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Two-dimensional electronic structure E;(k, ,k; ) of GaAs(001)
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Angle-resolved photoemission techniques have been used to study the occupied band structure of the
As-terminated GaAs(001)-1 X 1 surface grown by molecular-beam epitaxy. The measurements were tak-
en along the I'100] azimuth and covered the photon-energy range 10-70 eV. Structure plots involving
linear-muSn-tin-orbital (LMTO) calculated valence bands and free-electron-like final states (FELFS's)
were used to interpret the acquired data, which included normal-emission spectra at various photon en-

ergies and off-normal-emission spectra at selected photon energies. A structure plot of initial energy
(E;) versus polar-emission angle (8) was employed to interpret the two-dimensional electronic structure
E;(k,j~, k; ) observed from off-normal-emission spectra, where k,j~ and k are, respectively, the parallel and
perpendicular components of the wave vector of the valence electrons to the sample surface. It was
found that the majority of strong transitions could be explained as direct transitions from LMTO
valence bands to primary or secondary cones of FELFS's. The FELFS model was found to have mixed
success over the entire photon-energy range investigated. We show, in particular, that the assignment of
transitions can be misleading if only normal-emission spectra are considered.

I. INTRODUCTION

The energy band structure of valence electrons is one
of the most important electronic properties of semicon-
ductors. In studies of the valence-band structure semi-
conductors, angle-resolved photoemission remains one of
the most powerful techniques. ' The ultimate goal is to
determine the energy dispersion E, (k, ) of the bulk states
and of the surface states associated with different surface
structures. There are two aspects to this task. The first is
to distinguish between the bulk- and surface-related
features in the spectra, and the second is to determine
simultaneously both the initial energy E; and the associ-
ated wave vector k; of the valence electrons. There have
been a number of reports on studies of GaAs(001) sur-
faces using angle-resolved photoemission for various sur-
face reconstructions. Various methods have been ap-
plied in the previous studies to identify surface-sensitive
features in the spectra, including absorption and/or
deposition of foreign atoms on the surface to quench
surface-state emission, ' comparison of spectra from
different surface reconstructions, ' ' and measurements
along a particular symmetry line in k space with a con-
stant parallel component k; of the wave vector.

The determination of surface-state energy dispersion is
relatively simple once the emission from surface states is
identified, because the perpendicular component k; of the
wave vector to the surface is undefined for surface states
and the energy dispersion is reduced to a function of k;~~.

This component can be determined from the conserva-
tion of energy and the conservation of k in the direction
parallel to the surface given a specular surface. On the
other hand, the determination of the energy dispersion
E;(k;) for bulk valence bands is highly model depen-
dent, due to the nonconservation of k in the direction

perpendicular to the surface when electrons cross the sur-
face during the photoemission process. The problem is
associated with the determination of k; from the wave
vector of the electron detected outside the solid k,„,»d„
but the difficulty can be removed by assuming a direct-
transition model within the semiclassical "three-step"
model of photoemission, ' with some knowledge of the
final-state energy dispersion Ef(kf}. In this regard, a
free-electron-like final-state (FELFS) model has been em-
ployed successfully for energies down to about 16 eV
above the valence-band maximum for GaAs(001) sur-
faces. ' Final-state bands calculated by an empirical-
pseudopotential method have also been used recently for
interpretation of normal-emission spectra for photon en-
ergies between 10 and 34 eV from GaAs(001} surfaces.
The experimental features observed at about the X3 criti-
cal point (binding energy —6.6 eV, photon energies be-
tween 16 and 30 eV) with no significant k dependence
were found, in particular, to be mainly bulk derived and
can be explained as k-conserving transitions from
valence-band states near X3 to several final states.

Although some results have been obtained concerning
the bulk- and surface-state band structure from the previ-
ous studies, these studies were, however, confined to nor-
mal emission (k)'=0) or to data related to a particular
constant-k;~~ line and our understanding of the electronic
structure of (001) surfaces of GaAs is still limited. '

Features observed in off-normal-emission spectra may
also give rise to features observed in the normal direction.
Information from off-normal-emission spectra should
therefore be fully considered in order to correctly identify
the origin of observed transitions in the normal-emission
spectra.

Structure plots have proved to be very useful for
analyzing photoemission data. Two types of structure
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plots showing peak energies versus photon energy and
polar emission angle, respectively, have been used in this
paper. Experimental points have been compared with
theoretical transition hnes generated under a direct-
transition model. The observed bulk-related experimen-
tal features are interpreted within the semiclassical
three-step model. The theoretical transition lines were
constructed using initial-state bands ca1culated by a
linear-mu5n-tin-orbital (LMTO) program of Christen-
sen" and a free-electron-like final-state model for the
6nal-state-band dispersion. In the following sections, ex-
perimental details are presented, followed by a discussion
and an evaluation of the experimental results using the
above structure plots.

