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Accurate valence-band dispersions E (k) along the major symmetry directions I'-K-X, [-A-X, and I'-A-L
have been determined for GaAs using simple angle-resolved photoemission techniques of general utility with
synchrotron radiation for 25 < hv < 100 eV. At these photon energies, emission features can be understood
within the direct-transition model, and spectral peaks can be classified roughly into two categories: one
being those associated with primary cone emission with a lifetime-broadened free-electron-like final-state
dispersion, and the other (usually weaker) being those associated with secondary cone-surface umklapp
emission which emphasizes valence-band critical points with high state densities. Valence-band dispersions
E®) along the I'-K-X symmetry line perpendicular to the surface are determined using normal-emission
spectra (primary cone peaks) from the (110) surface at various photon energies. Valence-band dispersions
E(K) along [-K-X, T'-A-X, and T'-A-L symmetry lines parallel to the surface are determined using off-
normal emission spectra (primary cone peaks) from the same (110) surface with fixed perpendicular
component of the electron momentum #k, at a zone center (extended-zone scheme) and varying parallel
component of the electron momentum ﬁl-{”, which are obtained by suitably varying hv and emission angles.
Experimental valence-band dispersions and critical points are compared with other theoretical and
experimental results. Simple formulas are derived to relate the widths of spectral peaks to electron and hole
lifetimes. Initial hole lifetimes at valence critical points and typical final electron lifetimes are obtained. The
latter yields final-state momentum broadenings (typically < 10% of the Brillouin-zone size) which are

consistent with the direct-transition model.

I. INTRODUCTION

Angle-resolved photoemission from single crys-
tals is now being widely used for determining the
electronic band structure of solids.'”!* Previous
work on metals has demonstrated the capability and
success of such techniques;2™® band dispersions
E(k) and lifetime broadening have been determined
in certain cases. For semiconductors, despite
numerous reported studies,®”'? in most cases only
rather limited information about band dispersions
has been obtained. In particular, GaAs, being
technologically important, has attracted much at-
tention and is a model system for photoemission
studies. In a previous short communication,?
we determined the experimental band dispersions
of GaAs along the I' -K-X symmtery direction
using simple photoemission techniques. In the
present paper, we extend these studies and pre-
sent detailed experimental techniques and results
for GaAs. Specifically, we discuss experimentally
measured valence-band dispersions E(T() along all
three major symmetry directions I'-K-X, I'-A-X,
and T'-A-L, and valence-hole and conduction-elec-
tron lifetimes. Our objective is twofold: (i) to
give a relatively more complete one-electron de-
scription for GaAs from experimental measure-
ments, and (ii) to illustrate the usefulness and
success of such techniques which are of general
utility for many materials.

