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Final-state effects in high-resolution angle-resolved photoemission from Ni(110)
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Angle-resolved photoemission with polarized synchrotron radiation is measured from a ferromagnetic
single-crystal Ni(110) surface. Polarization dependence and dispersion with k; of spectral structures along the
high-symmetry lines I'-K-X of the bulk Brillouin zone is discussed. An ab initio calculation within the one-step
theory of photoemission reveals the relation of the observed structures to initial and final states. The energy-
momentum distribution of photoemission intensity depending on the light polarization and experimental ge-
ometry is explained in terms of even and odd symmetry of the valence-band states with respect to the crystal

mirror plane.

DOI: 10.1103/PhysRevB.81.245118

I. INTRODUCTION

Angle-resolved photoelectron spectroscopy (ARPES) is a
powerful experimental tool, which gives access to the spec-
trum of electronic excitations in crystalline solids with reso-
lution in both energy and wave vector k. The physics of
elemental ferromagnetic metals such as Fe and Ni still poses
unsolved questions with regard to their magnetism, the role
of interelectronic Coulomb interaction.!-?

A case in point is Ni, which has been extensively studied
with ARPES,' and the measured band structure has been
found in a strong disagreement with Kohn-Sham bands cal-
culated within the local spin-density approximation
(LSDA).* The experimental width and exchange splitting of
the 3d valence bands are, respectively, ~25% and ~50%
smaller than in LSDA.*> The quasiparticle GW approxima-
tion improves the bandwidth but does not yield the correct
exchange splitting.® Many-body calculations based on a
combination of GW with the dynamical mean-field theory
(DMFT) (Ref. 7) and on Gutzwiller theory® more closely
reproduce the experimental data. A calculation of photoemis-
sion spectra within the one-step model with the inclusion of
correlation effects within the DMFT was performed in Ref. 9
and a striking improvement over the one-particle approach
was reported.

Most recently, extensive ARPES studies of the Fermi sur-
faces (FSs) and energy band dispersions on Ni(110), Ref. 3,
and Fe(110), Refs. 10-13, single crystals have been per-
formed, in an attempt to identify coupling to spin waves
previously observed in these materials with inelastic neutron
scattering.'*!3 Characteristic k-dispersion kinks have been
identified and interpreted as spectroscopic signatures of the
interaction between the electronic quasiparticles and spin ex-
citations. Thus significant advances in the study of quasipar-
ticle spectra in the presence of bosonic coupling have been
made. Nonetheless, regarding the energy-momentum photo-
emission intensity distribution, even in a noncoupling one-
particle view of the band structure, the role of final state and
matrix element effects has remained a poorly addressed as-
pect.
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Here, we report high-resolution ARPES measurements
with synchrotron radiation on Ni(110) with the aim to shed
light on the final-state effects. The measurements are per-
formed for two orthogonal light polarizations, which allows
us to determine the symmetry of electron states relative to
the (110) mirror plane of the surface Brillouin zone (BZ)
from the linear dichroism using the dipole selection rules.
With a photon energy around 100 eV, the conventional free-
electron approximation for the photoemission final states
suggests that the experimental spectra reflect the transitions
from the initial states at k, =0, i.e., along the I'KX surface-
parallel symmetry plane of the BZ. Most of the experimental
spectral structures could indeed be assigned to direct transi-
tions from valence bands in the I'KX plane. Surprisingly, we
have discovered additional structures with pronounced polar-
ization dependence, which could not be attributed to any
bands from this plane or explained by a surface reconstruc-
tion or many-body effects. In the following we will call them
“ghost” structures.

