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The directional anisotropy in photoemission from valence bands of Cu and Au single crystals has been studied

in the photon energy ranges 32 & hv & 200 eV, and 32 & hv & 130 eV, respectively. Angle-resolved

photoemission energy distributions were obtained for electrons emitted in the [001] and [111] directions.

Dramatic differences were found between the two directions and strong variations with energy were obtained

over the entire energy range. The results are discussed in terms of final-state band-structure effects and/versus

strong inelastic damping in the final state. For Cu, spectra taken at hv = 90 eV along the same symmetry

directions at high (90') and low (35') take-off angles from the surface show a pronounced narrowing of the

d band at low take-off angles. This is attributed to a preferential sampling of the local density of states at the

surface by using an appropriate photon energy and take-off angle. The energy dependence of the Au Sd
intensity has been measured and is found to decrease by a factor of —50 over the investigated photon energy

range 40-190 eV.

I. INTRODUCTION

Angle-resolved photoemission (ARP) from smgle
crystals has previously been reported in the ultra-
violet (UPS)' and x-ray (XPS)" photoemission
ranges. In the two regimes significantly different
information is contained in the experimentally ob-
served photoelectron energy distributions (PED's).
At UPS energies the PED's obtained by exciting
valence electrons are determined by the details
of both the initial- (valence-band) and final- (con-
duction-band) state energies and wave functions. "
In this regime the three-step model of photoemis-
sion' including strict momentum and energy con-
servation during the excitation process, has proven
to describe the experimental situation quite well.
On the other hand, angle-resolved PED's observed
at XPS energies basically depend only on the sym-
metry properties of the initial states. ' In this
case momentum- and energy-conservation selec-
tion rules are also important but they are more
easily satisfied. Thus final-state band-structure
effects are weak. The experimental spectra are
well described by the initial density of states mod-
ulated by an angle-dependent matrix element. '

So far, no ARP studies have been performed in
the transition region between UPS and XPS, name-
ly, in the region 40~hv~1000 eV. Here we report
such experiments. We have utilized the first six
8-hr shifts dedicated to synchrotron radiation on
the SPEAR storage ring at the Stanford Synchro-
tron Radiation Project (SSRP).' The high-photon
flux emitted by SPEAR, which operated at beam
currents up to 80 mA, ' allowed ARP studies of the
valence bands (VB) of Cu (Sd) and Au (5d) single
crystals in the energy range up to 280 eV for Cu

and 130 eV for Au.
ARP experiments in the photon energy range

studied here are of considerable interest because
of their high surface sensitivity which arises from
a minimum in the photoelectron mean free path in
the kinetic energy region around 100 eV.' In this
range of electron energies the mean free path be-
comes comparable with the interatomic distance
in the solid, and the photocurrent arises largely
from the top layers. ' The theoretical description
of the PED's in this range of "strong damping" is
a difficult problem. Not only does one have to
consider the local states of the outermost surface
layer in addition to the bulk states as possible
initial states, but the photoemission process Pew
se can no longer be described by a simple model
because the steps of excitation, transport, and

emission are inextricably mixed. It has been
argued that because of strong inelastic electron
scattering effects the observed spectra might
even have to be interpreted in terms of rnany-

body effects rather than single-particle properties
like densities of states. '

This paper is intended to elucidate some of the
above problems by providing the first experimen-
tal ARP results in this interesting energy range.
It is apparent that ARP studies provide consider-
ably more detailed information than the previously
available angle- integrated results. """ Experi-
mental details and results are presented in Secs.
II and III, respectively. In Sec. IV we discuss
the basic physical reasons for an energy and angu-
lar dependence of photoemission in the UPS-XPS
transitions region. The experimental results for
Cu and Au are discussed in these terms in Sec.
V. In the concluding Sec. VI we discuss the basic
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information obtained from the present investiga-
tion and point out some of the problems stimu-
lated by it.

II. EXPERIMENTS

The experimental geometry is shown in Fig. 1.
The monochromatic" photon beam was incident
on a Cu or Au single crystal which was positioned
at the focal point of a cylindrical mirror analyzer
(CMA) modified for ARP studies as discussed be-
low. The electric field vector E of the incident
radiation lay in the plane defined by the beam and
the propagation direction of electrons accepted by
the analyzer. Its orientation with respect to the
crystalline axes is shown in Fig. 2. We have
chosen the fourfold cubic axes [100], [010], and

[001]as our frame of reference (x, y, z) and we
describe the spacial orientation of the E vector
and the detector in terms of polar (0) and azimuth-
al (P) angles. The positions of the x-ray beam
and the detector were fixed relative to each other
with the x-ray Poynting vector, E vector, and
the detector acceptance axis lying in the horizontal
plane.