In order to determine the valence-band disper -
sions from photoemission data, it is usually nec-
essary to know the final-state band dispersions.
At lower photon energies, a few methods,®™® most
invoking theoretical interpolation, have been de-
vised to obtain E(k) dispersions using the direct-
transition model and taking advantage of the fact
that only a small number of final bands are in-
volved. In most cases, E(K) dispersions have been
obtained for a limited range of k values, e.g.,
along one or two lines in k space. It is clearly
desirable to determine the complete valence E(T()
dispersions, which can be done using a wider
range of photon energies. The number of final
bands becomes very large at higher energies and
the problem is seemingly complex. However, our
studies for GaAs show that,'® helped by lifetime
broadening of the final states at higher energies
(say, kv =25 eV), angle-resolved photoemission
spectra can be mainly described using quasi-free-
electron primary cone emission and secondary
cone-surface umklapp emission.’® Intuitively, the
crystal potential is a small perturbation at higher
energies, and a nearly-free-electron approxima-
tion for the final states might be expected to work.
This approximation has been applied before®™ to
Cu and has yielded® rather accurate valence-band
dispersions. Further attempts using free-electron
plane-wave states to calculate the matrix elements
and transition probabilities have not been very
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successful,® and such procedures are not warranted
since final-state wave functions are not simple
plane waves. Here, we illustrate in simple terms
how well the final band dispersions may be approxi-
mated by the nearly-free-electron dispersions,
using a nonlocal pseudopotential band calculation.!®
Only qualitative statements will be made for the
relative photoemission intensities, since this
problem requires detailed realistic final-state
wave functions. Invoking such final bands with
lifetime-broadened free-electron-like dispersions
for primary cone emission, we use simple tech-
niques to map out the valence-band dispersions of
GaAs. Valence-band dispersions E(k) along the
T'-K-X symmetry line perpendicular to the sur-
face are determined using normal-emission spec-
tra from the (110) surface at various photon ener-
gies. Valence-band dispersions E(K) along T'-K-X,
T'-A-X, and I'-A-L symmetry lines parallel to the
surface are determined using off-normal-emission
spectra by scanning the parallel component of the
electron momentum 7k I =nk —ﬁﬁl along these
symmetry lines (I'-K-X, I'-A-X, and T'-A-L)
parallel to the surface while holding ﬁf{l constant
at the zone center (extended-zone scheme). This
is achieved by suitably scanning both the polar
emission angle and the photon energy simultaneous-
ly. The results obtained using these two methods
for different but equivalent k points in the extended
zone agree very well. We note that these tech-
niques, or variations of them, have been used pre-
viously, e.g., for noble metals.?™® However, their
applicability to compound semiconductors has only
recently been demonstrated,'® mainly due to an
extended range of photon energies. Studies have
been reported® ! in which the indirect transition
model or the “one-dimensional density-of-states
model” was used. As shown by this study of GaAs
as well as work on other compound materials,!3+1%+7
we conclude that generally, rather than exception-
ally, the direct-transition model is the correct
basis for understanding the photoemission results.
The widths of the transitions observed in the
spectra are determined by band dispersions E(k)
and electron and hole lifetimes. Some specific
examples of extracting electron and hole lifetimes
from photoemission data have been described.?++’
Here, we present rather general formulas and
illustrate systematic methods for obtaining elec-
tron and hole lifetimes. In particular, valence-
band hole lifetimes of GaAs are obtained at critical
points. The experimental final-state electron life-
time yields a mean free path in agreement with
previous estimates based on overlayer methods.!®
Consideration of broadening due to such lifetimes
indicates that momentum uncertainty A%k, in pho-
toemission is typically less than 10% of the Brill-

ouin-zone size, consistent with a direct-transi-
tion picture.

The organization of this paper is as follows:
A brief description of the experiment is given in
Sec. II. An explanation of photoemission spectral
features in terms of primary cone emission and
secondary cone-surface umklapp emission is
given in Sec. III, and the basic formulas are de-
rived. Experimental data and valence-band dis-
persions E(E) are presented and discussed in
Sec. IV. Section V deals with electron and hole
lifetimes, and finally, Sec. VI concludes the
present treatment.

II. EXPERIMENTAL

GaAs has the fcc zinc-blende crystal structure
with a lattice constant a=5.65 ;X; the cleavage
plane is {110}. The main symmetry directions are
[110)(r-K-X), [100)(T"-A-X), [111](-A-L), and
their equivalent directions; a picture of the
Brillouin zone with the critical points can be
found in standard textbooks.!® The important di-
mensions of the Brillouin zone are: T'KX
=V2(27/a)=1.57 A7}, TaX=27/a=1.11 A™}, and
TAL =(3)/2(21/a) =0.965 A, The samples used
were lightly Zn-doped p-type single crystals that
were cleaved in an ultrahigh vacuum (~1x 10710
Torr) experimental chamber to expose the (110)
face; and were measured at room temperature.

The experiments were done at the University of
Wisconsin at Madison 240-MeV storage ring, with
the synchrotron radiation monochromatized by a
toroidal grating monochromator asthe light source.
A cylindrical mirror analyzer with 4° (full angle)
angular resolution was used. The overall instru-
mental energy resolution was ~0.2 eV at the lower
photon energies of ~25 eV, and decreased to ~0.5
eV by 100 eV. The light was incident at 45° with
respect to the surface normal. Due to mechanical
constraints of the system, the polarization of the
light relative to the sample was determined in
most cases by the collecting angles and cound not
be adjusted freely. In general, configurations
were chosen such that the electric field vector of
the light had comparable magnitudes for the par-
allel and perpendicular components relative to the
sample (110) mirror plane. With this mixed
polarization, all valence-band states that are ex-
cited with s or p polarization contribute to the
spectra.2®?! This poses no difficulty in the follow-
ing analysis since primary emission peak positions
and line shapes, rather than absolute intensities,
are of prime concern.
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IIl. THEORY

A. Basic formulas

We consider the case of nearly-free-electron
final states for the direct-transition model. The
final Bloch states are then described by a free-
electron-like dispersion.'?

