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Matrix element effects in angle-resolved valence band photoemission with polarized light
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Photoemission intensities from angle-resolved photoelectron spectroscopy with polarized synchrotron radia-
tion were measured and calculated for a magnetization averaged Ni(111) single-crystal surface. Concentrating
on the large variations of intensity in dependence on the experimental geometry and parameters, we discuss the
exchange-split sp bands crossing Er and identify strong matrix-element effects that are not dependent on
selection rules involving parity. Comparison of experimental intensities with ab initio photoemission calcula-
tions provides a firm basis for disentangling symmetry from intrinsic effects due to the initial state. The
calculated spectra provide a direct connection between ground-state properties (given by the spectral function)

and the experimental intensities.
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I. INTRODUCTION

Angle-resolved photoelectron spectroscopy (ARPES) is
the only technique which is able to determine simultaneously
in-plane momentum and kinetic energy of photoelectrons.'
These two quantities are related—due to translational invari-
ance and energy conservation—to the binding energy and the
in-plane wave vector that the electron possessed before the
excitation. The normal component of the wave vector is in
principle not determined but by choosing suitable setups this
problem can be overcome.>? For this reason ARPES is com-
monly used to determine the dispersion E(k) of electronic
states in solids (so-called band mapping). But, a photoemis-
sion spectrum contains much more information than just the
binding energy of the occupied electronic states. Up to now a
complete description of the peak line shape has not been
reached: approximations holding for the case of flat bands
and moderate electronic correlations are obtained by the Lor-
entz distribution;! the energy dispersion for initial and final
states do contribute to the peak shape due to the broadening
of the k., conservation. The historical development of
ARPES has been based on the capability of E vs k mapping
of direct transitions, i.e., by selecting from the data the en-
ergy values of main peaks regardless of line shape, back-
ground, or absolute intensity. The role of the matrix elements
which essentially determine the heights of the intensity
maxima was only marginally considered, although this is the
main ingredient determining the experimental intensity dis-
tribution, i.e., the photoemission signal.*~'?> Recently, how-
ever, peak widths were investigated in strongly correlated
electron systems (e.g., cuprate superconductors and heavy
fermion systems), since these are considerably influenced by
the hole and electron lifetimes, the latter being directly con-
nected to the excited state and ground-state correlations
through the respective self-energies.*'? Following Ref. 1, we
write the spectral function as
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Ak, ) = - (1/mIG(k,w),

where G(k,w) is the one-particle Green function.

It is defined as G(k,w)=1/[w—g;-3(k,»)], where
3(k,w) is the self-energy function. The simple poles of the
Green function give the eigenvalues of the Hamiltonian of
the interacting system. In the noninteracting case, the self-
energy vanishes and the Green function reduces to a sum of
o functions giving the band structure in the one-electron ap-
proximation.

The self-energy function contains all the information
about the many-particle interactions and their effect on the
electronic structure. 3(k,w) is a complex function of the
binding energy and electron momentum, Sk, w)=3"(k,w)
+i3"(k,w), both terms of which have an effect on the spec-
tral function.

The explicit expression of the last quantity is

l 1 1
T3 (k, ) (w—sg—E'(E,w))z’
l+|——————
3" (k, )

Alk,w) =—

which tells that the general expression of the spectral func-
tion is a Lorentzian peak whose maximum lies at &f
+3'(k, ) having a half-width of 3"(k,w) and height equal
to 1/3"(k,w). Despite the simplicity of the formula, the be-
havior of the self-energy is very complicated and not known
in general. However, it is possible to see that the real part of
the self-energy changes the position of the peak, i.e., shifts
the binding energy of the electron states, while the imaginary
part of the self-energy increases the peak width and lowers
the peak height.