II. EXPERIMENT
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The GaAs(001) samples were grown on semi-insulating
GaAs(001) substrates in a modified Varian 360
molecular-beam epitaxy (MBE) system at a temperature
of 600'C. Following the growth, and before removal
from the UHV growth chamber, a thick amorphous layer
of arsenic was deposited to protect the sample surface.
This capping was achieved by cooling the sample holder
via a liquid-nitrogen cold finger and then leaving the sam-

ple at an As background pressure of 4X10 ' Torr for
1-2 h. This technique has previously been used success-
fully to preserve UHV-grown GaAs surfaces during sam-

ple transfer to the synchrotron radiation source. '

The samples were then heated to a temperature around
300'C in a preparation tank to remove the As amorphous
overlayer before being transferred under UHV to the
analyzer chamber for the photoemission measurements.
The heating time normally lasted about 1 h. A highly
rejecting surface, characteristic of the MBE-grown ma-
teria1, was obtained after such preparation. The surface
cleanliness was confirmed both by a clear 1X1 low-

energy electron difFraction (LEED) pattern indicative of
an As-terminated surface' and by photoemission spectra
taken at a photon energy around 30 eV where the elec-
tron mean free path is small and the spectra are particu-
larly sensitive to contamination.

%'ith the working pressure maintained normally at
2 X 10 ' Torr, angle-resolved photoemission spectra
were acquired in the photon-energy range of 10-70 eV
using the TOM-4 beamline at Berliner
Elektronenspeicherring-Gesellschaft fur Synchrotron-
strahlung m.b.H. (BESSY), Berlin. The electron-energy
analyzer used was of toroidal geometry' using position-
sensitive detection technology to render it multidetecting
in terms of the polar-emission angle of photoelectrons.
A11 data acquired were consequently angle resolved over
the full 180' range, the angular resolution being close to
+1.0. The azimuthal angle was defined to within +l'.
The characteristics of the monochromator at the bearn-
line may be found in Ref. 15. The widths of the entrance
and exit slits of the monochromator were always set to
maintain a theoretical resolution of O. l eV or better dur-
ing the measurements: together with the analyzer, the
overaH energy resolution in the measurements was 0.2
eV. In Fig. 1 we show the experimental geometry and
the measurement plane in k space. P-polarized light was

1Xl Surface BZ

(b)

FIG. 1. (a) The experimental geometry and (1) the face-
centered-cubic Brillouin zone in relation to the 1X1 surface
Brillouin zone. The measurement plane is taken a1ong the [100]
azimuth.

incident at 4S' to the surface normal in the measurement
plane, the azimuthal direction being the [100] symmetry
line.

Photon-energy calibration was performed by taking
Ga-3d core-line measurements at each photon energy us-

ing first-, second-, and third-order light wherever possi-
ble. The apparent binding energy of the core line was
determined precisely by 6tting the core-line spectra using
Gaussian prolles including a constant spin-orbit splitting
of 0.46 eV, and the nominal photon energy adjusted ac-
cords. ngly.

III. RESULTS AND DISCUSSION

A large number of angle-resolved photoemission spec-
tra were collected on the GaAs(001) sample with the
present experirnenta1 geometry. Each data set contains
information regarding the emission intensity as a func-
tion of both the initial energy E, and the emission (.polar)
angle 8 (from —90' to +90') for a specific excitation en-
ergy (photon energy). A normal-emission spectrum can
be extracted from such a data set and a selection of
normal-emission spectra covering the photon-energy
range 10.2 —50.5 eV is shown in Fig. 2. The energy is
shown relative to the valence-band maximum (VBM),
which was identi6ed as the peak with lowest binding en-
ergy (observed in the photon-energy region of 10—15 eV).

In order to analyze the normal-emission spectra, a
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A. Structure Plot of E; u's 8

The major difference between the structure plot of E;
U's 8 and the structure plot for normal emission is that
emission is no longer limited to a particular symmetry
line in k space, but involves transitions that span (k II, k )

surfaces. Under the three-step model, a direct transition
implies that the momentum of electrons inside the solid is
conserved modulo a bulk reciprocal-lattice vector G in
the interband transition between initial-state band E, (k, )

and final-state band Ef(kf). If the energy surfaces
E;(k;",k; ) and E (k),kf ) are known, possible transitions
with excitation energy of h v (photon energy) can then be
predicted by calculating the constant energy difference
curves (CEDC's) (Ref. 18) between them from the follow-
ing equation:

(k" k )=Ef(kII, k ) —E, (k" k~) hv—=O .

