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Synchrotron radiation in the 32-160-eV range was used to elucidate the role of bulk and surface effects in
normal photoemission from the valence bands of a Cu(110) crystal. A dramatic resonance in the s-p band
was observed for photon energies hv = 43-52 eV. We have used this resonance and the energy dependence
of the spectra to study the role of surface-induced broadening of the momentum component perpendicular to
the surface (k,). Our results strongly contradict previous interpretations of lower-energy studies in terms of
a one-dimensional density of states along k,. We find that normal photoemission, applied over a sufficient
energy range, can be used to map the initial-state bulk band structure.

Recently, Heimann ef al.! studied normal photo-
emission at 2v=16.85 and 21.22 eV from (110)
faces of Cu, Ag, and Au, and interpreted their
results in terms of the one-dimensional density
of states along the T'=K-X direction. The ap-
parent lack of conservation of the crystal mo-
mentum component perpendicular to the surface
(k,) was attributed to surface photoemission from
bulk initial states, which extend to the surface,
to free-electron-like final states in the vacuum.
This result is puzzling because the photoelectron
inelastic mean free path in noble metals for elec-
tron kinetic energies of ~20 eV is typically 10—

15 A.? Thus, for normal photoemission from a
(110) face about 10 planes contribute and one would
expect bulk photoemission, characterized by mo-
mentum conservation, to be dominant.

In this paper, we report a photoemission study
of the (110) face of Cu in the energy range 32—160
eV. The main aim of the present investigation is
to elucidate the role of k, in photoemission. Be-
cause of the uncertainties associated with 2, , most
band- structure photoemission studies in the past
have been confined to two-dimensional materials.?
We chose a normal-emission geometry such that
k, =0 and one measures only &k, , which is most
sensitive to surface-induced effects.* Further-
more, for our experimental geometry, the vector
potential of the photon field had a large compo-
nent normal to the surface, and therefore favored
surface photoemission.®

Our results show that for Cu(110), there exists
a definite selection rule onk, , even in the most
surface-sensitive energy region. The spectra
show a strong photon-energy dependence and differ
significantly from the one-dimensional density
of states along the I'-K-X (i.e., the k,) direction,
in contrast to Ref. 1. All observed peak positions
can be accounted for by direct transitions origina-
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ting from bulk bands located at well-defined k
points inthe Brillouin zone (BZ). In their analysis
of Cu(001) and Cu(111) spectra,® Wagner et al.”
showed that these k points can be determined sim-
ply by using a free-electron (empty lattice) band
structure for the final state. In Cu(110), a drama-
tic resonance in the s-p band just below the Fermi
level (E,) for 43 =hv =52 eV can be explained in
detail by this model. Thus, the present results
strongly support the interpretation of Cu(111) and
Cu(100) spectra by Wagner ef al.” and show that at
least for Cu, photon-energy-dependent novmal
photoemission is a convenient tool for mapping
out the initial-state bulk band structure.

A single crystal of copper with a (110) surface

.orientation was polished to 1- um smoothness and

etched in nitric acid. The surface was cleaned in
situ by argon-ion bombardment and annealed to
remove surface damage. Photoemission measure-
ments were carried out at ~5x 10™° Torr in the
experimental geometry shown in Fig. 1 of Ref. 6.
The crystal was azimuthally oriented such that

the surface normal, the [111] and [ 111] crystalline
directions lay in the horizontal plane (see insert
in Fig. 2 below). The electron-analyzer resolution
was ~0.2 eV and the monochromator resolution
ranged between 0.01 eV (hv=32 eV) and ~0.2

eV (hv=160 eV).

Experimental spectra are shown in Fig. 1. The
most striking feature in Fig. 1 is the intense peak,
which we shall term Peak A, in the s-p band re-
gion between E ; and about 2-eV binding energy
(Ep), which appears for 43 <hv <52 eV. In con-
trast to previously published Cu spectra® peak A
is completely new and initially quite surprising.
The intensity of this peak is comparable with
that of the d-band peaks in the range 2 eV<E,
<5.5 eV. Also, it shows strong dispersion,
ranging from E;=0.4 eV at hv=43 eV to E z;=1.7

587



588 STOHR, WEHNER, WILLIAMS, APAI, AND SHIRLEY 17

T T T T T

Cu (110) normal'emission

[ntensity (arbitrary units)

" Lol L I L
EF!231‘356% EFI‘Z
Binding energy (eV)

"""

FIG. 1. Photoemission spectra from the valence bands
of Cu(110) single crystals in the range 32 <hv <160 eV.
Electrons were collected normal to the (110) face with
an angular resolution of + (5+1)°. A is the peak between
Epand 2 eV in the hv=43-52 eV spectra.

eV at hv=52 eV. The s-p intensity vanishes in

the energy range 70 <hv <120 eV and shows another
maximum around 2v=140 eV. At hv=160 eV it
hasdiminished again. The d-band region also ex-
hibits strong changes in both peak positions and
intensities. The d bandwidth narrows from ~2.5
eV (full width at half-maximum (FWHM) at low
energies to ~1.5 eV in the range 70 siv <120 eV,
then broadens to ~2.5 eV at the highest energies.