The sample holder could be rotated about a ver-
tical axis. Two crystals with a (001) and (111)face,
respectively, were mounted simultaneously on the

sample holder. By raising or lowering the sample
holder the electrons were collected either along
the [001]direction of the (001) crystal or along
the [111]direction of the (111)crystal (cf. Fig. 2).
For Cu it was possible to look at photoelectrons
emitted along both the [001] and [111]axes of the
same crystal by rotating about the vertical axis.
The faces of the crystals were polished to 1 p. m
smoothness and then etched before introduction
into the ultrahigh-vacuum (-1 && 10 "-Torr) cham-
ber. The surfaces were then cleaned by argon ion
bombardment and annealed by heating with an elec-
tron gun to remove surface damage.

The CMA, operated in the retarding mode, "was
adapted for angle-resolved measurements by plac-
ing a stainless-steel shield with a 11' slit aperture
on the front of the analyzer. " The geometrical ar-
rangement of the slit is shown in Fig. 1(b). The ef-
fective acceptance area of the CMA is defined by
the +6' acceptance width of the CMA" and by the
+5.5' slit width of the shield yielding an angular
resolution of a6' in the horizontal and -+4' in the
vertical plane (cf. Fig. 1). It was found that the

(a) (001) face

(a) Top view

[~CMA symmetry axis

Sample (001) or (111)face

[001) E vector [111] x

Detector
(b) (ill) face

I

(b) Axial view
I

I

ield

Acceptan
area of
analyzer

FIG. 1. Experimental geometry for angle resolved
photoemission studies of Cu and Au single crystals. A
cylindrical-mirror analyzer (CMA) is modified by means
of a slit aperture (shield) to allow angle resolved mea-
surernents. The effective angular resolution is +6' in
the horizontal and -+ 4' in the vertical plane.

f111] E vector [001]
Detector

FIG. 2. Experimental orientation of the x-ray beam,
E vector, and detector relative to the fourfold cubic
crystalline axes x, y, z. The polar (0) and azimuthal (P)
angles define the orientation of the E vector in the coor-
dinate system x, y, z. The crystal could be rotated about
a vertical axis. The x-ray beam, E vector, and detector
positions were fixed in a laboratory frame of reference
and lay in the horizont;[. 1 plane.
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shield reduces the counting efficiency of the CMA

by approximately 360'/ll, as expected. The Cu
PED's were recorded at a pass energy (E~) of 10
eV, except for the 6+ =200-eV spectra which were
measured with E~ =15 eV for Cu [001] and E~ = 25
eV for Cu [111]. The Au spectra were obtained
with E& = 50 eV. At a given pass energy the CMA
used in the present study had an energy resolution
of &E =0.016 E& when operated without the slit
aperture. It was found that the slit aperture im-
proves the energy resolution of the analyzer.
Measurements of core levels with and without the
slit aperture showed that the resolution improves
by approximately a factor of 2 when the aperture
was used. " We thus believe that the Cu and Au

spectra were recorded with a CMA resolution of
4g & 0.15 eV and b,E = 0.4 eV, respectively.

The angle-resolved experiments presented here
were carried out in the photon energy range 32
~&v~200 eV for Cu and 32» hv~ 130 eV for Au.
The lower experimental limit (32 eV) is given by
the possible mechanical motions of the monochro-
mator. " The upper limit for Cu is given by the
resolution" of the monochromator. We recorded
Cu spectra up to hv = 280 eV [for even higher ener-
gies the absorption of carbon (K edge) on the vari-
ous mirror surfaces resulted in a considerable
decrease in intensify], but above hv= 200 eV the
resolution decreases considerably and no differ-
ence in the PED's for Cu [001] and Cu [111]could
be observed. " The upper limit (hv= 130 eV) for
Au was determined by the small Au 5d cross sec-
tion at higher energies as will be discussed in
more detail below. The low 5d cross section was
also the reason for recording the Au PED's at a
higher CMA pass energy.

In order to obtain information on the cross-sec-
tion variation of the 5d band in Au with photon
energy we have measured the variation of the 5d
intensity in the range 40 ~ hv ~ 190 eV. These
studies were carried out with a resolution &E =1.6
eV (&~ =100 eV). No aperture was used in order
to average over various angles of electron emis-
sion and in order to improve the signal. The Au

sample was a polycrystalline foil which was cleaned
by argon ion bombardment and subsequently an-
nealed by heating with an electron gun to remove
surface damage.

III. RESU LTS

A. Cu

Experimental results for Cu are shown in Fig.
3. For both crystal faces the electrons were taken
off along the surface normals of the (001) a.nd (111)
faces as shown in Fig. 2. The experimental orien-
tations are summarized in Table I. The spectra
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are shown expanded around the Fermi energy, be-
cause the onset of photoemission is often very weak
for Cu.

