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40 < 7iw <120 eV: Comparison of experiment and simple direct-transition theory
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Angle-resolved photoemission spectra obtained from the clean Cu (001) surface with photon energies in the range
40 -120 eV and emission both normal and non-normal to the surface are well predicted by a simple constant-matrix-
element model based upon direct (1_2 conserving) transitions between initial electronic states with full bulk
translational symmetry and final states with a free-electron dispersion relation and a correction for refraction at the
crystal surface. In addition, the quantitative agreement between theory and experiment improves significantly by
including broadening in the final-state wave vector for spectra obtained in the highly-surface-sensitive region around
100 eV. A strong contribution of phonon-assisted indirect transitions to the spectra also appears to be present. The
photoemission spectra have been obtained at two different polarization orientations with respect to the electron
emission direction and this can be used for assigning contributions from various initial states.

I. INTRODUCTION

Numerous angle-integrated'~® and angle-re-
solved®*~!2? photoemission studies have been per-
formed on clean surfaces of copper single cry-
stals to determine the electronic structure of this
material and also to elucidate the underlying
theory of the photoemission process. Because of
its rather noble character and quite accurately
known theoretical band structure,*®'* copper has
often served as a model for interpreting photo-
emission spectra.!»®5"1%1% By now, it has been
demonstrated in several studies?’*:5:*% that a di-
rect-transition model in which K is rigorously
conserved can be utilized successfully for inter-
preting the photoemission spectra at conventional
ultraviolet photoelectron spectroscopy (UPS) ener-
gies of <20 eV. More recently, Wagner et al.’
applied a bulk direct-transition model requiring
conservation of energy and wave vector and ne-
glecting matrix-element variations to angle-re-
solved data obtained by Stohr et al. in the inter-
mediate energy range of 30< 7w < 200 eV. They
showed that this simple model,; which further as-
sumes a strictly free-electron-like final-state
band structure, predicts correctly the photon-en-
ergy-dependent normal photoemission spectra
from Cu (001) and Cu (111). This work has been
followed by other studies in the same energy
range by St6hr ef al.'° and Thiry et al.,** and it
has been established that this direct-transition
model indeed can rather well predict most of the
structures observed in normal photoemission
spectra in this intermediate energy range. The
range of validity of direct transitions has also
been discussed by Shevchik, who studied the role
of phonon-assisted indirect transitions inthe photo-
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emission process.'® According to this work, *®
there are two contributions to the photoemission
spectra: one from direct (K conserving) transi-
tions and other from phonon-assisted indirect
transitions, with the latter becoming more signi-
ficant at high temperatures and/or high photon
energies. This observation can explain why the
direct-transition model works so well at low ener-
gies, but not as well in the x-ray region.'®!” An
alternative explanation of the breakdown of the
simple direct-transition model at higher energies
as being due to final electronic-state complexity
has been discussed by Sayers and McFeely,'® but
this is not consistent with recent temperature-de--
pendent x-ray photoemission measurements on W
by Hussain et al.'®

We have thus been prompted by the successful
application of this direct-transition model to nor-
mal photoemission at intermediate energies to
undertake a systematic study of the clean Cu (001)
surface in the energy range 7w =40-120 eV with
both normal and off-normal emission. An impor-
tant point of interest is thus whether the momen-
tum-conserving selection rule can be simply ap-
plied for both normal and non-normal emission
in this energy range, provided that possible elec-
tron refraction effects at the surface are allowed
for.?® In fact we find that the rule applies rather
well for both cases. Thus, by utilizing emission
directions both normal and non-normal to the sur-
face along with k-conserving transitions, it is
possible to select energies and emission directions
for one crystal-surface orientation that corre-
spond to emission from initial states near various
symmetry points in the Brillouin zone. Prior

-angle-resolved experiments in this energy range

had been mostly limited to normal photoemission
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and thus also to mapping along only a single direc-
tion in the Brillouin zone for each surface orienta-
tion.?®*** The experiments were also performed
at two different orientations of the polarization
vector (&) relative to the electron emission direc-
tion and the spectral changes thus noted can be re-
lated to the known symmetries of the initial and fi-
nal states. Also, inasmuch as the energy range
utilized encompasses the region of minimum mean
free path expected at ~60-100 eV,* we have in
analyzing our data considered several effects such
as final-state momentum broadening?® ?*22-2¢ (which
appears to be important for this case) and surface
states®*~?7 and surface umklapp scattering!®-22
(which do not appear to be important). In addition,
it has been possible to infer the existence of pho-
non-assisted indirect transitions by exciting ini-
tial states near equivalent Brillouin-zone sym-
metry points with photon energies of nearly equal
surface sensitivity but for which different g vec-
tors are involved in the direct transitions. Final-
ly, in a separate part of this general program of
study, we have also performed angle-resolved
photoemission experiments of the same type for
Cu (001) with a ¢(2X2) oxygen overlayer, and
these are discussed elsewhere.?®

II. EXPERIMENTAL PROCEDURE

The angle-resolved photoemission experiments
were carried out on the 4° beam line of the Stan-
ford Synchrotron Radiation Laboratory using pho-
ton energies in the range of 40-170 eV. Schema-
tic diagrams of the experimental geometry are
shown in Fig. 1. Polar rotations were performed
about an axis perpendicular to a plane containing
the polarization vector A and the electron propa-
gation direction. Azimuthal rotations were about
the surface normal. The polar angle, §, was mea-
sured with respect to the surface such that 90°
corresponded to emission perpendicular to the
surface. The azimuthal angle ¢ was arbitrarily
measured with respect to the [100] crystal direc-
tion. A commercial double-pass cylindrical mir-
ror analyzer (CMA) was modified for angle-re-
solved measurements by the addition of an aper-
ture resulting in an electron acceptance angle
of 10°x 12°. The polarized monochromatic syn-
chrotron radiation was directed onto the specimen
at two different orientations such that the angle o
between the electron emission direction and the
polarization vector & could be chosen to be either
9° or 42° (Fig. 1). This change in the orientation of
A with respect to the electron emission direction
was affected by rotating the sample chamber and
admitting the radiation through two different ports,
a movement that was possible without breaking

