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Energetic and Spatial Bonding Properties from Angular Distributions
of Ultraviolet Photoelectrons: Application to the GaAssss110ddd Surface
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Angle-resolved ultraviolet photoemission spectra are interpreted by combining the energetics and
spatial properties of the contributing states. One-step calculations are in excellent agreement with
new azimuthal experimental data for GaAs(110). Strong variations caused by the dispersion of the
surface bands permit an accurate mapping of the electronic structure. The delocalization of the
valence states is discussed analogous to photoelectron diffraction. The spatial origin of the electrons i
determined, and found to be strongly energy dependent, with uv excitation probing the bonding region.
[S0031-9007(97)04721-2]
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Angle-resolved ultraviolet photoemission spectroscop
(ARUPS) is probably the most powerful single experimen
tal technique for studying the valence electronic structu
of solids. However, until recently, ARUPS has been pr
marily limited to investigating the positions in energy o
valence bands along a few high-symmetry directions in r
ciprocal space. That is, the intensity of the photoemissi
peaks was usually not analyzed quantitatively, and most
the information in the full hemisphere above the surfac
was lost. One reason for this limitation in ARUPS stud
ies is the lack of any simple rules for explaining such va
lence spectra beyond those that have been found useful
mapping bands in energy. The most often applied mod
in ARUPS is that of direct (wave-vector-conserving) tran
sitions between bulk bands [1], with the final state o
ten being simplified to a plane wave [2]. Beyond this
free-electron final states with atomiclike optical trans
tions [3] and final-state scattering of electrons emergin
from a localized core orbital [4] have been used to bett
understand the resulting angular distributions in phot
emission. The interest in such angular distributions of i
tensity has recently been stimulated by the treatment
full-hemisphere intensity maps in ARUPS [5–12]. Th
most accurate description of valence ARUPS involves ca
culations within this one-step model and includes the pr
cise optical matrix elements, full multiple scattering, th
explicit presence of the surface potential, and the resulti
more complex initial and final states. However, there h
to date been no systematic treatment of the angular dis
bution of intensity within such a model.

Using the one-step model, we demonstrate that t
combined consideration of both energy positions and i
tensity patterns will be necessary for the most useful i
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terpretation of angle-scanning data, and point out the a
ditional information that can be derived in this way. Fo
our calculations and measurements, azimuthal scans
chosen, which allow a high accuracy in the visualizatio
of the angular distribution. A generalization of the x-ra
photoelectron diffraction (XPD) picture is found to lea
to a more unified view of the electronic structure in bot
direct and reciprocal space. The GaAs(110) surface
chosen as a well-understood test case [13–16] for wh
it will become evident that the photoemission patterns r
veal not only the surface density of states (SDOS) but a
provide insight into the charge density of the bonds.

Our interpretation of photoelectron emission procee
via the construction of the photoelectron stateC with
energyEfin, which can be written at the detector locate
in the direction of the polarsq d and azimuthalswd
emission angles as

jCl 
p

D GsEfin, q , wd sA ? pd jCinl , (1)

where D is the SDOS,G is the propagator,A is the
vector potential, andp is the momentum operator [4].
The initial state, depending on the energyEin and kk,
is split into the factor of the SDOSD and the wave
function Cin. This formula is used for the following
discussion of the electronic and spatial structure. Oth
influences like selection rules, the density of the fin
state, or resonances of direct volume transitions a
not explicitly apparent, but they are all included i
Eq. (1) and in a one-step calculation for which Eq. (1)
transformed to a golden rule formula. There is principal
no difference in the validity of applying the one-ste
model to both ARUPS or XPD. In Eq. (1),DsEin, kkd
© 1997 The American Physical Society 4681
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contributes to the band mapping, and, as noted abo
is the only thing considered in most analyses to deri
experimental band structures.G describes the electron
scattering from the point of excitation through the cryst
to the detector. In XPD this scattered electron can
simply thought as being emitted from a localized initia
state; here the general case arises to treat emission f
delocalized valence states. The source of the scatte
electron is no longer the vicinity of a core but th
entire initial state wave function. The wave amplitud
krjCinl in Eq. (1) gives the local emissivity, dependin
on the spatial position, initial energy, parallel momentum
and, together with the radiation polarization, the angul
momentum composition.

As a test of this interpretation, we investigate azimuth
distributions of the photocurrent above GaAs(110)
terms of the electronic and geometric structure of th
participating states. The calculation of the photocurre
within the one-step model proceeds along the lin
described elsewhere [11,13]. The spectra were measu
with unpolarized HeIa radiation (hn  21.22 eV) with
the energy resolutions set to130 meV and, for testing
purposes, to35 meV, which gave negligible differences
The scans were taken with an angle resolution of0.25±

by use of a180± spherical electron analyzer, which is
movable around two independent axes. These degree
freedom permit taking angle scans without moving th
sample and allow studying the influence of the incomin
light and separating such effects from other processes.

