed GaAs00) surface are
carefully analyzed within the one-step model of photoemission, thus demonstrating that such calculations work
for large unit cells. It is used for detailed interpretation of published and new angular resolveskpki-
mental data. Surface-related features are found and their localization and symmetry are determined. Backfold-
ing of the electron energy bands and its splitting at the reduced Brillouin zone’s boundaries lead to smaller
energy dispersion of electron surface states and resonances. The experimentally observed longer period of a
surface resonance than that corresponding to the translation symmetry of the reconstructed surface is confirmed
and explained. The existence of two surface states near the upper valence-band edge is verified. One major
difference between the theory and the experiment is found that cannot be explained by means of the one-step
model for a perfectly reconstructed surface.
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[. INTRODUCTION electron spectroscopy, where in energy distribution curves
(EDCg9 for 24, c(4X4), and 4X6 reconstructions sub-
As a function of growth conditions, several reconstruc-stantial differences in the upper part of the valence band have
tions of the polar surface Gaf&D0) have been detected dur- been observed. Also, our calculations performed for the ideal
ing molecular-beam-epitaxyvIBE) growth. Thec(4x4) re-  surface and the(4x4) reconstruction predict the induced
construction, which is obtained after cooling the sample tachanges to be non-negligibl®.The possible temptation to
room temperature, represents a stable structure, the geomeaigcribe the changed parts in the experimental EDCs from
of which has been studied recentl§Besides scanning tun- different surfaces to surface states can be misleading. The
neling microscopy, also a comparison between theoreticdRct that only the topmost atomic layers are changed does not
and experimental reflectance anisotropy data allows us tBnply that bulk features in the spectra are preserved: the
identify correlations between structural properties and opti€mitted electron, though originating from the bulk of the
cal features. Ab initio calculations reveal in detail binding C€rystal, undergoes specific scattering in topmost atomic lay-
and diffusion properties of adatoms and of arsenic dimef"s also..Th(.e p033|b|I|§y o_f 'ghe theore‘qcal descrl_ptlon provid-
dynamics during growth® Less attention has been devoted ing contributions from individual atomic layers gives a rather

: - i to determine the bulk or surface origin of the
to the electronic structure of Ga@90-c(4x4),58and the ~UNYUE Means . ; . ;
interpretation of experimental angular-resolved photoemis—EDC tfeat_ure L;ntdher cqnslder?r;[_lont.hTr}ls, to%ether Vt\)l!ih even
sion spectra was based on the direct-transition model offr)er racing of thé ongin within the ayefatom, orbital,
photoemissiof. will be used for the interpretation of the GaA80-c(4

The analysis of GaA400-c(4x4) from normal- ><4F2h5|ct)ec;[rathere. ¢ is K 0 b ¢
emission dataconcluded that all major sharp peaks observed otoelectron Spectroscopy IS known 10 be a surlace-

result from direct transitions from valence bands of the bulk S€NS!tVe technique, and the three-step model assumptions

Investigations, using also off-normal specitaevealed two about the decomposition of the whole process into indepen-

surface bands below the top of the valence bands. Kjhe dent parts darel not exalct ar|1_d Igad t(r)] remafrkablelin?]ccurames.
dispersion, extracted from the topmost peak, does not corrx{-or excited electrons localized at the surface, all three parts
ake place in the same region and the electron interference
effects have to be respected. This leads to the one-step model
of photoemission. The deviations from the conservation of
o the momentum perpendicular to the surface can be expected
periodicity is doubled alond’ J'.° The surface-related fea- to be relatively small for the processes with bulk electrons;
tures will be investigated in detail and clarified here. they are absent for true surface stadtesh zero dispersion in
Geometrical rearrangements of atoms in the topmost laythe direction perpendicular to the surfadeit could be pro-
ers are reflected in the changes of the diffraction patterns dbund for surface resonances with mixed character of bulk
reflection high-energy electron diffractigiRHEED) and of  and surface states. Especially in more accurate investiga-
low-energy electron diffractiofLEED). Reconstructed sur- tions, the EDCs calculated in the one-step model have to be
faces can be expected to have their characteristic surfaa@mmpared with experimental data similarly to the analysis of
electronic structure. Indeed, such changes have been reporteBED intensity profiles for the full surface crystallography
in surface-sensitive electron spectroscopies, such as photdetermination.