Figure 2 demonstrates the sensitivity of peak A

to the photoemission direction at 2zv=45 eV. The
intensity of peak A decreases greatly at angles
0 slightly removed from the [110] normal. In par-
ticular, for 9=+ 15° it has vanished and the s-p
band shows the expected intensity relative to the

d band.® The peak strength varies almost sym-
metrically on both sides of the normal.® Further
studies show that peak A is quite insensitive to Ar*
bombardment of the crystal. Exposure to 10° L
oxygen [1 Langmuir (L)=10"° Torr sec] reduced
its intensity by a factor of 2 relative to the d band.

The observed peak positions can be related

directly to the initial-state band structure as shown
in Fig. 3. Figure 3(a) illustrates that for photo-
emission along the [110] direction the final-state
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FIG. 2. Dependence of the photoemission spectrum
from Cu(110) at hy=45 eV on the polar angle § mea-
sured between the sample normal and the photoemission
direction into the analyzer. 6 is defined positive for
clockwise rotation of the sample as shown in the insert,
negative for counterclockwise rotation. N
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photoelectron wave vector § in the repeated zone
scheme lies along the T-K-X direction. By
varying the photon energy the endpoint of q will
thus sweep through the zone along this line. Fig-
ure 3(b) shows Burdick’s® valence-band structure
for Cu along UXUKTK. Superimposed are the ob-
served peak positions E g(zv) relative to the Fermi
level (cf. Fig. 1). The location of the experimental
points in Fig. 3(b) was derived as follows. From
the measured peak positions, relative to the Fermi
level, the final-state energy E,=E, (hv)+hv was
calculated. The magnitude of the final-state wave
vector was then determined from the free-elec-
tron dispersion relation |q | = (2mE,/n?)'?, where
the zero of the free-electron scale was taken-to be
the bottom of the free-electron-like bands in
Burdic’k’s band structure. The relation §=k+ (’},

- where G is a reciprocal-lattice vector, then yields

Kk inthe first BZ and the corresponding values E (3]
are plotted as triangles and bars in Fig. 3(b).
Figure 3(c) relates the horizontal scale in Fig.

3(b) to the corresponding photon energy in eV,
assuming an initial-state energy of 3.5 eV (middle
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FIG. 3. (a) (001) projection of the three-dimensional
Brillouin zone of a fcc lattice in the repeated zone
scheme. (b) Burdick’s band structure from the Fermi
level (Eg) to 9 eV binding energy along the UXU and
KTK direction in a repeated zone scheme. Filled
triangles indicate peak positions of Ref. 1; the bars are
the peak positions of Fig. 1. (c) The lower scale estab-
lishes a correspondence between the wave vector in
Fig. 3(b) and the experimental photon energies as dis-
cussed in the text.

of d band).

Comparison of our experimental peak positions
with Burdick’s band structure in Fig. 3(b) reveals
generally good agreement. One striking result is
the complete agreement of the energy dependence
of the pronounced s-p band resonance in Fig. 1 with
the dispersion of the uppermost band between K
and T in Fig. 3(b). In fact, Fig. 3(b) explains why
peak A is seen only for 43 <iv <52 eV. In gen-
eral, the energy dependence of the spectral in-
tensity in the E ; region <2 eV agrees with the
band structure in Fig. 3(b); namely, the intensity
is weak below 40 eV, strong around 45 eV, van-
ishes in the range 60 <hv <120 eV, increases
again around 130-140 eV and is weak above 150
eV. The peak positions in the d-band region 2
SEg<5.5 eV also follow Burdick’s band struc-
ture. For example, the four-peak structure at
hv=36 eV corresponds exactly to the band struc-
ture near k,=k,=-0.65 in Fig. 3(b). The two-peak
structure at energies around 80 eV matches the
bands close to the T point. At Zv=150 eV, two
wider peaks and a sharp middle peak are observed,
in full agreement with the bands at k,=%,=0.6.
Only in the E ; region 2-3 eV around #,=%,=-0.4
do our data points not coincide with Burdick’s
bands. Here, the discrepancy is about 0.5 eV. It
appears unlikely that the experimental peak at
E;~2.4 eV in the corresponding spectra (47 =< hv
=55 eV) is caused by transitions from initial
states at other k points in the zone, as no flat
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bands exist at the respective E,. Also, the same
discrepancy occurs again at higher photon energ-
ies (120-130 eV) corresponding to equivalent k
points between I' and K. This suggests that the
1n1t1al state band structure may be in error for
these k points.