There is clearly a great interest in better understanding the
relation between photoemission intensities and spectral func-
tions since much information on the electronic structure be-
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FIG. 1. (Color online) Experimental setup: o indicates the po-
larization vector of the incident light that can be controlled by act-
ing on the photon source; s, p, or left- and right-handed circular
polarization. The scattering plane is spanned by the photon and
photoelectron momenta, which are coplanar with the surface nor-
mal. Through the azimuthal degree of freedom ¢ the sample rota-
tion about the surface normal is performed, while the rotation about
the z axis changes the polar angle 6 of detection. Analyzer axis and
the photon beam are fixed in space at an angle of 43° in the scat-
tering plane, i.e., normal emission spectra are obtained at an oblique
light incidence angle of 43°.

yond E vs k, including band degeneracy and correlations,
would become retrievable from photoemission data sets mea-
sured controlling (possibly all) the experimental parameters.
This situation is, however, seldom realized because the pho-
toemission intensity strongly depends on matrix elements.
Basically being an overlap integral between an initial-
state wave function ,(7) transformed according to the inter-
action operator Hy, (e.g., dipole operator H,,,=¢é-p, where ¢é
indicates the polarization unit vector and p the electron mo-
mentum operator) and a final-state wave function zﬁf(F), these
depend on the photoelectron momentum and modulate the
intensities according to the parameters used in the experi-
mental setup (such as photon incidence angle, energy and
polarization, electron emission angle, and kinetic energy),

<¢/{f'|Hint|l/fi> =f ¢;(7)Hint¢i(;)d3r=f ’J’;(F)(Eﬁ) ¢i(;)d3”-

However, there are situations in which matrix element effects
can be exploited to gain information on the initial state from
the experimental photoemission spectra. In particular con-
figurations, e.g., if photon momentum, photoelectron mo-
mentum, and surface normal lie in a mirror plane of the
crystal (cf. Fig. 1 for the particular case of ¢=0°), a matrix
element can be strictly zero, depending on the polarization of
the incident light and the symmetry of the initial-state wave
function.!?

Because the final state is even with respect to a mirror
operation far away from the sample (i.e., at the detector), it is
even also in the crystal.'® The parity of the dipole operator is
completely determined by the polarization vector: it is even
for p polarization and odd for s polarization. The initial-state
wave function has a well-defined parity, too. In order to be
nonzero the product of the terms intervening in a matrix
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element must be even under reflection. Since the final state is
even, both the interaction operator and the initial state have
to be simultaneously even or odd. In the first case (even), an
experiment with p polarization detects only the even compo-
nents of the initial-state wave function, while in the second
case (odd) the odd components are measured with s polar-
ization. State of the art electron analyzers capable of two-
dimensional (2D) parallel detection and synchrotron radia-
tion beamlines with variable phase undulator sources allow
polarization-dependent photoemission experiments to be car-
ried out. Large changes of the peak intensities are measured
upon change of the light polarization, even in nonsymmetric
configurations.'>!4-17 The photoelectron intensities measured
off mirror planes cannot be interpreted on the basis of the
symmetry selection rules; it is necessary to compare them to
photoemission calculations in order to obtain information on
the initial electron states.

Besides the selection rules that appear due to the crystal
symmetry (these are considered in the present work), there
are “atomic” selection rules that do not rely on the crystal
(AL=+1, Am=+1 or Am=0, depending on the polarization
of the light'). The former can be exploited by using different
light polarizations, resulting in “switching on or off” of the
excitation of initial states with well-defined parity. In con-
trast, the latter can be regarded as intrinsic since they deter-
mine the actual peak height. They depend on the light polar-
ization too because the dipole operator enters the expression
of the atomic matrix elements explicitly. For complex inten-
sity patterns (spectra), the problem of how to disentangle
both types of selection rules arises. In this work, we follow a
twofold approach: (a) detailed experiments using various
symmetric and nonsymmetric setups, different photon ener-
gies, and polarizations and (b) first-principles photoemission
calculations. The latter provide a direct link between the ex-
perimental intensities and the theoretical spectral function.

We concentrate the discussion on the photoemission in-
tensities of the exchange-split sp states of Ni(111), at room
temperature. The spin polarization of the sp exchange split
states was probed earlier by spin-resolved experiments by
Hoesch et al.'® We measured two sets of photoemission in-
tensities from the sp bands with both linear (p and s) and
circular (left- and right-handed) polarizations in a +15° azi-
muth angular range and in a ~1 eV binding energy range
below the Fermi level using two photon energies (hv
=21.5eV and hv=30eV). The sp bands are observed to
cross the Fermi level in the stereographic representation of
the Fermi surface map. The three regions of the map show-
ing the sp states are labeled R1, R2, and R3 in Fig. 2 and lie
about the mirror planes of the (111) surface.

