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Electronic structure of gold: An angle-resolved photoemission study along the A line
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High-resolution normal-photoemission spectra were recorded for Au(111) with use of synchrotron
radiation with photons in the energy range 9 eV <hv <27 eV. Exploiting direct-transition intensity
resonances on hv and using results from other measurements, we were able to determine reliable
final-state bands along the AL direction up to 18 eV above the Fermi energy and to derive the
dispersion of the corresponding occupied d bands. Independent of energy, the experimental final-
state bands deviate by about + 0.7 eV from a recent density-functional-theory calculation per-
formed by Eckardt, Fritsche, and Noffke [J. Phys. F 14, 97 (1984)]. The experimental valence
bands deviate by about —0.30 eV from theory. Measured critical-point energies (in eV; band indices
in parentheses) are E(I§(2,3))=—6.01+0.02, E(I'f(4))=—4.68+0.05, E(I'{(5,6))=—3.71
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$0.02, E(I'7(7))=16.0+0.1,
=—3.140.1, and E(L}5(5))=—2.340.2.

I. INTRODUCTION

The one-electron energy-band structure of a solid is
essential for an understanding of its electronic properties.
The experimental method for mapping band dispersions
E (k) of occupied valence states, where E is the energy
and k is the reduced electron momentum, is angle-
resolved ultraviolet photoelectron spectroscopy (ARUPS)
with vacuum-ultraviolet (vuv) exciting radiation. Provid-
ed that the final states for observed direct transitions are

known, E (k) may be easily derived (for k perpendicular
to the surface) from normal-emission data with the use of

synchrotron radiation. Among the noble metals, the
valence bands and several conduction-band points of Cu
and Ag have been studied in detail by a number of
ARUPS experiments.!~* Excellent agreement was found
for the occupied valence bands. Some remaining ques-
tions concern the final states in photoemission, e.g., the
existence of gap states (Refs. 1—4, the references therein)
and the dependence of the hole and electron lifetimes on k
and E.

In contrast to Cu and Ag, the results of ARUPS experi-
ments on Au (Refs. 5—17) have been the subject of some
controversial discussion, mostly concerning the final-state
band structure. Some results®~!® indicate that the experi-
mental E (k) points for the unoccupied bands deviate con-
siderably (up to + 4 eV) from the standard-potential cal-
culation of Christensen and Seraphin!®!® and from the re-
cent density-functional-theory calculation of Eckardt,
Fritsche and Noffke.? Other investigations!! ~!* claim
the experimental points above Ep to be in much better
agreement with theory (deviations < + 1 eV). All groups,
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E(L}s(2))=—6.2£0.1,

E(L(3))=-5.0£0.1, E(L}(4))

however, report that the occupied bands agree much
better with the calculations: In general, the experimental
points are observed at binding energies larger than
predicted. The deviations are rather small for the high-
lying d bands at point X [~—0.1 eV (Refs. 17 and 21)]
and increase to ~—0.3 eV near the " point>%'* and along
the A line.!>!® Valence-band mapping using synchrotron
radiation has been performed by Mills et al.'® and Baal-
mann et al.'® Both groups assume a free-electron-like fi-
nal state E f=ﬁ2kf/2m‘+V0. Rather different values
for the parameters m* (electron effective mass) and ¥V,
(inner potential) have been used, however: m*=1.17m,,
Vo=—32 ¢V in Ref. 14, and m*=m,, Vy=—9.1 eV in
Ref. 15, respectively, where m is the free-electron rest
mass. Thus there are considerable discrepancies concern-
ing the final-state band structure of Au. We have tried to
resolve the controversy by performing new experiments
which investigate the empty bands in more detail.

The method used here to determine energy bands is not
based on the free-electron final-state approximation.'>!¢
It consists of two steps: First, information about special
points of final bands along T'AL is derived, in particular
from the dependence of direct-transition intensities on
photon energy, and also from secondary-electron features.
Second, calculated? final-state bands are slightly adjusted
to the experimental data. The resulting semiempirical
conduction band is then used to obtain the electron
momentum perpendicular to the surface, k,, and to map
the valence-band E (k, ) structure along A.