The interpretation of experimental ARPES data is espe-
cially simple for two-dimensional (2D) systems, where the
three-dimensional (3D) wave vector K is reduced to the 2D
component k; parallel to the surface. The photoemission
spectrum I(€,k;) is then the hole spectral function A(e,k;)
weighted with the photoemission cross section as I(€,k;)
=S(e,E k)A(e k), where S(e,E,k) is the squared matrix
element of optical transitions from the initial state of energy
€ to the final state of energy E=e+fiw. If the cross section is
a slowly varying function of the arguments, the ARPES sig-
nal directly reflects A(e, k). This picture is often transferred
to 3D systems, where under the assumption of purely direct
transitions (strict conservation of crystal momentum) only
one k, point (neglecting the limited escape depth) contrib-
utes to photoemission for a given k; and photon energy fiw.
In fact, an additional complication arises in 3D systems, be-
cause the surface breaks the periodicity of the bulk sample in
the surface perpendicular direction, so that the momentum
k, is not a good quantum number any more. This problem
has two aspects: (1) the Bloch vector k, of the waves in the
crystal is different from the wave vector K, of the photo-
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FIG. 1. (Color online) (a) Experimental geometry. The vectors E; and E | show the electric field of the p- and s-polarized incident light,
respectively; (b) experimental FSs and (c) MDC at Ef through the I'KX direction for photon energy 100 eV and s polarization; [(d) and (e)]
the same with p polarization; k, is perpendicular and , is parallel to the experimental plane in (a). Superimposed Gutzwiller calculations of
FSs in the 'KX symmetry plane with the thin and thick lines corresponding to the minority and majority bands (Ref. 24).

electron plane wave in vacuum, and, thus, it is not known
directly from the experiment. In order to fix k£, an empirical
free-electron approximation for the photoemission final state
is often used. However, in many cases this is very inaccurate
because even in simple systems final states may significantly
deviate from plane waves and their dispersion is far from
parabolic. Moreover, the final state may be composed of a
few Bloch waves with different k£, giving comparable con-
tributions to the total photocurrent.!® In this case (e k)
appears as a combined effect of a few points with different
k, and A(e,k); (2) extension of the final state in the surface-
perpendicular direction is limited by the photoelectron mean-
free path N. This real-space confinement is equivalent to an
intrinsic k, broadening Ak, =\"!. In this case /(e k) re-
flects an integral of A(e,k) through the whole k| broadening
interval rather than A(e,k) at any particular k, point.2%?!
This fact erodes one of the seemingly fundamental principles
of ARPES that the spectral peaks would correspond exactly
to direct transitions between the final and the initial state
with the same k| .

Here, we present ARPES data on the Ni(110) ferromag-
netic single-crystal surface taken with synchrotron radiation
of variable polarization. Interpretation of the experimental
data is supported by an ab initio calculation within the one-
step theory of photoemission. Our results reveal spectral
structures beyond the direct transition model which originate
from the final-state broadening characteristic of ARPES from
3D systems.

II. EXPERIMENTAL PROCEDURE

The high-resolution ARPES measurements were per-
formed at the Surface and Interface Spectroscopy (SIS)
Beamline at the Swiss Light Source (SLS), Paul Scherrer
Institute. The end station was equipped with multichannel
hemispherical electron-energy analyzers SCIENTA 2002/
R4000. The total-energy resolution was set to 20 meV in

order to achieve good statistics of the spectra. Angular reso-
lution was better than A6=0.2°, which for our photon ener-
gies corresponded to Ak~0.01 A~'. The sample was
mounted on a low-temperature goniometric manipulator
(CARVING) with three angular degrees of freedom and
cooled below 10 K. The sample was prepared in situ and
measured under ultrahigh vacuum of 1 X 107!" mbar.

The Ni(110) single crystal was cleaned by Ar*-ion sput-
tering and subsequent annealing at 600 °C for 30 min.>?
Cleanliness of the sample surface was checked with angle-
integrated photoemission spectra of characteristic core lev-
els. Carbon, nitrogen, oxygen, and sulfur were below the
detection limit, confirming that no contaminants existed on
the sample surface at low temperature. Low-energy electron
diffraction (LEED) demonstrated clear spots in (1 X 1) pat-
tern, confirming that the surface was well ordered without
any reconstructions.