Several distinct trends are apparent in the PED's
shown in Fig. 3. The 4s band, between the Fermi
energy and 2-eV binding energy (BE), is.strongest
in the range 70—120 eV for Cu [001]and 60-85 eV
for Cu [ill]. its strength, relative to the d-band
intensity, is larger for Cu [ill] than for Cu [001].
In Fig. 4 some PED's observed along the [001]
and [111]directions are compared with each other.
For all photon energies distinct differences are
observed. Note that we have included some spec-
tra (@v =80, 90, 110 eV) in Fig. 4 which are not

[ I I I I I I I I I I I I I,. I I I I I I I I I I I I I I I l

EF I 2 3 4 5 6 7 EF I 2 3 4 5 6 7

8[n[Iing energy (eV)

FIG. 3. Photoemission energy distributions from Cu
single crystals in the range 32 —hv —200 eV. The Cu
[001l and Cu t.111l spectra were obtained by taking elec-
trons off normal to the {001)and (111) single-crystal
faces (compare Figs. 1 and 2 and Table I). The spectra
are also shown enlarged around the Fermi energy.
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TABLE I. Experimental geometry for photoemission from single crystals of Cu and. Au.

Cu [001] Cu[& &&] AU [004] Au[&~&] b

Detector

8 = 27.5'

Q =-45'

9=0'
{along z axis)

8 = 27.5"

Q =45

0 = 54.5'

Q =45

0 =27.5
Q = 60.0'

0=0"
(along z axis)

0 =-30.0'

Q = 26.5'

0 = 54.5'

Q =45'

All values have been rounded to the nearest 0.5 .
"Electrons were taken off normal to the (001) and (iif) crystal faces, respectively.

shown in Fig. 3. The d band extends from -2 eV
to -6 eV BE. For Cu [001], the most striking
changes occur in the range 70 «h+ «130 eV. A

feature at -5 eV BE shows a broad resonance in
intensity, peaking near h'&o = 110 eV (compare Figs.
3 and 4). The FED's for Cu [111]exhibit a similar

I ' I ' I ' I )]) i

I60

l30

IIO

resonance in intensity of a peak at -5-eV BE in the
range 60 «he@ «100 eV, with a maximum at Su=80
eV (compare Figs. 3 and 4). At the highest photon
energy (200 eV) this feature appears again to in-
crease in intensity.

Figure 5 demonstrates the sensitivity of the
PED's to the experimental geometry at hv =120 eV.
The dashed line corresponds to a spectrum taken
at normal take-off from the (001) face and is iden-
tical to the Cu [001] spectrum at k&o =120 eV in
Fig. 3. As seen from Table I or Fig. 2(a) this
geometry corresponds to an angle 0 =27.5 be-
tween the E vector and the fourfold z axis. The
PED shown as a dashed curve in Fig. 5 was ob-
tained by merely rotating the (001) crystal by 4'
about a vertical axis such that in this case 8 =23.5'
[compare Fig. 2(a)]. The difference between the
two spectra in Fig. 5 is quite striking and it re-
presents the strongest angular variation observed
in the studied photon energy range.

In Fig. 6 we compare PED's taken to hv =90 eV
along a. special symmetry direction ([001]or [111])
from different crystal faces. Electrons were taken
off along the [001]direction either normal to the
(001) face (n =90') or at a take-off angle n =35'
with respect to the (111)face (compare Fig. 2). In
the latter case the sample holder was rotated by
-55' about a vertical axis and raised to place the

Cu (OQI )

hv = l20 eV—9 = 27.s'

32—r

I I I ) I & I & I i I & I

Ep I 2 3 4 5 6 7

Bif)fiiny every' (e9)

FIG. 4. Comparison of photoemission spectra taken
along the Cu [001] and [111]directions (dashed and solid
lines, respectively) for various photon energies. The
experimental geometry was the same as for Fig. 3.

EF I 2 3 4 5 6 7 8
Binding energy { eV )

FIG. 5. Photoemission from a Cu (001) face at h&

=120 eV into the normal [001] direction (0=27.5') and
into a direction 4' off the normal take-off direction
(0=23.5 ). 0 is defined in Fig. 2(a). In both cases
P =45'. The dashed spectrum corresponds to a detector
orientation of &a=4', @a=225 in the frame x, y, z.
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FIG. 6. (a) Comparison of photoemission spectra of
Cu taken for electrons propagating along a [001] direc-
tion normal to a (001) crystal face (& = 90') and at a
take-off angle of & =35' from a (111) crystal face ~ The
solid line corresponds to 0 = 27.5' and P =45' in Fig.
2(a), the dashed line to 0=27.5, @ =225' in Fig. 2(b).
(b) Spectra taken along a Cu [111]direction normal to
a (111) crystal face (&=90 ) and at a take-off angle of
n =35' from a (001) crystal face. The solid line corre-
sponds to &=27.5, P =45 in Fig. 2(b), the dashed line to
0 = 82.5' and Q =45' in Fig. 2 (a).
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(111)crystal instead of the (001) crystal in the
focal point of the x-ray beam and analyzer. Sim-
ilarly, PED's were obtained for propagation along
the [111]direction of the (111)crystal (n =90') and
the (001) crystal (n =35'). As seen from Fig. 6
there are distinct differences between the corre-
sponding PED's of electron propagation. In both
cases the spectra obtained at low take-off angles
(a = 35') exhibit a narrowing in d-bsnd width and
increase in height at their center of gravity.