II. EXPERIMENTAL

The experiment was performed at the Berlin Synchrot-
ron Radiation Source [Berlinger Elektronenspeicherring-
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FIG. 1. Experimental geometry employed in the experiments.
The light was incident and polarized in the (110) mirror plane
of the Au(l11) crystal and the photoelectrons were collected
along the surface normal.

Gesellschaft fiir Synchrotronstrahlung m.b.H. (BESSY)]
on the toroidal grating monochromator beamline
TGM3.?” Protons with energies 9 < hv <27 eV were used.
The commercial electron spectrometer (ADES 400, Vacu-
um Generators Ltd.) is equipped with low-energy electron
diffraction (LEED) and retarding-field Auger electron
analysis and has been described in detail elsewhere.?® The
total energy resolution (photons plus electrons) was about
100 meV for 9 <hv<24 eV and increased to about 150
meV at hv=27 eV (full width at half maximum values).
The electron angular resolution was A@=1.5° (full angle
acceptance). The light was incident in the (110) mirror
plane at an angle ¥; with respect to the surface normal of
the crystal (see Fig. 1). The vector potential A of the
linearly polarized light (~90% degree of polarization)
was oriented in the plane of incidence (p polarization). At
electron-beam currents of about 200 mA in the storage
ring, spectra at hv=20 eV typically required 3 min to col-
lect about 2 10* counts in the intensity maxima for a
0.02-eV-wide energy channel.

The Au(111) sample, which has already been used for
laboratory ARUPS experiments,” was cleaned in the
UHV chamber by cycles of argon-ion bombardment
(E=500 eV) and annealing to approximately 500°C for
several minutes. LEED and the presence and sharpness
of the Au(111) surface state in ARUPS3*3"14 were used to
verify that the surface was clean and well ordered.

LEED was also used to orient the (110) mirror plane as
plane of incidence. Looking for the intensity maximum
and energy minimum of the sp surface state at point
T',3%3L14 the orientation of the surface normal was found
correct to within +1°,

III. RESULTS

Normal-emission spectra taken with hv=9—27 €V in
steps of 1 eV are shown in Fig. 2. The direct-transition
structures are identified by their dispersion with photon
energy and are labeled by the band indices of the initial
(occupied) bands 2—6. One also recognizes strong intensi-
ty variations with photon energy. Since these intensity
resonances will serve for the determination of final-state
points, Figs. 3 and 4 show normal-emission spectra at
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FIG. 2. Normal-emission electron energy distribution curves
from Au(111) in the photon energy range 9<hv<27 eV. The
curves have been normalized to the maximum count rate. The
dispersion of the direct-transition structures, which are labeled
by the initial-state band indices, is indicated by the dashed lines.
SS is a surface state, S and D,, D,, and D; are dispersionless
structures, SE is a secondary-electron emission feature.

smaller photon-energy steps and the derived dependence
of the peak intensities on photon energy, respectively.
From data like those shown in Figs. 2 and 3 we deter-
mined the initial-state energies E; of the direct transitions
and their dependence on Av. The results are summarized
in Fig. 5.

The peak heights of the direct transition structures
(Figs. 2 and 3) are taken as a measure of their intensities.
This is justified because no dependence of the linewidth
on photon energy is visible. The peak heights were deter-
mined assuming a linear background (indicated by a
dashed line in the 18.3-eV spectrum) and they are normal-
ized to the secondary-electron intensity at an energy of 8
eV below Er. This normalization led to a smooth de-
crease of the surface peak intensity (structure SS; see
below) with photon energy and (above Av=17.0 eV) a
constant strength of the shoulder S. No line-profile
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FIG. 3. Normal-emission results from Au(111) with a finer
photon-energy mesh. The spectra have been normalized to the
same background intensity at 8 eV binding energy. The as-
sumed linear background is indicated for the lowest curve (dot-
ted line).

analysis was performed. We note that the photon energies
at which resonances occur do not depend on the details of
the intensity determination. This was also checked by
constant-initial-state spectroscopy for the structures 2, 3,
and 4, which show little or no dispersion in the resonance
region.