The experimental geometry is shown in Fig. 1(a). The
vectors E; and E | correspond to the electric field of the
incident light of p and s polarization, respectively. With dif-
ferent linear polarizations e, the dipole selection rules can be
exploited to determine the symmetry of states with respect to
the mirror planes of the crystal surface. In the case of emis-
sion in the crystal mirror plane, the final state ® is even with
respect to the symmetry operations of the plane. In order, for
the dipole matrix element (®|e-p|¥) to be nonzero, the ini-
tial state W must have the symmetry of the dipole operator
e-p. Therefore, if e lies in the collection mirror plane (p
polarization) then ¥ must be symmetric (even), whereas if e
is perpendicular to the mirror plane (s polarization) then W
must be antisymmetric (odd).

Our experimental data were acquired with a photon en-
ergy of Aw=100 eV. The components of the photoelectron
wave vector parallel to the sample surface, kj, was deter-
mined by the equation kj=+2mkE,/%%sin 6, where E, is the
photoelectron kinetic energy and € is the angle relative to the
surface normal. As the first approximation, the perpendicular
component k; was determined from the free-electron ap-
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proximation for the final states as ky
=\2m(Ey cos® 6+V,)/h?*, where V,, is the inner potential.??
On the basis of results obtained by previous ARPES
measurements>>} we assumed V,=10.7 eV. The photon en-
ergy hw=100 eV was chosen so that for k,~1.75 A~!,
where the %, band crosses the Fermi level, k, would appear
at the 'KX symmetry line of the third BZ (k,; =0 in the
reduced zone). To verify this choice, we have checked the
location of the 2, band by measuring the Fermi-surface arc
around k, =0 and k;=1.75 A~' under variation in photon
energy. The extremal k; location of the intensity maximum,
which corresponds to the emission from the X, band, oc-
curred indeed at 1003 eV.

III. EXPERIMENTAL RESULTS

The experimental FSs and the momentum distribution
curves (MDCs) at Eg corresponding roughly to the I'KX di-
rection are shown in Figs. 1(b) and 1(c) for s polarization
and Figs. 1(d) and 1(e) for p polarization. (Strictly speaking,
our path in k space as a function of k; does not exactly
coincide with the I'KX direction because for a fixed photon
energy k, depends on k. However, to simplify our discus-
sion, we refer to it as I'KX.) Based on direct transitions
between the initial and final bands (under quasiconservation
of the 3D k vector, taking into account the effect of the inner
potential V;, on k), the structures in the experimental data
can be identified by comparison with the results of the
Gutzwiller band-structure calculations® in Figs. 1(b) and
1(d), with the thin and thick curves displaying the minority
and majority FS. The 2., bulk-derived band is visible along
the I'K direction in the case of s polarization and it is com-
pletely absent in the case of p polarization. On the contrary,
the %;;, bands along I'K, A bands along I'X, and A bands
along I'L are visible for p polarization, and lose their inten-
sity for s polarization. Here we only focus on X bands, but
not A and A bands, because the measurement plane of the
latter bands is away from the mirror plane. They do not
disappear completely, which identifies strong matrix-element
effects different from symmetry selection rules.>> The disper-
sion of these bands well agrees with the calculated FSs.?*

Besides the above ARPES structures identified with cer-
tain bands, our data show two faint ghost bands (with inten-
sity at the percent level compared to regular bands) at k
=1.56 and 1.68 A~! along I'K direction, noted with thick
ellipse in Fig. 1(e). They are most pronounced for p polar-
ization and have lower intensities in s polarization.

The polarization dependence of the experimental data is
illustrated in Fig. 2. The intensity maps and Ex MDCs for the
I'KX direction measured with s and p polarization are shown
in Figs. 2(a) and 2(b), respectively. The 3, band gains high
intensity for s and almost disappears for p polarization. In-
tensity of the %, bands, on the contrary, is high for p and
small for s. The two parallel ghost bands [dashed lines in
Figs. 2(b) and 2(c)] are most intense for p polarization,
which suggests that their wave functions are similar to the
2| bands rather than to X, . Figures 2(c) and 2(d) show the
same data measured with circular-left (CL) and circular-right
(CR) light. As the circular polarization includes s and p con-
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FIG. 2. (Color online) MDCs at Ep and energy intensity plots
for Aiw=100 eV along I'K at 10 K measured with (a) s, (b) p, (c)
left, and (d) right circular polarization. Dashed lines in graphs (b)
and (c) show the ghost bands.

tributions, the above 2|, %, and ghost bands are visible
for both chiralities. However, their intensity shows strong
dichroism due to different matrix elements.”> The ghost
bands are stronger for CL. Upon increase in k; they disperse
from Ep downwards, overlap with the 2, at a binding en-
ergy of 12020 meV, and then merge together starting
from 300 meV. The ghost bands lose their intensity for CR
light.