B. Au

PED's measured along the [001] and [111]direc-
tions from Au single crystals are shown in Fig. 7.
The electrons were collected normal to the (001)
and (111)faces, respectively. The experimental
situation is shown in Fig. 2 and summarized in
Table I. For both orientations the s band extend-
ing from the Fermi level to about 2-eV BE is most
pronounced in the energy range 30-80 eV and loses
intensity relative to the d-band peaks above 80 eV.
The d band for Au consists of two main peaks cen-
tered around 3.5- and 6.5-eV BE. Both peaks can
be approximately described as being composed of
two components at -3-eV and -4-eV and -6-eV and
-7-eV BE, respectively. The energy dependence
of the PED's for both directions essentially con-

60.-
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32 ..""- 32 . .
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EF 2 4 6 8 IO l2 E& 2 4 6 8 IO l2

Binding energy (eV)

FIG. 7. Photoemission spectra from Au single crys-
tals in the range 32 —h& ~ 130 eV. The Au [001] and Au
[111]spectra correspond to photoelectron propagation
normal to the (001) and (111) single-crystal faces (cf.
Figs. 1 and 2 and Table I).

sists of intensity changes of these four peaks.
Spectra for electron emission into the [001] and
[111]directions are compared in Fig. 8. As for
the case of Cu, distinct changes between the two
directions are observed.

The energy dependence of the Au 5d VB intensity
in the range 40 & hv & 190 eV is shown in Fig. 9 as
a solid line. For comparison we have also included
the Ag 4d VB photoemission intensity variation"
in the figure. While the d-band intensity is given
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I j I l
I j I j I j I area under the PED's in the binding energy range

2 ~hv~ 8 eV, and correcting this area with respect
to the incident photon flux and the collecting effi-
ciency of the CMA."

IV. GENERAL DISCUSSION OF ARP IN THE UPS-XPS

TRANSITION REGION

l00

L

L

L

~3P j}jijIj(j
E) P 4 6 8 j0 jP

BiI}(jjI)g ef}er(Iy (e0)

FIG. 8. Comparison of photoemission energy distribu-
tions along the I.001] and t111] direction of Au {dashed
and solid lines) in the range 32 —» —120 eV. The spec-
tra were taken from Fig. 7.

in arbitrary units, we have normalized the Ag 4d
and Au 5d intensities to each other expex imentally
by comparing the areas under the PED's from Ag
and Au at hv =40 eV. The data points for Au shown
in Fig. 9 were obtained by correcting the Au spec-
tra for their inelastic background, measuring the

200I t I I f 1 I
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I'IG. 9. Relative intensity of the 4d valence band of
Ag {Ref.12) and the 5d valence band of Au as a function
of photon energy. The Ag and Au valence band intensities
were normalized with respect to each other at » =40 eV.

In general, photoemission spect1 a depend on
the details of the initial- (valence-band} and final-
(conduction-band) state energies and wave func-
tions. Analysis of experimental PED's thus re-
quires the knowledge of these quantities. In the
ultraviolet range (hv ~ 40 eV) photoemission spec-
tra are usually analyzed by comparison with exist-
ing band- structure calculations assuming strict
momentum and energy conservation in the excita-
tion process. For example, AHP studies of'9 Cu
and" Au at photon energies 16.8 and 21.2 eV were
discussed in terms of the band-structure calcula-
t1ons by Janak et al. ' and Chr1stensen and Sera-
phin. " The interpretation of ABP spectra in the
x-ray regime (hv~ 1000 eV) is simplified by the
fact that the details of the final-state band struc-
ture are unimportant. In this case certain approx-
imations have been suggested which allow one to cal-
culate the angle resolved PED's." In the photon
energy range covered in the present study, final-
state band structure and transition-matrix-ele-
ment effects are expected to be important. Be-
cause band-structure calculations are usually
available" only to about 40 eV above the Fermi
level the description of the final state is thus a
major problem.

