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%'e present a theoretical study of photoemission from the Al(001) surface. The purpose of this work is
to examine the validity of the nearly-free-electron-gas model for Al, and to study the importance of
many-body and surface effects in its photoemission spectra. This is an extension of our earlier study on
the Na spectra, but the band structure of Al is much more complicated and requires a detailed band cal-
culation. A slab model is employed to self-consistently determine its band —with the inclusion of the
self-energy correction. The band states are then used to calculate the photoemission spectra, which are
compared with measurements. Reasonable agreement has been found for the Al bandwidth, and also for
the spectral profiles at various photon energies. This result strongly supports the view that, once the
many-body and surface effects are properly taken into account, the spectra can be well described with

the nearly-free-electron bands —as in the case of Na. Special attention has been paid to surface-state
emissions. A resonant enhancement in its spectral intensities has been found both in the calculation and
in the measurement. However, there still exist some discrepancies which call for further studies.

I. INTRODUCTION

There have been persistent interests in the band struc-
ture of simple metals and in the validity of the nearly-
free-electron (NFE) model for these metals. On the
theoretical side, detailed theories, ' which include the
many-body effects, exist for the NFE model. Simple met-
als, thus, provide us a unique opportunity to examine the
theory. On the experimental side, the problem was re-
vived due to the improved resolution in the angle-
resolved photoemission spectroscopy, which is generally
regarded as the most direct method for band measure-
ments. Recent photoemission studies by Plummer and
co-workers, however, have revealed serious discrepancies
between the theory and the measured band structures of
Al, Na, ' and K. These negative results cast serious
doubts on the existing theories for simple metals. In this
work, we calculate the Al spectra based on the NFE
model and compare the results with experiments. This is
an extension of our earlier studies on the spectra of
Na. ' ' The band structure of Al, however, is more
complicated and hence requires a careful band calcula-
tion to begin with. Our main conclusion is that, for both
Na and Al, the measured spectra can be reasonably well
explained with the NFE model, provided that the many-
body effects (i.e., the self-energy, X=X&+iX2) and the
surface effects are properly taken into account.

The importance of these effects are, however, usually
neglected in photoemission analysis. Peaks in spectra are
normally associated with vertical transitions between
bands; i.e., transitions that conserve both the energy
and the crystal momentum of the electrons. The impor-
tance of the surfaces and the complex self-energy is that
the momentum needs not be strictly conserved in pho-
toexcitations. They could thus appreciably modify the
peak positions and the spectral pro61es. These effects
should not be neglected.

A brief review on the spectra of Na and K is appropr

ate when addressing the issues involved here. Plummer,
and co-workers have found that ' the occupied band-
width of Na is narrower than the NFE prediction by
18%%uo, and that there are anomalous Fermi-level peaks
that cannot be explained with vertical transitions between
the NFE bands. The self-energy correction (X, ) is
known to cause some bandwidth narrowing in Na, but it
can only account for about one half of the observed nar-
rowing effect. ' Shung and Mahan' " (SM) performed
a detailed calculation for Na and showed that the imagi-
nary part of the self-energy (X2) is crucial to this prob-
lem. Its importance is twofold. One is that the states are
broadened by Xz and, hence photoexcitations need not be
strictly vertical within this energy resolution. The other
is that the mean free path (MFP), which equals—vk/2Xz, of Na is only about 5 A. The short MFP
makes photoemission very sensitive to the surface poten-
tial, since most photoelectrons are coming out from the
first few layers of Na(110). SM showed that the band-
width does "appear" narrower in the spectra —in agree-
ment with the measurements. It only "appears" so since
the peak positions have been shifted from where allowed
by vertical transitions. The shift is a consequence of the
short MFP and the surface-induced emissions. The same
combined effect has also been found to cause the anoma-
lous Fermi-level peaks, and our study has correctly pre-
dicted the spectral strength of the peaks as a function of
the photon energy. So, SM's study indicates no major
discrepancies between the Na photoemission spectra and
the NFE model. The problem is with the straightforward
vertical-transition analysis which overlooks the impor-
tance of the many-body effect and the surface effect in
photoemission. We note that there are other explana-
tions' ' concerning the Na spectra, but these explana-
tions need detailed calculations for the photoemission
matrix elements to substantiate their claims.

Both K and Na have the monatomic bcc structure and
they differ mainly in their lattice constants. These two
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metals are thus expected to share common features in
their photoemission spectra. Indeed they do, but there
are discrepancies which might suggest problems with ap-
plying SM's explanation to other simple metals. Mea-
sured bandwidth of K is 25% narrower than the NFE
band —in close agreement with the calculations. "
Agreements were also found on the position of the anom-
alous peaks, but not on their intensities. This discrepancy
is serious. Aeeording to SM's theory, "the peak intensity
should reduce at %co=20—30 eV since the peaks corre-
spond to nonvertical transitions. In fact, the peak inten-
sities were found to increase like a broad resonance in
this energy range. So far, no theory has been established
to explain this result.