The differences between the experimental spectra taken in
different conditions are attributed to strong matrix element
effects that are reproduced by ab initio photoemission calcu-
lations. The agreement between the experimental and the
theoretical data allows one to identify the effects of atomic
matrix elements and to disentangle them from the symmetry-
related contributions of the initial states. Thus, photoemis-
sion calculations prove to be necessary for the interpretation
of, in general, complicated photoelectron intensity patterns.
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FIG. 2. (Color online) Stereographic representation of the Fermi
surface map of the Ni(111) single crystal as being measured with
unpolarized radiation from a He discharge lamp (hv=21.22 eV) at
300 K in the remanence state (demagnetized). The complete angu-
lar data set is divided into three equivalent sectors reflecting the
threefold rotational symmetry of the (111) surface. R1, R2, and R3
indicate the sp states that cross the Fermi level, displaying ex-
change splitting. By tracing the photoemission intensity along one
circle of the map one obtains the momentum distribution curve
(MDC) of photoelectrons originating from the Fermi level, at the
corresponding polar angle (from 0 to 79° off normal emission). The
yellow solid line indicates the polar angle (#=78°) at which the
azimuthal MDCs, reported in Fig. 4, have been measured, while the
yellow dashed line represents the £ points at which the data of Fig.
3 have been measured and those of Fig. 5 have been calculated.

II. EXPERIMENTAL DETAILS

All data were collected at the low-energy branch of the
APE beamline (INFM) installed at the Elettra synchrotron.
We exploited all the possible polarizations of the Apple II
nonperiodical undulator available in the whole photon en-
ergy range (10-130 eV): horizontal (p-type) and vertical
(s-type) linear as well as left and right circular. The Scienta
SES-2002 electron spectrometer allowed the simultaneous
detection in a 14° angular window, with a 0.3° angular reso-
lution. The overall energy resolution is 6 meV, as measured
at 15 K, while the data presented in this work were taken at
300 K.

Clean Ni(111) surfaces were routinely obtained by Ar*
ion sputtering at 1 keV, followed by oxidizing in 10~7 mbar
O, pressure and then annealing to 1000 K. After two such
cycles the surface shows clear low-energy electron diffrac-
tion (LEED) patterns and in ultraviolet photoemission spec-
troscopy (UPS) spectra there is no sign of contaminant after
the preparation.

The sample is cylindrical with a carved slot (picture
frame).'® The surface cleaning procedure required annealing
at 1000 K and, following cooling down to room temperature
(RT), the crossing of Ty Was performed in a measured
residual magnetic field of ~5 mG. This produced a domain
pattern averaging to zero net magnetization, so the sample
can be considered demagnetized. The data acquisition proce-
dure consisted of measuring the photoemission spectra at
different azimuthal angles in the “rotating crystal” setup.
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This means that the beam direction and the analyzer were
fixed in space, while the sample was rotated about the sur-
face normal (the azimuthal degree of freedom). With respect
to moving or cylindrical mirror analyzers our setup has the
advantage of keeping the polarization projections on the
scattering plane constant as a function of the azimuths.

III. THEORETICAL DETAILS

Electronic-structure calculations were performed within
the framework of the local spin-density approximation
(LSDA) to density-functional theory (DFT), using Korringa-
Kohn-Rostoker (KKR) methods.

In a first step, the electronic structure of the Ni(111) sur-
face was determined self-consistently, allowing the muffin-
tin potentials of the first seven Ni layers and of three adjacent
vacuum layers to differ from the bulk potentials. Surface
boundary conditions (i.e., semi-infinite Ni crystal and semi-
infinite vacuum) were imposed, in contrast to a slab geom-
etry. The obtained overall exchange splitting is about 0.6 eV,
whereas the local magnetic moment is about 0.64u; (in a
bulk layer).