FIG. 1. Schematic diagrams showing the experimental
geometry and the two polarization directions used. The
angle a between the electron propagation and the polari-
zation vector A was fixed at either 9° or at 42°. Rotation
of the specimen on both the 6 and ¢ axes was possible.

the vacuum in the chamber. For both orientations,
the polarization vector A lay in the plane defined
by both the propagation direction of the light beam
and the normal to the specimen surface (i.e., the
incident light was generally p polarized). The
analyzer system was combined with a specially-
built broad-temperature-range sample manipula-
tor which permitted directional analysis of the
photoemitted electrons over the entire range of
polar and azimuthal angles with accuracies of
approximately +0.5°

The sample was cut from a bulk single crystal
and was oriented to within +0.5° of the (001) sur-
face. The crystal was polished using standard
mechanical techniques and was chemically etched
to remove surface disorder introduced by the
mechanical polishing. The sample was cleaned
in situ by argon-ion bombardment and annealed at
temperatures in the range 500-600 °C to remove
surface damage. Electron-excited Auger spectra
were used for monitoring the cleanliness of the
surface. Carbon was the principal contaminant
and it was present in an amount corresponding to
less than a few percent of a monolayer. Operating
pressures during all the measurements were
<2x107'° Torr. A low-energy electron diffrac-
tion (LEED) system was also mounted on the cham-
ber; this was used to verify good surface order



726 HUSSAIN, KONO, PETERSSON, FADLEY, AND WAGNER 23

and orientation. All the valence-band spectra
were recorded at a CMA pass energy of E,=50 eV,
corresponding to a spectrometer resolution of
~0.3 eV. The monochromator contribution to line-
widths varied from ~0.03 eV at 7w =40 eV to

~0.23 eV at 71w =120 eV. All electron binding en-
ergies reported here are relative to the Fermi
energy, and the azimuthal and polar angles
utilized are indicated on each spectrum shown
below. The data were initially obtained in channels
of 0.03 eV in width, but it has subsequently been
smoothed by doing least-squares polynomial fits®
of second orderover 15 points or arange of 0.45 eV,

III. THEORY

A. Direct-transition model

The theoretical calculations used for interpret-
ing these angle-resolved photoemission spectra
were performed using two slightly different direct-
transition models. In the first set of calculations,
a model identical to that applied previously by
Wagner et al.® for the interpretation of normal
photoemission spectra from Cu (001) and Cu (111)
in the energy range 32-200 eV was used. Here
we briefly summarize this simple model as applied
to our work. In general the photoelectron energy
distribution N(E, Zw) is given in a simple one-elec-
tron picture by?*3°

N(E, Tiw) < f;e /;:f PEEE| (@) A - V|¢F @) |
obs
X G(E“— Ei - Ehw_ é)
X 6(Ef - E} ~i)8(E - EY), (1)

in which ¢/(T) and ¢ () are the final and initial
electronic wave functions, k' and k* are the final
and initial electron wave vectors, A-v represents
the perturbation due to the radiation, Ehw is the
photon wave vector (with &, =w/c), and g is a re-
ciprocal-lattice vector. Kk is expressed in an ex-
tended-zone scheme and k* in a reduced-zone
scheme (cf. Fig. 2). The delta functions account
for wave-vector conservation and energy conserva-
tion. That for K also includes K;, for complete
generality, as it becomes non-negligible in com-
parison to k' (reduced) at energies as high as
those used in x-ray photoelectron spectroscopy
(XPS) experiments,®!? although k,,, is generally

a very small correction for the energies consid-
ered here. The integral in kK’ is over observed &
values whose directions span a rectangular solid
angle with overall dimensions of 10°x 12° for the
present experimental geometry. The integration
on k? is over all occupied initial states. Because
band-structure calculations at high energies for
copper are not yet available, the'simplifying as-

e T T T
Direct: k'=k'+g + k.

Ef (T(i)= initial band structure

e (k)= 52 (k)2/2m

FIG. 2. Schematic illustration of the direct-transition
model utilized to select different initial states for study.
The first Brillouin zone for fcc Cu is shown with various
symmetry points and lines.

sumption that the magnitude of k' inside the cry-
stal can be estimated with sufficient accuracy by
using the free-electron expression |k'| = (2mE%2)"2
is made. The applicability of such a free-electron
dispersion relation has also recently been demon-
strated by Nilsson et al.* for Cu at even lower ex-
citation energies of 16.6-21.2 eV, and they have
discussed one likely reason for this: the inclusion
of damping due to inelastic scattering in the des-
cription of the final state. As to the matrix ele-
ments < ¢*|& +¥V|¢? >, it has been shown previously
by Wagner et al.® that the inclusion of matrix ele-
ments based on the simple expediency of the plane-
wave final-state approximation ¢’ =exp(ik * T) re-
sults in very poor agreement between theory and
experiment. Therefore, because any more ac-
curate treatment of matrix elements would compli-
cate these calculations considerably, they are as-
sumed to be constant for all transitions. In our
calculations, the initial-state band structure E’ (k%)
is obtained by a second-order Taylor-series inter-
polation of the tabulated bulk band structure of
copper by Burdick.®

In order to associate the wave vector kf inside
the crystal with the observed free-electron wave
vector K’ outside the crystal, it is necessary to
include possible refraction effects for the escaping
photoelectrons as they interact with the surface
potential barrier V,.%+%° With simple free-elec-
tron states inside and outside and the assumption
of specular boundary conditions, K’ is related to
K/ by the following relations for components
parallel and perpendicular to the surface:

K =K1, @)
(72/2m) |R |2 = 12/ 2m) [R |2 - V, . ®)
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V, is the inner potential and is taken to be the en-
ergy difference between the bottom of the copper
valence band and the vacuum level. Utilizing the
above expression, the angle 6 of the emerging
photoelectrons with respect to the surface becomes

g=arccos{[(Exn + Vo)/Eyn J2cos 6’} (4)

where ¢’ is the angle with respect to the surface
of the propagating electrons inside the crystal, and
E;, is the energy of the photoelectrons with re-
spect to the vacuum level. Such refraction effects
were calculated from Eq. (4) by using an inner po-
tential of 14.1 eV [the sum of the theoretical
8.98-eV Fermi energy'® and the 5.16-eV work
function for the copper (001) face®]. This value

of V, also agrees rather well with an empirical
result of 13.8 eV obtained by Thiry ef al.'? in com-
paring normal emission data with direct-transi-
tion theory. The refraction thus calculated was
included in making all of our experimenal settings
and is <6° for all the cases presented here. Devia-
tions from this simple approximation for electron
refraction from copper surfaces may have been
observed by Williams ef al.?° However, in our
studies the sensitivity of the predicted spectra to
emission angle was found to be rather low, proba-
bly because of the large size of the electron ac- -
ceptance aperture, and thus an error of even a
few degrees in the estimation of the electron re-
fraction should not change the results appreciably.

B. Inclusion of momentum broadening in the final state

The second calculation method differed from the
above only in that the requirement of strict kK con-
servation for a transition was relaxed to account
for certain sources of uncertainty in the final-
state momentum.'??® This effect was first dis-
cussed in detail by Feibelman and Eastman.?® In
this work, the effect of the finite electron mean
free path is accounted for by introducing a com-
plex component in the momentum along the sur-
face normal, resulting in an uncertainty or smear-
ing in the final-state momentum normal to the
surface. However, the discussion in Ref. 23 is
limited to a first-order description of the photo-
emission process, which implies that smearing
in the final-state momentum is small. In the case
of a high degree of damping of final-state wave
functions due to various inelastic processes, it is
physically reasonable to limit the final-state wave
function in space in a three-dimensional way. This
could cause a broadening of the final-state momen-
tum not only normal to, but also parallel to, the
surface. In general, final-state momentum broad-
ening is incorporated in our calculations as fol-

lows: For a given free-electron final state k/, we
allow transitions to all final states with wave vec-
tor k* and energy Ef(k’) =7%|k*|%/2m which satisfy

K=k +§ + Ky, + AK

and the energy conserving delta function in Eq. (1).
AK is here swept over some range, as described
below. The maximum magnitude |AK|, can be
obtained from the uncertainty principle, and, for
a high damping region with mean free paths lying
approximately between 3 and 5 f\, this gives IAEIM
~(0.11-0.06)27/a for copper with a lattice con-
stant . However, accurate values for the mean
free path in copper at these energies are unfor-
tunately not available.?* In order to test various
kinds of AK broadenings, we have used three
approximations: (1) AK is along the surface nor-
mal only, i.e., Ak=AK, and the range is + |AK|,,
(2) AK is along the direction of the final-state
wave vector, i.e., AK||k” and the range is +|AK|,,
and (3) AK produces an isotropic broadening incor-
porated by allowing all Ak’s within a cube of 2|Ak|,
x 2|Ak|, X 2| Ak|,. These three methods were test-
ed by comparing theoretical results with |AK]|,
=(0.00-0.40)27/a against experimental spectra.
Method (3) was found to be inadequate because of
an overestimation of the broadening along the plane
perpendicular to k’. This is reasonable, since the
group velocity of the final-state electron is along
k', so that spatial limitation due to electron inelas-
tic scattering should be much weaker along the
directions perpendicular to k’ as compared to par-
allel to k’. The differences in broadened spectra
using methods (1) and (2) were not significant even
for non-normal emission, probably because of the
large electron acceptance aperture, and thus only
spectra with AK, broadening are reported here, In
various comparisons between theoretical and ex-
perimental results to be discussed, it has been
found that a comparatively large |AK,| of 0.30(27/)
gives the best agreement, and this is the value
used in most of the theoretical spectra with mo-
mentum broadening. Of course, the momentum
broadening depends on the kinetic energy of the
photoemitted electrons, but it has been found that
the calculated curves are not very sensitive to
slight changes in AK, except for a few special
cases which will be discussed in Sec. IV,

The results obtained by both calculation pro-
cedures have finally been broadened by a Gaussian
of 0.4 eV FWHM to simulate approximately the
instrumental contributions.

C. Discussion of model and phonon effects

Since the direction of K/ (in the extended zone)
is known from the geometry of the system after
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an allowance for surface refraction, there is a
unique value of g which by K conservation projects
this point into the Brillouin zone (BZ) to a unique
value of k*(Fig. 2). Thus, by choosing a suitable
combination of photon energy and emission direc-
tion, it is possible to select a value of k' that is
projected back to any desired k* point in the three-
dimensional Brillouin zone. In the present work,
the same set of high-symmetry zone points could
thus be selected in two photon-energy ranges: one
corresponding to a high surface-sensitive region
around 70-100 eV and other corresponding to a
region below 60 eV for which electron attenuation
lengths should be somewhat longer.?' In what fol-
lows, we express all wave vectors in normalized
Cartesian components as (,, k,, &,)27/a.

