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Correlation effects in band ferromagnets as detected by energy- and angle-resolved
spin-polarized photoemission: Ni(110)
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Calculated spectra of photoemission from Ni(110) with the use of a single-step model of the
photoemission process and with the inclusion of self-energy corrections within the t-matrix approxi-
mation are compared to the results of a recent energy-, angle-, and spin-resolved photoemission ex-
periment with linearly polarized light (h v=16.85 eV). The power of this technique to study elec-
tronic structure of correlated, magnetic solids is for the first time fully exploited. Good agreement is
found not only in peak positions, but also in relative intensities as well as line shapes. In addition,
evidence is provided that surface relaxation is important for the full understanding of the electronic
structure of this particular crystal surface.

I. INTRODUCTION

In a very recent spin-resolved photoemission experiment
at high energy and angle resolution (DE=100 meV,
b,8=+3) from Ni(110) using linearly polarized light it
was possible for the first time to obtain the complete in-
forrnation contained in photoemission spectra of fer-
romagnetic materials. The experimentally obtained spin-
resolved energy-distribution curves (EDC) (separate EDC
for majority- and minority-spin states) give the unambigu-
ous separation of structures due to spin-split electronic
states, which are hidden in spin-unresolved EDC. Fur-
thermore, these EDC allow a direct comparison with
quantitative photoemission calculations. This includes not
only the comparison of peak positions but also the analysis
of line shapes. Until now such a detailed analysis was hin-
dered in spin-unresolved EDC of conventional photoemis-
sion by the rather small experimentally inferred exchange
splitting of Ni (b, =0.17—0.33 eV). In most cases the su-

perposition of the spin-split structures required fitting
procedures even for the exact determination of the peak
position. ' The usual line shape assumed in such fitting
procedures is a Lorentzian. In some cases an asymmetric
Doniach-Sunjic line shape was used, ' although it was in-

troduced for the description of multielectron excitations in
core-level spectra, and consequently the physical meaning
of its parameters is not clear in the analysis of band-
structure effects.

In this work we will show that surprisingly good agree-
ment in peak positions, relative intensities, and even line
shapes can be achieved between the spin-resolved EDC re-
cently obtained by Raue et al. ' and our photoemission cal-
culations, provided that self-energy corrections along the
lines proposed by Liebsch' are included in the one-step
model of the photoemission process. ' It also turns out
that surface relaxation of the open Ni(110) surface must
be considered.

II. THE THEORETICAL MODEL

The model for the photoemission process is the same al-

ready successfully used in calculating the spin-polarization

of the photoyield near threshold from Ni. " The sample is
treated as a semi-infinite crystal with a generally constant
spacing between the atomic layers parallel to the surface.
The effects due to surface relaxation of the topmost layers
will be discussed in Sec. III. The surface barrier is
described by a truncated image potential. The influence of
inelastic scattering processes of the excited electron is
simulated by the inclusion of an imaginary part Vo; into
the crystal potential. The energy-dependent values of V
are taken from the results of McRae and Caldwell for
Ni(001) (Ref. 12) thereby neglecting small differences in

Vo; due to different surface scattering processes. The
self-energy of the hole state in the excited many-electron
system is responsible for the narrowing of the d-band
width, the decreased exchange splitting, and satellite struc-
tures. ' These correlation effects make it necessary to go
beyond the independent-particle model of self-consistent
band-structure calculations. This is done by introducing
the self-energy into the photoemission calculation by re-

placing the band energy E;(k) by the real part of the
quasiparticle energy:

E;(k)~Ree(k) =E;(k)+ReX(e),

where X(e) is the complex self-energy. The well-known
equation
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for the photoemission current in the one-particle approxi-
mation is thus changed to the equation

I~(Ef 'E ) XI (+f IA p I+ & I

X 5(EI—h v —ReX(EI —h v) E; ), —

where 4; (f) is the initial (final) state in photoemission, E„
the vacuum energy, A the vector potential of the exciting
light, and hv the photon energy. This corresponds to cal-
culating the photoemission spectra with a so-called corre-
lated band structure. Correlated band structures for Ni
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have already been calculated by Davis and Feldkamp'
and by Treglia et al. ' for the directions I X and I L of
the Brillouin zone. The present work is concerned with
normal emission from Ni(110), i.e., the band structure
along PX)E(S)X. Bands allowed as initial states by di-

pole selection rules' are the X4/S4 bands (
~

A
~ ~

[110]), the
X3/S3 bands (A~ ~[001]),and the X&/S& bands (A~ ~[ 1 10]).
Besides a small p component, the X4 band has the atomic
symmetry d» in the cube coordinate system (z

~ ~

[001])
along the whole direction I EX. This symmetry
transforms as eg states in a cubic crystal field. The X3
band corresponds to a linear combination of the atomic
symmetries d and d~ both belonging to the tzg symme-
try.