spond to the translational symmetry of the reconstructed su

face, however. In particular, alorlgJ, the topmost surface
state shows only the simple K1) periodicity, whereas the
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This paper is organized as follows. After a short introduc- top view —

tion in experimental and theoretical basics, the electronic g
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in off-normal emission, associated with tfieJ direction, are
presented. The origin of different experimental peaks is ex-
plained and differences and commonness are discussed.

structure of the GaA400)-c(4 X 4) surface is discussed. Af-
* Ga (3rd layer) .
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Il. EXPERIMENT

The GaAs layer growth was performed in the Kryovak/ - [10]
DCA Instruments MBE apparatus using an As tetramer un—gw
der RHEED control. A special sample holder, consisting of
two parts locked together, was used for the growth. Its one F!C- 1. Model of thec(4x 4) reconstructed GaA00) surface
part fits the MBE facility transport system while the other iSW|th reconstruc.ted unit cell dasheeft) and surface Brillouin
adjusted to the photoelectron spectrometer. Substrate terfich€s for the idealouter squargand the reconstructednner

perature was kept at 580 °C during the growth, with a bearﬁ'qualre surface(right).

equivalent pressure relation of As to Ga around 10 & (frocedurel? We are adopting these data in the one-step pho-

(1x1)-SBZ
‘ side view

surface reconstruction was maintained during growth an oemission calculation: the reconstruction is fully included in

RHE.ED specular beam oscillations were monitored: goo he initial states, whereas the final states are taken for the
quality of the layer-by-layer growth as well as that of the,

ideal 1X1 surface. The square Brillouin zones correspond-

final surface has been observed. After deposition of abo .
100 nm of GaAs, temperatures of both the substrate and tﬁgg to the ideal (1) and reconstructed(4x 4) surfaces

re shown in Fig. 1, where also some higher symmetry
Q?u?:etzilér\:vev:/?]i%La(rjgrig)i/nlgéve:zgéfvzgoﬂtﬁrfggn??[ernefzr:z;tur oints are given for the ideal surface. The angular-resolved
was reac;he d P P DC spectra have been measured and calculated {ri Qg

The arown GaAs samples were immediately transporte irection along the axis of surface dimdthe polar angled
9 . P y P s measured from the surface norpnalleasurement fixes the
under vacuum into the photoelectron spectrometer ADE

o . . urface parallel direction via the RHEED pattern of the in-
400 (VG Scientifig. For this purpose, a portable ultrahigh- .0 .00 (X 4) reconstruction. The Brillouin-zone corner

e e o . ff e C(44) Stucture n s aivecton s Stuate i e

pump, the tr'ansport chamber pressure was®I@bar. Spe- middle betweer” andJ. TheJ from the edge of the ideal

cial care was devoted to cleaning the dead space between thgucture Brillouin zone thus becomEsafter reconstruction.

transport and spectrometer chambers after joining them tgBackfolding of the electron band structure into the smaller

gether. A diffusion pump of the differential pumping system Brillouin zone reduces th&(k) period in thek space to

of the photoelectron spectrometer combined with heating t@ne-half.