E, (k) =n2[kP/2m +Eo =12(k} +12)/2m +E,, (1)

where k=& +k,, kj and k, are the electron mo-
mentum components parallel and perpendicular to
the surface defined in the extended zone scheme,
respectively, and E, is the calculated “bottom of
the muffin tin” referencedtothe valence-band maxi-
mum E, (E,=-9.34 eV for GaAs).'® The justifica-
tion for using Eq. (1) and the limitations due to
lifetime broadening, etc. will be discussed later

in this section. With energy conservation and mo-
mentum conservation (direct transitions).

E,(T()=E,(-I'<)+hv, (2)

where E‘(l?) is the initial Bloch-state energy
referenced to E, and kv is the photon energy. The
experimentally measured photoelectron kinetic
energy E, (referenced tothe vacuum level) is related
to E; by

E;=E,+ed, 3)

where e® =5.15 eV is the measured photothreshold
(vacuum level minus E,) for GaAs. From Egs.
(1)-(3), simple kinematic equations can be derived:

ik = (2mE,)"? sinf (4a)
=[2m(E; +hv - e®)]*? sind (4b)

and
ik, =[2m(E, cos?8 - V)2 (5a)
={2m[(E, +hv - e®) cos?8 — V, | }'/2, (5b)

where 6 is the polar emission angle and V, =E,
—ed =-14.5 eV for GaAs is the inner potential
(energy of the “bottom of the muffin tin” referenced
to the vacuum level). From measured values of

E, for the interband transition at a selected kv and
polar angle 6, kis simply determined from Eqgs.
(4b) and (5b) to yield E,(k). For normal emission
(6 =0), Egs. (4b) and (5b) reduce to

and

ik, =[2m(E, +ed - E))]'/2. )

B. Photoemission final states
We give a brief explanation for the use of Eq.

(1), which we find to be generally applicable for
GaAs and other materials®+}” at photon energies

of 25 <hv <100 eV. The final state for photoemis-
sion is just the time-reversed low-energy electron
diffraction (LEED) state?? which consists of a
linear combination of plane waves outside the
crystal, Bloch states inside the crystal, and sur-
face evanescent states. It has been shown by
Feibelman and Eastman®? that the probability for
photoemission is governed by the electric-dipole
matrix element between the initial-valence Bloch
state and the final time-reversed LEED state.

The problem can be simplified in the limit of weak
final-state momentum broadening and can be
represented by the approximately equivalent three-
step process: photoexcitation of the electron into
excited Bloch states, transport to the surface,

and emission from the surface. Here we assume
that surface-evanescent final states can be neg-
lected. The central and difficult problems are
then the evaluation of the final Bloch states and

the transmission coefficients of the final Bloch
states through the surface. A detailed theoretical
calculation of the latter is rather involved!?'23;
here we will confine ourselves to a qualitative
discussion and consider a simple photoemission
geometry, i.e., normal emission. The generaliza-
tion to other geometries is straightforward.

For normal emission, the only plane-wave com-
ponent detected outside the crystal has the form
exp(ik'ig) where £ is the coordinate along the sur-
face normal and k| is the electron wave vector
outside the crystal. Only Bloch states with sig-
nificant Fourier components of the form exp(ik, &)
can couple well to exp(i¥\£) outside the crystal.
Energy must be conserved during transmission
with additional momentum Ak, =k’ — k, supplied by
the surface. Other Bloch states at the same
energy, consisting mainly of Fourier components
moving along directions other than the surface
normal (k) #0), are expected to have small coupling
coefficients only via small plane-wave components
normal to the surface and weak umklapp processes.
Figure 1 shows such an analysis for the final states
for normal emission along the [110] or I'-K-X di-
rection based on the nonlocal pseudopotential cal-
culation given by Pandey'® for GaAs. In the calcu-
lated energy range up to about 80 eV above E,,
there are about 100 energy bands all together. At
momentum intervals of § of the TKX distance along
the [110] direction, all the wave functions have
been Fourier analyzed and sorted according to the
magnitude of the Fourier coefficient C of the term
exp(ik,¢) using three intensity levels as shown in
Fig. 1. The solid curve is the free-electron para-
bola (=0 for normal emission)

