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Experimental angle-resolved photoemission spectra obtained from a Cu(111) surface for
11.8 < #iw <21.2 eV are analyzed by comparing them with spectra calculated with the parametrized
scheme presented in the preceding paper. It is found that the final state can be described in terms of
bands with free-electron-like, rather than bulklike, E-versus-K dispersions; that the effective inner
potential used to calculate these bands can vary with the final-state energy E and emission direction
R; that the final state can consist of a mixture of up to several free-electron-like bands; and that
momentum broadening can strongly influence peak shapes and positions. The usefulness of the
scheme for determining initial-state band positions is demonstrated. It is found that the Fresnel
equations are adequate for describing the electric field of the incident light within the solid.

I. INTRODUCTION

Several authors have proposed, on the basis of angle-
resolved photoemission (ARP) measurements, precise ex-
perimental E-versus-K relationships for portions of the
occupied bulk bands of Cu.!=® In these works, initial-
state band positions have been extracted from experimen-
‘tal spectra by working within a strict direct-transition
model. When E(K) is determined with spectra from a

single-crystal face,'™ the Bloch wave vector K associated
with an observed spectral feature is obtained by assuming
* that the final states have either bulklike* or free-electron-
like!=3 dispersions. In triangulation methods involving
spectra from two crystal faces,>® it is assumed only that
the final states lie along bands with dispersions which are
crystal face independent.

While the energy bands mapped out with these pro-
cedures have agreed well with first-principles band-
structure calculations, complications involving the final
state can limit their general usefulness. If the assump-
tions concerning the dispersion of ¥/ become inaccurate,
the k point at which direct transitions occur can be
placed incorrectly; the decay of ¥ into the bulk results in
momentum broadening in the optical matrix element and
indirect transitions; and (in the context of a three-step
model) surface umklapp processes and propagation in
secondary Mahan cones can occur and be difficult to in-
terpret correctly. It is in an attempt to account for such
effects in the interpretation of spectra that the calculation
of peak intensities and shapes, as well as positions, should
be very useful, as these are generally quite sensitive to any
proposed behavior for W , and can thus be used to help
determine .

In this paper we analyze a selected set of experimental
spectra obtained from a Cu(l11l) surface for
11.8 <#%iw <21.2 eV with calculations performed with the
parametrized scheme, based upon a one-step model of
photoemission, presented in the preceding paper (hereafter
referred to as I). We find, in general agreement with the
results of some other workers,” that the final state is
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described by bands with free-electron-like dispersions,
rather than by bulk bands. We also find, however, that it
frequently consists of a mixture of more than one free-
electron-like band, occasionally including bands with
group velocities directed into rather than out of the bulk;
that the inner potential used to calculate these bands can
be a function of the emission direction R and energy E
defining the final state; and that momentum broadening
can strongly influence peak shapes and positions.

The determination of initial-state band positions with
the present scheme is demonstrated. It is found that such
determinations are only feasible when the final state is rel-
atively simple and consists of a small number of single-
OPW bands.

II. EXPERIMENT

Experiments were performed with a Vacuum Genera-
tors ADES 400 electron spectrometer. A Cu(111) single
crystal was prepared using standard techniques. The an-
gular acceptance of the hemispherical analyzer was *2°,
and spectra were collected with an energy resolution of
0.15 eV full width at half maximum (FWHM). The ex-
perimental geometry was such that the emission direction,
the photon wave vector, and the surface normal all lay in
the horizontal plane. We let 6 and 1 represent the emis-
sion angle and the angle of incidence of the light, respec-
tively, with respect to the surface normal. 6 is defined so
as to increase toward the nine o’clock position on the sam-
ple surface, while ¥ increases in the opposite direction.
The azimuthal orientation of the crystal was determined
with LEED and will be specified by an angle ¢, defined as
the clockwise rotation needed to bring the [2 1 1] direction
to the nine o’clock position. Radiation at energies of 11.8,
16.9, and 21.2 eV was obtained with a high-intensity
discharge lamp designed by Shevchik.? For #io=11.8 and
16.9 eV the incident light was polarized by double reflec-
tion from two gold mirrors. Unfortunately, the efficiency
of the polarizer was found to decrease substantially with
increasing photon energy. The degree of polarization, de-
fined by’
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I,—1I,