150 °C was used. After reaching 19mbar, the sample was  This shorterk periodicity of E(k) for the reconstructed

transferred to the spectrometer manipulator. The total timgurface should also be reflectedkipresolved surface densi-

needed for the sample transfer from MBE to ADES wasties of statesSDOS with correspondingly shorter repetition

about 2 h. in 6 according to the relation between the polar angle and the
The surface reconstruction and sample orientation aftegurface component of the electron wave vector:

the transfer have been checked by LEED. Surface purity con-

trol performed by x-ray photoemission spectroscopy showed VZmE,

no impurities. For electron excitation, Headiation from the

discharge lamdVG Scientifig has been used. The energy . o _

analyzer, set to the constant energy mode of 5 eV, worke¥hereEy;, is the kinetic energy of the emitted photoelectron.

with an energy resolution of 150 meV and an angu|ar reso- Electrons from the center of the surface Brillouin zdhe
lution +1.3°. are responsible for normal photoemission. For G486

and an excitation energy of 21.2 gwith 5.25 eV for the
work function, as in Ref. 14 the polar angled=22° is
connected with electrons from the vicinity of the ideal

In As-rich surfaces of GaA400), the arsenic atoms have Brillouin-zone boundaryl. Thus, at polar angles around 22°
a tendency to form dimers. It is generally accepted that dimeoff-normal, the SDOS peak positions for the reconstructed
vacancies are responsible for various enlarged periodicitiesurface have to be nearly the same as in normal emission.
of ordered reconstructed surfaces. Fora(éx4) structure, This contrasts with the ideal surface, where no repetition is
a model with blocks of three adsorbate As dimers has beeachieved in this range of polar angles.
proposed on the basis of scanning tunneling microscopy The increased translational period along the surface of
investigations? Quantitatively, full surface geometry has reconstructed surfaces, accompanied by the reduction of the
been obtained recently by the energy-minimizationBrillouin-zone dimensiongand the corresponding backfold-

I1l. SYMMETRY AND CALCULATION
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determined by matching the solution of the complex band
structure to the vacuum solution, representing the surface by
a step potential. The position of the step is determined by
comparing calculated photoemission spectra for different
step positions with experimental ones. One step position is
used for all spectra. The solution within the bulk is calcu-
lated by the empirical pseudopotential method, developed by
Cohen and Bergstress€rin some special case, the final
states were calculated with full inclusion of the surface re-
construction, employingb initio pseudopotentia®!® The

—8F - - E damping of the wave function inside the crystal is described

-9k E by the imaginary part of an optical potential. The parametri-
—10F — — zation of the optical potential is given in Ref. 14. Its magni-
-1 tude monotonically increases from 0.42 eV for 11 eV to 1.71
eV for 24 eV final-state energy.

Here, final states of the unreconstructed surface are used.
FIG. 2. Surface band structure of GaA80-c(4x4) (gray Incorporation of the reconstruction would be rather demand-

shaded, high density is darknd the projected bulk band structure ing with regard to computational time for the whole series of
(boundaries marked by solid linefor two perpendicular segments spectra needed here. Therefore, only a single(sest Fig. $
from T to the Brillouin zone comeK0 eV corresponds to the has been performed to justify our simplified approach. Also,
VBM); letters denote the surface-state positiod aaccording to our preViOUS experience with other reconstructed and relaxed
Fig. 3. surfaces(Refs. 10 and 20supports the approximate treat-
ment of final states used here.

Energy (eV)

‘JI(H‘I) r ‘J(1><1)

ing of branches of the electron energy disperdigk), Fig.

2], have to result in an increased numbe_l‘Ec(k) branches IV. RESULTS AND DISCUSSION
reflected in angular-resolved photoemission by denser-
spaced EDC peaks with decreased dispersion. The surface electronic structure can be gained from