In a second step, photoemission spectra were computed in
the one-step model using the self-consistent potentials as in-
put. As is well-known, the theoretical description of Ni
within the LSDA results in two major shortcomings. While
the first one, the missing of the 6 eV satellite, is not impor-
tant in the present investigation, the second is more serious.
The exchange splitting in the LSDA calculations is about
0.6 eV while in experiment it is found to be about 0.3 eV.
Further, the exchange splitting depends on the wave
vector,'>?0 also not reproduced accurately by the LSDA. The
origin for this disagreement is the strong electron correlation
in Ni, which can be treated successfully when going beyond
the LSDA.2"?3 In the present investigation, we chose to
scale the difference of the spin-dependent LSDA potentials
in order to reproduce the overall exchange splitting of
0.3 eV. This method leads to an approximate rigid shift of
the bands but does not improve the wave-vector dependence
of the splitting. Consequently, both the dispersion and the
orbital character (and hence, the photoemission intensity) of
some of the electronic states can differ from their experimen-
tal counterparts (see Sec. IV). In favor of the present ap-
proach we note that it was applied successfully for dichroic
photoemission from Ni/Cu(001).>* Free parameters in the
photoemission calculations, such as lifetimes of initial and
final states, were taken from earlier work.? Hence, within
this approach all parameters in the calculations are fixed.

The intensities were computed within the spin-polarized
relativistic layer-KKR method, thus treating spin-orbit cou-
pling and magnetism on equal footing. By this means, the
orientation of the magnetization is fully accounted for, thus
allowing investigation of magnetic dichroism.

IV. RESULTS

The data presented in Figs. 3(a) and 3(b) show four main
features, each behaving differently upon a change of light
polarization. They are the sp bands (A), the minority d band
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FIG. 3. (Color online) Two 360° photoemission maps measured
with hv=21.5eV at 78° off-normal emission (see the yellow
dashed line of Fig. 2) with (a) p and (b) s polarization. The azi-
muthal step size is 1° and the polar angle is integrated over A#
=1°. The letters mark angles at which bands show up that are dis-
cussed in the text. Because of the threefold symmetry of the demag-
netized state, the images are made up of three equivalent regions,
each of which contains two distinct mirror planes highlighted by the
vertical dashed and dotted lines. Extracting the photoemission in-
tensities along a vertical line, one obtains an energy distribution
curve (EDC) at a given azimuthal angle. Similarly, plotting the data
along a horizontal line, one obtains the MDC at the corresponding
initial state energy with respect to the Fermi level. Summing data
sets (a) and (b) and extracting a MDC at Ep (Eg=0 eV), one re-
trieves the same information as contained in the data of Fig. 2 along
a circle located at 6=78° from normal emission (apart from the
small difference of the photon energy used in the two
measurements).

(B), the majority d band (C), and the group of states (D),
which is found probably due to a second photoemission
cone.”¢ The relative intensities change dramatically if the lin-
ear polarization is turned from p to s, while the binding
energies of the features remain constant (within an experi-
mental error of ~20 meV). This means that the experiment
probes all bands regardless of the light polarization, but the
intensity distribution, on the contrary, depends severely on it.
This effect is termed linear dichroism in the angular distri-
bution (LDAD) of photoelectrons and was intensively stud-
ied for photoemission from core levels,?’—33 whereas for va-
lence band ARPES significantly less work was performed.'?

All the sp states [feature A in Fig. 3, also highlighted in
Figs. 4(a) and 4(b)] undergo very strong intensity variations
when rotating the light polarization. The intensity close to
the symmetry axis between the sp bands, at ¢=0° in Fig. 4,
drastically increases when the polarization turns from p to s;
the symmetry selection rules apply and we infer that at a
mirror plane the initial states are odd. Moving away from the
symmetric configuration, the mirror symmetry is lost and the
symmetry selection rules are no longer valid; the parity of
the initial state is not well-defined. Features B and C also
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FIG. 4. (Color online) ARPES angular maps of the sp states
within ~0.6 eV range of binding energy below the Fermi level are
collected at hv=21.5 eV using a A¢=0.2° step with (a) p; (b) s; (c)
right-handed circular and (d) left-handed circular polarizations. In
the top part of each image a MDC taken at Eg=50 meV is shown
and the k points at which the insets were extracted are highlighted
by a black dashed line. The letters “A” and “B” in (a) identify the sp
states and the minority d bands according to the definition given for
Fig. 3 (these labels are omitted in the other images).

show large variations upon polarization rotation. For
p-polarized light B is the most intense feature, while for
s-polarized light its intensity is strongly reduced. Also the
intensity of feature C measured with s polarization is lower
than that obtained with p polarization, but this change is less
strong than for feature B.