(1)
IL+1,

where I; (I,) denotes the relative intensity of the s- (p-)
polarized component of the light, was =0.9 for #iw=11.8
eV, but only =0.65 for #iw=16.9 eV. We let X represent
the orientation of the electric field vector for polarized
light, with X =0° (90°) corresponding to s- (p-) polarized
light.

III. RESULTS

A. Determination of parameters

Following I, our result for the o_ptical matrix element
connecting an initial Bloch state 97, with a given OPW
component of the final state involves an expression
(El|+a5(¢)Elf)°§i, where E| and E, are the parallel
and perpendicular components, respectively, of the elec-
tric field in vacuum, and P is of the form

= [AL +a,j1(k‘Rur) 4518 + [ 4y, +pji (K Ryr) 4,19
+{ gdAgz;?._,Z"('apjl(kiRMT )gpAz
+a,[jo(k‘Ryr)+B; 146,02 , @

where the A’ are the amplitudes of the various angular
momentum components of the initial state within a
muffin-tin sphere.

As the parameters £, §,, @, &, and S are assumed to
be independent both of the initial-state energy E’, for
spectra obtained with a given photon energy, and the
emission direction R, they were chosen for each photon
energy so as to maximize the average agreement obtained,
over all the emission directions sampled, between the cal-
culated and experimental spectra. The main contribution
to the photocurrent from Cu is from the d component of
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culated relative peak intensities in many spectra are found
to be sensitive to &g, it is straightforward in practice to fit
this parameter to experiment. For fin=11.8, 16.9, and
21.2 eV, we obtained {;=—0.8, — 1.0, and —1.3, respec-
tively. In contrast to an assumption made in previous
works,!%!! but consistent with first-principles calculations
by Jepsen!? for %iw=16.9 eV, these results indicate that
the d — f cross section is larger than the d —p cross sec-
tion at these photon energies. They furthermore indicate
that the relative strength of the d— f excitation channel
is an increasing function of the photon energy.

The calculated photocurrent from the s-p component of
the band structure is dependent upon the parameters §p,
ap, A, and B;. As the s-p—derived photocurrent was sig-
nificant in only a relatively small number of spectra, how-
ever, these parameters were underdetermined by our ex-
perimental results. It was found that the calculated spec-
tra were not very sensitive to B, so B; was simply set
equal to zero. £, was assigned the value —1.0, which
fixes the amplitude of the p—d excitation channel at
twice that of the p—ss channel. The values then obtained
for a, and a; by fitting to the experimental results were
—0.8 and —0.7, respectively, for iw=11.8 eV, and —0.5
and —0.4 for #iw=16.9 eV. The relative magnitudes of
a, and a; are also uncertain, however, as a; can be in-
creased at the expense of a,, or vice versa, and roughly
equivalent agreement between the theoretical and experi-
mental spectra is obtained.

ag(), the scaling factor for the normal component of
the electric field within the solid, was chosen for each

‘spectrum so as to maximize the agreement with experi-

ment. Although this parameter is in principle complex,
the calculated peak intensities were found not to be very
sensitive to its phase, and so it was treated as being real.
The results obtained are discussed in Sec. IV.