The origin of the ghost bands is obviously beyond the
usual direct transitions picture. Furthermore, we can rule out
any surface states or resonances as possible origin of these
structures because our recent ARPES measurements under
gas adsorption have confirmed the absence of such states for
the clean Ni(110) surface. Any superstructure origin can also
be ruled out based on LEED patterns observed for the clean
surface, Fig. 3(a). Sharp spots without any sign of super-
structure indicate that there is no reconstruction either on the
surface or in the bulk, at least within the LEED probing
depth which is close to the photoelectron escape depth. This
is consistent with results of previous scanning tunneling mi-
croscope experiments on Ni,2® which have also found no
reconstructions. Finally, we have investigated evolution of
the ghost bands under surface adsorption of oxygen. The
LEED pattern after deposition of O, in a dose of 10L is
displayed in Fig. 3(b). It shows that the chemisorbed oxygen
starts to form ordered overlayers resulting in (2 X 1)-O sur-
face reconstruction.’’” The Ex MDCs through the 'K direc-
tion measured for the clean and (2 X 1)-O surfaces are dis-
played in Figs. 3(c) and 3(d), and the corresponding intensity
maps in Figs. 3(e) and 3(f). After the oxygen absorption the
two ghost bands completely vanish. This fact indicates that
the (2 X 1)-O surface reconstruction breaks the old symmetry
and eliminates the ghost structures. In Sec. IV we demon-
strate that the ghost bands have in fact their origin in final-
state effects at the clean (110) surface.

Another less obvious point of our experimental data is
that the X, band retains notable width even at Er. Com-
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FIG. 3. (Color online) (a) Sharp LEED (1 X 1) pattern of clean
Ni(110), (b) the (2 X 1)-oxygen reconstructed surface of the chemi-
sorbed O/Ni(110). The MDC at Ep and intensity plots measured
through I'-K direction for clean (c) and (e) and chemisorbed (d) and
(f) surface.

monly, the photoemission linewidths I, for 3D systems are
analyzed with the expression ', =T, +T,|V,|/|V, |, where
I, and T, are the lifetime broadening of photohole and pho-
toelectron, respectively, and V), and V,, are their surface-
perpendicular group velocities.?> Our choice of photon en-
ergy forces the 2, band to reach Eg when its k, is placed at
the 'KX symmetry line, delivering the extremal point of its
dispersion and, thus, V,, =0. Then, in principle, ', should
reduce to solely I', and vanish at Ep. This obviously dis-
agrees with our experimental data. An explanation of this
effect, besides certain contributions due to scattering be-
tween electrons and impurities, goes back to intrinsic broad-
ening of the final states in k, .!%202! Even when k is placed
on the symmetry line, contributions from other states within
the k, broadening interval away from the symmetry line
result in nonvanishing I',,.>! The above common expression
for I, cannot properly describe this situation, as it implies
replacement of the final-state k, broadening by artificial en-
ergy broadening, which is valid only under assumption of
linear band dispersion.?!

IV. ONE-STEP PHOTOEMISSION ANALYSIS

We shall now consider the role of final states in photo-
emission from Ni(110), in particular, the effect of the
surface-perpendicular momentum conservation. Our aim is
to explain the experimentally observed structures in terms of
the Bloch-wave structure of the outgoing photoelectron wave
based on the one-step photoemission theory.?®

According to DMFT calculations,” in Ni the correlation
effects shift the bands by as much as 0.5 eV from their
LSDA positions. At the same time, the overall shape of the
€(k) lines in DMFT remained practically the same as in
LSDA. Because DMFT is beyond our computational abili-
ties, in this analysis we leave aside the question of the actual
spectral function of Ni and concentrate on how its gross fea-
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FIG. 4. Reference band structure of Ni calculated within a self-
consistent nonspin-polarized LDA.

tures manifest themselves in the experimental energy-
momentum intensity distribution. For simplicity, we base our
analysis on a single-particle nonspin-polarized local-density
approximation (LDA) band structure, Fig. 4, which may
serve as a reference model for each of the spin-split bands.
The self-consistent potential of the bulk crystal was obtained
with the full-potential augmented plane-waves method,?” and
the calculation of photoemission was performed for a semi-
infinite crystal with a steplike surface barrier, as explained in
the following.