In the simplest view of the model used here,
angle-resolved energy-distribution curves
(AREDC’s) obtained from the same symmetry
points should be equivalent, but in fact there are
several reasons why the experimental spectra
may differ in fine details:

(1) Because of the finite experimental angular
resolution and the need to rigorously conserve
energy, the observed k’ values are found to lie
within an approximately rectangular “box” in the
extended zone that has a relatively small dimen-
sion along the mean emission direction. For.
example, emission from the X point [k
=(0,0, —1)27/a] in the three-dimensional BZ at a
photon energy of 97.3 eV can be obtained with g
=(0,0,4)27/a and with emission normal to the sur-
face (=90°, ¢ =0°. For emission at these condi-
tions from the occupied valence states spanning an
energy range from the Fermi level (E;) to 9.0 eV
below E, the mean value of ]Ef] is 3.03(27/a) and
the K/ values lie within a box which has dimensions

of [0.53(27/a) x 0.64(27/a)] perpendicular to k*

X 0.14(27/a) parallel to k/. Photoemission from
an equivalent symmetry point X can also be ob-
tained by selecting 7w =52 eV, which requires g
=(2,0,2)27/a and emission non-normal to the
surface at 9= 58.7°and ¢ =0° At these settings,
the mean |kK*| is 2.27(27/a) and the box dimensions
are [0.40(2m/a) X 0.48(27/a)] X 0.19(27/a). Also,
the orientation of this box relative to the BZ is
different for non-normal emission. Thus one
would expect to find at least slight differences

in the AREDC’s from these equivalent points in the
three-dimensional BZ, even within the context

of the simple direct-transition-model calculations
performed here. ‘

(2) The change in the mean free path with energy
may cause different degrees of momentum broad-
ening in different spectra as discussed above, and
also later in connection with specific spectra for
the highly surface-sensitive region. .

(3) As photon energies are increased, the in-
creasing g vectors involved in the excitation
could change the contribution of phonon-assisted
indirect transitions, as first suggested by Shev-
chik.'® The percentage of pure direct transitions
remaining can be estimated from the Debye-Wal-
ler factor exp(-4(U?)g?), where (U?) is the
mean-squared atomic displacement in the lattice.
For example, for emission from the two equiva-
lent X points discussed above at photon energies
of 97.3 eV with §=(0,0,4)27/a and 52 eV with §
=(2,0,2)2r/a, the Debye-Waller factors are 0.74
and 0.86, respectively (Table I). Thus, 26% of
the transitions at 97.3 eV involve some kind of
phonon-broadening in k¥ and k*, whereas at 52 eV
this is only 14%.

(4) Matrix-element effects such as: (a) Changes

TABLE I, Various parameters relating to the spectra considered here, including Debye-
Waller factors for estimating the percentage of pure direct transitions remaining unper-

turbed by phonon effects.

& :

rw BZ g

(eV) 0 ® point @r/a) (21/a) exp(—3 (U g?)
40.7 90° 0° r (0,0,0) 0,0,2) 0.929
119.8 62.6° 45° T 0,0,0) 1,1,3) 0.812
52.7 90° 0° A (0,0,0.25) (0,0,2) 0.929
66.2 90° 0° A 0,0,0.5) 0,0,2) 0.929
81.0 90° 0° A (0,0,0.75) 0,0,2) 0.929
89.0 90° 0° A 0,0,0.88) 0,0,2) 0.929
105.9 90° 0° A 0,0,-0.88) 0,0,4) 0.745
97.3 90° 0° X 0,0,~1) 0,0,4) 0.745
97.3 36.2° 26.6° b 0,1,0) 2,0,2) 0.863
52.0 58.7° 0° X (1,0,0) 2,0,2) 0.863
100.1 80° 0° w (0.5,0,1) ,1,3) 0.812
54.9 - 54.5° 26.6° w (1,0.5,0) 2,0,2) 0.863
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in the parities of the initial- and final-state wave
functions with respect to a mirror plane, together
with changes in the orientation of the polarization
vector A relative to that mirror plane which could
introduce significant intensity variations due to
matrix elements and selection rules.3*=% (b) More
subtle 7Zw dependence of matrix elements which
could also influence the comparison between
AREDC'’s from equivalent symmetry points in the
three-dimensional BZ.%3°

(5) In addition, surface photoemission processes
such as surface d-band narrowing, surface umklapp
scattering, and emission from surface states may
be important.?!%22-27 The roles of these effects
will be discussed in more detail in connection
with various specific spectra in Sec. IV.

We conclude this theoretical introduction by not-
ing that it is not our intention here to discuss or
compare our experimental results with other in-
herently more accurate models of photoemission
that include, for example, multiple scattering in
the final state and a detailed calculation of all
relevant matrix elements.* Rather we will at-
tempt to explore the degree to which a physically
very simple and transparent model can be used as
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a first-order description of the data, but it is
clear that comparisons to more accurate calcula-
tions are very desirable in the future, However,
calculations at this higher level of accuracy are
in any case not yet available for most of the ex-
perimental conditions we have employed here.

IV. RESULTS AND DISCUSSIONS

Figure 3 shows spectra which should, according
to this direct-transition model, originate primari-
ly from the T point [k* = (0,0, 0)27/a] in the three-
dimensional BZ; the g vectors involved are mostly
(0,0,2)27/a for 40.7 eV and (1,1, 3)27/a for 119.8
eV. The results for 119.8 eV furthermore cor-
respond to non-normal emission (6=62.6°),
whereas 40.7 eV is normal. Experimental spec-
tra are also shown for two different polarization
orientations: «=9°(upper curves) and a =42°
(lower curves). All of the spectra we will pre-
sent have been normalized to the same constant
maximum height. There is very good agreement
between experiment and theory as to the positions
of the two dominant close-lying peaks labeled
2, 3and 5, 6. Both T, states (associated with

v T v T T M T WS

T-point spectra

hw = 407 &V
8:90°% ¢=0°
ki=(0,0,0) 2n/a
g:(002) 27/a

Expt

s~ Mo
hw = 1198 eV sl Ié
0:626°% ¢=45° 0
ki=(0,0,0) 27/ i
9:(1,1,3) 27/a i

== D.T Theor
""" ak,= £0.30 (2m/a)

Expt

INTENSITY (ARBITRARY UNITS)

BINDING

ENERGY (eV)

BINDING ENERGY (eV)

FIG. 3. Experimental photoemission spectra originating primarily from the T point in the three-dimensional BZ ob-
tained at two different sets of conditions as to photon energies, electron directions, and polarization orientations (the
solid curves) are compared to the results of two direct-transition-model calculations (the dotted curves). For each
case, the first theoretical curve (---) was derived by using the first simple direct-transition model described in the
text. The second curve (- ) includes a momentum broadening in the final-state wave vector normal to the surface
[ IA-IEl [=0.30(2T/a)] and is shown only for spectra obtained in what is expected to be a high-surface-sensitivity or low-
mean-free-path region. All curves have been normalized to the same maximum height.