The remaining parameters enter into the description of

the final-state wave function l/JA > Where R defines the

the band structure. Since, in the calculation, this contri- emission direction and E is the fmal state energy. Fol-

bution depends only on the value of &, and since the cal- lowing I, we have

|
vd (o —TREZS [ £+ (G _rga(gs)z = ZTHEL LA
¢ﬁ’E(r)=e ’ g {fﬁ,E(Gs e (T|OPWI[K *(E,k;+G;)])
GS

 -Tz (G2 _ . ,
+f7 (Gl RE T (F|OPWIK ~(Ek,+G,)])}, 3)

where k is the wave vector which characterizes ¢A in

the surface Brillouin zone, K*? (E k,+G ) are wave vec-
tors with parallel components K s +G and z components
given by

172
K (E,K,+G;)==+ -Zh—znl[E +®(R,E)]— | K;+Gy |2

4)

(where E =0 is the vacuum level), and the sum is over the
surface reciprocal-lattice vectors Gy corresponding to real

Kzi. It was in general assumed that the decay constants

I'(R,E) and FA (G) the OPW amplitudes f = (G)

and the inner potent1a1 ®(R,E), were mdependent of E
over the range of final-state energies (< 5 eV) relevant to
any given photoemission spectrum. When this assump-
tion is not reasonably accurate, an attempt to fit these
quantities to the experimental results becomes much more
uncertain. Typically, calculated spectra were found to be
very sens1tive to the values of the OPW amplitudes

fz 2 E(G ), but not very sensitive to the values of the decay
constants I'(R,E) and F (G ). An estimate for ®(R,E)
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can be obtained by adding Burdick’s theoretical value of
7.5 €V for the energy difference between the muffin-tin

zero and the Fermi level'? to the 5.0-eV work function of

Cu. Except where stated otherwise, ®(R ,E)=12.5 eV
was used in the calculations. It was found, however, that
the calculated spectra were not generally very sensitive to
changes in ®(R,E) of a few tenths of an electron volt.

B. Comparison of calculated and experimental spectra

In this section we analyze a selected set of experimental
spectra by comparing them with corresponding calculated
results. All calculated spectra were convoluted with a
Gaussian energy broadening function of FWHM 0.35 eV
in order to simulate hole lifetime and experimental
broadening effects. However, no provision was made for
the nonzero angular acceptance of the analyzer, or, in the
case of spectra obtained with polarized light, for the fact
that the degree of polarization was less than unity (Sec.
II). The initial-state energies and wave functions were
computed with Smith and Mattheiss’ version of the com-
bined interpolation scheme,!* using the parameters ob-
tained by these authors from a least-squares fit to the
APW band structure of Burdick.

In the figures which follow, calculated and experimen-
tal ARP spectra are shown together with the subset of the
initial-state band structure which can contribute to the
spectra via E, conserving optical transitions. Thus, the
bands are plotted in such a way that for any initial-state

energy E', E” is given by
Kyj=([2m (E'+#0)]'*/#) R, +G, , (5)

for some és (when E' is measured with respect to the
vacuum level). E,  is therefore in general a function of E i
Also shown on the band-structure plots, shifted down by
the photon energy 7w, are the free-electron-like E-versus-
k dispersions of the OPW “bands” which appear in Eq.
(3). These bands intersect the initial-state bands at
“direct-transition points” (DTP’s), where E-conserving
optical transitions can occur.

For simplicity, the OPW wave vectors K *(E,k, +G,)
will henceforth be denoted as K f, where each value of n
is associated with a particular Gs. Similarly, the ampli-
tudes f }%, E(a,) will be denoted fEf. K will always

denote the wave vector of that plane wave exp(il_i,,_ -T)
which, after refraction at a surface between vacuum and a
potential well of magnitude ®, propagates in the direction

R of the detector.

1. iv=16.9 eV, 6=0

Normal photoemission from Cu(111) has been studied
by several workers.*!%11:15-20 15 Fig. 1 we show experi-
mental spectra taken with p-polarized light (X =90°) at an-
gles of incidence ¥=75° and 45°, and a spectrum taken
with s-polarized light. The peaks at —3.85 and —2.7 eV
are due to transitions from the A; band and the higher-
energy doubly degenerate Aj; bands, respectively. Also
shown, as the solid curves, are theoretical spectra comput-
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FIG. 1. Calculated and experimental ARP spectra for
#fiw=16.9 eV and 6=0°. The dashed curve was computed with
a,=6.0, I'=0.1(27/a), and az=0.19.

ed with the final state
P(F)=e"%(F|OPW(K[)) , - ©

where the decay constant I is in units of 27 /a.