A. Description of initial and final states

Because of the broken translational invariance in the sur-
face perpendicular direction the initial states are superposi-
tions of Bloch waves. In the bulk of the crystal the initial
state is a standing wave (in the surface perpendicular direc-
tion) composed of a Bloch wave incident from the interior of
the crystal on the surface and one or more reflected waves.!”
In the close vicinity of the surface the wave function is
strongly modified due to the reflection from the crystal-
vacuum potential barrier, and it cannot, in general, be repre-
sented by a superposition of propagating Bloch waves. How-
ever, if the bulk contribution to the excitation matrix element
dominates the contribution from the surface region, the spec-
tral intensity can be expressed in a form that provides a
rather clear connection to the underlying bulk band structure
e(k). The energy distribution of the emission intensity at a
given k; and photon energy #w is an integral over the initial
states,

I(kj,e) = >, J di | S,k k ) en(kpk ) —€l. (1)

Here m is the band index of the incident wave, which to-
gether with its Bloch vector k=(k;,k ) naturally labels the
initial state. The cross section S,,(k;,k,) is the squared
modulus of the dipole matrix element between the initial
state W of energy € and final state @ of energy E=e+hw,

S(Ky.k ) = (D(E.K)le - p|P,,(kyk ). (2)

The initial state |¥,,) is a linear combination of the Bloch
eigenfunctions |k ,) of the bulk Hamiltonian for the same
energy €. In other words, |k, ,) are the solutions of the in-
verse band-structure problem €,(k,,)=¢, see Ref. 30.

In the one-step photoemission theory,?® the final state |®)
is the time-reversed LEED state defined by the Bloch vector
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FIG. 5. (Color online) CBS decomposition of LEED states at
E=100 eV for k[I[110] and k  I[110] shown by constant energy
contours Re k| (k) for the Bloch waves that most strongly contrib-
ute to the LEED state. (a) Thickness shows the partial current car-
ried by the waves. Dashed curve is the free-electron approximation,
see end of Sec. II. Full lines are constant energy contours
€e(ky,k,)=0 for odd initial states. (b) Vertical extent of the shaded
area shows the momentum broadening Im &, (k).

k; and energy E. (The LEED wave function is a scattering
solution for a plane wave incident from vacuum.) The LEED
state incorporates the effects of inelastic scattering of the
photoelectron, which are quantitatively treated by adding an
imaginary part —iV; (optical potential) to the potential in the
crystal half space.’! Thus, |®) is an eigenfunction of a non-
Hermitian Hamiltonian with a real eigenvalue E. The term
—iV; governs the spatial decay of the function |®) into bulk,
which is responsible for the surface sensitivity of photoemis-
sion in the one-step model. In the crystal the LEED function
is given by its partial waves (complex band structure, CBS)
expansion: |®)=X|k ), each partial wave |k, ;) being a
Bloch solution of the Schrodinger equation with a complex
surface-normal projection «  ; of the wave vector.?? Relative
contributions of the Bloch waves |« ) can be characterized
by the partial currents T, transmitted by the waves into the
crystal in the LEED experiment. In the presence of the opti-
cal potential all ,; have a nonzero imaginary part and the
transmitted current is zero. However, the current conserva-
tion law can be generalized to the case of absorbing
potential®® and the partial weights are given by individual
absorbed currents, see Fig. 5(a). In the present work, the
functions |®) are calculated from the complex band structure
of the semi-infinite crystal with the inverse k-p method in
the extended linear augmented plane-wave formalism.?° The
absorbing potential was taken to be V;=2 eV.