In the present work the self-energy is calculated in the
t-matrix approximation of the low-density limit.
Liebsch has shown that it is important to go beyond the
low-density limit, particularly for a correct positioning of
the satellite feature. Despite this fact, because of the
present interest in states near EF the calculations are re-
stricted to the low-density limit with the Slater integrals in
the calculation of the Coulomb matrix elements of the t
matrix taken as F' '=4 eV, F' '=8 eV, and F' '=0.6F' '.
These are the values leading to the exchange splittings
b(eg)=0. 21 eV, b(tqs)=0. 37 eV in Refs. 5 and 6. The
first term in the t-matrix expansion gives the Hartree-
Fock single-particle energy X""=—Un; (U equals the
effective Coulomb energy, n; equals the total number of
the holes minus the number of holes with symmetry i and
spin cr). Applying the self-energy correction to a self-
consistent band-structure calculation means that at least
the Hartree-Fock term must be subtracted from the self-
energy X(e}, since it is already included. Band-structure
calculations based on the density-functional method al-
ready implicitly include further correlations. Thus the en-

ergy to be subtracted from X(e) is not exactl known.
Since all the majority-spin bands are filled, X, is equal
for bands of eg and tzg symmetry. Using this fact, we as-
sume an equal energy of —1.27 eV to be subtracted from
X(e) for both es and t~g states and apply the corrected
self-energy to the majority-spin band structure of Moruzzi
et al. ' This correction is chosen to adjust the X& point to
0.1 eV below the Fermi energy to reach agreement with
earlier experimental observations. ' This procedure can
be compared with the adjustment of the origin of energy
in the work of Davis and Feldkamp' or the redetermina-
tion of the Fermi energy by Treglia et al. ' Then a rigid
exchange splitting of 0.21 eV for the X4/S4 band and of
0.37 eV for the X3/S3 band is used instead of using uncer-
tain values to correct X,(eg) and X,(tzs).

III. RESULTS AND DISCUSSION

For Net radiation (h v=16.5 eV) the normal photoemis-
sion from Ni(110) is mainly due to emission from the re-
gion near the X point into a final-state band gap between
the X5 and the X3 point. The corresponding correlated
band structure from K to X is given in Fig. 1 (where we
did not include the Sz band, which is not an allowed ini-
tial state for normal emission).

Figure 2 shows the experimentally obtained spin-
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FIG. l. One-dimensional ferromagnetic band structure along

the E(S)Xdirection including self-energy corrections for the ini-

tial states. Only initial states are shown which are allowed in

normal emission. Note the different energy scale for the final

states.

resolved EDC (Ref. 1) and the results of our photoemis-
sion calculations. According to the fact that direct transi-
tions occur only from the X points into evanescent final

states (the complex continuation of the S& final-state band
between the X& and the X3 point), the mean escape depth
is about Sao (ao is the Bohr radius) or about 3.5 atomic
layers parallel to the (110) surface. This should be com-

pared to the mean free path of about 25ao, which is the
mean escape depth for propagating final states. The re-

sulting relaxation of kz conservation gives rise to spectra
with quite broad structures, even without the inclusion of
a lifetime broadening of the initial states (compare Fig. 2}.
The spectra with S3 initial states show an extraordinarily
large width. This results from the relatively small dis-
tance to the X point even for binding energies 0.4 eV
below X5, giving still considerable weight to indirect tran-
sitions from the S3 band into the complex continuation of
the S& final-state band. The asymmetric line shapes in
Fig. 2 are a direct consequence of these indirect transi-
tions, since the band edges at Xq'(X& ) give upper energy
limits to the spectra. In this context we mention that in-
teresting effects can be expected when changing the sur-
face sensitivity by means of tunable, polarized light from a
storage ring.

Besides the reduced kz conservation there is a second ef-
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Ni (110), l EMISSION, hv = 16.85eV

EXPERIMENT I I THEORY
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by this interference effect since the corresponding k vec-

tors do not match with the interference condition already
for initial states at slightly higher binding energies than
X&. This is so although there is no emission intensity
directly from the X& point.