E4k,) =H*K%/2m +E,, (8)
given by Eq. (1). The important final states with
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FIG. 1. Important final states for normal emission
from GaAs (110). The final states are obtained from a
pseudopotential calculation; they are sorted according
to the Fourier coefficients and are shown for momentum
intervals of 3 of the I'KX distance along [110]. The ver-
tical scale is referenced to the valence-band maximum.
See text for details.

significant Fourier coefficients C can be described
quite well by this free-electron parabola. The
deviation is typically <1 eV at general k points and
<5 eV at zone center and boundaries. This be-
havior is expected since pseudopotential form fac-
tors are typically <3 eV; Fig. 1 simply provides
a clear visual display of the crowdedness of the
final states in the reduced zone scheme and the
bunching near the free-electron parabola. As will
be shown in Sec. V, the energy broadening of the
final states is typically 3-8 eV for energies of
~25-100 eV, hence we can simply consider the
important final states as lying on a broadened
free-electron parabola described by Eq. (8), or
Eq. (1) in the general case. This is just the pri-
mary cone described by Mahan,® and these states
should account for the predominant spectral peaks.
Bloch states which consist mainly of Fourier
components moving in directions other than the
surface normal and/or states which couple mainly
through the surface umklapp process contribute
generally less to the photoemission intensity.
Emission due to these states is called secondary
cone-surface umklapp emission.?®* A simple
analysis shows that many Bloch states contribute
to these processes. Due to lifetime broadening,
the contributing states are smeared out to form
more or less a continuum in the E-vs-k, space.
Therefore, these processes result in nondisper-
sive peaks in the spectra which reflect valence-
band one-dimensional critical points with high
state densities along the surface normal. The in-
tensities of these secondary cone-surface umklapp

emission peaks are typically an order of magni-
tude less than those of the primary cone peaks.
We emphasize that the secondary cone-surface
umklapp emission process is still direct transi-
tion in nature (with lifetime-broadened Bloch
states), although the spectra would be similar to
those predicted by an indirect-transition model.® ™

Note that the above argument is valid only at
higher photon energies (hv = 25 eV). Atlower ener-
gives, the crystal potential as measured by the
pseudopotential form factors is no longer a small
perturbation, and final-state lifetime broadening
becomes small. Consequently, detailed final-state
dispersions are required for a full understanding
of the photoemission spectra.!! This behavior
implies that photoemission spectra together with
suitable band models and analyses can be used to
determine final-state band dispersions, critical
points, etc., if valence-band dispersions are well
known.!!:23

Other surface-related photoemission phenomena
should also be considered. Emission from occupied
surface states have been extensively studied for
GaAs.?* Emission via final evanescent states is
also possible.?*®* With a known band topology, it
is generally not difficult to distinguish spectral
peaks due to different emission processes. In the
spectra to be presented below, emission due to
occupied surface states and evanescent final states
is unimportant due to the particular choices of
hv, emission angles, and polarization.

IV. RESULTS AND DISCUSSION

A. Normal emission

Angle-resolved normal-emission spectra from
the (110) surface are shown in Fig. 2, with the
initial-state energy E; referenced to the valence-
band maximum E,. E, was determined by the Ga
3d;,, core-level peak position (not shown) and its
known binding energy of 18.6 eV.2® Dashed and
dotted curves connect peaks which are due to
primary cone and secondary cone-surface umklapp
emission from the valence bands, respectively
(see below). Broad features A and A’ are due to
Ga and As M, ,VV Auger transitions, respectively.