The photocurrent is calculated within the one-step modelkj-resolved SDOS and it is shown for two higher-symmetry
For details, see Refs. 14 and 15. In this “golden rule” typelines in Fig. 2. Numerous branches of surface states and reso-
formulation of the photoemission process, the photocuirent nances with little dispersion are found. Close to the valence-
at the photon energlgv is given by band top, a surface-state bandl)( almost dispersionless, is

seen at—0.6 eV. From symmetry-resolved decomposition
for the four topmost atomic layersee Fig. 3, the p, char-

|~Z (Pleen(Eiin kPIAo pIVi)G; j(Egn—hv,K)) acter of the As dimer can be seen and thus this surface-state
) band represents dangling bonds on dimers directed into the
X{W|p- Aol @ een(Efin k). vacuum. The deeper-lying ban8), situated at-1.6 eV, is

formed by p,, p, orbitals of the arsenic dimergbridge

The vector potential of the incident ligiy is kept constant, bondg and byp, orbitals from the underlying plane of As
p denotes the momentum operator, akdis the parallel atoms(Fig. 3). A weaker resonanc€C) at around—2.5 eV
momentum. The initial states are represented by a half-spad¢ms mostlyp, character of As situated just below the dimers.
Green’s function. This Green’s functio@, ; is given in a A few more rather flat surface bands are located between
layer-resolved linear combination of atomic orbitdls. Our  —6.5 and—9 eV. The state$D) and(E) are related to the
basis set consists of thes 4nd 4 atomic orbitals of gallium orbitals from the arsenic dimers. The former gii® is lo-
and arsenic. The associated Hamilton matrix is calculatedated near the upper edge of the heteropolar gap. Surface and
according to the extended kelkel theory. In this theory, a bulk densities of states corresponding to the band structure of
small number of parameters is used to determine the HamiFig. 2 are shown in Fig. 4. They are calculated with respect
ton matrix from the matrix of orbital overlaps. The param-to kj and can be directly compared with the photoemission
eters for GaAs are specified by fitting the bulk band structurespectra, presented below. It shows that the gi&tdnas only
and are listed in Ref. 16. These parameters can be used fareak resonance in the bulk, while the surface resonéBce
any change of the atomic distances at the surface, becauigelocated in a region where considerable contributions from
the distance dependence is given by the respective overlathe bulk are expected.
The electronic structure of the surface is determined by the The EDCs shown in Fig. 5 are taken along tfigl0)
calculation of thekj-resolved density of statd®O9) from  azimuth for the He excitation hv=21.2 e\): polar angles
the half-space Green's matr¥; ;, the same as used for the ¢ are measured from the surface normal with negative values
photocurrent. The Green’s matrix takes into account relaxeounted towards the direction of photon bea#s=66°). The
ation and reconstruction at the surface. The hole-lifetimecalculated EDCsthick lines are compared with experimen-
broadening in the Green’s function is fixed to 200 meV. tal counterpartsgthin lines.

The final state of photoemission is a time-reversed LEED A rather pronounced experimental peak is situated around
stated e With final-state energ¥g, . Its wave functionis —6 eV over the whole range of polar angles. This peak was
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FIG. 3. Density of electron states Btfor GaA4100-c(4x4)
resolved according to orbital contributiorighin lines from four FIG. 4. k|-resolved electron densities of states for surfémet
topmost atomic layers, thick lines for total DOS. Furthermore, thefour atomic layers, solid lingsand for the bulk(dotted lineg
DOS for the bulk atomic layers is shown. All panels have the same&saAg100)-c(4X 4) alongFI An angle of 22° corresponds foat
scale; hole lifetime amounts to 200 meV. a binding energy of 0 eV in photoemission withv=21.2 eV.

also detected for the whole range of excitation energies i

photoemission investigations performed with synchrotrorbulk feature, see Fig. 6 faf=30°, and might be hidden by

rad|at!on, but its intensity was m.UCh .S'.“a”er than in th's.surface contamination, which influences both initial and final
experiment. In normal photoemission, it is generally associ-

. o ; : . tates.
ated with the bulk critical poinX; of the one-dimensional staes

: ; ) Apart from these discrepancies, the main experimental
denS|ty.of state%.Thg increased dens-lty of states below peakps and theim depender?ce are in fair agreerrl?ent with
—6 eVis clearly mamfgsted also hgre in the bulk DGHy. . theoretical calculations. The pronounced pe@hst —8 eV
4), but the corresponding feature in the calculated EDC I8 theoretical spectra for polar angles betweed2° and