In a previous paper" on polycrystalline Cu we
used a free-electron band structure and orthogo-
nalized-plane-wave wave functions to describe the
final state. However, in contrast to angle inte-
grated photoemission from polyc1ystalline samples,
angle resolved spectra from single crystals are
far more sensitive to the exact nature of the final-
state Bloch function. In a bulk interband optical
transition an electron is ejected whose wave func-
tion

P&(r) = gag exp[i(k+6) ~ r]

has plane-wave components going in different di-
rections k+ 6, where 6 is a reciprocal-lattice
vector. ~~ The intensity of emission into the di-
rection k+ 0 is determined by the respective co-
efficients ao in Eq. (1). By assuming free-electron
final states all but the leading term in Eg. (1}are
omitted and the electron may only leave in one di-
rection. The resulting overemphasized angular
anisotropies in the free-electron final-state pic-
ture are somewhat averaged out in angle-inte-
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grated photoemission" but appear to preclude the
px'edlctlon of AHP spectlR,

In the intermediate photon energy range studied
here another problem arises in the desex'iption
of the final state. Because of strong inelastic

catterings the final-state wave function no longer
x'epresents R pUr6 Bloch-%'Rve characteristic of
the bulk, but must incIude damping due to inelastic
effects inside the solid. This may be accounted for
in an ad hoc fashion by replacing the (surface) nor-
mal component of the wave vector in the final-
state wave function by a complex quantity, which
will exponentially favor emission from the surface
layers. " The imaginary part then describes
damping of the electron wave function inside the
solid Rnd may be related to the familiar mean
free path. " In principle, with this ad Aoe modifi-
cation of the final-state wave function, the AHP
spectra presented here could be analyzed by using
R bRnd-stluctul6 calculation which extends to
higher energies. Howevex', we feel that a more
appropriate approach may be to calculate the
photoemission spectra by using the multiple-scat-
tering formalism" employed in current low-en-
ergy-electron-diffraction (LEED) theories. 28

%'ithin this formalism, inelastic effects xnay be
included by inserting a complex optical potential
into the single-particLe propagator. 29 Within the
framework of the present paper no such calcula-
tion 18 attempted~ bUt 1QsteRd %'6 discuss AHP
in the UPS-XPS transition region in general terms
and restrict the analysis of our experimental re-
sults to some basic observations.

At the intermediate photon energies used in the
present study the changes in the PHD's with emis-
sion dhrection are in part determined by the wave-
vector dependence of the final-state energies and
wave functions inside the crystal. In the following
discussion we mill assume that the angular dis-
tributions of photoelectrons is not affected by re-
fraction Rt the cxystal suxfRce. This 18 ln geQ-
exal a good assumption if photoelectrons are
studied along the normal of the sample. For pho-
toemission along the [001] and [111]directions
only final Bloch states which contain coefficients
[cf. Eq. (1)]a&~„, (n=0, 2, 4, 6. . . ) and a& „,(m
=0, 1,2, 3. . .), respectively, can contribute in a
bulk photoemission process. Only these Bloch
waves will have the correct propagation direction
respectively, with their wave vectors k+ 0 point-
ing into the analyzer. Because of momentum con-
servation selection rules the nature of the final
state also determines which initiaE states in the
first Brillouin zone (BZ) are sampled. Even in
the region of highest surface sensitivity, i.e. ,
maximum broadening of the normal component
of the photoe1ectron wave vector, the parallel

wave-vector components are conserved. For
photoemission along a given symmetry line,
only states in the first BZ along this line
contribute. " The finite acceptance angle of
the photoelectron analyzer results in sampling all
initial states whose k vectors lie within a cone
centered around the symmetry direction. '" The
cone diameter depends on the acceptance angle
Rnd photon energy, as discussed below.

The observed modulation effects in the PED's
with photon energy arise mainly because of ex-
citation into different final-state regions. In gen-
eral, boththe number of final states that satisfy
energy and momentum conservation Rnd the final-
state Bloch functions (which determine the transi-
tion matrix element)" will change with photon
energy. The number of final states increases with
increasing photon enexgy and the leading coeffici-
ents in the Bloch functions [Eq. (1)]will corre-
spond to larger recipxocal lattice vectors. For
example, at kv =50 eV photoemission along the
[001]direction is strongly determined by the

a&»» component of the final-state Bloch function
[Eq. (1)], while the a&»„component is most im-
portant at hv =150 eV." The magnitude of the
reciprocal lattice vector involved in the umklapp
process of the final-state wave vector into the
first BZ Rlso detel mines ho%' 1Rx'ge R fraction of
the first BZ (initial states) contributes to the ARP
process. This ls 111ustrated 111 Fig. 10(b) for pho-
toemission into the [001]direction. We have as-

(a)

FIG. 10. (a) (010) projection of the three-dimensional
grillouin zone of a fcc lattice. The k axes are those of
the infinite three-dimensional crystal. (b) Photoemis-
sion along the [001j direction assuming an angular reso-
lution of +6 (dashed area). The dashed area within the
various zones indicates the fraction of initial states
which may be sampled in the first Brillouin zone if the
final state contain the respective G vector; i.e., these
initial states are allowed by the momentum conservation
selection rule. %hether they actually contribute to
photoemission depends on satisfaction of the energy con-
servation selection rule imposed by the final-state band
structure.
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sumed a +6' acceptance angle of the analyzer
(dashed area), which is superimposed on the
(010) projection of the three-dimensional BZ of
the fcc lattice [compare Fig. 10(a)]. Depending
on the photon energy the final state will lie in
either the first, second, third, etc. , BZ and
either the G=[000], 6=[002], G=[004], etc. , re-
ciprocal lattice vector will characterize the final
state. The complex final-state band structure in-
volving Bloch-type states (as opposed to free-elec-
tron final states) allows transitions with the prop-
er photoelectron propagation direction k+6 from
many points of the first BZ.' If the photoelectrons
are not refracted at the crystal-vacuum interface"
the dashed area in the respective BZ in Fig. 10(b)
is then exactly the part of the first BZ (initia. l
states) which may be sampled by means of an
umklapp process involving the corresponding 0
vector.