Feature D, lying at a mirror plane, shows the largest in-
tensity change when the light polarization is turned by 90°.
While it is faintly visible with p-polarized light, it shows up
as intense as feature A with s polarization. Hence, also fea-
ture D is odd upon reflection at a mirror plane.

Altogether, the data of Fig. 3 show that the photoemission
intensity, in a given experimental geometry, depends strongly
on the light polarization throughout the whole Brillouin
zone. These large changes call for a theoretical analysis by
means of first-principles photoemission calculations in order
to provide more information, thus going beyond parity con-
siderations.

The theoretical ARPES angular maps (Fig. 5) were calcu-
lated considering all experimental parameters used to gather
the data of Fig. 3. The calculated dispersion relations agree
reasonably well with the experimental ones, as shown in the
momentum distribution curves (MDCs) of Fig. 6 taken at
Ep=70 meV, thus supporting the scaling approach for the
self-consistent potentials. All experimental features are cor-
rectly reproduced and show up three times, as expected for
the threefold rotational symmetry of the (111) surface. Also,
the intensity patterns, and in particular the intensity redistri-

035118-4



MATRIX ELEMENT EFFECTS IN ANGLE-RESOLVED...

Binding energy (eV)

Binding energy (eV)

0.6 ’
T
0

FIG. 5. (Color online) Calculated ARPES angular maps for (a) p
polarization and (b) s polarization taking into account the param-
eters used to collect the data of Fig. 3 (the dashed yellow line of
Fig. 2 shows the k points at which the calculation has been carried
out). The images have been multiplied by the Fermi-Dirac distribu-
tion function with kz7=25 meV for a best comparison with the
experimental data.

T | = T S REES T
45 90 135 180 225 270 315
Azimuthal angle (degrees)

bution induced by the polarization change, are in agreement
with the experiment.

Figures 4(c) and 4(d) show the sensitivity of the ARPES
maps to the excitation by circularly polarized light. As for
linear polarized light, the band dispersions are symmetric
with respect to a mirror plane, as expected, while the photo-
emission intensities are not. The intensity asymmetry is re-
versed when the helicity is reversed. These effects are under-
stood by considering the parities of the initial states and of
the polarization vector. The presented data were acquired in
such a way that the photon momentum lies in the scattering
plane, but only at azimuth ¢=0°, which coincides with a
mirror plane. Because of this, the binding energies of the
right side of the image are the same of those of the left. Let
us consider the linear polarization vectors at two symmetric
positions about the mirror plane, i.e., at generic angles ¢ and
—¢. The projections on the mirror plane of the two vectors
coincide, while the projections on the axis perpendicular to

hv=21.5eV p pol.
—_~ 20 1 —— Experiment
3 15 .
2
4 10
8
g 54

I I | I | I I
-15 -10 -5 0 5 10 15
Azimuthal angle (degrees)

FIG. 6. (Color online) Comparison between the experimental
(red line) and theoretical (black line) MDCs for the sp states as
measured and calculated for p polarization at a binding energy of
70 meV. The width of the energy integration interval is 10 meV.
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FIG. 7. (Color online) ARPES angular maps restricted to the sp
states collected at hv=30 eV using A¢p=0.2° step size with (a)
right-handed circular and (b) left-handed circular polarizations. The
vertical dashed lines indicate the angles at which the EDCs of Fig.
8 are retrieved.

the mirror plane are equal in magnitude, but of opposite
sign.>* Since in the expression for the photocurrent the ma-
trix elements show up squared, the sign of the projection
does not matter. Thus, the intensities at symmetric positions
with respect to the mirror plane have to be symmetric, for
both p and s polarizations. Since in the actual experimental
geometry the projections for the two types of polarizations
are different, the intensity distributions of the sp states could
differ. We readily observe the symmetry of the intensities
with respect to the mirror plane on all the linear polarization
data.