The prominent peaks 1-4 in Fig. 2 show signifi-
cant dispersion with changing Av. This behavior is
consistent with the direct-transition model and in-
consistent with the indirect-transition model.
Therefore, we conclude that the direct-transition
model is the correct model to be used. From the
results to be presented below and discussion given
in Sec. IN, it is evident that peaks 1-4 are pri-
mary-cone-emission peaks. Using measured
values of E; and Egs. (6) and (7), experimental
band dispersions E,(E) have been directly deter-



21 ANGLE-RESOLVED PHOTOEMISSION, VALENCE-BAND... 3517

GoAs (110) NORMAL-EMISSION SPECTRA

PHOTOEMISSION INTENSITY (ARB. UNITS)
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FIG. 2. Normal-emission angle-resolved energy-dis-
tribution curves from GaAs (110) surface as a function
of photon energy hv. Dashed and dotted curves indicate
peaks due to primary cone emission and secondary cone-
surface umklapp emission, respectively. Structures A
and A’ are due to Ga and As M, sVV Auger transitions,
respectively. Energies are referenced to the valence-
band maximum E,.

mined along I'-K-X and are summarized in Fig. 3.
Data points (circles) obtained from peaks 1-4 in
Fig. 2 correspond to transitions from valence-
bands 1-4, respectively, with band 1 being the
s-band. Dashed curves in Fig. 3 are calculated
band dispersions based on a nonlocal pseudopoten-
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FIG. 3. Valence-band dispersions E(K) of GaAs along
major symmetry directions. Circles are experimental
points obtained from normal emission spectra; crosses,
squares, and diamonds are experimental points obtained
from off-normal-emission spectra. Dashed curves are
theoretical dispersion curves for valence bands 1-4 from
Ref. 16. The symmetry characters of the bands and the
critical points are labeled.

tial theory which was fit to angle-integrated photo-
emission data.'® The agreement is very good.
The spin-orbit interaction for GaAs, which has
been neglected in the theoretical calculation, is
quite small and does not show up directly in the
spectra. The largest splitting occurs at the T’
point (0.35 eV)*” and transitions from these split
states give rise to a single broad, asymmetric
peak at about 0.15 eV below E, as observed ex-
perimentally (kv =30 eV, Fig. 2).2® Elsewhere,
the splitting is typically much less than 0.2 eV,
out best experimental resolution, and the peak
positions observed in Fig. 2 simply reflect the
average band dispersions.

Since E; and E; in Egs. (1) and (2) are lifetime
broadened by about 3-8 eV and 0-2 eV (see Secs.
III and V), respectively, this leads to an uncer -
tainty in k,, typically =<0.1 TKX for the data
points shown in Fig. 3. The finite angular resolu-
tion A6 =4° also leads to uncertainty in E" and thus
uncertainty in E;; the effect is large for band dis-
persions E,(T() with large curvature. It is esti-
mated from Fig. 3 and Eq. (4) that AE;~0.2 eV
near the X, critical point due to this effect, and
much smaller elsewhere for the results in Fig. 3.

The behavior of the primary cone peaks 1-4 in
Fig. 2 can now be readily understood in terms of
the broadened free-electron dispersion for the
final states. As kv increases, peak 4 moves
through a maximum energy position corresponding
to the T'); critical point at Ay~ 30 eV and turns
back, while peak 3 moves through a minimum
(zT") at hv=~ 65 eV, peaks 3 and 4 subsequently
coalesce for hv=80 eV, i.e., at the X, critical
point, and finally peak 3 moves back near =}" at
hyv=~100 eV, and so on. The various turning points
of the peaks mark the Brillouin-zone center and
boundary crossings and can be used to determine
an experimental value for E, in Eq. (1) and to check
the validity of the nearly-free-electron final-state
dispersion. For example, the extremal position
of peak 4 at E;~-0.15 eV for 2v=30 eV corres-
ponds to the transition at the zone center with

k;z(z%ﬁ) =2TKX, (9a)

in the extended-zone scheme, and
(By)ree=0, (9b)

in the reduced-zone scheme. Using Eq. (7), we
obtain the experimental value of E;~ -8 eV com-
pared to the theoretical value of —9.34 eV. The
agreement is quite good considering the fact that
E,; in Egs. (1) and (2) is uncertain by about 5 eV
due to lifetime broadening. Furthermore, using
the experimentally determined photothreshold e
=5.15 eV we obtain the experimental value for the
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inner potential V,=E, - ed=~-13 eV, in good
agreement with LEED results.?® The nondisper-
sive peaks labeled X,, =", and X, in Fig. 2 are
secondary cone-surface umklapp emission peaks
associated with the corresponding critical points
in Fig. 3. Their peak positions give directly the
energies of the critical points. We therefore ob-
tain an accurate set of critical point energies at
T and X by using the experimental E(k) dispersions
in Fig. 3 and those determined from secondary
cone-surface umklapp peaks. The results are
collected in Table I (to be discussed).