It is clear that an investigation on the validity of SM's
photoemission theory in different simple metals is impor-
tant. The present study concerns the spectra from the
Al(001) surface, for which detailed measurements are
available for comparison. Being a trivalent metal, Al has
a complicated band structure below EF. The band in the
[001] direction has a measured energy gap of 1.68 eV in
width at 1.99 eV below Ez and there are surface states in-

side this gap. The surface states are of special interests
here since their spectral profiles are very sensitive to the
surface-related effects that SM have found important in
photoemission.

The band of Al in the [001] direction is self-

consistently determined with the use of the density-
functional formalism. ' A slab model' has been em-

ployed in which the averaged lattice potential on the
[001] planes were taken. By doing this, we achieve a
good description of the surface profile and the band
structure; meanwhile, we are still able to include the self-

energy correction that SM have suggested to be impor-
tant. The calculated band states are employed to evalu-
ate the photoelectron intensity. We expect this method
to be valid for normal and near-normal emissions from
the Al(001) surface. The calculated spectra are found in
reasonable agreements with the measurement, in the
peak positions, the spectral line shape and also in the size
of the bandwidth reduction from the NFE band. So the
major improvement of this study over SM's analysis is to
employ realistic Bloch states for calculations. Such a
practice is essential for Al due to the complicated Al
bands. There are indications that similar band effect
could also modify the spectra of Na and K, especially for
states near the Fermi level.

The surface state has been determined numerically.
The calculated spectral intensity of this state shows a res-
onant enhancement at Ace=76 eV —in agreement with
the measurement. However, the calculated surface-state
cross section is considerably larger than the measured re-
sult on the low-energy side of the resonance. They differ,
for example, at Ace=50 eV by a factor of 30. A two-band
analysis has been employed for a closer look at this
discrepancy. This is an analytical calculation and the re-
sult shows a similar discrepancy when compared with the
measurement. It is not clear what might have caused the
large difference.

Briefly, the calculated spectra of Al show reasonable
agreements with the measured ones. This finding pro-

vides further support for the view that the NFE model is
reasonable for the simple metals. The result once again
illustrates the importance of the many-body and surface
effects in photoemission spectroscopies. The calculations
and results are discussed in detail in the next section,
which is followed by the concluding remarks. The ap-
pendix contains the analytic two-band analysis, where an
emphasis was put on the surface states and the states near
the energy gap.

II. CALCULATION AND DISCUSSION

In this work we extend the study of SM to the photo-
emission spectra from the Al(001) surface. As in SM, we
employ Mahan's theory of photoemission. ' The quanti-
ty to be calculated is the emitted current per solid angle,
per energy. The momentum parallel to the metal surface
is assumed to be conserved; then, the normal-emission
(say, in the z direction) spectra can be expressed by

2+Ep ) d V(z)dI
dE dQ A&(E fico),—

where ~s ) denotes an (N 1)-electron st—ate with the en-

ergy E„~O) is the N-electron ground state at Eo and ck
the annihilation operator of the state 1(k.

The screening of the electromagnetic field is neglected
in this work. In general, this screening effect is very im-

portant in the surface region at low frequencies, but its
importance decreases rapidly as %co is increased beyond
the plasmon energy. At A'co=50 eV, for example, the
unscreened field is estimated to deviate from the screened
one by less than 10%%uo in magnitude. Neglecting the
screening effect is reasonable here since our discussions
are mostly in the Ace & 50 eV regime.

Two features that distinguish the Al band from the
simple Na band are (a) the presence of an energy gap
below the Fermi energy EF and (b) the existence of a sur-

face state inside the gap. A detailed band calculation
that goes beyond the jellium model is therefore, neces-
sary. The details of the Al band calculation are discussed
in Sec. II A for the band states and Sec. II B for the sur-
face state; which are followed by a discussion on the cal-
culated spectra in Sec. II C.

where k is summed over all occupied states along the
I —+X direction. The quantity %co is the photon energy,
Ep =p /2m the photoelectron energy measured external-

ly, and V(z) the effetci v'epotential in the direction nor-
mal to the surface. Unless otherwise noted, energy zero
is always referred to V(z) at z~ao; for example, the
work function equals Ep in this —energy scale. l(k is the
initial state and P the scattered wave in the final state;
dQ is a small solid angle in the normal direction of emis-
sion. Ak(e) is the spectral function of destroying a k-
state electron at the energy e:

Ak(e) =g
~
(s lck lo) I'S(e+E,—Eo),
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A. The band states

2me dnr, , ~z
~
& r,

(z)= '

2med'n ~z ~, ~z ~
)r, ,

(2)

r, is the 1.12 Bohr radius (as) for Al. ' The averaged
electron density is n =(4nr, /3) ' with r, =2.07as, and
d =3.82as denotes the spacing between the [001] planes
in Al. Equation (2} gives the unscreened lattice poten-
tials: VO0z=0. 91 eV and V004, =0.73 eV, which remain
unchanged from their respective values before the layer
averaging. We employed a slab that contains 20 layers of
Al atoms for a self-consistent band calculation. The lat-
tice relaxation on the Al(001) is small and is, hence,
neg1ected.