The structure SS at 0.40 eV below the Fermi energy Ep
is the well-known sp-surface state connected with the
Lg-L¢ gap (between the bands 6 and 7) in the center of
the surface Brillouin zone at T.3%3!:!416 The intensity of
this surface peak is high at low-photon energies and de-
creases with increasing photon energy, in agreement with
the investigation of Baalmann et al.'® A completely
analogous behavior of the corresponding surface state at
T on Cu(111) had been reported earlier by Knapp et al.?
and Louie ef al.*® The apparent asymmetric line shape
observed at higher photon energies is due to our finite an-
gular resolution A6, which in turn leads to increasing
momentum spread Ak, ~A6(E,;,)'""% the parabolic
dispersion'* of SS towards Ep results in asymmetric
broadening with increasing E\;,.
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FIG. 4. Peak height of the structures (5,6), 4, and (2,3) in the
data of Fig. 3 plotted versus photon energy.

Other apparent features in Figs. 2 and 3 are as follows:
(i) The shoulder S at initial-state energy Eq~—2.45 €V,
which is visible in the whole series of spectra; (ii) the
structures D, D,, and D;, which are clearly resolved in
limited photon-energy ranges at initial-state energies
E,=-565 eV, E;=—4.22 eV, and E;=—3.15 eV,
respectively. Features (i) and (ii) show no dispersion with
hv and are indicated by the hatched areas in Fig. 5; and
(iii) a structure SE with constant final-state energy of
Ef~ + 15.7 eV measured with respect to Er. This peak
appears in the spectra taken at hv~23 eV (Fig. 2) at an
“initial” energy Egg~—7 eV.

The structure SE is due to secondary-electron emission
(SEE). Such Se peaks have also been observed and inter-
preted in similar studies on Pd(111)** Au(111),
Pt(111),'> and Ag(111).3% Their use for a characterization
of final states has been already recognized earlier in the
above-mentioned references (which include extensive
references to earlier work) and in a recent study of SEE
from Cu(001)c(2X2)-C1.3¢ A more detailed study of the
SEE from Au(111) will be published elsewhere.*’
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FIG. 5. Energy dispersion with photon energy of the direct-
transition structures 2—6 in the normal-emission spectra shown
in Figs. 2 and 3. The lines through the data points are guides
for the eye. The vertical arrows indicate the resonance energies
(see also Fig. 4). Also indicated are the dispersionless structures
S and D,, D,, and D;. The dashed line represents a constant
final-state energy of 16 eV lowered by the photon energy.

IV. DISCUSSION

In angle-resolved ultraviolet photoelectron spectroscopy
(ARUPS) only kj, is conserved during electron emission
through the surface. The vector k; is completely deter-
mined by the kinematical parameters of the experiment.
Additional information is therefore required to find k.
Various methods for the determination of k, have been
proposed and applied to the noble metals and to some
transition metals. Here we only mention the “triangula-
tion method,”>%%* the “appearance/disappearance (of
direct transitions) methods,”” the “surface and gap emis-
sion methods,”>?! the “Fermi-surface transition
method,”!® and the “zero-slope method.”'”"*® They have
been described in detail recently’*!” and need not be re-
peated here. The results obtained with these methods
show that the final bands do not disperse like nearly-free
electron parabolas, especially not near symmetry points or
zone boundaries of the bulk Brillouin zone, where gaps be-
tween bands open.!”3® Often, however, the final bands
show a nearly-free electron dispersion along symmetry
lines between zone boundaries (e.g., along the A direction).
Band mapping can then be performed in limited E; and
k, intervals with rather high accuracy if the parameters
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m* and V,, are chosen to fit the “true” final-state band as
well as possible.