Things change when circularly polarized radiation is em-
ployed. Circular polarization is an axial vector, like magnetic
field or angular momentum, that can be expressed as a com-

plex combination of p and s polarizations: C+=s+ip or C
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FIG. 8. (Color online) EDCs extracted from the ARPES maps of
Fig. 7 at (a) =-16°; (b) #=—11°; (c) #=11°; (d) #=16° for (red
line) left-handed and (black line) right-handed circular polarization.
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FIG. 9. (Color online) Experimental MDCs extracted from the
ARPES angular maps measured with right (black line) and left (red
line) circular polarization. The data in (a) are extracted at Ep
=120 meV while those of (b) are taken at Ez=50 meV. The binding
energy chosen for the two images is different to stress the effect of
the circular light on the spectra. As explained in the text, the inten-
sities at one side of the mirror plane with one polarization are very
close to those measured on the opposite side of the mirror plane
with the other circular polarization.

—=5—ip. Reflection at the mlrror plane reverses the phase of

the polarization and, hence, C+—C-and C— — C+. This in
conjunction with the mirror symmetry implies for the inten-
sities I(C+, ¢)=1(C—,—¢). Evidently, the mirror symmetry
observed for linear polarization is lost [Figs. 4(c) and 4(d)
obtained with hv=21.5eV and Fig. 7 obtained with hv
=30 eV]. The energy distribution curves (EDCs) extracted
from the data set of Fig. 7 and reported in Fig. 8 show in a
more conventional representation the role of the symmetry
on the circular polarization data. In these figures, as well as
in Fig. 8, the data taken with one polarization at a given
azimuth are very similar to those measured with the opposite
polarization and at the respective negative azimuth. To show
the importance of matrix elements’ effects intervening upon
circular polarization phase inversion, we did not normalize
the curves to a common value.

The above considerations do not take into account the
photon energy explicitly; thus, they are applicable to the data
sets taken at both hv=21.5 eV and hv=30 eV. However,
other relevant changes of the intensities appear to depend on
the photon energy. At hv=21.5 eV, Fig. 4, and hv=30 eV,
Fig. 7, the d bands (labeled B as in Fig. 3) at high binding
energies and at ¢p~ +18° lie on the same side of the image
for the same polarization. On the contrary, the intensity of
the sp states shifts from right to left (left to right) with right
(left) circular polarization when increasing the photon en-
ergy. The sp states were previously identified, first by com-
parison with electronic-structure calculations, later by spin-
resolved ARPES, as spin-split states with the majority band
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FIG. 10. (Color online) MDCs calculated, for comparison with
Fig. 9, at (a) Ezg=120 meV and (b) Ez=50 meV with the same
parameters used in the experiments: angle of incidence of 43°, polar
emission angle of 55°, right-handed (black line) and left-handed
(red line) circular polarization, and a photon energy of (a) hv
=21.5¢V and (b) hv=30 eV.

at a higher binding energy and, therefore, larger Fermi mo-
mentum (i.e., larger azimuth). Photoemission from the sp
states at 21.5 eV shows the highest intensity for the minority
states, while at 30 eV the largest intensity is for the majority
states. The observed sp states are due to bulk bands, with full
dispersion along k perpendicular as well as along k parallel
to the surface. This is reflected in Figs. 4 and 7 in which the
Fermi level crossings as measured at hv=21.5 eV take place
at different azimuthal angles with respect to those measured
with hv=30 eV. Changing the kinetic energy implies a
change of the final states, leading consequently to different
intensities originating from the same initial states.