730 HUSSAIN, KONO, PETERSSON, FADLEY, AND WAGNER 23

the peaks labeled 2 and 5) corresponding to atomic
d-orbital functions with primarily #,, symmetry
(xy,yz, x2) and T',, states (peaks 3 and 6) with
primarily e, symmetry (22, 2% —y?) (Ref. 37) are
clearly observed in the experimental AREDC’s.
The predicted and observed separations. of the
peaks 2,3 and 5,6 are within 0.1 eV of one another.
The fact that peaks 1 and 4 predicted at higher
binding energies of 6.0-9.0 eV are not clearly
observed experimentally is easily explained in
terms of matrix-element effects. That is, tight-
binding calculations indicate that these peaks
correspond to states with a very high percentage
of plane-wave or s-like character. Such character
is expected to lead to much smaller matrix ele-
ments than d-like character. For example, purely
atomic cross-section calculations have been per-
formed for copper over the energy range of inter-
est here® using the Manson-Cooper central po-
tential model.® These yield o,,/0;, ratios per
electron that vary smoothly over the range 40 -
< 7w < 140 eV, with values of 0,042 at 40 eV, 0.028
at 80 eV, and 0.027 at 120 eV. It is also signifi-
cant that the AREDC’s obtained from equivalent
BZ points but with normal and non-normal emis-
sion are similar in shape, except that peaks 5 and
6 are less well resolved at 7w =119.8 eV. Possible
reasons for the poorer resolution at higher photon
energy are the larger size of the electron accep-
tance region in k space [0.58(27/a) x 0.69(27/a)
X 0.12(27/a) at 119.8 eV compared to 0.35(27/a)
% 0.42(27/a) % 0.22(27/a) at 40.7 eV]; the higher
degree of momentum broadening in the final-
state wave vector for 119.8 eV, as this energy
should correspond to a more highly surface-sensi-
tive region; an increase in the monochromator
contribution to the resolution (0.01 eV at Zw =40.7
eV compared to 0.12 eV at 7w =119.8 eV); and
finally, the lower Debye-Waller factor at higher
photon energies (0.92 at 40.7 eV compared to 0.82
at 119.8 eV), which results in a larger fraction
of phonon assisted indirect transitions'® (cf. Ta-
ble I). However, the very close resemblance
between AREDC’s obtained with different photon
energies and electron emission directions is a
strong first indication from our results that the
simple direct-transition model is applicable to
both normal and non-normal transitions.

The variations observed in the AREDC’s of Fig.
3 with changes in orientation of the polarization
vector A can be qualitatively expained using sym-
metry arguments. Hermanson®® has shown that, in
the absence of spin-orbit coupling, only final states
with even parity can be observed in photoemission
measurements performed either normal to the
surface or confined to a mirror plane containing
the surface normal. For an allowed transition,

the integrand in the matrix element (¢*|A - ¥| 0|
must have even parity. Thus, in a photoemission
experiment where the polarization vector B is
parallel to a mirror plane (i.e., A -V is of even
parity) and also the electron emission is either
normal to the surface or confined to the mirror
plane, nonzero matrix elements result only from
initial states with even parity. A further consi-
deration of the selection rules involved shows that,
for normal emission from the (001) surface with
the components of the polarization vector A
parallel to the [100], [010], and [001] axes, emis-
sion will be allowed from initial states with A,
Ag, or A, symmetries, respectively;*® A, or A/
states can never be excited for normal emission.
Although these selection rules are not strictly
applicable to any of our results because of the
finite acceptance aperture and the experimental
geometry (for which & cannot be made exactly per-
pendicular to the surface, but rather only within
9° of the surface normal, as shown in Fig. 1),
they can be used qualitatively in comparing cer-
tain spectra from the same states excited with
different polarizations. It should also be noted
that, for general orientations of A and the emis-
sion direction, strong symmetry selection rules
will not exist, but the choices of A and k' will
change the matrix elements.3*3 If we consider
now the experimental results, the spectra from
the T point at 7w =40.7 eV with emission along
the normal direction (where strict selection rules
are very nearly applicable in our experimental
geometry) are in accordance with the known
parities of the initial states involved in the ex-
citations. That is, the peak labeled 3 (T',,) which
mainly consists of transitions from a z%(A)) state
of e, symmetry is clearly enhanced as expectec}’
at @ =9° where there is a larger component of A
along the surface normal. No such selection
rules are applicable for non-normal emission
from T at 7w =119.8 eV, and thus the change ob-
served in the relative height of the leading peaks
due to the change in the orientation of & can only
be attributed to a change in matrix elements.
Figure 4 shows AREDC’s obtained at normal
emission (§=90°, ¢ =0° with @ =42° and by select-
ing suitable photon energies so as to obtain direct-
transition emission primarily from specific groups
of states lying along the I'-A-X direction in the
three-dimensional BZ. The photon energy, the
g vector, and the principal initial K point being
excited in the three-dimensional BZ are also
given in the figure. In general, there is good
agreement between simple direct-transition theory
and experiment as to peak positions and general
trends in intensity changes with %w, although there
is some disagreement in fine structure, especially
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FIG. 4. Photoemission spectra obtained at normal
emission by exciting various initial states lying along
the I'-A-X direction in the three-dimensional BZ are
compared with direct-transition theoretical calculations
of two types [simple and with an additional |Ak,| broad-
ening of 0.3(27/a)]. Note that the peaks labeled 10 and
11 predicted by the simple direct-transition theory have
merged into one peak in the theoretical spectrum with
momentum broadening, in excellent agreement with the
experiment.