Figure 3(b) also shows a comparison of the ex-
perimental peak positions observed by -Heimann
et al.* with Burdick’s bands. Because the final
states at 16.85 and 21.22 eV lie almost symmetri-
cally around X and the bands are flat around the
symmetry point the same experimental peak posi-
tions are predicted. We have used the labels of
Ref. 1 for the data points in Fig. 3(b). Excellent
agreement is found between peaks f, d, a, and
g and the band structure. Only peak b, the weakest
experimental structure observed, does not coin-
cide with a band around X. The direct-transition
model used here predicts the observed peak posi-
tions better than the one-dimensional density-of-
states (ODDS) calculation of Heimann ef al. In
particular, we need not-assume any shift in Bur-
dick’ s bands to match experimental and theoret-
ically-predicted peak positions, while a 0.3-eV
shift had to be assumed by Heimann ef al. Other
discrepancies between the theoretical ODDS of
Ref. 1 and experiment lie in the prediction of a
shoulder on peak a and especially of the width of
peak d. Experimentally, ‘and according to Fig.
3(b) peak d is confined to E ;< 2.5 eV, while the
ODDS predict it to extend to E;~ 3.0 eV, merging
into another peak ¢ at E,=3.2 eV, which is not ob-
served experimentally. Thus, with the exception
of the weak peak b, the experimental results of
Ref. 1 can be accounted for by bulk direct transi-
tions. Weak structures similar to peak b may
arise.from electrons originating at k points where
the bands are flat [e.g., k,=k, =-0.4 in Fig. 3(b)]
which reach the detector via scattering at surface
irregularities'® or surface umklapp processes.

In their direct-transition calculation Heimann
et al. used the model proposed earlier by Chris-
tensen and Feuerbacher.!! In this model, all
final states with reduced wave vector k along the
T'-K-X direction are allowed while in our model
an additional condition has to be satisfied, namely,
that §=E+5 points into the analyzer. The fact that
our calculation agrees with experiment thus in-
dicates that the final-state Bloch functions in Cu
consist of one strong plane-wave component (i.e.,
one G vector dominates).

The observed peak infensities, especially that of
peak A, require more discussion. 'A tight-bind-
ing linear-combination- of-atomic-orbitals (LCAO)
calculation'? shows the composition of the upper-
most band in Fig. 3(b) to be 50% s-p, 30% d,,, and
20% d, at b, =k,=-0.5, with its d character in-
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creasing (e.g., 12% s-p, 47% d,,, and 41%d,. at
k,=k,=— 0.375) as the band moves away from the
Fermi energy. The amount of d-like character of
this band can explain the strength and angular
dependence of peak A. An LCAO calculation
shows that, while its energy remains almost
unchanged, the orbital character of the uppermost
band in Fig. 3(b) changes drastically for kK points
off the T-K symmetry line. In fact, for k points
corresponding to zv=45 eV and an emission angle
¢ as defined in Fig. 2 the composition of this band
changes from 42% s-p, 35% d,,, 23% d, for §=0°,
to 84% s-p, 10% d,,, 6%d,2 for §=10° to almost
pure s-p (95%) character for 6=15° The strong
s-p character (e.g., 87% s-p for k, =k,=-0.375) of
the lowest band in Fig. 3 is also the reason why it
is not observed experimentally.

Peak A does not reappear in the region 130 =hv
=140 eV as one would expect from Fig. 3. Be-
sides sampling larger &, values at higher energies
due to the finite angular resolution of the analyzer

we attribute this mainly to a shorter inelastic mean
free path A, around 130-140 eV (A, = 3A) than
around 45 eV (A,~8 A) 2 resulting in a larger
broadening of k,.* We can estimate an upper limit
for this broadening at Zv=45 eV from the width
(0.9 eV) of peak A taking the experimental resolu-
tion (0.2 eV) into account. This yields Ak, =+0.035
(27/a), where a is the Cu lattice constant. With
the above values for A, we obtain Ak, ~+0.1 (27/a)
for 130 s hvs 140 eV. While this value for Ak,

is sufficient to smear out the sharp structure of
peak A we note that it is only 10% of the Brillouin-
zone dimension. Thus from these estimates
Cu(110) photoemission spectra are not expected to
resemble a one-dimensional density of states along
k, even in the region of highest surface sensitivity,
in gross disagreement with Ref. 1. Finally we
mention that the present results on Cu also con-
trast with the interpretation of PbS photoemission
spectra which were recently published by Grandke
et al.*?
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