B. Off-normal emission

We describe a simple off-normal-emission
technique to determine the valence-band disper-
sions E,(k) in the high-symmetry [T10}(T-K-X),
[00T)(r-A-X), and [T1T)(I'-A-L) directions using
the same cleaved GaAs (110) surface. It is also
feasible to use the normal-emission technique
described previously for this purpose provided
crystal faces of appropriate orientations are
prepared. However, this involves the prepara-
tion of additional crystal surfaces and is more in-
volved experimentally since the {100} and {111}
faces cannot be obtained by simple cleavage.

We will concentrate on the primary-cone-emis-
sion peaks, since these are relatively intense and
usually can be easily recognized and measured.
To determine the band dispersions E,(k) along any
one of three major symmetry directions [110],
[00T], and [T1T] parallel to the surface, k| is

chosen to lie along the desired direction with
suitable azimuthal emission angle. For each polar
emission angle 6, Av is adjusted according to Eq.
(5b) such that &, =2TKX or (k) .q=0 [cf. Eq. (9)],
that is, (k),.q =k is now along the desired symme-
try direction.3® By scanning 6 while adjusting kv
accordingly, the band dispersions E,(E) are ob-
tained simply from the measured values of E; and
Eq. (4b). Since E; (or equivalently k,) in Eq. (1) is
broadened, Zv need not be set exactly. Further-
more, since the band dispersions are stationary
(zero slope) when k, =2TKX, a small deviation of
k, from 2T'KX resulting from a small deviation of
hv has little effect on the measured value of E;.

In the results presented below, the maximum
deviation of k, from 2I'KX is less than 5%; the
effect is indeed small (AE;<0.1 eV) from an ex-
amination of the band dispersions E,(E) shown in
Fig. 3. Finite angular resolution introduces un-
certainty in E" leading to Ak~ 0.1 TKX and AE;
<0.1 eV.

Off -normal emission spectra with k, [[[T10)(T- K- X)
recorded according to the above prescription for
hv are shown in Fig. 4. Primary-cone-emission
peaks 3 and 4 derived from bands 3 and 4 are indi-
cated by dashed lines; their behaviors are very
similar to those found in Fig. 2. Experimental
E‘(E) determined from these spectra are shown as
crosses in Fig. 3. The agreement with the normal-
emission data along [110] (circles) is excellent and
confirms our technique.

The data with k, |[00T](I'-A-X) and k, ||[T1T]

TABLE I. Left columns: experimental and theoretical valence critical-point energies
referenced to the valence-band maximum. Right column: experimental inverse lifetimes at

the valence critical points.

Inverse
Valence critical-point energy (eV) lifetime (eV)
Method ARPES? XPs® NEPM © NEPM ¢ ROPW® ARPES?
I} 0 0 0 0 0
Iy -13.1 -13.8 -12.67 -12.55 -12.4 2.0
Ly -1.30 -1.4 -1.24 -1.31 -1.1 0.8
LY —6.70 7.1 —6.48 -6.83 —6.4 1.0
Ly ~11.24 -12.0 -11.07 -10.60 -10.9 2.0
xY —2.80 -2.5 -2.86 -2.95 -2.4 0.9
Xy —6.70 -7.1 —6.46 —-6.88 —6.4 1.4
xy -10.75 -10.7 -10.40 —-9.83 -10.2 2.0
zpin -4.0 —4.4 —4.13 -4.3 0.6

2Angle-resolved photoelectron spectroscopy, this work.
®X-ray photoelectron spectroscopy, Ref. 33.
®Nonlocal empirical pseudopotential method, Ref. 16.
4Nonlocal empirical pseudopotential method, Ref. 27.
®Relativistic OPW, Ref. 34.
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OFF-NORMAL-EMISSION
SPECTRA
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FIG. 4. Off-normal-emission spectra from GaAs (110)
for k|| [T10] and k, =2TKX held fixed. The photon energy
hv and polar emission angle 6 are indicated and corre-
spond to k, varying from &, =0 (top curve) to k,=1.15
T'KX (bottom curve). Dashed curves and dotted curves
indicate peaks due to primary cone emission and sec-
ondary cone-surface umklapp emission, respectively.
Relevant valence critical points are indicated near the
bottom of the figure.