Our model for the final state [Eq. (3)] contains two
OPW components for this photon energy and emission
direction, |OPW(K{)) and |OPW(K{)) (Fig. 1).
However, due to the symmetry properties of states on the
A axis, the shape of calculated spectra is independent of
the relative amplitudes /i and /T of |OPW(K {)) and
|OPW(K {)) in ¢/ (for reasonably small values of I),
and so it is not possible to determine i and f{ by com-
paring calculated and experimental spectra.

There is good agreement between the predicted and ob-
served positions of the peak from the A; bands; however,
the predicted position of the peak from the A; band is in
error by 0.25 eV. This discrepancy cannot be removed by
adjusting the inner potential, since the DTP is at the band
minimum for the assumed value of 12.5 eV. Assigning it
to an error in the position of the A; band places this band
at —3.85 eV at the DTP, a result which agrees well with
the Korringa-Kohn-Rostoker (KKR) band-structure cal-
culations of Janak et al.,?! and with previous experimen-
tal determinations.*

For X =90, the calculated relative intensity of the peak
from the A, band is very sensitive to az(1). The values
which gave the best agreement with experiment (as shown
in Fig. 1) were 0.45 for ¥y=45°, and 0.17 for ¢¥=75°, con-
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firming previous indications'® that it is very important to
account for refraction effects in a calculation of peak in-
tensities when the incident light is p polarized. A source
of uncertainty in these values for ay is the fact that the
DTP on the A; band occurs near the band minimum, so
that relatively small errors in the position of the DTP
could have a significant effect on the predicted relative
peak intensities, due to initial one-dimensional density-of-
states effects. In addition, the relative peak intensities de-
pend on £, as well as ag, so that some cancellation of er-
rors could occur. It is useful, therefore, to consider the 3
dependence of the ratio of the intensities of the peaks
from the A; and A; bands. Denoting this ratio
RAI/AS('(,[I), we have

Ra /a,(¥) < [ag(E, ($)/E () P=[apP)tany]*, (7)
which implies that
RAI/A3(75°)/RA1/A3(45°): 13.9[aE(75°)/aE(45°)]2 . (8)

In the absence of refraction, Eq. (8) predicts that the rela-
tive intensity of the peak from the A; band should be 13.9
times greater at ¥y=75° than at ¥y=45°, a result which is
independent of £; or the position of the DTP. Experi-
mentally, however, it is observed to be only between 2 and
3 times greater.

Several workers have attributed the peak observed near
the Fermi level in the experimental spectra in Fig. 1 to
emission from a surface state.'®* It has been pointed out,
however,!! that rather than being due to a surface state,
this peak might result from indirect transitions from the
p-like states which have a high density near the A; band
edge at L. The dashed theoretical curve was computed
with I'=0.1(27/a), a,,=6.0, and ay=0.19. A peak near
the Fermi level is indeed observed at —0.75 eV. How-
ever, this value for I' is more than 3 times that which
would be expected from the mean free path A, through
the result I'=1/2A,(A, =10 A); the peak shape is not in
good agreement with experiment, possessing a low-energy
tail which is not observed; and a value of 6.0 for o, im-
plies, for example, that the photoexcitation cross section
for p, and p, states is more than 10 times larger than the
cross section for d,, and d,, states (see I). The latter is
not supported by first-principles calculations,'? and, in ad-
dition, is in large disagreement with the results we ob-
tained by choosing a, so as to reproduce the intensities of
peaks that are unquestionably from bulk s-p bands. We
therefore rule out the indirect-transition interpretation of
this peak.

2. fiw=11.8 eV, 6=35, $=0

For ¢=0° (or 60°), the emission direction lies in the
I'LUK mirror plane of the Brillouin zone (BZ), and the
initial states sampled are thus of definite parity with
respect to reflection in the plane containing the emission
direction and the wave vector of the incident light. As
discussed by Hermanson,?? transitions from the even (odd)
symmetry states can be excited only by p- (s-) polarized
light.