The slab model is employed here for the sake of quick
convergence in calculation. This method is believed to
produce a good description both at the surfaces and in
the interior of the bulk Al. Figure 1 illustrates the cal-
culated effective potential V, (z); where the subscript indi-
cates the slab model. The first layer atoms have been
placed at z= —d/2. The result agrees reasonably with
other similar calculations. There is a surface-potential
barrier of height Vo=15.95 eV, which corresponds to a
work function of 4.20 eV—in reasonable agreement with
the measured value of 4.41 eV.

V, (z) clearly becomes periodic beyond the first few lay-
ers near the surface. It is thus convenient to modify the
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FIG. 1. The Srst ten layers of the calculated A1{001)surface
potential. The solid curve is the total effective potential, the
dashed curve the Hartree potential. The Fermi level is indicat-
ed by the dash-dotted curve. The calculated work function is
&=4.20 eV and the surface potential step is 15.9 eV.

A slab model' is used here for a self-consistent band
calculation, in which the density-functional theory within
the local-density approximation' has been employed. In
the slab model, the lattice potential is averaged over the
[001] lattice planes. This is consistent with Eq. (1) where
nonvertical Bragg scattering has been neglected.

The Ashcroft pseuodpotential, which has a soft core of
radius r„ is used here to describe the lattice potential.
After the layer averaging, the potential from a layer lo-
cated at z =0 has the form:

slab potential for the description of a semi-infinite sample
(in the z &0 half-space by assumption} simply by dupli-
cating the tenth layer potential for all the subsequent lay-
ers until z ~—~. We will use this modified potential in
the following calculations but will still denote it by V, (z).
We note that the screening of the lattice potential and the
surface potential are readily built into V, (z). With the
use of this modified slab potential, the momentum of a
state can be easily defined (see later). This is very impor-
tant since, after all, it is the energy dispersion as a func-
tion of momentum we want to examine in photoemission.

Wave functions are needed to evaluate the photoexcita-
tion matrix elements in Eq. (1). States directly deter-
mined from V, are, however, not suitable here; since the
self-energy correction (X,} is our main concern but has
not been included. A procedure is needed to generate
states such that quasiparticle states, gz or P, have the
correct relation between their external energy Ez, and
their crystal momentum k inside the solid. For example,
a state at E &0 should oscillate like e*'~' for z &0 and
like e*' ' for z ((0. Since the self-energy correction in-
side the metal is k dependent, the wave functions are to
experience a k-dependent (or an energy-dependent)
surface-potential barrier. ' We thus employ a method
used in Ref. 12 and assume that the quasiparticle wave
functions are given by an effective Schrodinger equation:

[T+VH(z)+ V„,(E,z))QE(z) =EPE(z), (3)

where T stands for the kinetic-energy operator, VH(z) is
the static Hartree potential (i.e., the dashed curve in Fig.
1}, and V„,(E,z) an energy-dependent exchange-
correlation potential. We further assume that V„,(E,z) is
real and proportional to the Kohn-Sham exchange-
correlation potential V„,(z},i.e.,

V„,(E,z) =f (E)V„,(z), (3')

which is employed in the following calculations. The

where f(E) is to be determined. Effectively, the com-
plex, nonlocal effective-mass operator' of the quasiparti-
cle states has been approximated by a real, local one in
Eq. (3}. With this approximation, the calculations are
kept simple enough so that the one-body characters of
quasiparticles can be clearly identified in the analysis.

The energy-dependent scaling factor f(E) is deter-
mined with the application of the jellium model. Deep
inside the jellium, states have a well-defined momentum
k. Within the Kohn-Sham scheme the density-functional
calculation would yield f (E)=1 and V, (z) = Vn(z)
+ V„,(z), and lim, „V„,(z)=XI(k~).' If the self-
energy correction is included, it follows from Eqs. (3) and
(3') that (A=rn =1)

EI, =k /2 Q+f(E)V„,( —oo)=—k /2 —/+X, (k),
where P= VH( —oo ) is the Coulomb barrier due to the
charge redistribution at the surface. The jellium model
thus suggests

X,(k}I' '=X,(k, )
'
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method is expected to work fairly well for simple metals
like Al, since the lattice potential of which is weak. The
k-dependent self-energy is calculated using the Rayleigh-
Schrodinger method and the result for 0(k &5kF has
been given in Ref. 12. The self-energy correction leads to
a 0.22-eV conduction bandwidth reduction in Al. This
value agrees reasonably well with the random-phase-
approximation results of 0.20 eV (Refs. 1 and 3) (see dis-
cussion later). The Rayleigh-Schrodinger method has
been applied with success to the polaron problem and
heavily doped semiconductors.