for 7w near 66.2 eV. The spectrum obtained at
7w =52.T eV by excitation of initial states with
k*=(0,0,0.25)27/a is quite similar to the spectrum
from the T point because the d bands are very flat
in this K interval. Once again, the peaks labeled
1 and 7 predicted at higher binding energies of
7-9 eV have essentially 100% plane-wave charac-
ter and are not observed experimentally because
of much smaller relative matrix elements., How-
ever, one disagreement between the simple direct-
transition model and experiment concerns the
relative intensity of the weak s-p-d band emission
between E and 2 eV (peaks labeled 14, 17, and
21) which have not been predicted in the simple
theoretical model. Another point of disagreement
arises for the spectrum obtained at 7w =66.2 eV
with k* = (0, 0,0.5)27/a, where theoretically pre-
dicted peaks at binding energies of 6.2 and 4.2 eV
(labeled 10 and 11) arising from A, and A, states,
respectively, are not experimentally observed,
and instead a peak at approximately 5 eV is de-
tected. Both of these disagreements can, however,
be well explained qualitatively by noting that these
spectra correspond to a highly surface-sensitive
energy region where smearing in the final-state
momentum should become significant,?!2:22-25
Theoretical spectra obtained with a broadening
in K of |AK | =0.3(27/a) are in fact found to
significantly improve the agreement between theory
and experiment, as shown also in Fig. 4. As a re-
sult of this broadening, there is an appearance of
significant intensity in the calculated spectra be-
tween E; and 2 eV, and also the peaks labeled
10 and 11 have merged to one peak at ~5 eV that
is in excellent agreement with the experimentally
observed peak at the same energy. This suggests
that there is a significant broadening in kK’ which
appears to exist for all the spectra taken in the
highly surface-sensitive region 7w = 60-110 eV.
To more fully explore the effect of such broaden-
ings, Fig. 5 shows AREDC’s calculated for emis-
sion from initial states k= (0,0, 0.5)27/a with
Fiw=166.2 eV as a function of momentum broaden-
ing in the final state (AK,). A broadening of
|AK | = (0.2-0.3)27/a in the normal component k*
is required to obtain the best agreement between
theory and experiment. This is significantly
larger than, although of the same order as, the
values estimated previously on the basis of in-
elastic scattering of |Ak |~ 0.1(27/a) (e.g., see
Sec. IIIB and Fig. 6 in Ref. 23). This suggests
that the improved agreement between theory and
experiment by introducing Ak, broadening should
not be understood only in terms of a short mean
free path of the final-state electron. As one other
possible source of effective broadening, it should
be noted that Himpsel et al.*° have recently re-
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FIG. 5. Calculated photoemission spectra for 7w
=66.2 eV and k= (0,0, 0.5)27/4 with different degrees of
momentum broadening in the final state are compared
with the corresponding experimental curve (solid line).
A momentum broadening of IAlal% 0.2-0.3(27/a) is re-
quired to obtain optimum agreement between theory and
experiment.

ported angle-resolved photoemission measure-
ments for Cu(001) for an experimental geometry
very similar to that of Fig. 4 and for normal emis-
sion. Based upon an analysis of these results, it
has been suggested® that additional non-free-elec-
tron final states close to, but separated by as
much as 10 eV from the free-electron final states
exist at £~60 eV. However, the overall transi-
tion probabilities to such final states from the

s-p band just below E are about one order of
magnitude less than those of the principal free-
electron transition. These results also show

that transitions to final states presumably close

to free-electron final states in certain cases have
intensity peaks as wide as a FWHM of ~12 eV if
the excitation energy is swept. Such large FWHM’s
thus also qualitatively explain the necessity of the
large |AK | in our model calculation. Another pos-
sible cause of such effects may be that phonon-

assisted nondirect transitions with small phonon
wave vectors result in “quasidirect” transitions
with an additional effective broadening. This is
analogous to the thermal diffuse scattering peak
that is centered on the Bragg (direct transition)
peaks in x-ray or electron diffraction® and its
effect is not adequately included in a simple
Debye-Waller analysis of vibrational motion. So,
phonons may introduce additional broadening and
further help to explain why a large empirical Ak,
results.

To continue with the discussion of Fig. 4, the
photoemission spectrum obtained at 7w =81 eV
with k¥ = (0,0, 0.75)27/a, shows a separation of
Ay, Al and A A, states (associated with the peaks
labeled 15 and 16, respectively) as predicted
rather well by the unbroadened direct-transition
theory, but with some disagreement in the inten-
sities of peaks labeled 15 and 17 that are involved.
The theoretical spectrum with relaxation in k”
improves the agreement by suppressing peak 15,
increasing the FWHM of peak 16, and also by pre-
dicting additional intensity for emission between
E. and 2 eV. In addition, the low observed inten-
sity of peak 15 may be explained by noting that
this peak consists of contributions partly from a
Aj state which is symmetry forbidden and partly
from a A, state which has about 25% plane-wave
character. (In certain cases, we have used wave
functions generated by an empirical tight-binding
program due to Smith and coworkers® to assign
orbital characters.) The experimental valence-
band spectrum at a photon energy of 97.3 eV cor-
responding to states near the X point in the three-
dimensional BZ is in very good agreement with
theory with AK, broadening, although a small dis-
placement of peak positions by ~0.3 eV is evident,