Although the LDA potential is a rather poor approxima-
tion for the quasiparticle self-energy at high energies the
LDA band structure is known to be practically uniformly
shifted relative to the true one. In the present calculation we
rely on the experimentally determined final state in the free-
electron approximation (see the last paragraph of Sec. II): the
ab initio LDA bands were shifted by 3 eV upwards so that at
E=100 eV the main LEED-state constituent intersects the
I'KX line close to the position of the 2, band at €=0 [see the
curve of variable thickness in Fig. 5(a)]. The value of 3 eV
agrees well with our previous experience: at high energies
similar values of the self-energy shift have been observed for
TiTe, (Ref. 18) and for aluminum.'” Note that for k
<1 A~!the true LEED state strongly deviates from the free-
electron approximation [dashed line in Fig. 5(a)]: two Bloch
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FIG. 6. (Color online) Calculated photoemission intensity
I(ky,E) distribution for k; along [110] and Aw=100 eV. Intensity
distributions (a) for s and (b) for p polarization are compared to the
k; projected DOS (c) for odd and (d) for even states. The boxes in
graphs (a) and (b) show the range of the measurements in Fig. 2.

waves with different «, equally strongly contribute to the
final state. Figure 5(b) shows that the momentum broadening
Im «, is different for different waves and that it strongly
varies with k;.

B. kj-projected DOS and ARPES

The calculated energy-momentum intensity distributions
I(ky, €) from Ni(110) are shown in Fig. 6(a) (s polarization)
and in Fig. 6(b) (p polarization). The inverse lifetime of ini-
tial states was taken to be 20 meV so the width of the EDC
peaks comes from the final-state broadening. In spite of the
LDA approximation and the neglect of the exchange split-
ting, the overall intensity distribution is very similar to the
measured one, see Figs. 2(a) and 2(b).

Regarding the effect of final states on the energy-
momentum intensity distribution, two limiting cases may oc-
cur, depending on the strength of inelastic scattering. First, if
the inelastic effects are negligible the photoelectron mean-
free path is large (for propagating waves Im « ; are small).
The energy location of the spectral peaks and their dispersion
with kK is then determined by the energy dependence of the
cross section, which has sharp peaks at the energies that
satisfy the crystal momentum-conservation requirement,

Sk, €) ~ E Ak (k€)= x ], (3)
nj

i.e., main spectral features come from direct transitions,
which is typical of simple metals, e.g., aluminum."”

In the other limiting case, the transitions are entirely in-
direct (all partial waves are strongly evanescent; Im « | ; are
large), and the final states do not play a strong selective role
[ & functions in Eq. (3) are smeared out]. Then the photoemis-
sion intensity /(k;, €) is proportional to the kj-projected den-
sity of states (DOS),

p(kHve) = E f dkL 6[6m(kH’kL) - 6]' (4)

The k-projected DOS p(k;,€) in the vicinity of the Fermi
level is shown in Figs. 6(c) and 6(d) for odd (seen in s
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FIG. 7. (Color online) Constant energy lines €(ky,k , )=const for
KkI[110] and kI[110] (a) for e=0, (b) for —0.2, and (c) for
—0.5 eV relative to the Fermi energy. Even (odd) states are shown
by red (blue) lines.

polarization) and even (p polarization) states, respectively.
Because the DOS function (integrated over the crystal vol-
ume) is a bulk property, and the k; and k, directions are
related by a point-group symmetry operation, the p(k,E)
functions are symmetric relative to k;=\27/a=1.26 A" (a
is the fec lattice constant). The maxima of the kj-projected
DOS p are related to the structure of the constant energy
contours e(k;,k, )=const (the cut e=0 is the Fermi surface),
see Fig. 7. They correspond to the points at which the tan-
gent to the contour is parallel to the k, axis [indicated by
Greek letters in Fig. 7(c)]. In particular, the points a, ' and
Bi2. By, give rise to the DOS maxima lines in Fig. 6(d)
going up as k; approaches the center k;=v2/a. The most
intense lines come from the distorted squares « and «’, and
the narrow inverted parabola comes from the rugby-ball-
shaped contour B;-B{. The wider parabola due to the 3,-8;
contour overlaps with the a-a’ lines making the two struc-
tures difficult to separate below 200 meV.