Both the wave functions and the density of states of the
occupied states are needed in evaluating Eq. (1). These
states have E &0 and the wave functions are thus real.
The wave functions must be expressible as combinations
of Bloch waves [u (z+d) =exp(ikd)u (z) ] deep inside the
crystal; i.e., the solutions of Eq. (2) have the form

QE(z) =u (z)+u'(z), z «0 .

After a few steps of simple algebra, we obtain

l(x(z+d)+l(E(z —d)
cos(kd) =

2 E z

(5)

(6)

—12
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FIG. 2. The Al band structure in the [001j direction. The
solid curve is the NFE band, and the dashed curve is the quasi-
particle band where the self-energy correction has been includ-
ed. The dots indicate the evaluated band which also includes
the lattice scattering. This calculated band agrees with the
quasiparticle band except at the zone boundary where a gap
opens up. The open circle at —2.98 eV indicates the surface
state. k is measured in units of 6002/2.

This equation uniquely determines the relation between
the external energy E of an electron and its crystal
inomentum k inside the crystal —with the band structure
effect, the surface, and the self-energy correction all taken
into consideration. Ordinary band calculations do not in-
clude the self-energy correction.

Band states are those with real k or, equivalently, with
the absolute value of the right-hand side of Eq. (6) less
than 1. The band structure obtained this way is shown
by the dots in Fig. 2; where the Fermi energy is put to
zero. The density of states is easily determined from the
dispersion of the band. This calculation agrees excellent-

ly, except near the zone boundary, with a
quasiparticle band (dashed curve) defined by:
C+k /2m+Xi(k), where C is a constant energy shift to
align the Fermi energy to zero. At the zone boundary
there is a 1.7-eV band gap in the calculated band struc-
ture. This gap size is slightly less than 2V002 because of
the screening effect. The calculated band in the gap re-
gion can actually be well approximated with a simple
two-band analysis if a lattice potential 2VG=1.7 eV is
employed. The two-band method is summarized in the
Appendix, which is useful for later analysis. The calcu-
lated gap size agrees closely with the measured result of
1.68+0.08 eV. The NFE band without the self-energy
correction is given by the solid curve, which has a band-
width of 11.69 eV. There is a small [X,(0)
—X,(kF)=0.22 eV] bandwidth narrowing effect due to
the self-energy correction. The measured bandwidth
reduction is 1.1 eV. The difference in the quasiparticle
bandwidth and the measurement is partly due to photo-
emission itself; which is discussed in Sec. II C.

B. The surface state

Surface states are Bloch states with complex wave vec-
tors; they can thus only exist at surfaces. A simple two-
band analysis (see Appendix) shows that the surface state
on the Al(001) surface has a crystal momentum
k =m/d —iq. By approximating the surface potential by
a step potential of height V0, we have found that
q =0.07 (1/A).

Equation (6) is valid for a surface state too; but the ab-
solute value of the cosine function is now greater than
one because of the complex k. The absolute value of the
right-hand side of Eq. (6) is always greater than one in-
side the gap. We, therefore, need to use a different
criterion to locate a surface state. A quantity
yE(z) =PE(z)/QE(z+d) is defined first. A surface state
is located where yE ~

& 1 and yE(z) agrees with yE(z —d)
to within 0.01%. The self-energy of the surface state is
expected to be small since X,(ir/d) —X,(kF)=5X10
eV, which is negligible, and Xz(m. /d)=0. 04 eV. The
Al(001) surface state is found at 2.98 eV below EF (shown
by the arrow in Fig. 2). This value agrees closely with
that from the two-band model (at 2.6 eV) and that by
measurement (at 2.75 eV).

We remark that, as far as photoemission is concerned,
a surface state is very similar to a band state near the gap.
They are close in energy and also in momentum. The
imaginary part of the surface-state momentum could be
irrelevant if the inverse of it is much larger than the MEP
of the photoelectron. For the Al(001) surface state,
A/q —14 A and the MFP is about 4 A. The "vertical"
transition from the surface state would thus be analogous
to that from a state near the band edge.

C. The calculated spectra

The spectra can now be evaluated using Eq. (1) with
the band and the surface states determined in the previ-
ous subsections. The final state, ~g ), represents a scat-
tered wave which is determined numerically in accor-
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dance with Eqs. (3) and (4). The Coulomb scattering is
taken into account by including X2 in the potential. The
procedure is similar to that employed in the low-energy-
electron-diffraction (LEED) state calculation. The ini-
tial and final states, whether they are bandstates or are in
a gap, can be analytically studied within the two-band
model, which is summarized in the Appendix. These an-

alytic results are very useful for checking the validity of
our numerical calculations. For instance, the numerical-
ly generated surface state wave function is found well de-
scribed by Eqs. (A6)-(AS).