Here, because of the momentum conservation inside the
crystal, k; and kf have not been distinguished and have
been referred to as k, and therefore k"=k)I=k" and

i f
Since momentum parallel to the surface is also con-

served in the process of photoemission from specular sur-
faces, the polar angle 8 is related to k by

Initial Energy (eVj

FIG. 2. Normal-emission spectra for photon energies from
10.2 to 50.5 eV for GaAs(001)-1 X 1 surface. Detected peaks are
marked by letter symbols relating to their assignments to vari-
ous transitions (refer to the text). The As-3d core-line emissions
excited by the second-order light from the monochromator are
indicated by open triangles 6.

structure plot of initial-energy E; v's photon energy hv is
employed. This method has been used previously by Wil-
liams et al. ' for the interpretation of photoemission data
taken from the (110) surface of III—V compound semi-
conductors and by Olde et a/. for a GaAs(001)-c(4X4)
surface. Basically, the structure plot consists of experi-
mental points taken from peaks in the normal-emission
spectra of Fig. 2 and of theoretical transition lines gen-
erated according to a theoretical model. Readers are re-
ferred to Refs. 7 and 16 for detailed descriptions of the
construction of the theoretical transition lines.

On the other hand, electronic structure observed at a
single photon energy may be presented as a plot of E, u's

8 with marked peak positions determined from energy
distribution curves (EDC s) at different polar-emission
angles. An E;(8)-structure plot is employed here to
study such data with theoretical lines being generated
from a free-electron-like final-state model in conjunction
with the LMTO-calculated valence bands. Bringans and
Bachrach' have used this structure plot in a slightly
different form (E; v's k") for a GaAs(001)-c(4X4) sur-
face. In the following, a brief description of the construc-
tion of these theoretical E, (8) lines is giv.en.

$2
E (kI', k )= (k +k'I+G) +E

2m 0 (4)

where fk f=k', Jk f=k, O~k' k 2 /a for the
I X-I X plane (reduced-zone scheme), and where a is the
lattice constant of GaAs, Eo is the inner potential with
respect to the VBM, and G=(2m. /a)(l, m, n } is a recipro-
cal vector of the bulk crystal. Different energy surfaces
are labeled by the associated G vector. Those with
(I,m, n) =(0,0, n), where n =0, +2, +4, ..., being perpen-
dicular to the surface, are primary-cone surfaces with
respect to the normal-emission direction. ' Others are

where, g is a surface reciprocal-lattice vector and Ek;„is
the kinetic energy of the electrons with respect to the
vacuum level E„„ofthe spectrometer and can be deter-
mined from the following energy conservation relation
once E„,is determined from experiment:

EkjII =A v+ E; —E»,
and where E„„is measured from the valence-band max-
imum.

In this paper, initial-state energy surfaces are calculat-
ed by the LMTO program mentioned earlier, and labeled
by band numbers counting from the lowest valence band.
The calculations were performed on a grid of 21 X 52 en-
ergy points spanning a rectangular portion of the k plane
concerned within the face-centered-cubic (fcc) Brillouin
zone (BZ). For the measurement plane chosen for this
work, for example, the calculation boundaries are the
I'X(k~)-I X(k" ) lines (see Fig. 1).

Final-state energy surfaces are calculated using the
free-electron-like parabolic surface given by
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referred to as secondary-cone surfaces by Himpsel.
This terminology is commonly used now in the literature
because normal-emission studies (e.g., Refs. 2 and 3) have
found that interband transitions associated with G not
perpendicular to the surface are much weaker than those
associated with perpendicular G vectors. This terminolo-

gy will also be used in this paper, although the secondary
cones referred to here would be referred to as primary
cones associated with each G vector according to
Mahan. '

Once the CEDC's are obtained from Eq. (1), they can
be projected onto the E;(8)-structure plot using Eqs. (2)
and (3), for comparison with experiment. For simplicity,
no restriction on the transitions relating to the
symmetry-selection rules for p-polarized light are con-
sidered in this study in the calculation of the CEDC's.