It is interesting to discuss what happens at high
photon energies; i.e., at XPS energies (kv ~1000
eV). Here the number of final states is large and
a sufficient number of Bloch waves contain an ap-
propriate reciprocal lattice vector which reflects
the final state back into the first BZ by means of
an umklapp process. Because of the magnitude of
these vectors involved the whole first BZ is sam-
pled. The PED's are then determined by the
transition matrix element between the initial
states and the appropriate plane-wave components
of the final states [Eq. (1)]. As has been shown in
an earlier paper' photoemission along the [001]
and [111]directions samples the e and t, pro-
jections of the initial density of states, respective-
ly. After these general considerations, we shall
now be more specific and discuss some features
of the measured PED's for Cu and Au below.

V. DISCUSSION OF RESULTS

A. Cu

In contrast to the PED's from polycrystalline
Cu samples which did not show any significant
changes in spectral shape above hv= 80 eV,"
the spectra in Fig. 3 have not yet converged to
a constant shape even at hv =200 eV. Note in
particular the opposite changes in width of the
d band for Cu [001] and Cu [111]in the range 130
~ hv ~ 200 eV. These changes with photon energy
are thought to arise mainly from direct transi-
tions. It is somewhat surprising that the energy
dependence of the PED's is quite weak at the low-
est energies studied (kv ~ 60 eV). We have taken
additional spectra in the range 32 & hv ~ 40 eV,
in increments of 2 eV, which showed a smooth
variation from the spectral shape at 32 eV to that at
40 eV shown in Fig. 3.

The region '70 ~ hv ~ 100 eV is particularly in-
teresting, as the PED's for Cu [001] and Cu [111]
bear a close resemblence to the eg and &zg projec-
tions of the Cu 3d valence band. %e have calcul-
ated the total density of states and its e, and t,
projections using Smith's33 parameterization of
the Hodges, Ehrenreich, and Lang" tight-binding
interpolation scheme. The results are shown in
Fig. 11. For Cu, a pronounced difference exists
between the e, and t„projections, and ABP mea-
surements at XPS energies" for Cu [001] and Cu
[111]indeed show the spectral shapes predicted
by the above calculation. The question arises why
the d-band features around 85 eV resemble the
XPS results. From our previous results" on poly-
crystalline Cu and also from recent work on Au,"
there appears to be strong evidence that the min-
imum in escape depth for the noble metals Cu and
Au occurs around 90 eV. At first sight the re-
sulting momentum broadening in the final state,
which weakens final- state band-structure effects, "
appears to be a good candidate to explain the ob-
served PED's in the range around 85 eV. Let
us discuss this possibility in more detail.

At XPS energies the PED's obtained along the
[001] and [111]directions resemble the e, and f„
projections of the valence band if two basic cri-
teria are fulfilled: (i) all initial states within the
first BZ are sampled; (ii) the transition matrix
element can be interpreted using plane-wave final
states. ' At hv =85 eV, photoemission from the
bulk, for example along the [001]direction, in-
volves final states with 0 vectors of the form
[00n] with the n =2 and n =4 components dominating.
In this case photoemission into the &0=+6 ac-
ceptance cone of the analyzer dominantly derives
from initial staces within the first BZ which cor-
respond to the dashed area in the second (G =

=[002]) and third (G =[004]) zone in Fig. 10(b) 3'