The self-energy does not depend on energy within the
Rayleigh Sc-hrodinger approximation; therefore, the spec-
tral function can be expressed by a Lorenzian:

—Xz( k }e(E~ —s)Ak(s}=-
(s Ek—} +X2(k)

EI, is the one-body state energy defined by Eq. (3). A
small surface-state broadening effect, which is approxi-
mated by X2(s /d) =0.04 eV, has been included in the fol-

lowing calculation.
The calculated spectra at selected photon energies are

given as functions of the initial-state energy in Fig. 3,
where we have aligned EF to zero. A Gaussian of full
width 0.5 eV has been included to account for the instru-
mental broadening. The result can be directly compared
with the measurement of Levinson, Greuter, and Plum-
mer (Fig. 4 of Ref. 6}. Both the calculation and the mea-
surement show similar spectral features: the peak struc-
tures can be grouped into three energy regions. The sta-
tionary peak at ——3 eV is due to the surface state. The
peak structure to the left of the surface state comes main-
ly from the vertical transitions. Peaks also appear to the
right of the surface state. These high-energy structures
are mostly due to the same surface effect that explains' '"
the anomalous peaks in the Na spectra. The spectral
characters at these three energy regions are, respectively,
discussed below.

of Eq. (I). Recall that V, (z) has been made periodic by
duplicating the tenth layer potential to the subsequent
layers. Vb„,k can thus be defined accordingly by repeat-
ing the tenth layer potential for all layers and putting
Vb„,„(z}=0 for z&0. The difference between V, and

Vb„&z then gives V,„&„,. The separation of the surface
and the bulk contributions here is somewhat artificial,
since the wave functions have been determined in accor-
dance with V, (z) and hence contain both the surface and
the bulk characters. This differs from SM's calculation
where the wave functions are determined within the jelli-
um model and, hence, do not contain the lattice contribu-
tion. This difference explains the appearance of the two
bumps in the dotted curve at ——0.5 and —3 eV, which
is additional to the vertical transition at ——11 eV. The
large size of the ——0.5-eV structure clearly suggests
that photoemission spectra cannot be fully understood by
means of the vertical transitions alone.

The structure at ——0.5 eV in Fig. 4 has nothing to do
with vertical transitions at all. It is induced by the non-
periodic surface potential. The same surface effect has
been found by SM to cause the anomalous structure at
E~ in the Na spectra. Here in the spectra of Al, the sur-
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A typical spectrum is shown in Fig. 4 for fuo=44 eV
(the solid curve), where the three main structures de-
scribed above can be easily identified. An attempt has
been made here to differentiate various contributions due
to, respectively, the periodic bulk potential (the dotted
curve), the surface (the dashed curve), and their interfer-
ence (the dot-dashed curve). This is achieved by separat-
ing V, = Vb„)„+V,„~„,in calculating
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FIG. 3. Calculated normal-emission spectra at different pho-
ton energies are illustrated here. The spectra are given in terms
of the initial-state energy. A 0.5-eV instrumental broadening
effect has been applied to the spectra.

Initial State Energy (eV)

FIG. 4. A typical spectrum at %co=44 eV (the C} point) is ex-
amined. The spectrum before the instrumental broadening is
shown by the solid curve, which is decomposed into a surface-
induced part (the dashed curve), a lattice contribution (the dot-
ted curve), and an interference term (the dash-dotted curve).
The short, vertical lines, respectively, indicate the expected
vertical transition position of the NFE band ( A), the quasiparti-
cle predicted peak position (B), and the actual peak position
from the calculation (C).
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face effect is mainly to cause an edge at Ez in the spectra,
which appears in a peak form since there is an energy gap-2 eV below EF. This surface-induced peak structure
makes it difBcult to determine the band dispersion of the
upper part of the conduction band. Vertical transitions
from these states are possible at fico-68 —82 eV, but their
peak positions are strongly modified (see Fig. 5 later) by
the surface effect, which is intrinsic to photoemission so
it cannot be discarded. However, the surface effect
reduces rapidly as the photon energy increases' ' "—as is
seen clearly from Fig. 3 and also from the measurement.
Thus, it would be better to determine the upper part of
the conduction band at higher photon energies.

The photoexcitations from the bottom part of the con-
duction band (e.g., the —11-eV structure in Fig. 4) are
closely related to the vertical transitions, but their peak
positions have been modified. The modification causes
difBculties in the band determination: it usually makes
the bandwidth appear narrower than it actually is. The
letter A in Fig. 4 indicates the expected vertical transi-
tion peak position of NFE band. The predicted peak po-
sition of the quasiparticle band is, in fact, at B. The ap-
parent peak position is found at C, which is about 0.4 eV
above B. The peak position is modified from the position
predicted by quasiparticle band for two main reasons: (1)
the potential is nonperiodic in the surface region, which
makes strict momentum conservation unnecessary; (2)
states near the band bottom are broad in width
(Xz- —1.2 eV), which enhances the importance of the
nonvertical transitions. We have found that these effects
usually shift the peak positions upwards in energy, ' '"
and that the shift is most apparent near the band bottom.
There is a simple explanation to this: no band states exist
below the band bottom, therefore, the spectral weight is
shifted upwards due to the nonvertical transitions from
the states above. Maybe what is surprising here is not
that the vertical transition peaks have been shifted in en-

ergy but that, after the complicated many-body and sur-
face effects are taken into account, the one-electron states
can actually be identified rather accurately.