?r:Z?mgélbnot/r:ae—OGre;Z?/l (SCFI)(SaC:Ira’vtiZiebrlz 'Zﬁ;ﬂﬂﬁ?ﬁ;ﬁg S +12° result from the simplified treatment of final electron
a rgzlchin 30;) A closeryanal sis shows that this gmis- states hergideal 1x1 surface; these structures are sup-
bp 9= ' Y pressed when the trug4X4) reconstruction is taken into

sion 1S caused by As orbitals, which are localized in the account also for final staté$As an example, Fig. 5 presents
first two surface layers and are related to the surface resg-

i a spectrum in normal emissiddotted line, right-hand side
”?‘”Ce(t?) (see Fig. 2and not to the band edge. The strongly which is calculated with the true reconstruction considered in
dispersing structurec() moving from around—6 eV to

higher energies when decreasing the polar amgleas its the final state.
9 9 '9 polar. g i Published experimental band-mapping data pointed out
counterpart in a weak structure in the experimental diata

. e R . . . that the periodicity of the surface state near the upper
ptartlctular, betytveerﬁTt21f andd_30 t) lt lee.t'the dgp‘lersl\r/]e valence-band edge is not the same in photoemission as esti-
structure ()’_ It results from direct transitions. Lnly e ataq from LEED or RHEEB: 22 While the surface state
strong experimental peak at6 eV has no counterpart in shows the doubled periodicit aloﬁ_ﬁ as expected for the
theoretical curves. No significant influence from light polar- P y P

ization and angle of incidence on this result was observed iff(*<4) geometry, it shows the simple periodicity of the
the calculations. As in our calculation, the full band structure(1X1) surface alongl’ J. However, in experiment the
of the electron final states is taken into account, and no remonotonic dispersion along J is found in the energy range
lated feature is found in the theoretical EDC specttas  between 0.68 eV and 1.0 eV, which is wider than in the
result did not change even if full surface reconstruction weresurface band structure of Fig. 2.

considered in the final stateAnother mechanism should be  The fact that the topmost peak in the ED&} (just below
responsible for its presence in the experimental spépte  the valence band tof=0, Fig. 5 displays larger dispersion
vided, e.g., by surface disordeiVe attribute the failure of than expected from the SDASig. 4) is due to the influence
the theoretical structuré) to yield the correct experimental of an intervening bulk contribution at low polar angles. This

ri.lntensity also to the surface disorder. Pddl is clearly a
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from a small shoulder in the density of states of the arsenic
p, orbitals, which is marked by arrows in Fig. 3. This inter-
pretation is in accordance with the arsemic matrix ele-
ments (not shown, which are the most important in this
angle and energy region. The structufbs and (c) have a
clear bulklike character. The latter finding is also confirmed
by inspecting the corresponding band structures of initial and
final electron stategband mapping, not shown herelt
seems that the bulk emissidn) overlaps the emissions from
the surface statéd) from Fig. 2, which should be expected
by the huge peak in the density of states nedd.6 eV.
Increasing the emission angle, the bulk sidedisperses to
higher binding energies and now the emissions from the sur-
face statgA) become visible at-0.6 eV, as expected from
surface band structure. Figure 6 shows a clear surface emis-
sion for the polar angle of 30°, corresponding to structure
(a). So, the interference with bulk emissions introduces an
additional dispersion to the surface-state emission, which
solves the problem of missing periodicity in experiment
mentioned above. This dispersion could not be expected ex-
amining only the surface band structure or the density of
states.