Figure 9 reports four experimental momentum distribu-
tion curves (MDCs) for left and right circular polarization at
hv=21.5 and 30 eV, respectively. The largest effect observed
is a shift of the spectral weight from the left to the right of
the symmetry plane for each dataset at the same photon en-
ergy. The theoretical calculations corresponding to these data
are reported in Fig. 10 and are in good qualitative agreement
with the experiment. Considering just Fig. 10(b) (corre-
sponding to Av=30 eV), the theoretical peak positions calcu-
lated for Ez=50 meV are also in good agreement: Ith
=+12.15° and I,'=+7.95°, and I, ,'=+15.53° and I, '
=+9.32°, however, indicating a dispersmn slightly too strong
in theory [this feature was already found for the L-gap sur-
face state of Au (111), corroborating an explanation by a too
steep image-potential barrier>*]. The theoretical peak widths,
not convoluted with the instrumental resolution function and
somewhat smaller than the experimental ones, are also in
close agreement with the experimental data, supporting our
choice of lifetime broadening.

The most important difference, however, lies in the peak
height ratios: it is ~1 for the theoretical peaks lying on each
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side of the mirror plane (beside the absolute intensity is dif-
ferent for those lying on opposite sides of the mirror plane),
while the experimental minority-spin peaks are ~1/2 as in-
tense as the majority-spin peaks lying on the same side of the
mirror plane. Further tests in order to improve the free pa-
rameters in theory could not resolve this issue. Hence, we are
led to conclude that the intensity differences might be attrib-
uted to deficiencies of the LSDA approximation used in the
electronic-structure part of the calculations. On the other
hand, we would like to note that the observed polarization
dependence is well reproduced by the calculation.

The calculated photoemission intensities at 21.5 eV for
circular polarization also show the spectral weight shifting
from the left to the right upon polarization phase inversion.
For this photon energy the agreement between the experi-
mental and theoretical peak positions and the heights is quite
good. Despite this agreement, the calculations do not de-
scribe the experimental shift of spectral weight from the left
to the right of the mirror plane occurring when changing the
photon energy from 21.5 to 30 eV. Theoretically, at both
photon energies the most spectral weight for the same circu-
lar polarization lies on the same side of the mirror plane [cf.
Figs. 10(a) and 10(b)]. In order to understand this disagree-
ment we carried out calculations at photon energies close to
the experimental ones (20, 23, 28, and 32 eV) in order to test
the description of the final state. However, a shift of intensity
from left to right or vice versa was not found. Since other
spectral features are well described, a possible explanation
could again be the inadequacy of the LSDA.

V. CONCLUSIONS

We addressed the interpretation of the large relative inten-
sity changes of different bands measured in ARPES as a
function of light polarization and energy by means of a de-
tailed study of the spin-split sp bands of Ni(111) at room
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temperature. The experimental intensity patterns point to a
large variation of the matrix elements in the photoemission
process that are overimposed to other band structure effects.
In order to disentangle symmetry versus atomic matrix ele-
ment effects, a detailed description of the experimental ge-
ometry must be input for photoemission calculations from
first-principles electronic structure. The direct comparison of
theoretical and experimental data thus becomes possible and
meaningful. We can therefore make statements on the matrix
element effects, as well as appreciate the limits of the theory
underlying the calculations for those experimental features
that are not reproduced. The general agreement between ex-
periment and theory warrants the identification of which of
the three terms entering a matrix element (i.e., initial state,
final state, and dipole operator) plays the most important role
in the photoemission process, on the way to establishing a
one-to-one relationship between spectral function and photo-
emission intensities.

The adopted ab initio approach for photoemission has
produced good results for other materials, but not all the
experimental information presented here; in particular, the
hv dependence of the photoemission intensities from Ni(111)
is not well matched by the calculation. LSDA is not well
adapted to describe electron correlations that are, on the
other hand, very important for the good description of the
electronic structure of nickel. It is certainly desirable that
photoemission calculations proceed beyond the LSDA ap-
proximation, for example, by including the spin-dependent
self-energy from dynamical mean-field theory (DMFT). The
possibility of collecting a very rich set of intensities in the
band mapping, and band tomography (i.e., kinetic energy
dependent) mode at third-generation beamlines with energy
and phase tunable photon sources, calls for a renewed effort
in theory in order to make a step forward in the fine analysis
of the electronic structure of solids and surfaces.
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