By following the ordinary vertical transition analysis
we look for the local maxima in the calculated spectra.
The peak positions (in circles) are illustrated in Fig. 5 as
functions of %co. They are to be compared with the mea-
sured results (the crosses), and with the predicted transi-
tions from an NFE band (the solid curves) and also from
a quasiparticle band which includes the correction from
XI. The self-energy correction has two effects on the
NFE bands: (1) the conduction band is narrowed and (2)
a higher photon energy is, in general, needed for a verti-
cal transition since' X,(k) —XI(kz) &0 for k) 2k~.
These effects are easily seen in Fig. 5 by comparing the
solid and the dashed curves. The calculated result in gen-
eral reproduces the quasiparticle band for states below
—4 eV. The same is true in the measurement but only
for Ace&85 eV. For 30 eV (Ace(70 eV, the measured
peaks are generally 1 —2 eV higher in energy than the
quasiparticle band. This difference is much larger than
the experimental resolution and cannot be understood
readily. There are two possible explanations for the mea-
sured results. One is that the peaks are generally deter-
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FIG. 5. The open circles indicate the peak positions from the
calculated spectra at different photon energies. The results are
expressed in terms of the initial-state energy. The crosses are
from the measurement. The expected vertical transitions from
the NFE band (the solid curve) and the quasiparticle band (the
dashed curve) are also given.

mined from vertical transitions. The measurement, then,
suggests an anomalous k dependence of X&(k) in the final
states; but this would be inconsistent with most self-
energy calculations. ' ' ' Another possibility is that a
strong nonvertical transition greatly modifies the peak
positions —an effect much larger than our calculation has
suggested. Neither of the two explanations seem satisfac-
tory. Detailed measurements at improved resolution in
this energy range are necessary.

Calculated spectra show a conduction bandwidth of
11.29 eV at Ace=34 eV and of 11.20 eV at Boo=152 eV,
which are narrower than the quasiparticle band by 0.18
and 0.27 eV, respectively. This surface-related band-
width reduction effect is small in Al. The same surface
effect, however, was found to cause —10% bandwidth
narrowing in Na and K. There is a small difference in the
calculated bandwidth at the two photon energies, which
resulted from the difference in the final state MFP. A
similar effect has also been found in the calculated Na
spectral. ' Such photon-energy dependence is small com-
pared with the instrumental resolution and has yet to be
verified experimentally.

The present study has included 0.22-eV bandwidth
reduction due to the self-energy correction, ' and has re-
vealed an additional -0.2-eV reduction due to a
surface-related distortion that is intrinsic to photoemis-
sion measurements. So the calculated bandwidth is 11.25
eV, which is still 0.6—0.7 eV larger than the measured
value of 10.6 eV. The difference might be explained by
the scattering from the crystal potential. Band calcula-
tions predict that the one-body bands are narrowed by
from 0.2 to 0.6-0.7 eV due to crystal scattering.
Therefore, with all the effects included, it is predicted
that the bandwidth from photoemission measurements
should be 10.8+0.3 eV, which agrees with the measure-
ment fairly well. The various bandwidth reduction fac-
tors are summarized in Table I. It should be noted that a
recent self-energy calculation, which includes vertex
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corrections, predicts a 0.05-eV band narrowing for Al.
This value is 0.17 eV smaller than the self-energy correc-
tion used in this study, but the difference would not offset
the conclusion stated above.

Table I shows that the most important bandwidth
reduction factor in Al comes from the crystal scattering,
which is followed by an experimental artifact caused by a
short MFP and by the self-energy correction. The state
of the art of the so-called GW calculation has recently
shown that the combined effect of the lattice scattering
and the self-energy correction (the real part only) leads to
a large 1.7-eV band narrowing effect in Al —larger by 0.6
eV than the photoemission result. Mahan and Sernelius
has found that the proper inclusion of the vertex correc-
tion, which is neglected in the GW calculation, causes a
substantial decrease in the band narrowing effect. This
may explain the large discrepancy between our self-
energy correction and the one from the GW method.

The bands above —2 eV (see Fig. 5) deserve further
discussions. The peaks located at ——0.5 eV are mainly
surface induced —as explained earlier. Vertical excita-
tions are possible in the energy range 68 eV &Ace(82
eV, but they are strongly mixed with the surface-induced
structure. The two structures cannot be separately
identified from our calculation, where a 0.5-eV broaden-
ing effect has been included. The measured result at the
same resolution, however, does show clearer band
behavior here; even the band crossing at Ez has been
determined. On the other hand, measured spectra (Fig. 4
of Ref. 6) look very similar to the calculated spectra (Fig.
3) and exhibit a similar structure at —0.5 eV in a wide
range of photon energies. It seems that a measurement
with improved resolution is needed for a better under-
standing of this —0.5-eV structure.