The experimental band structure of Au along the A line
has been subject to some discussion. Heimann et al.® and
Neddermeyer’ have applied the triangulation method to
Au(112) and Au(111) in order to locate direct transitions
along 'AL. They report that the experimental final-state
points E¢(k,) deviate considerably from Christensen and
Seraphin’s calculated band 7, by up to + 4 eV at E;~13
eV above Ep. Christensen'!~! has argued that the tri-
angulation method (which uses an energy coincidence cri-
terion) does not work in that case; For the photon energy
(hv=16.9 eV) used by Heimann et al.® the energy disper-
sion of the occupied bands is very small, resulting in large
experimental errors. This argument was substantiated by
Courths et al.,'* who applied the triangulation method to
Au(110) and Au(111). The latter authors, however, find
that triangulation can be used at hv=21.2 e¢V. They ob-
tain experimental points E;(k) along A in fair agreement
with Christensen and Seraphin’s band structure, with de-
viations < +1 eV at E;~+ 17 eV. Courths et al.!*
have further shown that despite the failure of the energy
coincidence criterion at Av=16.9 eV, E (k) information
along A can be derived, if relative peak intensities are
compared. Their analysis'* shows that also at E;~13 eV
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FIG. 6. Top panel: Theoretical band structure for Au along
the AL line (Ref. 20). Lower panel: Dependence of the
transmission factors | U(1,1,1)|2 on reduced wave vector k
along A for band 7 and band 8, respectively. These curves have
not been calculated. They only give the qualitative dependence
on k, using the quantitative results for Ag (Ref. 3) as a guide.
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the experimental band 7 deviates to < + 1 eV from the
calculation,!! in clear disagreement with Refs. 8 and 9.
On the other hand, again, Rosei et al.'° found larger devi-
ations, comparable to those reported earlier,>® in other k
space regions away from A. Their analysis is based on the
Fermi-transition method. There was thus a clear motiva-
tion for us to reinvestigate the final states of Au in the en-
ergy range Er <20 eV.

From the convergence of the direct transitions 2-6 to
three lines at hv~23 eV (Figs. 2,3, and 5) one can deduce
that one samples the region around the I" point. Neglect-
ing possible relaxation shifts (as will be done throughout
the following) the corresponding spectra immediately
yield the d-band energies at T, see Table I. To determine
the valence-band dispersion along A from the data of Fig.
5, the final-state dispersion has to be known. We obtain
the energies of the final bands 7 and 8 (see Figs. 6 or 8 for
labeling) near I from the observed intensity resonances
(Fig. 4). Such resonances have been quantitatively inter-
preted, e.g., by Wern et al.3 in a very comparable ARUPS
study on Ag(111). Therefore only the main aspects of the
interpretation will be given here.

The resonances result from a combined effect of the
direct-transition matrix element Il; and a surface-
transmission coefficient z,: Within the three-step model
of ARUPS (Refs. 42 and 43) the observed emission inten-
sity of a direct transition i — f may be written as

I(kp)=|Tg(ky) |2 (K) . (1)
In this equation, where

M, =(f|M|i) 2a)
and

M=p+(h®/4mc?)-(a X VV), (2b)

p is the electron momentum operator and o means the
electron-spin operator. Both factors appearing in Eq. (1)

show strong variations along A and their combination
leads to the intensity resonances as observed in Fig. 4.
These effects are explained in some detail in Figs. 6 and 7.
Figure 6 shows (upper panel) the band structure of Au
along A as calculated by Eckardt et al.?® The symmetry
labels have the following meaning: 7 (Ag ;) indicates
that band 7 has Ay symmetry if the relativistic double-
group notation is used (i.e., if spin-orbit coupling is taken
into account), while in the nonrelativistic single-group no-
tation the symmetry label is A;. Similarly, the spin-orbit
interaction splits the former A; bands into Ag (3 and
A4 s (3), respectively. Only final states of the former A,
type have group velocities along the surface normal, and
therefore only the corresponding bands 7 (Ag(;)) and 8
(Ag (1)) can couple*?* to free-electron states in the vacu-
um, with k normal to the surface. If the bulk final bands
are written as Bloch waves,

Yr(k)= Y U(G)expli[k+G]'T), (3)
G

the surface transmission factor is given*>* by
trkpy)=|U1,1,1)]2, 4)

i.e., the squared amplitude of the plane wave correspond-
ing to the reciprocal lattice vector G=(1,1,1). The depen-
dence of | U(1,1,1) |2 for bands 7 and 8 is indicated qual-
itatively in the lower panel of Fig. 6. Note that no calcu-
lations of | U(1,1,1)|? for Au were available. We have
therefore adopted the results calculated for Ag along A
(Refs. 3 and 41) and scaled them to Au. Both methods
have very similar band structures and this justifies our
procedure. We mention that only the qualitative behavior
of | U(1,1,1)|? along A enters our interpretation of the
intensity resonances (Fig. 4).