Cu volence bond—Totoi Ve"." te& pro jec
projecti9
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I"lG. 11. Total valence-band (V8) density of states and
the t2g and eg projections for Cu 3d calculated in, a tight-
binding interpolation scheme as discussed in the text.
The density of states histograms were convoluted with a
Gaussian of full width at half-maximum of 0.5 eV.
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As is seen from Fig. 10(b), all initial states
which may contribute lie inside a cone centered
along the k, axis. At h v = 85 eV and ~Q = ~ 6' only
part of the three-dimensional first BZ is sampled.
If the inelastic mean free path is small, the nor-
mal component of the final-state momentum vec-
tor becomes ill-defined because of a loss of (in-
finite) lattice periodicity near the surface in the
normal direction, The problem of sampling the
first BZ reduces to two dimensions (the k„—k,
plane). However, the area sampled in the k, —k,
plane does not increase by introducing momentum
broadening in the k, direction. Thus, although a
relatively larger fraction of the first BZ is sarn-
pled in the momentum broadening case, an ac-
ceptance angle of +6' does not appear to be suf-
ficient at hv =85 eV to provide access to the whole
k„—k, plane. Even if me assume for the sake
of ag et that the ot pot t p
the first BZ are being sampled, the plane-wave
description of the final state at such low photon
energies still needs to be justified. On the basis
of atomic considerations one would in general ex-
pect the interaction between the photoemitted elec-
tron and the ion-core potential to lead to more
complicated (energy-dependent) angular distri-
butions than those predicted by a plane-wave final
state. For photoemission from d orbitals the
angular distribution of the electrons is determined
by the p and f pa, rtial-wave final-state channels.
One important quantity which is a good indication
of the strength of the interaction of the photoelec-
tron and the ion-core, and hence of the validity
of the plane-wave final-state description, is the
phase shift." Although me do not claim that the
plane-wave final state description is valid for Cu
at hv =85 eV, me note that phase shifts for Cu are
considerably smaller than for Au." For this rea-
son one mould not expect to see the same energy
and angular dependences for the Cu and Au PED's
in the surface-sensitive region. The Cu spectra
around 85 eV might resemble the t„and e~ pro-
jections because both criteria (i) and (ii) men-
tioned above are approx&mately satisfied.

One interesting question that arises in the inter-
mediate photon energy regime concerns the ef-
fects of surface versus bulk photoemission. In
general, surface sensitivity may be achieved if
either the initial- or final-state wave-function is
strongly localized at the surface. Such a situa-
tion is encountered for states at the surface whose
energy corresponds to a band gap in the bulk. '
Several studies in the ultraviolet regime of pho-
toemission were concerned with the study of such
surface states at clean metal surfaces. ~ For Cu,
the existence of surface states has been postulated
on experimental grounds by Gartland and Slags-

void. "A peak of 0.4 eV below the Fermi level
occurring in the PED's from Cu (111)at kv ~ 6.6 eV
was interpreted as a surface band within the s-p
band gap. A similar structure was also observed
by Ilver and Nilsson" at hv =16.8 eV. However,
these authors pointed out an alternative explana-
tion in terms of intraband excitations by the
longitudinal component of the electric field
at the surface. " Our experimental results
do not provide any new information on the
above problems, since in most cases the s band
is quite weak and thus structures are not easily
seen. For the d-band region of Cu no experimen-
tal evidence for surface states is available from
previous photoemission studies. ~'" A calculation
for the (001) surface predicts a maximum in the
density of surface states around 4.6 eV below the
Fermi. level." The question arises whether the
peak at -5 eV BE which shows a broad resonance
around 100 eV for Cu [001] corresponds to the
calculated density of surface states. In lack of a
detailed calculation this question cannot be answered
unambiguously since the contributions from surface
and bulk states to this peak cannot be separated. It
is interesting to note the strong angular dependence
of this peak as revealed by Fig. 5 at hv =120 eV
a,nd by Fig. 6 at hv =90 eV. The solid line in Fig.
6(a) corresponding to a take-off angle of o =90'
from a (001) face should be compa. red to the dashed
curve 1I1 Fig. 6(b) which corresponds to Q = 35
from the same (001) face (i.e., the [111]direction
on the (001) face). A similar strong enhancement
of peak intensity in the direction normal to the
crystal face as apparent from Figs. 5 and 6 has
been observed for photoemission from surface
states on W(001),' and Cu (111).""

Besides photoemission from surface states there
has been considerable theoretical interest recently
in studying the modification of bulk states near the
surface. " The most interesting result of such
calculations is the prediction of a narrowing of
the d-band density of states near the surface. 44

In a simple physical picture such a behavior is
expected because the reason for broadening atomic
levels into solid-state bands is partly removed at
the surface. We believe that we have observed
this effect experimentally. As shown in Fig. 6
the experimental PED's along both the [001] and

[ill] directions become narrower when the take-
off angle is changed from 90 to 35 . The above
change in angle corresponds to a decrease in ef-
fective escape depth normal to the surface by a
factor of 2." Thus in the low take-off angle (e
=35') case the surfa. ce derived contribution to
the spectrum is considerably enhanced. The fact
that the escape depth is already short at hv =90
eV"'" makes us believe that we are largely sam-
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pling the outermost layer of the crystal in the
low take-off angle case. The narrowing of the
d-band width is accompanied by an increase of
the central peak (-3.V eV BE) which coincides
with the center of gravity of the d band. This is
expected because of increased atomic-type be-
havior at the surface.