Figure 6 shows spectra originating primarily
from different X points in the three-dimensional
BZ excited with different photon energies (or
equivalently, different g vectors) and with both
normal and non-normal emission. The spectra
are shown for two different orientations of the
polarization vector A: & =9° and 42° (cf. Fig. 1).
Note also that 2 out of 3 sets of spectra involve the
same photon energy of 97.3 eV. There is overall
agreement between simple direct-transition theory
and experiment as to the dominant two-peak struc-
ture observed for all cases, but with discrepancies
as to the positions and widths of a few experimen-
tal peaks. The spectra obtained at the higher
photon energy of 97.3 eV have substantially larger
widths than spectra obtained at 7w =52 eV, and
this width difference is not fully predicted by the
simple direct-transition model. Once again, a
less obvious. point of disagreement concerns the
relatively low intensity predicted for emission
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FIG. 6. As for Fig. 3, but with initial states near three equivalent X points in the three-dimensional BZ.

between E ; and 2 eV for the peaks labeled 31 and
41, In addition, the photoemission spectra ob-
tained from initial states at the X point k*
=(0,1,0)2n/a, iw=91.3 eV with @ =9° and 42°,
show a shift in the positions of the high binding-
energy peaks (labeled 25 and 35) which is not
fully predicted by the simple direct-transition
model. By including the empirically derived mo-
mentum broadening of + (0.30)27/a in the theore-
tical spectra there is very good agreement for the
intensity just below the Fermi level (peaks 31 and
41) and the shift in the high binding-energy peaks
25 and 35 is also qualitatively predicted, thus
providing a considerable improvement in the
agreement with experiment. A further possible
explanation for certain experimentally observed
shifts for peaks 25 and 35 can be made by using
symmetry arguments. At normal emission and
with A in the {001} mirror plane, only bands of

X, and X; symmetries are allowed to contribute

to the photoemission intensity.*® This would thus
apply to the normal emission spectrum at 97.3 eV.
When neither electron emission nor A is in a high-
symmetry plane, these selection rules are broken
and all states become allowed. This would apply
to the spectra for non-normal emission at 97.3 eV
with 9= 36° and ¢ =26.6° and would tend to move
the two peaks of the spectrum closer together!® 3’
as compared with the case where only the X, and
X, states are allowed. It should also be pointed
out that changing the polar angle from 8=90° to
36° reduces the relative electron escape depth
(which will be proportional to sing) by only a
factor of 0.59, and thus, this does not seem suf-
ficient to explain the shift in the peaks 25 and 35
as being surface associated. The results shown
in Fig. 6 also clearly follow the symmetry selec-
tion rules for spectra obtained for the X point
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with normal emission and with the different polari-
zation angles of @ =9° and 42°, The high binding-
energy peak (labeled 38) consisting mainly of X,
contributions is enhanced in intensity as expected
when the polarization angle is changed from « =42°
to 9°, where it is to the first order the only sym-
metry allowed to contribute.?® For a=9° there is
also an expected increase in intensity between E
and 2 eV (labeled 41) where the states have mainly
A, symmetry and are allowed due to momentum
broadening in the final state. The rather large
FWHM’s of the peaks labeled 29, 30 and 39, 40

can also be primarily explained by including mo-
mentum broadening in the theoretical spectra, and
calculations after broadening do show stronger
shoulders 29 and 39 in better agreement with ob-
servations. Certain small remaining discrepan-
cies (for example, comparing shapes and FWHM’s
of peak 26 with 29, 30) might be explained by noting
that one set of data has been excited mostly with é
=(0,0,4)27/a, as compared to spectra at the same
energy but non-normal emission which involve
g=(2,0,2)2r/a. Thus, the larger |g| value in the
former case leads to more phonon-assisted k
smearing®® for X-point emission along the normal
direction as compared to non-normal emission,
even though both are excited with the same 7w
=917.3 eV (cf. Debye-Waller factors in Table I).
Phonon-assisted indirect transitions are further
discussed in connection with Fig. 7.

The spectra of Fig. 6 obtained from initial states
near the X point k* = (1,0, 0)27/a and excited with
7iw =52 eV show peaks labeled 22, 23, 24, 32, 33,
and 34 with overall widths and position that are
well predicted by the simple direct-transition
theory. The theoretical spectra at 7Zw =52 eV
do not need a significant degree of momentum
broadening to agree with experiment, as is ex-
pected because the energy corresponds to both a
‘higher mean free path® and a smaller g value. The
only significant discrepancy noted between theory
and experiment is the low intensity of the observed
peak 32 as compared to the theory. This can be
explained in terms of simple plane-wave matrix-
element calculations®*® which should be more
applicable for A along the near-normal direction
for which A is approximately parallel to k*,* and
a theoretical spectrum obtained by including
such matrix elements in addition to the k-conser-
vation requirement is found to show a substantial
decrease in the intensity of peak 32 for this case.
In general, however, we stress that the inclusion
of such plane-wave matrix elements for arbitrary
geometries yields very poor agreement with the
experiment, as has been previously discussed by
Wagner et al.®

Figure 7 shows AREDC’s originating in normal
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FIG. 7. Photoemission spectra originating primarily
ffom two groups of initial-state symmetry equivalent in
k? and lying along the A line are compared with direct-
transition theoretical curves. These spectra are excited
with photon energies of about equal surface sensitivity
at 89 and 105.9 eV, but the transitions utilize two differ-
ent g vectors, £=1(0,0,2)27/a and §=(0,0,4)27/a, re-
spectively.