The relative ratio of intensities of surface-related peaks to
the bulk-related ones when increasing the polar angle is also

FIG. 5. Angular-resolved photoemission spectra for Gaf8- apparent from Fig. 6, and th,i$ ponfirms the intuitiye expec-
c(4x 4) (experiment, thin lines; theory, thick linesxcited by He | tation that the surface sensmv!ty_of the photoemission 'bef—
radiation incident at 56° polar angle for a set of emission polarc@Mes enhanced when the emission angle of electrons is in-
anglesd, i.e., left, moving away from the incident radiation beam créased from the surface normal. This can be used for the
(positive §); right, approaching the incident radiation beamega-  identification of the surface stat®) (see Fig. 2 Emission
tive ). On the right side, also a spectrum in normal emissionfrom this state can be seen as weak struct(gg# Fig. 5.
(dotted ling is presented, which is calculated with the fa(4 For these small angles, there are also emissions from bulk

6()

Energy (eV) Energy (eV)

X 4) reconstruction taken into account in the final states. states, which have to be taken into account for this structure.
At #=45°, this situation changes. Now the shoulder marked
is illustrated by the layer-resolved photocurrent. by an arrow in Fig. 6 is clearly related to the surface stBje

The layer-resolved contributions to the photocurrent areand can be identified in the experimental spectra.
shown in Fig. 6 for normal emission of electrons and for two  Deviations in peak magnitudes between theory and ex-
off-normal angles in thd'J direction (in this case, experi- Periment(such as the bulk peak at4 eV for §=30°) might
mental broadening is not applied to make the effects sharpdie removed if a more detailed description of the imaginary
and more visible Delocalized bulk electron states are re- component of the optical potential were considéretiere,
sponsible for the gradual layer-by-layer increase of the intenth€ €lectron attenuation is treated as energy-dependent but
sities, whereas localized surface states give rise to fully dédomogeneous within the crystal. But other effects not taken
veloped structures in the photocurrent within the first layerinto account, such as final states corresponding to the recon-
Surface resonances, in which a localized character is mixedfructed surface, could also reduce the differences as ob-
with the admixture of bulk states, exhibit less regular tendenserved for the-8 eV theoretical structure.
cies. For normal emission, the pe@ at O eV binding en-
ergy is clearly related to emission from the surface. It results V. CONCLUSIONS

e A First one-step calculations for a large unit cell are pre-
T s somiclayen sented. Experimental photoemission spectra of GH3®-
:%?EE;E c(4x4) are compared in detail with theoretical ones.
The major difference between theory and experiment, the
entirely dispersionless experimental band at abeét eV,
still remains to be explained. Numerous surface-related fea-
tures have been found in the EDCs for Ga¥))-c(4x 4)
at energies below the top of the valence band and their or-
bital symmetry has been determined from corresponding the-
FIG. 6. Layer-resolved contributions, number counted from top,0oretical decomposition. Weakly dispersing surface states and
to photoemission intensity for electron emissiota: #=0°, (b) resonances found here confirm general expectations resulting
#=30°, (c) 6=45°. For(c) also experimental data are shown. from the reduced dimensions of the Brillouin zones

/ !
N\
| 1 1 1 1

1 " Py 1 |
8 6 4 2 0 -8 6 -4 2 0 -8 -6 -4 -2 0
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of reconstructed surfaces and of the corresponding electraies provide a useful basis for the interpretation of experi-
band folding of the electron energy bands. Theoretical demental energy distribution curves for reconstructed GaAs
composition of EDCs into contributions from individual surfaces.
atomic layers below the surface enables a clear distinction
between bulk- and surface-related features. Differences in

the periodicity of a surface state and the expectation from
surface reconstruction are explained by an interference be- The work was supported by the BMBF under Contract
tween bulk and surface contributions in the photoemissioiNo. 05 SB8 FKA7 and No. TSR-075-97 and by the project
process. KONTAKT MEOQ090 and the program INFRA2Grant No.

Realistic one-step calculations of photoemission intensitB98202.
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