Surface umklapp processes occur only when excited
electrons cross the surface under the three-step model
and the surface reciprocal g vector is not considered in
the optical (interband} transition. ' This is described in

Eq. (2) with gAO. Under the present experimental
geometry (see Fig. 1), k,„„;d,has to be within the mea-

surement plane (i.e., the I X-I X plane) for the emitted
electrons to be detected by the spectrometer. The associ-
ated interband transitions are thus confined to the
I X-I X plane for g=0, or to a k plane parallel to and
separated from the I X-I X plane by the g vector, should
the detected electrons have been involved in surface um-

klapp processes. For the present 1X1 unreconstructed
surface, however, it can be shown (see the Appendix) that
surface umklapp processes involving any of the available
surface g vectors do not produce structures [in E, (8)
plots] different from those being produced by direct tran-
sitions within the I X-I X plane. Therefore, surface um-

klapp processes are not considered in the following dis-
cussion, although it is likely that they also contribute to
the observed structures.

Direct transitions from surface states have also been
considered in this study and have been compared with
theoretical calculations for a GaAs(001) As-terminated
surface by Pollmann and Pantelides. They used an
empirical tight-binding approximation to describe the
bulk material and solved the surface problem via a
Green's-function formulation of scattering theory. Only

the dangling-bond band in the fundamental gap along the
I E direction of the 1X1 surface BZ is relevant here,
since there is no obvious mechanism available for other
occupied surface states at energies higher than —8 eV to
be seen in the measurement plane. The mapping of the
surface-state band E, (kI') onto the E, (8)-structure plot is
straightforward and can be performed using Eq. (2} with
g=O and Eq. (3). We now return to the interpretation of
the experimental data.

B. Normal emission

To begin with, let us first consider normal-emission
spectra. Experimental points (detected peaks) from the
normal-emission spectra of Fig. 2 are shown in Fig. 3 as a
plot of initial energy E,. versus photon energy hv. Peaks
from core-level emission excited by higher-order light
have been eliminated from the plot. For convenience in
discussion, experimental points have been divided into
several groups and labeled with letter symbols relating to
their assignment to various transitions. The intensity of
peaks can be inferred from Fig. 2 where the correspond-
ing peaks have been marked.

Theoretical transition lines in Fig. 3 were generated us-
ing the LMTO-calculated valence bands 2, 3, and 4 along
the I AX line in the I X-I X plane and the FELFS's given
by Eq. (4) with k" =0. Thick solid lines are primary-cone
transitions, other line styles are secondary-cone transi-
tions, the ( 1mn ) indices for the associated G vectors being
(111),(113),and (T13) for dashed lines, (020), (022), and
(022) for dash-dotted lines, and (220), (222), and (222)
for dotted lines. The best fit between the experimental
points as a whole and the theoretical transition lines is
obtained with an inner potential Ep= 7.0 eV. Other
values of Eo have been used for GaAs(001) surfaces in the
literature: Olde et al. reported a value of —6.6 eV,
whereas Chiang et al. and Larsen et al. used a value of
—7.7 eV for the inner potential. In the papers of Chiang
et al. and Larsen et al. , the VBM was chosen at the on-
set of the spectra, while in our case, the VBM is chosen at
the peak position where emission from the I » point is
identified. Peak positions have traditionally been used to
map band structures and for comparison with theoretical
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FIG. 3. Structure plot for photoelectron
normal-emission data from a GaAs(001)-1X1
surface. Theoretical transition lines are gen-
erated using LMTO-calculated valence bands

63 4 along the I ~direction in the I X-I X
plane together with free-electron-like final

states using an inner potential Ep= 7.0 eV.
Thick solid lines are primary-cone transitions;
other line styles are secondary-cone transi-
tions. The energy is with respect to the
valence-band maximum.
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calculations in previous photoemission experiments. To
be consistent, we consider that the peak position should

also be used for the determination of the VBM location.
The difference in energy from the onset of the spectra to
this peak position is 0.45 eV from our data. Our value of
Eo is close to that of Chiang et al. and Larsen et al. if
this difference is allowed for.

From Fig. 3, the two strongest experimental features,
namely those with letter symbol A in the photon-energy
range of 19-43 eV and those labeled B, are seen to follow

the locus of primary-cone transition lines. The fitting in

energy is within experimental error. They are, therefore,
identified as primary-cone transitions from valence bands
b

&
( A) and b,3 z (8) (corresponding to the LMTO band 2

and the degenerate bands 3 and 4, respectively}, in agree-
ment with previous work. ' ' ' The 5&-band emission

starts to deviate in energy from the theoretical transition
line at h v=19 eV and reaches the I &5 point at h v=15.5

eV, approximately 4 eV higher than the position predict-
ed by the FELFS model. This can be accounted for as a
deviation of the real final-state dispersion from the free-
electron-like parabola near the Brillouin-zone center. As-

suming that the LMTO initial states are of the correct
shape, a real final-state band can be derived by first map-

ping the A experimental points onto the LMTO initial
band 2 (To determine the k of the experimental points
from the initial energy, the theoretical bandwidth has
been adjusted to fit the experimentally determined
critical-point energy Ex = —6. 54 eV} and then shifting

3

the experimental point vertically by the corresponding
photon energy. The resulting final-state dispersion is
shown in Fig. 4. A similar result was also obtained by
Middelmann et al. for a-Sn.