I

a

Au valence band—Toto) ve
pro ct on
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B. Au

The photon energy dependence of photoemission
from polycxystalline Au was studied by Freeouf
et a/. 46 in the range 15~hv~90 eV. Above hv
= 40 eV the spectral features in the observed
PED's did not change significantly. This was
discussed by Feibelman and Eastman" in terms
of momentum broadening in the final state. Mea-
surements by Lindau et al.'o up to 200 eV revealed
dramatic changes in the shape of the 5d valence
band in the range above 100 eV. For example, the
intensity ratio of the low (-3.5 eV BE) and high
(-6.5-eV BE) peak decreased from a value of 1.5
at hv =100 eV to 1.0 at hv =120 eV. Lindau et al.
discussed several possible explanations for the
observed modulation effects and favored an ex-
planation in terms of an atomic-type cross-sec-
tion effect. In particular, they associated the
two main VB peaks with the spin-orbit-split com-
ponents 5d, &, and 5d, &, and argued that the re-
spective cross sections may vary differently with
photon energy. We can exclude this explanation
on the basis of our experimental results. 4' An

atomic-type cross section effect should also be
seen in angle-resolved photoemission, i.e., in
the range 100 & hv & 120 eV for both Au [001]and
Au [111]. Inspection of Fig. I or 8 reveals that
is not the case for Au [001]. The above argu-
ment also excludes an atomic cross-section
effect of the Cooper-Fano type' as being re-
sponsible for the observed modulation effect
in Au. This is independently confirmed by the
photon energy dependence of the total Au 5d-band
intensity (which is in good approximation propor-
tional to the 5d cross section) shown in Fig. 9.
In contrast to the case of the 4d intensity in Ag,"'"
which exhibits a pronounced Cooper-minimum
(cf. Fig. 9), the variation of the Au 5d intensity is
not strong enough to significantly influence the
shape of the valence band. We note that the PED's
for Au [111]show a change in peak amplitudes
for 100 & hv & 120 eV (cf. Figs. 7 and 8) which goes
in the same direction as those observed by Lindau
et al." In fact, the low BE peak decreases by a
factor of 1.6 from hv=100 eV to hv=120 eV.
Similar to the ARP results obtained for Cu, band-
structure induced cross-section effects (i.e.,
final state plus matrix element effects) a.re thus
found to be important for angle resolved photo-

EF 2 4 6
Binding energy (eY)

FIG. 12. Total valence-band (VB) density of states
and the I'2 and e~ projections for the 5d band in Au.
Calculations were carried out as for Fig. 11, mith a
spin-orbit coupling constant of 0.048 By included. A
Gaussian of full width at half-maximum of 0.8 eV mas
used to convolute the density of states histograms.

emission from Au above 100 eV. In the light of
the present results preferrential orientation of
the crystallites in evaporated Au films may cause
modulation effects similar to those observed in
Ref. 10. In fact, such effects were observed for
evaporated Au samples by Koyama and Hugheyl
at lower photon energies.

At the highest photon energies the Au spectra
for photoemission along the [001]and [111]di-
rections have not converged to the XPS limit'
(also compare Fig. 12). Direct transition effects
still appear to be important. In contrast to the
case of Cu, the PED's for Au [001]and Au [111]
do not reveal any resemblence to the e, and t,
projections of the initial density of states (cf.
Fig. 12) in the surface sensitive energy range
around 90 eV." This finding does not necessarily
lead to the conclusion that the resemblence of the
ARP spectra for Cu with the initial-state projec-
tions is accidental in this energy range, but rather
may imply that the case of Au is more complicated.
Complications may arise from interference effects
in the final state due to the photoelectron-ion
core interaction" and the larger spin-orbit cou-
pling.

VI. CONCLUSIONS

In this paper we have shown that ln conti ast
to angle-integrated photoemission measurements,
ARP spectra have not converged to the XPS limit
at the highest photon energies studied. This is
attributed to the importance of direct transitions
which restrict transitions to occur in only part
of the BZ. In the case of Cu the PED's taken a-
round hv = 85 eV along the [001] and [111]direc-
tions are found to resemble the e~ and t,~ projec-
tions of the initial 3d density of states, similar



to the spectra taken at XPS energies. '*" Mo-
mentuIQ broadening in the final state due to a short
lnelRstlc meRQ fx'66 pRth in this encl gy I'eglon ls
discussed Rs R possiMe I'eRson fox' such behavior.
At hv=90 6V a narrowing of the Cu PED's taken
along equivalent symmetry directions is observed
vrhen the take-Gff angle is lowered fx'om 90 to 35 .
This is attributed to a preferential sampling the
the sul'fRce local density of states by using Rn

appx'Gpx'1Rte photon enex'gy Rnd R low tRke-Gff
angle. For Au, the cross section of the 5d' valence
bRnd has been measured Rs R function of photon
energy. This is the first measurement of this
kind for a 5d initial-state wave function. Furthex-
more we have presented new information on the
modulation effects of the 5d valence-band peaks
above hv =100 6V, which were previously re-

pol ted for photoemission from polycx'ystalllne Au.
%6 hope that the present expeximental xesults will
stlmulRte R detRlled theoretical cRlculatlon~ Which

may cRst more light GQ the complex I'ole of cross
section versus surface effects in the txansition
legloQ between UPS Rnd XPS.
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