Similarly, no matrix elements have been calculated yet
for Au. However, quantitative results have been presented
earlier by Smith and Benbow for Cu (Refs. 39 and 40) and

INITIAL ENERGY (eV)

Iﬁ.ﬁ'z

L A r L A r

FIG. 7. Dependence along I'AL of the squared transition matrix elements |IIj; |? and of the photoemission intensities I;; for
direct transitions from the occupied bands i =(1,2, .. .,6) to the band 7 (left panels) and to the band 8 (right panels); light polarized
perpendicular to the [111] direction of Au(111). The magnitude of transition strengths and intensities is indicated by the ‘“energy-
width” of the valence bands. The dashed lines mark those parts of the bands which are visible with A||[111], see also Fig. 1. The
data only give the qualitative dependence using the quantitative results for Ag (Refs. 3, 39—41) as a guide.
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FIG. 8. Band structure of Au along ’'AL above the Fermi
energy. The solid lines represent the first principle bands of
Eckardt et al. (Ref. 20). Results from our analysis of intensity
resonances: ),*. The other experimental E (k) points have
been obtained using the triangulation method of ARUPS [ -@—
and , Courths et al. (Ref. 14)]; different other techniques
(0, see Table I for details); low-energy electron reflectance [«—,
(Ref. 26)]. The dashed line gives the experimental final-state
bands consistent with all data points.

Ag.*! We have rescaled the results for Ag (Ref. 41) to Au
and some typical (qualitative) results are summarized in
Fig. 7. This figure reproduces the calculated initial-state
bands 1 to 6 and the corresponding intensity behavior for
transitions to final band 7 (shown in left two panels) and
band 8 (shown in right two panels), respectively. For ex-
ample, the “energy width” of bands 2 and 3 as plotted in
the leftmost panel of Fig. 7 indicates that the transition
strength | Il |? is largest at T, if the incident photons
are linearly polarized perpendicular to the surface normal.
If the light is polarized parallel to the [111] direction,
only band 6, for example, shows a large |II; |2 at L, as
indicated by the dashed-curve labels. After taking
tr=|U(1,1,1)] 2 into account [compare Eq. (1)], the situ-
ation has changed considerably, see e.g., the second panel
from the left: Now the emission intensity I exhibits
clear resonance behavior at about kj=0.25kyz. The
reason for this is the drastic decrease of the transmission
factor at the onset of the flat-band region of band 7,
which shifts the maximum emission intensity away from
I'. The transitions (5,6)— 7 show extremal behavior mid-
way between I' and L and drop to zero intensity at I'. At
slightly higher photon energy the corresponding transi-

tions (5,6)—8 occur and show maximum intensity in the
immediate neighborhood of I'. Although the transitions
(2,3)—8 and 4—8 show a large |Il;|* away from T,
they are suppressed in this k, region due to the vanishing
transmission of band 8. Near I' the transitions (2,3)—8
should be detectable, whereas 4— 8 should remain invisi-
ble. With light polarized parallel to the surface normal, it
is those parts of the initial bands, marked by dashed lines
in Fig. 7, that mainly contribute.

Inspection of the spectra in Figs. 2 and 3 clearly shows
that the direct transitions follow this predicted intensity
behavior. Referring to the detailed calculations for Ag
along A, it is now easy to correlate the extrema in the in-
tensities (2,3)—7 and 4—7 (Fig. 4) with the onset of the
flat branch of band 7 near I'. From Fig. 4 the corre-
sponding energy is determined to be 16.0+0.10 eV above
the Fermi energy, and this data point is included in Fig. 8
by a solid diamond. The existence of a flat band at 16 eV
is supported quantitatively by a sharp peak at 15.9 eV in
the low-energy-electron reflectance (LEER) spectrum of
Au(111) observed by Jaklevic and Davis?® at normal in-
cidence. Such a LEER structure was also found for
Ag(111).%® In both metals the photoemission resonances
agree within the small experimental error with peaks in
the LEER spectra, in support of our interpretation. The
SEE feature observed for Au(111), see label SE in Fig. 2,
also reflects the flattening of band 7 around 16 eV. SE
emission can be observed along the [111] surface normal,
if the excited electrons on their deexcitation channels pop-
ulate regions of a high density of states with dominating
G=(1,1,1) band character. The observed broad SEE peak
at 15.7+0.5 eV is thus fully consistent with our analysis.