Transitions from the h3 4 band, occurring at photon
energies between 18 and 36 eV and shown by C in Fig. 3,
do not follow the primary-cone transition lines. This is in

contrast to the work by Chiang et al. and by Larsen
et al. where they reported a good fit for these transi-
tions. The maximum deviation (about 0.8 eV) is seen at
h v =28 eV in our data, from where another structure (la-

beled D) is developed above the primary-cone transitions
from the 534 band. No theoretical transition lines fit

these transitions in Fig. 3, although the secondary-cone
transition lines go through this region. Since a convinc-
ing explanation of this inconsistency involves the study of
the off-normal-emission data, we leave it to Sec. III C.

There are two features in Fig. 3 that we identify as
transitions involving secondary cones. The first set, la-
beled E, can be identified as emission from the h3 4 band
to the (020) band. Stronger emission is observed for these
transitions as the binding energy of the X5 point
(E» = —2.74 eV from our experiment) is approached

(see Fig. 2), although emission cannot be identified after
19 eV. The second set, labeled by letter symbol I", is asso-
ciated with transitions from the region of high density of
states near the X3 point to the lifetime-broadened
secondary-cone final states. This interpretation will be
further discussed in the off-normal emission data present-
ed later in Sec. III C. Other features left unexplained in
the normal-emission spectra are generally weak and wil1
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be examined in conjunction with the off-normal-emission

spectra below.

C. OfF-normal emission

Off-normal-emission spectra, though less frequently
studied in the past, contain much information. Figure 5
shows a selection of structure plots of the E;(8) type. Ex-
perimental peaks determined from EDC's at different po-
lar angles are shown using letter symbols inherited from
the normal-emission study. Two diff'erent types of
theoretical transition lines have been generated in Fig. 5.
The cross-hair symbols represent direct transitions
from the dangling-bond surface band of the calculations
of Pollmann and Pantelides. The solid lines represent
direct transitions from the bulk bands to the FELFS
primary-cone final states. They are generated by calcu-
lating the CEDC's between the LMTO-valence-band sur-
faces 2, 3, and 4 in the I X-I X plane and the primary-
cone free-electron-like final-state parabola [Eq. (4)] using
an inner potential of Eo= —7.0 eV relative to the VBM,
the associated G vectors being (002), (002), and (004).

For hv&16 eV, off-normal-emission spectra are very
similar in general shape and can be represented by the
spectrum taken at a photon energy of 12.70 eV [Fig. 5(a}].
No obvious structures in the plot can be attributed to
primary-cone transitions, suggesting, as expected, that
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the FELFS model is not applicable for direct transitions
in this energy region. However, this does not mean that
no true direct bulk transitions occur in this energy re-
gion. In fact, the strong emission, labeled E, observed at
E,- = —1.0 eV over the full polar-angle range is probably
due to direct transitions from bulk valence bands to the
real conduction bands. This structure shows significant
dispersion in normal emission (see Fig. 3}and is therefore

not emission from a surface state. This argument can
also be applied to the other strong emissions in Fig. 5(a},
also labeled K, observed at E; = —2.5 and —3.7 eV for
—20'& 8 & +20'. On the other hand, the emissions with
0 & —20' and 0) +20' and labeled by E, continuing from
the E feature at E,- = —3.7 eV, are of a diferent nature.
They are associated with secondary-cone transitions and
will be considered later.
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Regarding the crescent of emissions, labeled S, ob-
served at the valence-band maximum for —10' & 0
&+ 10 in Fig. 5(a), this can be identified as direct transi-
tions from the dangling-bond state as calculated by
Pollmann and Pantelides, but contributions from the
bulk-band primary-cone transition may also be present
because both theoretical lines fit this experimental
feature. Referring to the normal-emission-structure plot
Fig. 3, a dispersionless feature with S is observed at the
valence-band maximum for photon energies from 10 to
16 eV. This feature continues for photon energies from
22 to 29 eV and the associated off-normal emission can be
seen in Figs. 5(c) and 5(d) within —10'&8
&+10'. The emission intensity of the S feature in the
normal-emission direction is rather consistent, as is evi-
dent from Fig. 2, except at a photon energy of 10.70 eV,
where we observe strong emission. According to a recent
study on the GaAs(110) surface using angle-resolved
constant-initial-state spectroscopy, it is found that the
conduction-band energies at the I point (relative to the
VBM) in the energy region of 10—16 eV are 10.72, 12.60,
and 15.20 eV. Our normal-emission study above shows a
possible I -point energy at 15.5 eV. The emission at the
VBM for h v=10.70 eV suggests further that there exist
contributions from both the surface state and the direct
bulk transition for this excitation energy, and thus
confirms the results of Ref. 25.