Figure 2 shows calculated and experimental spectra for

M. SAGURTON 30

ELECTRON COUNTS (Arb. Units)

1
S S o
s O o

5-0.2

k, (2 /

ENERGY (eV)

FIG. 2. Calculated and experimental ARP spectra for
#iw=11.8 eV, §=35°, $=0°, and =>55°. The dashed curve was
computed with o, =a;=0.

X=90° and 0°. An interesting feature of the experimental
spectrum for X =90° is that it contains a large contribu-
tion from the s-p component of the initial states. The
dashed theoretical curve was computed with

(F)=e~"0%(F|OPW(KT)) , )

and, to block out any contribution from the initial-state
s-p component, &, =a,=0. Large disagreement with the
experimental peak intensities is obtained. However, band
1% is 59% s-p—like and band 4% is 53% s-p—like at
their respective DTP’s for | OPW(K {)). Nonzero values
of @, and/or a; increase the total photocurrent from one
band while decreasing the total photocurrent from the
other band. The solid theoretical curve was computed
with the values of &, and oy quoted in Sec. IIT A, and
reasonably good agreement with the experimental peak in-
tensities is obtained.

In the spectrum for X =0°, the predicted position of the
peak from band 1~ is 0.1 eV too low, while a shoulder
from band 2~ is predicted to occur at —3.2 eV but is not
observed experimentally. However, the dispersions of
bands 1~ and 27, and the variation with &k, of the optical
matrix elements, are such that both of these discrepancies
are removed by decreasing @ so as to shift the position of
the DTP~0.05Q27/a) to smaller k;. We thus cannot
conclude that the calculated positions of bands 1~ and/or
2~ are necessarily in error.

In the spectrum for X =90°, bands 2%+ and 3* both con-
tribute to the peak at —3.75 eV. Their average position,
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at least, appears to be correct to within ~0.1 eV. The po-
sition of the peak from band 17 is accurately predicted.
However, since band 17 has a very high dispersion, the
calculated peak position is very sensitive to @, and the
band position can thus not be very precisely determined.
Nevertheless, the successful prediction of the relative in-
tensity, width, and shape of the peak from this band is
strong evidence that the final state given by Eq.(9) is fair-
ly accurate. In particular, the large peak width and the
shoulder at —0.4 eV can be attributed to indirect transi-
tions from states on band 1T for —0.6<k;
< —0.45(2m/a). This interpretation is opposed to that of
Grepstad and Slagsvold.?®> From a study of the 6 depen-
dence of the position of the peak and shoulder from band
1+ for #n=11.8 eV, these authors concluded that these
features were due to direct transitions to two different
bulklike final-state bands, which, at 8=35°, are strongly
hybridized, with dispersions which depart greatly from
free-electron-like behavior.

3. fiv=11.8¢V, 0=75, $=0

For this emission angle and photon energy, we find that
the final state cannot be adequately approximated by a
single OPW. Figure 3 shows calculated and experimental
spectra for X=0° and 90°. In the experimental spectrum
for X =90°, a very broad structure is observed between —2
and —4 eV, which would appear to originate entirely
from band 2. We show as the dashed curve a spectrum
computed with
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FIG. 3. Calculated and experimental ARP spectra for
fio=11.8 eV, 6=75°, $=0°, and ¥y=15°. The solid theoretical
curves were computed with' a two-OPW final state.
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P (F)=e~"%(7|OPW(KT)) . (10)

It is in large disagreement with experiment, containing
only a single, relatively narrow, peak from band 2t at
—3.6 eV. The predicted photocurrent from initial states
with energies approximately greater than —3 eV essential-
ly vanishes. Including !OPW(K;’ )) in ¥/ produces a
narrow peak at —2.2 eV, since the corresponding DTP
lies on a critical point. Including |OPW(K{ )) in S
produces a peak at —3.3 eV. In order to account for the
photocurrent observed in the region near —2.7 eV it is
thus necessary to assume that |OPW(I—{1+)) has a sub-
stantial amplitude in ¥/, The solid theoretical curve was
computed with