The second important effect giving spectral weight for
states near Ez in the case of the S3 spectrum is due to the
off-normal emission contribution which is connected with
the finite acceptance cone of the experiment. This results
in Sq band emission to the S3 spectra according to the
mixing of S3 symmetry into the Sz band near the X& point
(the Sz and the S3 band are degenerate at the Xs point)
and of S4 symmetry into the Si final-state band near X5
(the Si and an S4 band are degenerate at the Xs point; see
Fig. 1). The symmetry change in the final-state band is
found to be most important. The contributions to the S4
spectra are negligible. Spectra have been calculated for
polar angles up to 4', which already exceeds the experi-
mental angular acceptance cone of Ref. 1. The strongest

effect is seen for A~
~

[001],a polar angle of 8=4', and an
azimuthal angle of 90' with respect to [001] for electron
take-off (Fig. 3). The spectrum already shows a remark-
able peak at about 0.17 eV below EF, but by comparison
with the experimental spectrum (in Fig. 3 displayed in the
same units as in Fig. 2), one finds that the off-normal con-
tribution is still much too small. If one takes the small
structure around —0.5 eV in the experimental data as sig-
nificant, one could connect this with the shoulder in the
calculated off-normal emission spectra. Thus this struc-
ture and the larger width of the prominent peak in the ex-
perirnental spectrum as compared to the incoherently add-
ed normal emission spectrum (Fig. 3) may be a result of
off-normal emission contributions. We expect, however,
that off-normal emission alone is not able to explain the
experimental data, because of the integration over the full
experimental acceptance cone (68=+3', Ref. 1). By im-

plying that misalignment effects in the experiment are
considerably smaller than the acceptance cone, we there-
fore conclude that the relaxation effect is likely to be the
dominating one. This again demonstrates the importance
of surface relaxation on the electronic properties of the
Ni(110) surface. We therefore deduce that improved an-

gular resolution can help to quantitatively establish the
different effects.

The S3 spectra contain a small contribution from X]
band emission according to the component A~ ~[110], be-
cause of the incidence angle of the light (30').' However,
the calculations give emission intensities for the Xi band
which are smaller by at least 1 order of magnitude than
the intensity of the S3 band in the whole energy range of
the experiment. This emission is contained in the calculat-
ed spectra and accounts for the small wiggles between 0.3
and 0.6 eV in the unbroadened (S3+Xi) spectrum.

The relative intensities of the S4 and S3 emission spec-
tra calculated as described above are already in fairly good
agreement with the experimental results. In addition, the

S4 spectra have been convoluted firstly with a Lorentzian
of y (halfwidth at half maximum} = ImX(e)
=0.004(0.015) eV at the minority- (majority-} spin peak
position to account for the lifetime of the hole state, and
secondly with a Gaussian of y [full width at half max-
imum (FWHM)] =0.100 eV to include the experimental
resolution. As can be seen from Fig. 2 not only is the gen-
eral line shape of the experimental spectra reproduced, but
also the absolute widths of the calculated spectra
(FWHM=0. 26 eV for S4 and 0.23 eV for S4) and the in-

tensity ratio (equal to 1.12) are in acceptab'le agreement
with the experimental widths of 0.26 and 0.20 eV, respec-
tively, and with the intensity ratio of 1.20. We believe
that a better agreement can only be expected with an im-

proved self-energy correction. We also mention that the
convolutions of the asymmetrical spectra have shifted the
peak positions slightly to higher binding energies. Conse-

quently, referring to the experimental spectra, the X&' and

X5 points should be expected to be located nearer to EF
than given in Fig. 1. Even an X& point energy coinciding
with the Fermi energy is still compatible with the experi-
mental data. Similar observations have recently been
made for Fe(001).'

IV. CONCLUSION

In summary, it was shown that photoemission calcula-
tions with the use of a single-step model of the photoemis-
sion process and with the inclusion of self-energy correc-
tions provide quantitative agreement in peak positions, rel-

ative intensities, and line shapes of experimentally ob-
tained spin- and angle-resolved energy-distribution curves
of Ni(110) as a model system for a correlated magnetic
metal, thus allowing an accurate determination of critical
point energies and exchange splittings in Ni near X. %'e
have also shown that surface relaxation is important for
fully understanding the Ni(110) crystal surface. Finally,
because of the excellent agreement between theory and ex-

periment, we believe that an inelastic spin-polarized back-
ground, including spin fiip, ' '

plays no important role
for this system in the energy range near EF.

The calculations will provide a basis for studying
temperature-dependent effects on the magnetic (exchange)
splitting and their experimental observation. This pro-
gram is in progress in our laboratory as well as the Ger-
man storage ring Berliner Elektronenspeicherring-
Gesellschaft fur Synchrotronstrahlung mbH (BESSY) in
Berlin.
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