The situation is somewhat more complex for transitions
(5,6)—7 and (5,6)—8. Inspection of Fig. 7 reveals that
the emission intensity expected from (5,6)—8 will peak
near I, see the arrow in the rightmost panel. The corre-
sponding experimental result is shown by the solid circles
in the lowest panel of Fig. 4, indicating a broad intensity
resonance at hv=22.5 eV (asterisk). In fact, one is tempt-
ed to identify two peaks, at 22 and 23 eV. However, this
interpretation would definitely go beyond the accuracy of
our intensity determination (compare also the energy dis-
tribution curves reproduced in Fig. 2) and we do not like
to oversell the method. Therefore the plateaulike feature
around hv=22.5 eV is identified with band 8 near I" at
E;=18.8+0.5 eV. What concerns the transitions
(5,6)—7, no distinct resonance behavior is to be expected
from the estimates shown in Fig. 7. Indeed, the data
points collected in Fig. 4 (open circles 5—7, crosses 6—7)
do not exhibit any dramatic intensity variation. Accord-
ing to Fig. 7 and the arguments presented earlier, we ex-
pect that the emission intensity of (5,6)—7 tends to zero
around E;=16 eV. Therefore we correlate the minimum
observed at about hv=20 eV in Fig. 4 with this intensity
decrease. The apparent weak maximum near hv=19 eV
would then be an artifact produced by the (roughly) con-
stant intensity of (5,6)—7 below hv=19 €V, its decay to
zero intensity around 20 eV, and the superposition of
(5,6)—7 with the rapidly increasing intensity of (5,6)—8
in the interval Av=16...21 eV. Because of this informa-
tion mix we do not derive final-state energies from the
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(5,6)—7 results. We mention that analogous photoemis-
sion resonances of direct transitions have already been ob-
served in Pd(111) (Ref. 34) and Au(111) (Ref. 15) normal-
emission spectra. They were interpreted correctly as being
correlated with the onset of the flattening of band 7. But
the intensity enhancement was believed to be due to a high
density of final states!® at I'. The detailed interpretation
could not be given since transition-matrix elements and
transmission effects were not discussed.

All available experimental data on empty bands along
A are summarized in Fig. 8. The present work so far has
obtained the intensity-resonance energies of transitions to
band 7 (solid diamond in Fig. 8) and to band 8 (asterisk).
To get the corresponding k, value we proceeded as fol-
lows: From the results shown in Fig. 5 we first deter-
mined the valence-band dispersions E;(k,) using the final
states Ef(k ) as calculated by Eckardt et al.*® The result
is shown in the left panel of Fig. 9. As can be seen from
this figure, the splitting of the bands 5 and 6 in the region
0<kp <0.5ky; is well described by the theory. The tran-
istions 5-—7 and 6—7 reach the flattening of band 7 at
hv=20 eV (cf. Fig. 5), where the experimental splitting is
0.26 eV. Theory predicts that value at k5 =0.30k 7, and
we used this k, to plot the diamond in Fig. 8. Theory
further tells us that the intensity resonance of the (5,6)— 8
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FIG. 9. Band structure of Au below the Fermi energy. The
solid lines represent the first-principle bands of Eckhardt et al.
(Ref. 20). Left: Experimental bands determined using the cal-
culated (Ref. 20) final bands 7 and 8 (Fig. 8). Right: Experi-
mental bands obtained using the experimental final-band struc-
ture (Fig. 8). The calculated ground-state bands have been shift-
ed down by 0.30 eV.