P/(F)=e O (F| OPWIK 1))
+1.5ie ~%%(F|OPW(K {))]. (11)

There is still serious disagreement with experiment, as the
position of the low energy peak is 0.3 eV too low and
there is not nearly sufficient intensity in the region be-
tween the two peaks. It is not possible to remove the
latter discrepancy by trying to increase the photocurrent
from states on band 2% near the zone boundary by in-
creasing the momentum broadening, since this instead has
the predominant effect of increasing the photocurrent
from states near the critical point at k; =0.5(27/a).
However, the large dispersion of band 2%t suggests that
the agreement between theory and experiment might be
improved if the DTP’s for |OPW(K[)) and
| OPW(K 1)) were closer to the zone boundary. Figure 4
shows the calculated spectrum for ®=9.2 eV and

/() =e 0% (F| OPW(K {))
1+0.8i({T|OPW(K{))]. (12)

With this value for the inner potential, the relatively large
degree of momentum broadening resulting from a value
for T of 0.06(27/a) has the effect of producing a very
broad structure resembling the one seen experimentally.
Note that, as was the case for =35, the bulk bands at
the relevant final-state energies will be strongly hybri-

ELECTRON COUNTS (Arb. Units )
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FIG. 4. Calculated and experimental ARP spectra for
fiw=11.8 eV, 6=75°, $=0°, and ¢y=15".
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dized, implying that Eq. (12) cannot be expressed as a
linear combination of bulk bands, and thus that the exper-
imental spectrum cannot be interpreted in terms of transi-
tions to bulk states.

Comparmg the theoretical and experimental spectra in
Flg 4, it is evident that the calculated position of band 4*
is ~0.25 eV too high. When ¢/ is determined by fitting
to the experimental spectrum for X =0°, similar results are
obtained. In the spectrum calculated with the single-
OPW final state of Eq. (10) (Fig. 3), the peak from band
2~ occurs at —2.9 eV, 0.4 eV lower than the position of
the shoulder observed experimentally. When |OPW(K )
is included in ¢/ via Eq. (11), the peak shape agrees better
with experiment, but the peak posmon still occurs at too
low an energy. However, with ¥/ given by Eq. (12) and
an inner potential ® of 9.2 eV, agreement is obtained to
within ~0.1 eV.

4. fo=11.8 eV, =55, $=0

Figure 5 shows calculated and experimental spectra for
X =0°and 90°. Spectra computed with

P/ (F)=e~"%(F| OPW(K)) (13)

(and with ®=12.5 eV) are shown as the dashed curves.
For X=0°, a peak is predicted to occur at —2.95 €V, but
“is not observed experimentally, while shoulders at —2.1
and —2.65 eV are observed in experiment but are not
predicted. Decreasing @ in the calculation shifts the posi-

Theory

o — ]
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Calculated and experimental ARP spectra for
#iw=11.8 eV, 8=55°, $=0°, and ¢¥=35°. The solid theoretical
curves were computed with a two-OPW final state.

FIG. 5.
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tion of the peak at —2.95 eV to higher energies, and,
since the relative amplitude of the optical transition ma-
trix elements for states on band 2~ is smaller for smaller
k,, lowers its relative intensity. However, there is no
value of ® for which a peak-shoulder combination resem-
bling the one seen experimentally between —2.4 and
—2.7 €V is predicted, or for which a shoulder near —2.1
eV appears. The solid theoretical curves were computed
with

P (F)=e 0% (F| OPW(K [)) 4 1.2¢ ~(37/4)-0.03z
X (F|OPW(K )], (14)

and with ®=11.0 eV so that the DTP’s for both OPW’s
lie 0.06(27/a) closer to the zone boundary than shown in
Fig. 5. Reasonably good agreement is obtained for X =0°.
The peak predicted to occur at —2.45 eV actually
represents two unresolved peaks, one from states on band
1~ near k, =—0.7(27m/a) and one from states on band
2~ near k; =0.7(2w/a). The shoulder at —2.65 eV is
from states on band 2~ near the BZ boundary. The agree-
ment achieved with the final state of Eq. (14) suggests
that the calculated positions of bands 1~ and 27 at the
relevant k, are correct to within ~0.1 eV.