X(I'-A-L)arevery similar. Some typical spectra
are shownin Figs. 5 and 6. Due tothe wide spread of
E,, different hv’s were used for different energy re-
gions so as to hold k,~ 2T'KX. Some spectra were
truncated to eliminate confusion due to strong core-
level emission from the second-order light from
our monochromator. A fixed kv =40.5 eV was
used in Figs. 5(b) and 6(b), although the optimum
value should be higher according to Eq. (5b). This
was done to avoid the As M, ,VV Auger emission
(see Fig. 2). The experimental E,(k) are shown
as squares and diamonds in Fig. 3 together with
the theoretical band dispersions!® (dashed curves).
Note in particular E,(l.{) at the X point obtained
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FIGS. 5(a), ). Off-normal-emission spectra from
GaAs (110) with k, ] [00T] and %, =2TKX held fixed. The
photon energy kv and polar emission angle 6 are indi-
cated and correspond to k, varying from &, =0 (top curve)
to k,~ r'AX (bottom curve). Dashed curves and dotted
curves indicate peaks due to primary cone emission and
secondary cone-surface umklapp emission, respectively.
Relevant valence critical points are indicated near the
bottom of the figures.

from measurements along I'-K-X and I'-A-X agree
very well; this further confirms our techniques.
Experimental critical point energies at L are lis-
ted in Table I.

V. ELECTRON AND HOLE LIFETIMES

In the direct-transition model, an electron is
photoexcited to a final Bloch state leaving a hole
in the initial Bloch state. The photoelectron dis-
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FIGS. 6(a), (b). Same as Figs. 5(a) and 5(b) except for
k,J| 1171, and &, varying from k,=0 (top curve) to %,
~TAL (bottom curve).

tribution of a given transition is given by a golden-
rule-type formula

D(E) [ P, E)SE,E))

x 6%,%,0(E; - B, —~hv)f (6, )ik, dk,dE, ,
(10)
where M is the appropriate dipole matrix element,
f(6, ¢) is the angular collection function of the
analyzer, and S; and S; are the hole and electron
spectral distribution functions, respectively,
given by
r‘h.e(-ﬁ)

(E-E;,,®F +[1y (k) /2]’

with T, and T, being the hole and electron inverse

S; 4(E, k)= (11)

lifetimes, respectively. Assuming |[M P is a con-
stant in the region of interest, and f(6, ¢) is in-

finitely sharp, we obtain to first order that D(E,)
has a Lorentzian line shape with a width given by

r,+ Vo T,
= VQ.L ,
|4 mV . V,, mV,
1- ~ I ngin?g + a2 ell gin2g
Ver TRy Vey FER|

(12)

where V,y, V,,, V., and V,, are the parallel and
perpendicular components of the hole and electron
group velocities, respectively, and k is defined
in the extended zone. The hole and electron group
velocities can be calculated using the experimental
E,(E) in Fig. 3 and Eq. (1), respectively. Second-
and higher-order derivatives of E vs k and first-
order changes of I‘e.,,(f{) have been neglected in
Eq. (12); this is not justified in general, and a
useful rule for testing the validity of Eq. (12) is
given by

IV,}i Vh.e
and

[V,T, o (K) [<BV,. (13b)

< #V,)2/T (13a)

For normal emission, Eq. (12) is simplified to
yieldz ,7,31,32

T,+IR,IT,
1-R,

I , (14)

where R, =V,,/V,,. For off-normal emission but
with 2, =2TKX as we have used, Eq. (12) simplifies
to

Ty
1 - (mV,)/kky) sin*

To= . (15)

With finite but small angular resolution, the line
width and line shape are not changed for normal
emission to first order since

[BE,(k",kl)/8k||]k“=o=0. (16)

With our experimental parameters and 4° angular
resolution, the line shape for off-normal emission
is still very close to a Lorentzian with a width

T given by

M2 o2 ( (cot)kyVyy 6>2 , a7

1 - (mVy /ik))sind

where T, is given by Eq. (15) and A8 =4°=0.07
radian. Note I7 is independent of T, while T, de-
pends on both T, and T',. Since the matrix element
is in general not a constant, and higher-order
effects may not always be negligible, the line
shapes observed in the spectra are not necessarily
Lorentzian. Bearing in mind the limitations,
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Egs. (14) and (17) can be used to extract lifetime
information.