The surface state appears essentially stationary at —3
eV in Fig. 5. The evaluated surface-state intensity as a
function of A'co is illustrated in Fig. 6 {the solid curve),
where the measured result (indicated by X ) is also given.
Noticeably, there appears a resonance peak at %co-76
eV—where the vertical excitations from states near the
band edge is predicted (see Fig. 5). This resonance is ex-
pected. As noted earlier, the surface state and the band-
edge state have very similar momentum and energy. The
momentum is G/2 at the band edge and is G/2 iq (i.e., —
is complex) inside the gap. Thus, a resonant enhance-
ment in the surface-state emission is expected near the
photo-energy at which vertical transitions from states at
G/2 take place. Such resonant behavior has been found

1.5

Cl4

g 1.p—
0
Q0

M

Al(001) Normal Emission

X

X
X Xfr) p p x

5p

I I I"'------.

7p 9p

Photon Energy (eV)

lip

FIG. 6. The surface state cross section exhibits a resonance

enhancement at %co-76 eV. The calculated result is given by
the solid curve and the measured ones by the crosses. An

analytical result from a simple two-band model are shown by

the dashed curve. Band-edge state emission (for k=6002/2)
shows a similar resonance by calculation (dotted curve).

experimentally. Similar resonance behavior has been dis-
cussed for the Cu(111) surface state. ' Here, this effect is
studied with a realistic calculation of the excitation ma-
trix element. The calculation and the measurement agree
fairly well on the high-energy side of the resonance, but
they disagree appreciably on the low-energy side by a fac-
tor of -30. A two-band calculation (the dashed curve)
(see Appendix), also exhibits a similar discrepancy when
compared with the measurement. The nature of the large
intensity difference at low photon energies is not known
and further studies are necessary.

The surface-state resonance might be related to the
anomalous peak at EF in the spectra of Na (Ref. 7) and
K. The dotted curves in Fig. 6 are calculated for band
states near the band gap of Al; k is 6552/2. The reso-
nance of the near edge states is very similar to that of the
surface state, as can be expected from the early discus-
sions. In alkaline metals, the Fermi level is very close to
the zone boundary in the [110]direction. Thus, a similar
resonant enhancement from the Fermi-level emission is
possible in alkaline metals. Such an enhancement, how-
ever, must compete with an intensity reduction effect due
to the Fermi-level cutoff. SM showed that the latter
causes the Fermi-level emission intensity to decrease in

TABLE I. Various bandwidth reduction factors (in eV) of Al.

(1) Self-energy
correction

0.22'
0.05'

(2) Intrinsic to
photoemission

0.18-0.27 0.2; 07'
0.6'
0.7g

(3) Crystal
scattering (1)+(2)+ (3)

0.8+0.4

Measurement

'Reference 12.
'This calculation.
'Ref"-rence 28.
Reference 6.

'Reference 3.
'Reference 29.
Reference 30.
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Na in the forbidden gap, i.e., where vertical excitation
from an occupied state is not possible. In that calcula-
tion, the band-structure effect (i.e., the modification of
the band dispersion and of the wave functions due to the
lattice potential) was not included. The measured
Fermi-level emission of K, however, has illustrated a res-
onant enhancement inside the forbidden gap. How the
band-structure effect, like the one that has been studied
here for Al, affect the Fermi-level emission in the alkaline
metals will be discussed in a planned future work.

III. CONCLUDING REMARKS

A theoretical study of the Al(001) normal emission
spectra is presented, where the surface, the many-body
and band-structure effects have been taken into account.
General agreements with the measured result, especially
with the spectral profiles, have been found. This result,
together with SM's analysis of the Na spectra, provide a
strong indication that these effects may be essential in the
spectral analysis of other metals too.

A 0.2-eV band narrowing effect due to surface-induced
distortion in photoemission has been identified. This
effect, combined with the corrections due to the self-

energy and the crystal potential scattering, could very
well explain the measured 10.6-eV bandwidth of Al. It
seems reasonable to conclude here that the conventional
one-electron picture works for simple metals —provided
that the complex self-energy and the band structure are
included in the one-electron theory and that the surface
effect is properly treated in photoemission.

The calculation shows that, at the 0.5-eV resolution,
the quasiparticle band Ior X((k)] of Al can be fairly accu-
rately determined (Fig. 5). The measured result, howev-

er, agrees with the calculation only when %co & 85 eV. A
closer comparison at a better experimental resolution is
needed for a better determination of X((k) in the range,

say, 0&k &5kF. This is important since there exist
different many-body calculations that predict different
self-energy corrections, ' ' and there is a lack of experi-
mental evidences to draw conclusions. High-resolution
photoemission measurements can also be expected to re-
veal details of the surface-induced structure close to the
Fermi level.

