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Energetic and Spatial Bonding Properties from Angular Distributions
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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 is
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 spectroscopyterpretation of angle-scanning data, and point out the ad-
(ARUPS) is probably the most powerful single experimen-ditional information that can be derived in this way. For
tal technique for studying the valence electronic structur@ur calculations and measurements, azimuthal scans are
of solids. However, until recently, ARUPS has been pri-chosen, which allow a high accuracy in the visualization
marily limited to investigating the positions in energy of of the angular distribution. A generalization of the x-ray
valence bands along a few high-symmetry directions in rephotoelectron diffraction (XPD) picture is found to lead
ciprocal space. That s, the intensity of the photoemissiomo a more unified view of the electronic structure in both
peaks was usually not analyzed quantitatively, and most adirect and reciprocal space. The GaAs(110) surface is
the information in the full hemisphere above the surfacechosen as a well-understood test case [13—16] for which
was lost. One reason for this limitation in ARUPS stud-it will become evident that the photoemission patterns re-
ies is the lack of any simple rules for explaining such va-veal not only the surface density of states (SDOS) but also
lence spectra beyond those that have been found useful fprovide insight into the charge density of the bonds.
mapping bands in energy. The most often applied model Our interpretation of photoelectron emission proceeds
in ARUPS is that of direct (wave-vector-conserving) tran-via the construction of the photoelectron stake with
sitions between bulk bands [1], with the final state of-energyEy;,, which can be written at the detector located
ten being simplified to a plane wave [2]. Beyond this,in the direction of the polar(<%) and azimuthal(y)
free-electron final states with atomiclike optical transi-emission angles as
tions [3] and final-state scattering of electrons emerging
from a localized core orbital [4] have been used to better W) = /D G(Egin, 3, ¢) (A - p) i), (D)
understand the resulting angular distributions in photo-
emission. The interest in such angular distributions of inwhere D is the SDOS,G is the propagatorA is the
tensity has recently been stimulated by the treatment ofector potential, ancg is the momentum operator [4].
full-hemisphere intensity maps in ARUPS [5—-12]. TheThe initial state, depending on the enerfy, and k|,
most accurate description of valence ARUPS involves calis split into the factor of the SDO® and the wave
culations within this one-step model and includes the prefunction ¥;,. This formula is used for the following
cise optical matrix elements, full multiple scattering, thediscussion of the electronic and spatial structure. Other
explicit presence of the surface potential, and the resultingpfluences like selection rules, the density of the final
more complex initial and final states. However, there hastate, or resonances of direct volume transitions are
to date been no systematic treatment of the angular distrirot explicitly apparent, but they are all included in
bution of intensity within such a model. Eq. (1) and in a one-step calculation for which Eq. (1) is

Using the one-step model, we demonstrate that th&ansformed to a golden rule formula. There is principally
combined consideration of both energy positions and inno difference in the validity of applying the one-step
tensity patterns will be necessary for the most useful inmodel to both ARUPS or XPD. In Eq. (1P(Ein. k)
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contributes to the band mapping, and, as noted above 0OF
is the only thing considered in most analyses to derive
experimental band structuresG describes the electron E
scattering from the point of excitation through the crystal —la
to the detector. In XPD this scattered electron can be
simply thought as being emitted from a localized initial —
state; here the general case arises to treat emission fro © 2 g
delocalized valence states. The source of the scattere .
electron is no longer the vicinity of a core but the
entire initial state wave function. The wave amplitude
(r|Wi,) in Eqg. (1) gives the local emissivity, depending
on the spatial position, initial energy, parallel momentum,
and, together with the radiation polarization, the angular —4
momentum composition. A

As a test of this interpretation, we investigate azimuthal A
distributions of the photocurrent above GaAs(110) in -5 Q %
terms of the electronic and geometric structure of the 0° 90° 180° 270° 360°

pgrti_cipating states. The calculation of the photocur'ren}:lG_ 1. Calculated surface band structure with the peaks
within the one-step model proceeds along the linegcircles) of the SDOS along the circular path fgr= 0.6 A"
described elsewhere [11,13]. The spectra were measur&irong peaks are dark. The projected bulk band structure is
with unpolarized He} radiation ¢v = 21.22 eV) with  also shown (shaded). The inset showsAkéand in a contour
the energy resolutions set 80 meV and, for testing plot with eqU|d|stant. energy I_evels an.d thfe level f00.75 eV
purposes, t®S meV, which gave negligible differences. (da'k). The band disperses in the Brillouin zone fréhdown
The scans were taken with an angle resolutior0.af° Ejo a local minimum inX’ and its global minimum iny. The
. " . dotted circle describes the; path studied here. All energies

by use of al80° spherical electron analyzer, which is gre referred to the valence band maximum.
movable around two independent axes. These degrees of
freedom permit taking angle scans without moving the
sample and allow studying the influence of the incomingthe same for the SDOS and the current, but differences
light and separating such effects from other processes. occur in intensities and in smaller structures. There