transition occurs very near to I and this locates the corre-
sponding asterisk in Fig. 8. The energy deviations of our
results from the calculated bands are about + 0.8 and
+ 0.5 €V, respectively, and these values are in agreement
also with other experimental data points obtained earlier
and/or by different authors: The L-point energy of band
7 (L&) has been determined by piezoreflectance,? elec-
tron tunneling,?® piezooptical response,’* and bremsstrah-
lung isochromat spectroscopy.’> The average value of
E(L§)=3.55+0.10 eV is plotted in Fig. 8 (open square).
It occurs 0.54 eV higher in energy than the calculated
value.’®=%0 Also included in Fig. 8 are (solid circles and
horizontal bars) ARUPS results obtained earlier' using
the triangulation method, and the energy of a low-energy
electron-reflectance peak?® as indicated by the horizontal
arrow near I';. Figure 8 clearly shows that all experi-
mental results are in good overall agreement amongst each
other, but deviate by 0.7+0.3 eV on the average from the
calculated bands. We can therefore plot experimental
final-state bands 7 and 8 as given by the dashed curves in
Fig. 8. Critical-point energies are summarized in Table I.

The experimental occupied band structure along A was
then derived using the experimental empty bands. It is
shown in the right panel of Fig. 9. To have a better com-
parison with theory,?® the latter is shifted downwards in
energy by 0.3 eV. A compilation of experimental and
theoretical energies at the symmetry points I' and L is
presented in Table I. There is good agreement between
our data and those of Baalmann et al.,'® whereas Mills
et al.® found slightly higher values at I". We confirm the
known result that experiment and theory for the occupied
bands differ by 0.3 eV (Ref. 20) to 0.38 eV.'®!° For the
valence bands there is generally a good agreement of the
measured dispersion to the calculated one, if a rigid ener-
gy shift is taken into account. A slight discrepancy
occurs along A where band 5 and band 6 cross in theory.
The experimental points seem to indicate no crossing.
This problem could be clarified by spin-resolved photo-
emission experiments.*

A rigid shift of the theoretical d-bands downwards in
energy by 0.3 eV to improve the agreement with experi-
ment is not satisfying: For the upper d bands at the X
point a shift of only about 0.1 eV would be adequate.?!
Symmetry dependent deviations seem to be effective, as
has also been found for Ag.® A rigid shift is not compati-
ble with the analysis of optical data, either, as has been
discussed by Christensen.*? Also, the finite temperature
in the experiments cannot be responsible for this
discrepancy: most of the energy levels move downwards
with increasing lattice constant (Ref. 18 and Table I); the
theoretical temperature shifts*> supporting this argument
are in agreement with experiment.*® Therefore we believe
that the observed energy difference between the experi-
mental bands and those derived from a ground-state cal-
culation is real. Its quantitative interpretation is a chal-
lenge for theory.

The features labeled S and D; D,, and D; in Figs. 2, 3,
and 5 could not be identified uniquely. A low-energy
shoulder like S was also observed for Cu (Ref. 14) and
Ag.®. Tobin et al.*’ ascribed it to the 3z2—r? orbital of
the outermost atomic layer of Ag(111). Figure 5 suggests
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that D,, D,, and D1 could be surface resonances, split off
the T points by about half an eV. Experiments are in pro-
gress to check this idea.

V. SUMMARY

We summarize our main results as follows: We have
studied normal emission from Au(111) for photon ener-
gies between 9 and 27 eV. By a careful analysis of intensi-
ty resonances in direct transitions, and by using experi-
mental results obtained with several techniques by other
authors, we could determine the experimental final-state
bands. These enabled us to derive the energy dispersion
E(k,) of occupied bands along most of the TAL direc-
tion. Several critical-point energies below and above Er
could be determined at " and L, with an accuracy of at
least 0.1 eV. Comparison to a recent band-structure cal-
culation by Eckardt et al.?° yields generally good overall
agreement. The quantitative agreement is almost perfect,
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if a rigid shift to the calculated bands is applied of about
+ 0.7 eV above Er and —0.3 eV below Er. Several
features not due to direct transitions could be clearly iden-
tified. No unique interpretation, however, can be offered
yet. We conclude that the bulk bands of Au along 'L are
experimentally known with a typical accuracy of 0.1 eV,
in the energy range from about 6 eV below Ej to about 19
eV above Ef.
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