Two cases are studied here: At20.75 eV there is
a dangling-bond state (A5) that is a surface state lying
outside the projected bulk bands, and at24.0 eV there are
two resonances, the Ga back-bond state (C2) and theA3

state. To get a broad view off the high-symmetry point
we consider a circle in the Brillouin zone with a radius o
kk  0.6 Å21, corresponding to the measurement angl
at both energies. The surface band structure along t
circle is shown in Fig. 1 together with the projected bu
band structure. The energy contour plot in the inset
Fig. 1 exhibits the symmetry of theA5 state; this surface
has only a mirror plane, but as an additional symmetry,
inversion symmetry occurs in the electronic structure d
to Kramer’s degeneracyfEskd  Es2kdg.

For a detailed discussion of the electronic and geom
ric influences on the photocurrent, the effect of the inc
dent light on these spectra must be known first. With
fixed polar angle of incidence and the use of unpolariz
light, an asymmetry remains only due to the azimuth
direction whn of the light. Here, enhancements an
azimuthal peak shifts are weak, as shown in Figs. 2(a
2(c). These influences can be discriminated from t
strong differences in the current between positive a
negativey directions.

For thisA5 state, a comparison of the photocurrents
Figs. 2(a)–2(d) with the SDOS in Fig. 2(e) shows th
the SDOS controls the overall structure in the curren
The number and the azimuthal positions of the lobes a
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FIG. 1. Calculated surface band structure with the pea
(circles) of the SDOS along the circular path forkk  0.6 Å21.
Strong peaks are dark. The projected bulk band structure
also shown (shaded). The inset shows theA5 band in a contour
plot with equidistant energy levels and the level for20.75 eV
(dark). The band disperses in the Brillouin zone fromG down
to a local minimum inX 0 and its global minimum inX. The
dotted circle describes thekk path studied here. All energies
are referred to the valence band maximum.

the same for the SDOS and the current, but differenc
occur in intensities and in smaller structures. The
are four broad lobes in the SDOS and the current, b
instead of eight maxima as for the SDOS on a fin
scale, the current displays only four maxima. Figures 3(
and 3(b) for theC2 1 A3 state show the same overal
correspondence and differences in intensities. The SD
used here is the partial density of states of the orbita
from the uppermost atomic layer. The power of the SDO
for accurate investigations of theenergetic structure
is demonstrated with the emission from theA5 state.
Here, this excellent agreement between experimental a
theoretical currents could only be achieved with a sm
shift in the corresponding binding energies by0.15 eV,
but the effect of this energy shift is remarkable, as show
in Fig. 2(d). The main reason for this difference shou
be attributed to the calculated surface band structu
though the inaccuracy is still in the usual range o
common theoretical uncertainty [16]. The strong variatio
of the shape in Fig. 2(d) reflects the changes in t
SDOS in Fig. 2(e). This is obviously caused by the fl
dispersion of the band which is shown in Fig. 1. Thu
the number, position, and intensity of the lobes in th
current and SDOS depend very sensitively on details
the band structure. Small shifts in the energy cause
only shifts in the accompanying peaks, but can give ri
to strong changes of the entire pattern. This allows
accurate determination of the band structure by compar
experimental with theoretical scans. The usual simp
approach of identifying the maxima in the current as ba
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FIG. 2. Photocurrent atkk  0.6 Å21 (q  17.3±), SDOS,
and charge density of theA5 band: (a) to (c) current measured
at 20.9 eV (black) and calculated at20.75 eV (grey) for light
incident at azimuthal angles of98±, 228±, and8±, respectively;
(d) calculated current for98± incidence at20.75 eV (grey),
at 20.9 eV (solid), and at20.75 eV with a free final state
(dotted); (e) SDOS at20.75 eV (grey) and at 20.9 eV
(black); (f ) contour plot of the charge density in ayz plane at
20.75 eV for kk belonging to the lower left lobe as indicated
by the dashed lines in (d) and (e). In the polar plots (b) to (e
the radius represents the intensity of the current and the va
of the SDOS. Accordingly, the azimuthal angle is referred t
the emission direction and to thekk vector. The orientation of
the axes is indicated in (c).

positions would fail here to give even the correct numbe
For theA5 state the band is hit8 times (cf. inset of Fig. 1),
which corresponds to the eight maxima in the SDOS, b
the current in Fig. 2 has only four maxima, and one wou
overlook half of the band positions.