Two cases are studied here: At0.75 eV there is are four broad lobes in the SDOS and the current, but
a dangling-bond stateA§) that is a surface state lying instead of eight maxima as for the SDOS on a fine
outside the projected bulk bands, and-&t0 eV there are  scale, the current displays only four maxima. Figures 3(a)
two resonances, the Ga back-bond stalg) @nd theA;  and 3(b) for theC, + A; state show the same overall
state. To get a broad view off the high-symmetry points.correspondence and differences in intensities. The SDOS
we consider a circle in the Brillouin zone with a radius of used here is the partial density of states of the orbitals
kj = 0.6 A1, corresponding to the measurement anglegrom the uppermost atomic layer. The power of the SDOS
at both energies. The surface band structure along thi®er accurate investigations of thenergetic structure
circle is shown in Fig. 1 together with the projected bulkis demonstrated with the emission from thg state.
band structure. The energy contour plot in the inset oHere, this excellent agreement between experimental and
Fig. 1 exhibits the symmetry of thés state; this surface theoretical currents could only be achieved with a small
has only a mirror plane, but as an additional symmetry, ashift in the corresponding binding energies @5 eV,
inversion symmetry occurs in the electronic structure duédut the effect of this energy shift is remarkable, as shown
to Kramer’s degenerady(k) = E(—K)]. in Fig. 2(d). The main reason for this difference should

For a detailed discussion of the electronic and geometse attributed to the calculated surface band structure,
ric influences on the photocurrent, the effect of the inci-though the inaccuracy is still in the usual range of
dent light on these spectra must be known first. With a&common theoretical uncertainty [16]. The strong variation
fixed polar angle of incidence and the use of unpolarizeaf the shape in Fig. 2(d) reflects the changes in the
light, an asymmetry remains only due to the azimuthalSDOS in Fig. 2(e). This is obviously caused by the flat
direction ¢,, of the light. Here, enhancements anddispersion of the band which is shown in Fig. 1. Thus
azimuthal peak shifts are weak, as shown in Figs. 2(a)the number, position, and intensity of the lobes in the
2(c). These influences can be discriminated from theurrent and SDOS depend very sensitively on details of
strong differences in the current between positive andhe band structure. Small shifts in the energy cause not
negativey directions. only shifts in the accompanying peaks, but can give rise

For thisAs state, a comparison of the photocurrents into strong changes of the entire pattern. This allows an
Figs. 2(a)—2(d) with the SDOS in Fig. 2(e) shows thataccurate determination of the band structure by comparing
the SDOS controls the overall structure in the currentexperimental with theoretical scans. The usual simpler
The number and the azimuthal positions of the lobes arapproach of identifying the maxima in the current as band
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FIG. 2. Photocurrent ak; = 0.6 A™' (¢ = 17.3°), SDOS, (b) SDos
and charge density of thé; band: (a) to (c) current measured N
at —0.9 eV (black) and calculated at0.75 eV (grey) for light =

incident at azimuthal angles 68°, 228°, and8°, respectively; T
(d) calculated current foP8° incidence at—0.75 eV (grey),
at —0.9 eV (solid), and at—0.75 eV with a free final state

(%?ttekd_); f(e) SDOS Iat—?.7hS eY] (greé/) and at—(l).9 eV RIG.3. Photocurrent at-4.0 eV and k; = 0.6 A~ (& =
(black); (f) contour plot of the charge density inya plane at 19 4¢)" SpOS and charge density foC, + A; states:

—0.75 eV for ky belonging to the lower left lobe as indicated 4y measured (black) and calculated (grey) current for light
by the dashed lines in (d) and (e). In the polar plots (b) to (e)i(m):ident from 8§§°; (b))SDOS; (©) curren(tgwi%g a free-electro%

the radius represents the intensity of the current and the val . ; ; ;
of the SDOS. Accordingly, the azimuthal angle is referred t(L)j(ﬁg)al asr:gtet,h((ad)bése)rp?ét)lala;::;;er}tosr el?;(ke]{glirrl]%iérgnr? %?Oemnllddle

the emission direction and to thg vector. The orientation of (f) contour plot of the charge density in a plane through the

the axes is indicated in (c). uppermost As and Ga atoms, a#.0 eV, and fork; belonging
to the upper right lobe as indicated by the dashed lines in (a)

positions would fail here to give even the correct numberﬁ]n;'t i(n b%e) Thr% ecumrirgdnlte ipe (ido)ni% m%ggif;]%?icg)f)goﬁﬁﬁgvgem cen
FO'T theds state the band is h&tlmes (.Cf' mset of Fig. 1), adii of 0.08 and 0.29 A agr]ound the Af)s cores and.09 and
which Corre_SpO.ndS to the eight maxima in the SDOS, buj 3 & ‘around Ga as depicted in (f). The outer region is the
the current in Fig. 2 has only four maxima, and one wouldspace outside these spheres.
overlook half of the band positions.

In contrast to the electronic structure, inversion symmethis simplicity is not a general rule, as we will illustrate
try is lacking in the photocurrent. To understand this, wefor our C, + Az case at-4.0 eV.
have to consider also in addition to the SDOS the wave To achieve further insight into the influence of the
function (r|V;,) of the initial state, which is calculated in initial state, the importance of different parts of the
a LCAO basis. For the dangling-bodd band, the asym- emitting volume is investigated in a novel way. Apart
metry between the intensities in positive and negative from the charge density maxima in the bonding region
directions corresponds to the direction of the bond. Thehe initial wave functions also have charge peaks closer
dangling-bond points along the negativedirection and to the cores, as shown in Figs. 2(f) and 3(f). In the
into the vacuum in the direction, as shown in Fig. 2(f) present case, three areas are separated by almost spherical
by the contour plot of a As-charge density. Since thenodal surfaces. The separate contributions to the current
density is located above the uppermost As atoms, therfgom each of these regions are calculated by setting the
is only weak potential scattering for a major part of theinitial wave function to zero in the other two areas.
excited electrons. Therefore, the SDOS and the initiaContributions for the emissions from4.0 eV are shown
state wave function dominate the angular distribution, andéh Figs. 3(d) and 3(e). From the localized middle region
a free final plane wave may be a sufficient descriptionarises less than% of the total current for both studied
The dotted current in Fig. 2(d) shows how well this ap-binding energies. Contributions from the innermost area
proximation does in reproducing the general asymmetryare even smaller and completely negligible. With a
Because a Fourier transformation of a spherical harmonifree final state for simplicity we have repeated these
reproduces the same spherical harmonic and because adlculations for kinetic energies up 1600 eV. Below
the simple spatial and angular momentum structure of thé00 eV only contributions from the outer volume are
dangling-bond state, the asymmetry of the current can baotable, but at200 eV the current from the middle
identified here with that of the charge distribution. Such aarea becomes appreciable. This middle area dominates
connection has already been assumed in a former ARUP&bove500 eV, and constitutes the current abo®0 eV.
analysis [17], and it is quantitatively proven here. As are-The spatial scale detected by photoelectrons may be
sult, the photoemission intensities reflect directly the enerdiscussed in close analogy to the energy dependence of
getic and spatial density of the initidk state. However, common scattering processes where high wave vector
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Fourier components probe the more rapidly varying waveof the initial state, depending on the kinetic energy. Ul-

functions near the core. Usually with increasing energiesraviolet photoemission detects the wave function in the

shrinking vicinities of the cores are studied. bonding region outside the core, and the origin of pho-
At —4.0 eV, neither the number nor the position of the toelectrons are traced for the first time into single bonds.

lobes nor the asymmetry in the intensities is reproducedhis opens new possibilities in the application and inter-

with a final plane wave, as shown in Fig. 3(c). Only pretation of ARUPS.

the inclusion of scattering provides the asymmetry in the This work was supported in part by the Bundesmin-

intensities, as the excellent agreement in Fig. 3(a) betwedsterium fir Bildung, Wissenschaft, Forschung und

experiment and theory shows. Therefore, the simple arfechnologie and by the Materials Sciences Division of
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