We now move on to discuss the off-normal-emission
spectra taken for photon energies greater than 16 eV. To
begin with, we concentrate on the interpretation of the
feature C. As can be seen from Figs. 5(b) and 5(c), strong
transitions within —20'&8&+20 near the VBM, i.e.,
the feature C, mimic the shape of the theoretical lines for
primary-cone direct transitions from the LMTO band 4,
but the energy at 8=0 is on average 0.35 eV higher than
the position predicted by the free-electron-like final-state
model for photon energies from 16—24 eV. Greater devi-
ations from the primary-cone transition lines are seen [see
Figs. 5(d) and 5(e)] for photon energies greater than 25 eV
for this transition, leading to the result that the feature C
in the normal-emission direction cannot be accounted for
as direct transitions from h3 4 bands to the primary cone
of the free-electron-like final states.

Since there is also no contribution from secondary-
cone transitions in normal emission for photon energies
from 16 to 24 eV for the feature C, as is evident from Fig.
3, the feature C must be due to direct interband transi-
tions. A theoretical study that used a time-reversed
LEED state to perform one-step photoemission calcula-
tions showed that the final state for allowed direct tran-
sitions from the degenerate h3 4 bands in normal emission
is not free-electron-like, leading to low transition proba-
bility. The photoemission intensity from the 634 band
was also predicted to be weaker than that from the 4I
band. On the other hand, two strong emissions are
present in off-normal-emission spectra as can be seen
from Figs. 5(b) and 5(c) at polar angles close to+10. Our
studies have found that these two strong transitions can
dominate the spectrum in this energy region due to
momentum broadening and thus prevent the observation
of the direct transition from the A3 4 band in the normal-

emission direction. The observed C feature in this
photon-energy range is, therefore, a combination of those
two effects.

Regarding the good fit reported for the h3 4 band tran-
sitions in the normal-emission studies of Chiang et al.
and of Larsen et al. , we believe this was achieved partly
by their use of empirical tight-binding valence bands with
parameters adjusted to fit the experimentally determined
critical-point energies. A better degree of fit can also be
achieved by a different choice of the inner potential ED 1f
a limited photon-energy range (20—32 eV in the work of
Larsen et al. ) is used. Furthermore, deviations of up to
approximately 0.5 eV were observed between the experi-
mental points and the theoretical line for h3 4 band tran-
sitions in the work of Chiang et al. (Fig. 6 of Ref. 2).

The influence of the normal-emission spectra from the
nearby two strong peaks mentioned above due to momen-
tum broadening weakens as the photon energy increases
and as their separation in polar angle increases, whereas
transitions to secondary cones appear in normal emission
in this energy region [see Figs. 3, and Figs. 6(e) and 6(f)
presented later]. These extra transitions exist at higher
photon energies and could probably contribute to the
feature D observed in the normal-emission spectra in Fig.
3. Due to the large number of different secondary-cone
transition lines going through this region, it is not prac-
ticable to analyze the source of these transitions in detail
and we will not discuss the D feature further in the
present paper.

Beyond the polar-angle range of —20 &0&+20' for
photon energies less than 30 eV, there exist some strong
transitions, labeled K, arising from LMTO band 4 as
shown in Figs. 5(c) and 5(d). They follow neither the
primary-cone transition lines nor the theoretical surface-
state transitions. Examination of these experimental
points along other nonzero constant-k~~ lines also shows
significant dispersion. They are, therefore, due to true
bulk transitions.