In the calculated I(k;, €) map for p polarization [Fig. 6(b)]
a symmetric structure coming from the B;-B; parabola is
well visible. Thus, we can interpret the experimentally ob-
served weak arclike structure and the spin-split ghost band at
ky=1.56 and 1.68 A~' shown by dashed lines in Fig. 2(b) as
coming from the contours 8,-8; and 3,-; in Fig. 7 centered
at ky=k , =\2m/a. It should be noted that the &’ line may
contribute to the weak structure as well. However, in the
experiment, the strong 3, structures at the Fermi energy ap-
pear at k;=0.96 and 1.07 A~!, see Fig. 2(b), so their symme-
try counterparts due to the a’ ghost should appear at k
=1.45and 1.56 A7, i.e, about 0.1 A~! to the left from the
observed ghosts. Therefore the main contribution to the ob-
served ghost structures appears to come from the contours
Bi-B; and B3},

Also in the calculation, the a branch of the DOS function
produces a strongly asymmetric intensity distribution: its left
branch has very high emission intensity, whereas the «’
branch is strongly suppressed, in agreement with the experi-
ment. The same happens to the y and ' parabolas of odd
states, centered at I' in the first and second BZ, respectively.
Again, in s polarization we see the intensity peak dispersing
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toward Fermi energy as the k; grows, and not its symmetry
counterpart for the diminishing k. This perfectly agrees with
the experiment [compare Figs. 2(a) and 6(a)].

We see that some structures coming from the peaks of
k;-projected DOS are well visible in the intensity map in
spirit of the indirect-transitions picture, whereas the other
ones disappear manifesting the effect of momentum conser-
vation. This behavior can be understood from Fig. 7: in scan-
ning along the K| direction the k, components of the initial
states vary to form constant-energy contours of very different
size. Thereby varies the distance Ak, from the initial-state
Bloch vectors to the final-state ones, which causes more or
less strong intensity variations depending on how important
the momentum conservation is. The latter is contained in the
transition matrix element and the transition intensity behaves
qualitatively as a Lorentzian function of Ak, with the half
width equal to Im «: it is sharply peaked at Ak, =0 and
decays rather slowly at Ak, larger than Im «, [which for
the main branch is on the order of 0.1 A", as shown in
Fig. 5(b)].

Note that for the whole interval of k; the wave vector «
of the main final-state branch at E=100 eV remains close to
k=0, see Fig. 5. Thus, we arrive at the following qualitative
explanation of the ARPES map: because B, and :31,2 are
close to each other in k, (and they both are rather far from
k, =0 compared to Im «, i.e., transitions are indirect) the
selective effect of the final states is reduced and we see the
whole inverted parabola in the /(kj, €) map in Fig. 6(b). On
the contrary, the peaks from « and y come from k, =0 (di-
rect transitions), whereas @’ and y' are at the edge of the
one-dimensional BZ, so the latter are strongly suppressed in
ARPES because they are too far from the k, of the final
state.

C. k-space anatomy of transitions

Although the above qualitative consideration already
sheds light on the origin of the ghost bands, it is instructive
to have a closer look at the role of the final states in the
formation of the intensity distribution. As an example, Fig. 8
presents a reciprocal-space analysis of the dipole transition
amplitude from two initial states, whose incident waves [la-
beled A and B in Fig. 7(c)] come from the rugby-ball-shaped
circles at e=—0.5 eV. The two states form the inner parabola
in Fig. 6(d).

The structure of the final states for several k; in the energy
interval 93-105 eV is presented in Fig. 8(a). The distribution
of the absorbed current 7', over the partial waves is shown by
the thickness of the E(Re «,) curves. The character of the
LEED state is seen to strongly depend not only on k; but also

on the energy. However, with k; moving away from I" the
LEED state turns more “free-electronlike:” the central
branch (smallest Re ) becomes strongly dominating [see
also Fig. 5(a), in which the data for E=100 eV are summa-
rized].