emission primarily from two symmetry-equiva-

_lent points along the A line [k’ =(0,0,0.88)27/a

and k*=(0, 0, ~0.88)27/a] which lie close to, but on
opposite sides of, the X point in an extended-zone
scheme. These were excited with photon energies
of 89.0 and 105.9 eV and involve g =(0,0, 2)27/a
and g=(0,0,4)2n/a, respectively. There are
significant differences in the experimental spectra
from these equivalent points which can mainly be
attributed to the difference in g vectors involved
in excitation. That is, since the average kinetic
energies of the photoemitted electrons in these
spectra are quite similar and should correspond
to about the same mean free path, contributions
to these spectra from inelastic momentum broad-
ening should be approximately the same. The
theoretical spectra of Figs. 7 with momentum
broadening do show an increase in FWHM from
0.7 to 1.1 eV of the peak at a binding energy of
about 2.5 eV. This fully agrees with the experi-
mentally observed FWHM of the composite peak
labeled 43, 44 obtained at #w =89.0 eV with g
=(0,0,2)27/a, but does not fully account for the
large 1.9 eV FWHM of peaks 47, 48 at 105.9 eV
and excited with g = (0, 0,4)27/a. The difference
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in size of the acceptance region in K space for
these spectra is also less than 10% and it is not
sufficient to account for the change being observed;
in fact, such effects have already been explicitly
included in the theoretical curves presented.
Therefore, the remaining differences in the above
spectra can mainly be attributed to the change in g
vector which also changes the number of phonon-
assisted indirect transitions through a change in
the Debye-Waller factor, as first discussed by
Shevchik.'® According to this model, in the spec-
trum at room temperature excited with é
=(0,0,2)27/a, only % of the transitions are
phonon-assisted indirect (Debye-Waller factor
=0.93) whereas this number increases to 26% with
g=(0,0, 4)27/a (Debye-Waller factor =0.74, as
shown in Table I). Although it is very hard to make
a quantitative estimate of the phonon-assisted
smearing present in the experimental spectra of
Fig. 7, the type of effect observed is still quali-
tatively compatible with this theoretical predic-
tion. The particular spectra obtained thus permit
separating out the effects due to phonon-induced
smearing from other effects such as momentum
broadening in the final-state wave vector. The use
of temperature-dependent measurements should
permit more clearly distinguishing such phonon
effects, as has recently been demonstrated in
angle-resolved XPS by Hussain et al.!?
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Figure 8 shows results obtained from two equiva-
lent initial bulk states near W symmetry points
[k*=(1,0.5,0)27/a and k* =(0.5,0,1)27/a at #w
=54.9 and 100.1 eV, respectively] and with polari-
zation angles of o =9° and 42°, There is general
agreement between simple direct-transition theory
and experiment, but with some differences in the
positions of the leading peaks labeled 51, 53, and
60 at binding energies between 2 and 3 eV. The
emission at this energy arises mainly from close-
lying W, and W{ states of ¢, and ¢,, symmetry,
respectively.’®* By including momentum broad-
ening in the theoretical spectra at hw =100.1 eV,
some separation in the components of this leading
peak is clearly seen, and this assists in explaining
certain discrepancies. The spectra show signifi-
cant changes in peak intensity due to changes in
the direction of the polarization vector & which
enable the unambiguous assignment of these peaks
to certain initial states. A comparison of the
W-point spectra for o =9°at 7w =54.9 and 100.1 eV
clearly shows that for electron emission and po-
larization vector in the {010} mirror plane (¢ =0°
the contribution from the symmetry-forbidden W,
state of £,, symmetry is greatly suppressed, where-
as at 54,9 eV when both A and electron emission
direction are not in a high-symmetry plane, the
strict symmetry selection rules are broken,
thereby allowing emission from all states. Also,
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FIG. 8. As for Fig. 3, but with initial states near two equivalent W points in the three-dimensional BZ. Note the
shift of peaks labeled 51 and 57 when the polarization orientation is changed from 42° to 9°.
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if we compare the two W-point spectra excited
with 7w =54.9 eV and the two different polariza-
tion orientations, the change in polarization pro-
duces a marked peak shift of the higher binding-
energy peak. (The two identical theoretical
spectra can be used to gauge relative peak posi-
tions between the experimental spectra.) Since
the structure is mainly peaked at lower binding
energy for @ =9° (peak 51), states of Wj (¢,,)
symmetry dominate the emission for this polari-
zation, whereas for a =42° states of W, (e,) sym-
metry are dominant (peak 57).

Finally, we note that three types of surface-as-
sociated effects, namely surface d-band narrow-
ing, 2*%¢ surface umklapp scattering,'*?? and sur-
face states®®?”* do not appear to represent highly
significant effects in any of our spectra, although
of course they could account for certain remaining
differences between experiment and theory. We
also do not agree with a recent interpretation of
the photoemission spectra from copper in terms of
a surface density of states, for example, as re-
cently proposed by Verges et al.*”

V. CONCLUSIONS

The experiments and calculations presented here
clarify the role of various bulk effects present in
angle-resolved photoemission spectra of copper
(001) obtained in the energy range 40-120 eV.
Our results show that a simple direct-transition
model with constant matrix elements provides a
good first-order description of the spectra not
only for normal emission but also for non-normal
emission. Thus, by utilizing emission both nor-
mal and non-normal to one crystal-surface orien-
tation along with the direct-transition model, it

has been possible to select initial states near
various symmetry points in the three-dimensional
BZ for study. For certain spectra in the energy
range 60-100 eV, an additional empirical momen-
tum broadening is needed to obtain optimum agree-
ment with experiment. This broadening could be
due to short electron attenuation lengths, com-
plexities in the final-state bands, and/or phonon-
assisted nondirect transitions. These results
suggest that one must be very careful in using
angle-resolved photoemission in this energy re-
gion to map the three-dimensional band struc-
ture. The enhancement of phonon-assisted non-
direct transitions in the photemission spectra

due to an increase in g vector is also observed.
Finally, we have further demonstrated the use

of different polarization orientations and sym-
metry-based selection rules for assigning contri-
butions to the emission from various initial states.
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