Emission from LMTO bands 3 and 4 seen in the spec-
tra taken at photon energies greater than 35 eV, i.e., the
B feature, show good agreement with the theoretical
transition lines and can be seen in Fig. 5(Q, confirming
the conclusion concerning their origin made in the
normal-emission study above. Direct transitions from
LMTO band 3 are not generally seen near the normal-
emission direction; only a few transitions in off-normal-
emission directions can be identified as direct transitions
from this band. This fact could not be determined from
the normal-emission study alone due to the degeneracy of
bands 3 and 4 in the I ~ direction. For LMTO band 2,
direct transitions (the A feature) for excitation energies
from 20 to 43 eV mimic the shape of the primary-cone
transition line in the off-normal-emission direction and
the deviation in energy is within experimental error. Fig-
ure 5(e) shows the situation where the transitions are ex-
cited by a photon energy of 33.0 eV. The angle range of
this agreement for feature 3 decreases at lower photon
energies as can be seen in Figs. 5(c) and 5(d), and beyond
this angle range, the spectra are dominated by transitions
arising from secondary-cone transitions [see feature E in
Figs. 6(c) and 6(d) presented later]. For excitation ener-
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gies higher than 43 eV, the direct transition from LMTO
band 2 does not follow the dispersion predicted by the
free-electron-like final-state model within —20' & 0
& +20 and the experimental features become very Hat in
the off-normal direction, as shown in Fig. 5(f). Given the
success of the FELFS model in the photon-energy range
of 20—43 eV, this behavior is unexpected.

We now consider the secondary-cone transitions in the
off-normal-emission spectra. The corresponding theoreti-
cal transition lines are presented in Fig. 6 with the same
set of experimental data in Fig. 5 for comparison. The

theoretical transition lines are generated using the
LMTO-calculated valence bands 2, 3, and 4 in the
I X-I X plane and the FELFS secondary cones with in-
dices (ill), (111),and (113) for solid lines, and indices
(020), (022), and (022) for dashed lines. Transition lines
to the third secondary cones with indices (220), (222),
and (222) are not presented here for clarity, since they
mainly go through regions containing the D experimental
feature.

We first consider the situation, represented by Fig. 6(a),
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FIG. 6. Structure plots of E; v s 0 for secondary-cone transitions. Details of the construction of the theoretical transition lines are

given in the text. The excitation energy for each structure plot is as follows: (a) 12.70 eV, (b) 18.20 eV, (c) 23.20 eV, (d) 26.20 eV, (e)

33.00 eV, and (f) 45.50 eV.
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for h v(16 eV. The experimental feature E is seen to fol-
low the solid lines for 0(—40 and 0) +40' but starts to
deviate in energy up to approximately 1 eV from the
theoretical transition lines toward smaller polar-emission
angles, suggesting that the E feature is probably due to
the secondary-cone transitions. The good fit for this
feature in the polar-angle range 8( —40' and 0&+40'
indicates that the FELFS's are a good representation of
the real final states corresponding to the secondary cones
in this energy region.

Regarding the situation for hv& 16 eV, it has been
pointed out in the normal-emission study presented above
that there are two main features in the normal-emission
spectra that can be identified as secondary-cone transi-
tions from around the X-critical points in the bulk bands.
Correspondingly, feature E can be seen in Fig. 6(b} and
feature F in Figs. 6(b) —6(d). Feature E can also be seen in
Figs. 6(c) and 6(d) in the off-normal direction. In particu-
lar, the E feature in Fig. 6(b) at E; = —3.0 eV follows the
secondary cone with indices (020) and (022) (dashed
lines) in the region —10' & 8 & + 10' and the other secon-
dary cone with index (111) (solid lines) beyond this
polar-angle region, forming a relatively flat feature run-
ning through the whole polar-angle range. This behavior
is seen in all the off-normal-emission spectra correspond-
ing to the identification of the E features in the normal-
emission spectra (Fig. 3) as being due to secondary-cone
emission from the 53 4 band for photon energies from
14-19 eV, confirming the conclusion made in the
normal-emission study.

At higher photon energies, the E feature [see Figs. 6(c)
and 6(d)] is also dispersionless at the energy appropriate
to the flat region of energy surfaces toward glancing
emission angles. Although the theoretical transition lines
do not fit the experimental points, it is likely that they are
still direct transitions in nature and are a combination of
the final-state-broadening effect and the high density of
states associated with the flat region of the bands. This is
also the case for I' feature seen in Figs. 6(b}—6(d). The
similarity between the experimental points and the
theoretical transition lines for the F feature in Figs. 6(c}
and 6(d) indicates that they are due to the corresponding
secondary-cone transitions. The observed deviations in
energy from the theoretical transition lines in the
normal-emission study for the F feature may be account-
ed for by the final state-broadening effect at high photon
energies and by the inadequacy of the free-electron-like
final states at low photon energies.

It can therefore be concluded that umklapp transitions
involving bulk- and/or surface-reciprocal vectors gen-
erally occur around critical points (or flat regions of the
energy surfaces in off-normal emissions) with an associat-
ed high density of states and exhibit little dispersion
along the k ~~ direction. With the final-state lifetime
broadening becoming more prominent as the excitation
energy increases, these transitions also show little disper-
sion along the k direction. They are k-conserving direct
transitions in nature and, therefore, should not be de-
scribed as one-dimensional density-of-states effects, which
are very much a concept inherited from the indirect tran-
sition model of photoemission.