In contrast to the electronic structure, inversion symm
try is lacking in the photocurrent. To understand this, w
have to consider also in addition to the SDOS the wa
function krjCinl of the initial state, which is calculated in
a LCAO basis. For the dangling-bondA5 band, the asym-
metry between the intensities in positive and negativey
directions corresponds to the direction of the bond. Th
dangling-bond points along the negativey direction and
into the vacuum in thez direction, as shown in Fig. 2(f)
by the contour plot of a As-charge density. Since th
density is located above the uppermost As atoms, the
is only weak potential scattering for a major part of th
excited electrons. Therefore, the SDOS and the initi
state wave function dominate the angular distribution, a
a free final plane wave may be a sufficient descriptio
The dotted current in Fig. 2(d) shows how well this ap
proximation does in reproducing the general asymmet
Because a Fourier transformation of a spherical harmo
reproduces the same spherical harmonic and because
the simple spatial and angular momentum structure of t
dangling-bond state, the asymmetry of the current can
identified here with that of the charge distribution. Such
connection has already been assumed in a former ARU
analysis [17], and it is quantitatively proven here. As a re
sult, the photoemission intensities reflect directly the ene
getic and spatial density of the initialA5 state. However,
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FIG. 3. Photocurrent at24.0 eV and kk  0.6 Å21 (q 
19.4±), SDOS and charge density forC2 1 A3 states:
(a) measured (black) and calculated (grey) current for ligh
incident from 88±; (b) SDOS; (c) current with a free-electron
final state; (d), (e) partial currents emerging from the middle
(d) and the outer (e) areas for light incident from90±;
(f ) contour plot of the charge density in a plane through th
uppermost As and Ga atoms, at24.0 eV, and forkk belonging
to the upper right lobe as indicated by the dashed lines in (
and (b). The current in (d) is magnified by100 relative to
that in (e). The middle region is the spherical volume betwee
radii of 0.08 and 0.29 Å around the As cores and0.09 and
0.3 Å around Ga as depicted in (f). The outer region is the
space outside these spheres.

this simplicity is not a general rule, as we will illustrate
for our C2 1 A3 case at24.0 eV.

To achieve further insight into the influence of the
initial state, the importance of different parts of the
emitting volume is investigated in a novel way. Apart
from the charge density maxima in the bonding regio
the initial wave functions also have charge peaks clos
to the cores, as shown in Figs. 2(f) and 3(f). In the
present case, three areas are separated by almost sphe
nodal surfaces. The separate contributions to the curre
from each of these regions are calculated by setting th
initial wave function to zero in the other two areas
Contributions for the emissions from24.0 eV are shown
in Figs. 3(d) and 3(e). From the localized middle region
arises less than1% of the total current for both studied
binding energies. Contributions from the innermost are
are even smaller and completely negligible. With a
free final state for simplicity we have repeated thes
calculations for kinetic energies up to1500 eV. Below
100 eV only contributions from the outer volume are
notable, but at200 eV the current from the middle
area becomes appreciable. This middle area domina
above500 eV, and constitutes the current above1000 eV.
The spatial scale detected by photoelectrons may b
discussed in close analogy to the energy dependence
common scattering processes where high wave vect
4683
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Fourier components probe the more rapidly varying wav
functions near the core. Usually with increasing energi
shrinking vicinities of the cores are studied.

At 24.0 eV, neither the number nor the position of th
lobes nor the asymmetry in the intensities is reproduc
with a final plane wave, as shown in Fig. 3(c). Onl
the inclusion of scattering provides the asymmetry in th
intensities, as the excellent agreement in Fig. 3(a) betwe
experiment and theory shows. Therefore, the simple a
gument with the Fourier transformation as in theA5 case
does not work. We trace the origin of the intensities int
the details of the calculation. Although theA3 state ex-
tends over four atomic layers,80% of the electrons are ex-
cited from the density around the uppermost As atom a
from the bonds towards the next Ga atoms. The inve
sion asymmetry of the main peak at15± is caused by these
bonds, whose unsymmetrical charge distribution is show
in Fig. 3(f). This lack of the band-structure symmetry in
the intensities generally seems to give a strong hint as
the asymmetry of the charge density.

The dependence of the spatial distribution on kinet
energy gives an additional feature of ARUPS from valen
states and its relation to XPD. The importance of small
spatial scales with increasing energy might be understo
as a localization of an effective emitting source. At hig
energies this coincides with the observation that the XP
pattern from valence bands are nearly identical to tho
from the localized core states [18]. The common spat
origin of the excited electrons leads to similar curren
since in the one-step model the final states are exac
the same. It should be noted that at these high energ
the final-state scattering is known to dominate over furth
details of the source wave [18,19], and especially initi
state interferences vanish on the average by the fin
resolution [20]. Contrarily, at low kinetic energies valenc
states may contribute from regions where the localize
core states vanish. These delocalized regions are
most important for both studied cases. Whereas with t
effective localization at the core the XPD patterns refle
the geometry, ARUPS probes the bonding region with a
intensity distribution showing information about the bond
This is a new aspect for the interpretation of ARUPS dat

We have presented a joint treatment of the spect
and spatial features of ARUPS from the model surfac
GaAs(110). The azimuthal scans reflect in number a
angular positions of the lobes the electronic structu
given by the SDOS. By comparing measured and calc
lated currents, huge changes induced by dispersion all
an accurate determination of the SDOS. Even for unp
larized light there are strong additional intensity modula
tions, which are connected to the initial wave function
For an interpretation we adopted the XPD picture gene
alized to delocalized valence states. The amplitude of t
initial state appears as the local emissivity for the spatia
distributed source of the electrons to be scattered. Pho
electron spectroscopy is sensitive to different spatial pa
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of the initial state, depending on the kinetic energy. U
traviolet photoemission detects the wave function in t
bonding region outside the core, and the origin of ph
toelectrons are traced for the first time into single bond
This opens new possibilities in the application and inte
pretation of ARUPS.
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