Peaks derived from band 1 in Figs. 5(b) and 6(b)
(peaks 1) are relatively broad and well separated
from other peaks. From measured line widths and
Eq. (17), I',(k) can be easily determined. Within
experimental uncertainty and the limitations men-
tioned above, I',(k)=2.0eV = constant for band 1 along
T-A-X and T'-A-L. It is therefore reasonable to
assume T,(k)=2.0 eV independent of k for band 1.
This is physically plausible because the dominant
decay mechanism for a band 1 hole is the Auger
decay and is determined mainly by the available
phase space, which is nearly constant.

Using the normal-emission line width of peak 1
in Fig. 2 and Eq. (14), the electron inverse life-
time T, can be obtained with T, set equal to 2.0 eV.
In Fig. 2, the width of peak 1 varies from 2.0 eV
at T',(hv ~40 eV), to~2.8 eV at ~3(TKX) (hv~60 eV),
to 2.0 eV at X,(kv~85 eV). At 3(IKX), using Eq.
(14), we obtain I',~ 5 eV for an electron state at
~50 eV above E,. The corresponding electron
mean free path, or escape depth is calculated
using Eq. (8) to be ~6 A, in agreement with pre-
vious estimates based on overlayer methods.!®
This escape depth corresponds to an electron mo-
mentum uncertainty of less than 10% of TKX, con-
sistent with a direct-transition model.

The analysis for peaks 2-4 are similar but more
difficult due to overlapping of spectral peaks and
background effects. They are relatively narrow
and instrumental resolution has to be considered.
The experimental inverse lifetimes for valence
critical points are included in Table I. The mea-
sured values are generally larger than previous
estimates.®®

VI. CONCLUSIONS

Table I summarizes our experimentally deter-
mined valence critical-point energies obtained
from E,(E) in Fig. 3 and secondary cone surface
umklapp emission peaks, together with values
from other experimental and theoretical re-
sults.18+27:33:3¢ Ag geen in Table I, theoretical
values based on past data generally show good
agreement, with errors ranging from ~0 to 0.5 eV.
Using the optical transition energies measured by
reflectivity,®® we also compile a list of low-lying
conduction-band critical-point energies in Table II.
Although the reflectivity measurements were per-
formed at liquid-He temperature and our measure-
ments were performed at room temperature, the
observed rigidity of the valence bands with tem-
perature® implies that the values in Table II

TABLE II. Experimental and theoretical low-lying
conduction-band critical-point energies referred to the
valence-band maximum,

Conduction critical-point energy (eV)

Method Expt.? NEPM® NEPM ©
I§ 8.33 8.14
rg 4.716 4.62 4.63
r{¢ 1.632 1.62 1.51
LS 1.85 1.91 1.82
x§ 2.58 2.45 2.38
x5 2.18 2.06 2.03

20btained using the valence critical-point energies
from this work and optical transition energies from Ref.
35, These energies are for He temperature and referred
to the valence-band maximum. Spin-orbit splittings are
neglected.

b Nonlocal empirical pseudopotential method, Ref. 16.

®Nonlocal empirical pseudopotential method, Ref. 27.

should be regarded as liquid-He temperature
values. The small spin-orbit splittings (<0.2 eV)*’
have been neglected. The experimental valence-
band and conduction band critical-points in Tables
I and II should provide a basis for refined theo-
retical models of GaAs.

The direct-transition model and the techniques
described in this paper should be applicable to
many other materials'*'!” and to higher photon
energies. The final-state lifetime broadening be-
comes large at higher photon energies, but the
dispersion of the free-electron-like primary cone
increases much faster. Therefore k, uncertainty
becomes smaller and a more accurate determina-
tion of E,(k) can be achieved as kv increases above
~100-200 eV. Moreover, a measurement of T (E;)
over a wide energy range should be interesting
theoretically. With the rapid development in tech-
nology and instrumentation, such experiments
should become feasible in the near future, despite
more stringent experimental requirements (such
as better angular resolution).
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