It might appear from Fig. 5 that an alternative means
of improving the agreement with a single-OPW final state

could involve including |OPW(K 7)) in ¢/. However,
this causes there to be a large peak near the Fermi level in
the calculated spectrum for X =90°, and there is no trace
of such a peak experimentally.

In the experimental spectrum for X =90°, a rather broad
peak is observed at —2.3 eV, with a peak height (after
background subtraction) that is roughly % that of the
peak at —3.85 eV. In the calculation, this feature is not
reproduced with a single-OPW final state (dashed curve),
the two-OPW final state of Eq. (14), or any other final
state of the form of Eq. (3), suggesting that there is a sub-
stantial error in the initial-state band structure. The
source of this unusually large error can be understood by
noticing from Figs. 2, 3, and 5 that the dispersion of band
2+ for positive k, is changing very rapidly as a function
of k” If band 2% had the same position for 6=55" that
it has for the somewhat greater value of k“ corresponding
to @=75° (Fig. 3), then the band energy at the DTP for

| OPW(K ;")) would be 0.45 eV higher. Furthermore, the
DTP would lie near a critical point at —2.25 eV, which
would tend to cause the peak position to occur at an ener-
gy higher than the band energy at the DTP. Under these
circumstances, a final state given by Eq. (14) could yield
good agreement with experiment. As evidence of this,
compare the experimental spectrum for initial-state ener-
gies greater than —4 eV with the solid theoretical curve,
computed with a two-OPW final state, shown in Fig. 3
for X=90°. We conclude, therefore, that the large
disagreement is due to the failure of the combined inter-
polation scheme Hamiltonian to accurately describe the
rapld variation in the dispersion of band 2% as a function
of k”, and that the actual position of band 2% near
k; =0.63(27/a) is in the neighborhood of —2.5 eV.

The calculated position of the peak from states on band
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2% near k; =—0.7(27/a) is sensitive to ®; however, the
band position is evidently 0.1—0.2 eV too high. It is diffi-
cult to place band 4% by comparing the theoretical and
experimental spectra because of the high sensitivity of the
calculated photocurrent on the final-state parameters.

5. #iw=21.2 eV, 0=80, $=0

For this photon energy and emission angle our model
for ¥/ contains up to eight OPW’s. Figure 6 shows an ex-
perimental spectrum obtained with unpolarized light. The
theoretical curve was computed with

P (F)=e~*%(F|OPW(KT)) . ‘ (15)

Since the agreement with experiment is very poor, it is
evident that | OPW(K [')) has a particularly small ampli-
tude in ¢/ for this emission angle and photon energy.
Nine separate peaks and shoulders can be identified in the
experimental spectrum, suggesting that several OPW’s
may have significant amplitudes in ¥/. Allowing all eight
OPW amplitudes to be nonzero, however, would introduce
too many parameters to make any final-state determina-
tion meaningful.

6. fin=16.9 eV, =45, $=30

For ¢=30°, the emission direction lies in the I'LW
plane of the BZ. Unlike the case for ¢ =0° and 60°, there
are in general no symmetry forbidden optical transitions.
Figure 7 shows an experimental spectrum for X=90°
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FIG. 6. Calculated and experimental ARP spectra for
fiw=21.2 eV, 6=80°, ¢ =0°, y=45°, and unpolarized light.
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FIG. 7. Calculated and experimental ARP spectra for
i =16.9 eV, 0=45°, $=30", ¥ =90°, and $)=45".

along with theoretical spectra computed with the six pos-
sible final states of the form

P (F)=e~"%(F|OPW(K ])) . (16)

The quantity I gives the relative height of the largest peak
in the spectrum. Comparison of the theoretical and ex-
perimental curves suggests that only IOPW(K 7)) has a
significant amplitude in ¥/, The agreement obtained in-
dicates that the calculated positions of bands 2 and 5 are
correct to within 0.1 eV, while the calculated positions of
bands 3 and 4 are correct to within 0.2 eV.