Figures 8(b) and 8(c) show the partial transition ampli-
tudes uy p(k,)=(x |e-p|¥,p) to each of the final-state
waves |« | ). These values characterize the contributions from
the individual Bloch waves to the photocurrent. The transi-
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FIG. 8. (Color online) Conducting complex band structure of
Ni(110) in the energy interval E=93—105 eV for five values of k;
between 0.894 and 1.625 A~! indicated on the right side. (a) Thick-
ness of the line is proportional to the current carried by the partial
wave of the LEED function. Panels (b) and (c) show partial-waves-
resolved transition amplitudes wy and up from the initial states A
and B, respectively, forming the two symmetry related B8;-8; con-
tours at e=—0.5 eV, see Fig. 7(c). Thickness shows the modulus of
the matrix element. Vertical dashed lines indicate &, of the incident
wave B.

tion amplitude again is spread over many final-state branches
but, owing to the dipole matrix element, it does not follow
the distribution of the partial currents. The two upper graphs
of Fig. 8(c) (k,=0.894 and 0.935 A~') demonstrate that the
momentum conservation is relaxed: although the two main
waves (with large T,) are away from the k, of the closest
initial-state wave B [vertical dashed lines in Fig. 8(c)] they
contribute more strongly to the emission than the wave at the
direct transition position because the latter has a much
smaller value of T,. However, with increasing k; the perpen-
dicular component k| of the closest initial-state wave moves
away from the k, location of the main final-state branches
and the respective partial amplitude decreases. Then the side
branches with small 7', come into play and the arising direct
transitions may be rather strong, see the graph ¥k
=1.26 A~!in Fig. 8(c). Also the indirect transitions to these
branches are not negligible, in particular, from the initial
state A located at negative k| far away from the shown final-
state waves [Fig. 8(b)].

Thus, owing to the side branches, the transition intensity
changes even slower with k; then one would expect from a
simple free-electron picture. At the same time, the
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k-projected DOS has sharp peaks [Fig. 6(d)], which give
rise to the ghost features in the intensity map.

V. CONCLUSION

To summarize, we have reported high-resolution ARPES
measurements on Ni(110) performed with variable polariza-
tion of synchrotron radiation. The ab initio calculation of the
photoemission final states confirms that with the photon en-
ergy around 100 eV, the strongest contribution to the spectra
comes from the I'KX symmetry line of the BZ, which cor-
responds to the direct transitions for this photon energy in the
sense of minimal k, mismatch between the initial and the
final state. However, apart from the spectral structures as-
signed to direct transitions, we have discovered ghost struc-
tures with pronounced polarization dependence which could
not be attributed to any states at the I'KX line. Based on the
one-step photoemission theory, we have found that these
structures are a result of the intrinsic k£, broadening of the
final states, which invokes signal from initial states situated
away from the I'KX line but having large kj-projected DOS.
Despite relatively high photon energy, in some regions of k
space the final states significantly deviate from the free-
electron parabola and include a few Bloch waves, each ef-
fectively coupling to the photoelectron plane wave.

Being a transition metal, nickel is an example of a system
that for the photoemission analysis presents an intermediate
case between simple metals such as aluminum!® and 2D
structures such as many high-7. superconductors. In simple
metals, the DOS p(kj, €) is not reflected in the spectra, and
the spectral structures are determined by (approximately) di-
rect transitions. In 2D systems, on the contrary, the spectrum
reflects sharp peaks in p(k;, €), and the only role of the final
state is to modify their intensity. In the present experiment on
Ni we have seen a combination of the two pictures: the pho-
toemission peaks originate from the peaks in p(kj, €) with the
states around k, =0 strongly enhanced and those around k|
=+2\27/a entirely damped due to the effect of the final
states. This causes the asymmetric structure of the MDCs.
The DOS features coming from k, around \27/a give rise
to the ghost structures, which are a manifestation of indirect
transitions.

A detailed knowledge of final states is important for the
extraction of self-energy information from the photoemission
measurement.'® The present study shows that the measure-
ment of the ghost structures can serve to verify and refine the
one-step model of photoemission, thereby providing a more
reliable estimate of the quasiparticle parameters.
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