IV. SUMMARY

Angle-resolved photoemission experiments have been
performed on the As-terminated GaAs(001)-1 X 1 surface
grown by molecular-beam epitaxy. The structure
E,.(kI', k,. ) observed in the spectra has been explained in
detail using a free-electron-like final-state model in con-
junction with LMTO-calculated initial-state bands. Ex-
perimental features from surface-states and bulk bands
have been identified. Experimental valence-band struc-
tures could be mapped based on these results, although
this would simply confirm the validity of the LMTO
bands. From the discussion and results presented in this
paper, it can be seen that the free-electron-like final-state
model has mixed success for the GaAs(001)-1X1 surface
over the full range of photon energies used. No general
limit, however, can be established as to the lowest final-
state energy for which the model is useful for predicting
the initial-state band dispersion in k space. Even in the
case where the theoretical transition lines generated
based on this model mimic the shape of the experimental
dispersion, deviations in energy were observed up to 0.35
eV in normal emission and up to about 1 eV in off-normal
emission. For primary-cone direct transitions in the nor-
mal direction, the limit is estimated to be around h v=20
eV. This does not ensure, however, that the model is
equally applicable to other emission directions. It is also
evident that photoemission is a very complicated process
and that an experimental feature may contain contribu-
tions from a number of different sources. Furthermore,
one-dimensional density-of-states effects may be de-
scribed as direct transitions involving bulk andlor sur-
face umklapp processes from critical points or flat re-
gions of the initial energy surfaces where there is a high
density of states.
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APPENDIX

With the present 1X1 surface, only the surface re-
ciprocal vector

is significant for surface umklapp processes; the other
symmetrically distinguishable surface reciprocal vector
g[p2p] is equivalent to a bulk G vector and will not pro-
duce structures different from those being produced by
the secondary-cone (bulk umklapp) transitions in Eq. (4).
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k,
]-X-px plane

y. l=xX plane
$2

&I(k', k )= (k +k„d„„d+g+G)+En .2' (A 1)

For a fcc lattice structure, the (I,m, n) indices for a bulk
Gr vector must satisfy the following conditions:

I =I) —I2+I3,
m =I)+I~—I3,
n = I ) +I2+I3 ~

(A2}

where I„I2, and I3 are arbitrary integers. Therefore,

g+G= (1,1,0)+ (I,m, n)
a ' ' a

FIG. 7. Illustration of the surface umklapp process involving
the surface reciprocal vector g =(2n./a)(1, 1,0) in k space. With
the surface umklapp, optical transitions are con6ned in the
XI -XX plane, but the excited electrons can be detected in the
I X-I X plane. where

(I —l, m + l, n+1)+ (0,0, 1)
2m 2m

a a

=G'+ (0,0, 1), (A3)

From this consideration, we will consider g~ & &0~
only in

the following discussion.
The surface umklapp process involving g f ],p)

can be 11-

lustrated by Fig. 7 where a k plane (the Xl -XX plane)
parallel to and linked by g~»0~ to the 1X-IX plane is

shown. Following the discussion in Sec. III A, detected
electrons due to this surface umklapp process arise from
direct transitions that occur within the XI-XX plane.
The corresponding theoretical transition lines can be cal-
culated using initial energy surfaces in the Xl -XX plane
[calculation boundary lines are XP k ) and XX(k"}]and
final-state surfaces given by Eq. (4) with the k vector now
pointing to the XI -XX plane (i.e., the k vector is no
longer limited to the first BZ).

However, by reducing the k~ to the erst Bz using

g~»o~, one can show that the associated surface umklapp

process will not produce any difFerent theoretical struc-
tures. In fact, by substituting k =k,',d«,d+ g into Eq. (4),
one obtains

G'= (I —l, m + l, n+1) .2m

a

By substituting Eq. (A3) into Eq. (Al), we finally obtain

Z (ki, k')= k'+
m

+
a

+(k".d.ced+G') +&o . (A4)

The only difference between Eqs. (4) and (A4) is the shift
in k by 2n/a which .effectively exchanges the energy at
the I point, for example, with that at the X point along
the k direction. This is also the only difFerence between
the initial energy surfaces in the I X-I X and the XI -XX
planes. Therefore, the resultant theoretical transition
lines will be the same. However, the associated G vectors
[with indices (I,m, n)] in the Xl -XX plane will become
G' [with indices ( I —1,m + 1,n + 1 ) ] in the I X-1 X plane.
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