The calculated emission intensity from the surface
state shows a resonant enhancement at Ace -76 eV, which
is observed experimentally. However, the calculation and
the measurement differ seriously on the low-energy side
of the resonance. Further studies are necessary to resolve
this discrepancy. The relation of this resonance with the
anomalous Fermi-level emission structure in Na and K
has been briefly discussed. The possibility of a similar
resonance in the Fermi-level emission of K is suggested.
This problem is currently under investigation.
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APPENDIX

In this appendix we employ the two-band model to de-
scribe states in the surface area. The results are analytic
in form and are thus useful for studying the photoemis-
sion spectra, especially the surface-state emission.

The Hamiltonian for a crystal which occupies z &0
half space is approximated by

1H= —— + V(z),
2 az2

where

(A 1)

2

g (z)=e'i"+Re '"' if E &0 and E= &0,
2

2

f =Be ' ifE&0andE=——a
(A2}

R and 8 are constants to be determined.
The standard two-band model for the z & 0 region gives

)
—T e ikz+ i(k —g)zVG

(:—@k-g
(A3)

8 is the state energy inside the crystal (i.e., 8—VO=E)
and Ck =k /2. T is to be determined. It is convenient to
express k=6/2+rj in the gap region. The two-band
mixing leads to the relation between g and 8:

q =f(8),
where

(A4)

f( 8)=26 +2@gyp 2'1/ 4gggiz+ Vg

With proper boundary conditions at z =0, the states of
(Al) at all energies can be determined from (A2) —(A4).
States needed for evaluating Eq. (1) are the occupied state
(E &0), pk, and the scattering states (E &0), g . Sur-
face states, occupied band states, and scattering states are
discussed below.

1. Surface state (E & 0,f {E}& 0)

For fk(z) to remain finite in the z &0 region, it is
necessary that

i If(@)l'"= iq, — —— (A5}

i.e., k is complex. It is convenient to rewrite (A3} for the
surface states:

V(z) —
( V + V e Tigz+igd/2)e(

Vo describes the potential step at the surface. The factor
e ' accounts for the fact that the first layer has been
put at z= —d/2. For convenience Vge ' "~ is denoted
by Vg. The wave functions satisfy Htti(z) =Ef(z) with E
relative to the vacuum level. The states in the flat, z &0
region are simply described by

This work was supported in part by the National Sci-
ence Council of the Republic of China under Grants Nos.
NSC 81-0208-M-007-09, NSC 82-0208-M-007-008, and
NSC 83-0208-M007-041.

hatt
(z) = T'e~'cos —z+56

2

which corresponds to

(A6)
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cos25=(6+ —,'q —@0)/VG,

and

sin25= —qG/2VG . (A7}

A surface state at E is given by g (z}8(z)+ps(z)8( —z),

q and ~ satisfying (A5). Further, the continuity condi-
tions of the wave functions of (A2) and (A6} at z =0 re-

quire that

3. The scattering state (E & 0)

is a time-reversed LEED state, ' which exists for
E&0. To take care of the Coulomb scattering experi-
enced by the outgoing electron, k is a complex even if it is
not inside not on the energy gap. Electively, this means
a non-Hermitian potential: —iXz(k)8( —z) ( —for time
reverse} has been included in V(z) of Eq. (Al). The con-
stants T and R are determined from the continuity condi-
tions at z =0.

We need to replace C~C+iX2 in (A3} and (A4).
Then, f(~+i X2}in general is complex, and

2tan5=(q+a) —.6 (AS) g=+[ f(8+iX'}]'~2.

It follows from tan5&0 (i.e., sin25&0} that a surface
state exists only if VG &0. These results agree with the
early two-band calculations. 2 A surface state of Al(001}
is found at 2.6 eV below E', where we have taken
Vo= 15.9 eV (Fig. 1) and 2Vm2= —2Vmz = —1.71 eV as

input parameters for (A6) and (AS).

The (k) is chosen so that Im(g) &0. One finds easily
from (A2) and (A3):

R= pc c
pc+ c

and

p
pc+c' (A10)

2. The bandstate(E &0, f(E)&0)

r

B 1 . aT= +l
2 c c

(A9)

where c=l+VG/(~ —8k G) and c'=k+(k —G)VG/
(@-@k-G).

The bounded bulk state is real and can be written as
gk(z)+gk(z) (z &0), where gk(z) is from (A3). With the
proper boundary condition at z =0,

where c =1+VG I(~+iX2 8k—G) and c'=k
+(k —G)VG/(~+iXz gz —G). If VG=O, (A10) reduces
to the empty lattice result.

With these two-band results, (f~ (z) ~B V(z)/Bz ~gk(z) )
of Eq. (1) only involves elementary integrations and can
be evaluated analytically. The surface-state emission
cross section has been calculated and plotted in Fig. 6.
The result from this two-band model agrees fairly well
with that from a more detailed band calculation. Equa-
tions (A10) are also valid in the X2~0 limit, i.e., when
the Coulomb scattering is neglected.
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