7. fiw=21.2 eV, =20, $=60

Figure 8 shows an experimental spectrum obtained with
unpolarized light, and a theoretical spectrum computed
with

$(F)=e~*%%(F|OPW(K ) . (17)
Very.good agreement with experiment is obtained, indi-

cating that |OPW(K 7)) dominates the final state. The
relevant band positions appear correct to within 0.2 eV.

IV. DISCUSSION

Our main conclusion from the above results is that the
final state in photoemission can be adequately described in
terms of Eq. (3), with an R- and E-dependent inner poten-
tial. In cases in which a one- or two-OPW wave function
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FIG. 8. Calculated and experimental ARP spectra for
fiw=21.2 eV, 0=20°, $ =60°, y=45°, and unpolarized light.

does not give good agreement with experiment, this con-
clusion is somewhat tentative. Although in such cases the
presence of additional OPW’s in Eq. (3) provides a plausi-
ble explanation for the observed disagreements, a compar-
ison of calculated and experimental spectra becomes im-
practical due to the large number of final-state parame-
ters.

In previous works, Shevchik and Liebowitz,* and
Nilsson and Dahlbick,” have argued on theoretical
grounds that final-state damping could result in final-
state bands which exhibit free-electron-like behavior, and
our results clearly support this idea. The interpretation of
spectra in terms of bulk final-state bands is thus accept-
able only when these bands have free-electron-like disper-
sions. Even in this case, however, small errors may be in-
troduced from a displacement in k, of the actual band
from the bulk band. In disagreement with these con-
siderations, Dietz and Himpsel*® recently studied the
dependence of peak position on photon energy in normal
emission spectra obtained from a Cu(110) surface for #w
near 18 eV, and concluded that the observation of a pla-
teau in the peak position as the photon energy was in-
creased, so as to bring the final-state energy into a band
gap at X, ruled out a free-electron-like behavior for the fi-
nal state. This conclusion is unjustified, however, as
momentum broadening can cause a peak to occur at the
energy corresponding to the high one-dimensional density
of initial states at X, even when the final state is displaced
somewhat in k; from X.
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FIG. 9. Comparison of the experimentally determined values
for | ag(y)| with the predictions of the Fresnel equations.

Mixing of OPW’s in the final state, variation in the ef-
fective inner potential, and the sometimes large effects of
momentum broadening, all introduce inaccuracies in any
simple prescription for extracting band positions directly
from ARP spectra. This applies as well to the so-called
“absolute” triangulation methods. The scheme presented
in I is useful in identifying such effects and arriving at a
band-structure analysis which is consistent with inherent
uncertainties in the final-state wave function.

Finally, we turn to a discussion of the results found
concerning the refraction of the incident electric field at
the surface. In Fig. 9 the predictions of the macroscopic
Maxwell equations for ag(y) are plotted for photon ener-
gies of 11.8, 16.9, and 21.2 eV. The optical constants for
Cu at these energies are given by Ehrenreich and
Philipp.2® Also plotted are the values of ag(1) used in
the calculation of spectra. Values corresponding to spec-
tra which were not very sensitive to its value are not in-
cluded. Allowing for the uncertainties involved in fitting
ap(y) to experiment with a completely parametrized
scheme, we do not find large disagreements between the
experimental values and those predicted by the Fresnel
equations. This disagrees with Smith et al’s results.'”
They found, for example, that in order to reproduce the
experimental peak intensities in a spectrum obtained with
#fiw=10.5 eV at normal emission from Cu(111), a value
ag (=VE, in the notation of Ref. 19) of 0.16 had to be
used, for light incident at 60°. For #x=10.5 eV and
=60, the value for ay predicted by the Fresnel equa-
tions is 0.42, approximately 2 times greater.
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