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Correlation effects, circular dichroism, and Fermi surfaces of bulk nickel from soft x-ray
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Within this soft x-ray photoemission study we present a detailed experimental and theoretical view on the
bulk-related electronic structure of ferromagnetic nickel. Our results resolve the long-standing issue of the
Fermi surfaces of bulk Ni and thereby establish the validity of a local correlation picture for its electronic
structure. We performed complementary theoretical and experimental soft x-ray angle-resolved photomission
spectroscopy studies to determine the Fermi surfaces and correlation effects in the bulk states of Ni. The electronic

structure, obtained from the local-spin density approximation with dynamical mean-field theory and one-step
photoemission calculations including matrix elements, is based on a fully relativistic treatment using a complex
and energy-dependent self-energy X (E). The experimental band dispersions, the circular dichroism in the spectral
functions, and the experimentally extracted self-energy X (E) are in agreement with theoretical findings.
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I. INTRODUCTION

Angle-resolved photoemission spectroscopy (ARPES) pro-
vides direct access to momentum- (k) and energy- (E) resolved
electronic structures, and consequently allows a determination
of the self-energy X (E) of electronic states in the vicinity of
the Fermi level (Ef) which constitute Fermi surfaces (FSs).
Modern experimental setups use high flux photon sources,
efficient analyzers, and detectors, and supply high k and E
resolution as well as spin resolution. The resulting spectra
have provided major insights in the study of new materials
such as low-dimensional magnetic structures, low- and high-
T¢ superconductors, topological insulators, etc.! However, a
comprehensive understanding of the underlying physics of
such materials and a quantitative analysis of correlation effects
requires a realistic calculation of excitation spectra. Moreover,
since x-ray ARPES is now established as a powerful electronic
structure method,?™ theoretical calculations are necessary
to understand band dispersions (BDs) and intensities of the
spectral features.

A first step in this direction was carried out for low-energy
ARPES, covering v ~ 10-100 eV.% It was shown that the
experimental BDs and spectral functions of nickel are best
described by calculations based on local-spin density approx-
imation with dynamical mean-field theory (LSDA + DMFT)
for the electronic structure combined with the one-step model
for photoemission intensities including matrix elements. The
detailed comparison of energy distribution curves (EDCs)
provided a good description but also suggested the influence
from surface effects due to the small mean free path of the
emitted electrons. To clarify this issue, polarization-dependent
soft x-ray (SX)-ARPES with Av ~ 400-800 eV has been
carried out.””>"~% Within a theoretical SX-ARPES approach,
which was recently developed and applied to Ag(001) (Ref. 8)
and W(110),° we present a detailed comparison with ex-
perimental band maps, EDCs, and FSs of bulk ferromag-
netic Ni(001), the prototype of moderate electron-electron
correlations.
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Nickel metal has been extensively studied using angle-
integrated x-ray and resonant PES,'*'3 as well as low-
energy ARPES and theory.®!'#23 The salient features of
its electronic structure indicate that (a) the experimental
bandwidths are reduced by about 30% compared to LSDA
results,'* (b) the spectra show a dispersionless feature at about
6 eV binding energy (BE), namely, the so-called two-hole
correlation satellite, and (c) the magnetic exchange splitting
between up- and down-spin bands is ~250-300 meV. Early
studies implicated electron-electron correlations as the cause
of the band narrowing and the correlation satellite.'*"'> More
recently, the validity of LSDA-calculated BDs and FSs in
relation with the experimental results has been debated in the
literature. Bunemann et al. proposed that correlations modify
the dispersion of the A, band to the extent that it does not cross
Er, and accordingly the associated X, FS sheet is missing,'”
and analyzed in a second study the role of spin-orbit coupling
on the FS topology using the LDA + Gutzwiller scheme
in combination with a parametrized spin-orbit Hamiltonian.>*
Varykhalov et al.'® and Cui et al.'” concluded the importance
of final-state effects in low-energy ARPES of Ni within a
LSDA picture. Based on LSDA theory, Sahrakorpi et al.
showed'® that, for low-energy ARPES of Ni(001), a three-step
model calculation (i.e., taking into account excitation, trans-
port, and ejection of the photoelectron as separate processes)
yielded similar conclusions as a one-step model calculation
while recognizing the role of initial- and final-state effects.
Hofmann et al.'® probed quasiparticle dynamics and identified
a correlation-induced kink at ~0.3 eV in the dispersion of the
bulk magnetic bands of Ni(110). Kamakura et al.” reported
a SX-ARPES study and concluded consistency of the FSs
with LSDA results, but did not report a quantitative analysis
of the BDs and spectral intensities. Very recent studies’*?!
on 1-6 monolayer films of Ni/Cu(100) have shown two- and
three-dimensional BDs and FSs, while a spin-resolved ARPES
study?’> showed spin-split surface states of Ni(111) with a
reduced exchange splitting of 55-160 meV. In a low-energy
ARPES study, Braun et al.% showed that the spectral intensities
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Detector multiple-scattering theory (SPRKKR).> To account properly
Angular dependence O S 1 for electronic correlations beyond the LSDA,?*?’ we use a
S\ s 52 complex and energy-dependent self-energy X(E),?® which is
' — 13,5 determined by a self-consistent LSDA + DMFT calculation.®
D A O O B = The most successful theoretical approach to PES and inverse
e Ty v N e photoemission (IPE) is the so-called one-step model of
Ni(001) 0=>5° SR photoemission as originally proposed by Pendry and co-
(a) Sample geomelry| 12 workers.2? Due to the high excitation energies, a special
W ns treatment of the final state is essential within our study because
W s 11 the multiple scattering is more or less reduced to single-
4105 scattering events.>? SX-ARPES experiments were carried out
0 05k :A_J)'s 2 on a bulk single crystal of Ni(001) at beamline BL17SU of

X

[(b) 3-D Brillouin zone (¢) Cuts in kxkz (k/-k2) plane |

FIG. 1. (Color online) (a) Experimental geometry adopted
to measure the polarization-dependent SX-ARPES. (b) Three-
dimensional Brillouin zone of Ni metal. (c) Energy-dependent cuts in
the k, -k, plane, which were measured in order to accurately determine
the momentum values for the SX-ARPES experiments.

calculated within the one-step model using LSDA + DMFT
calculations best describe the electronic structure of Ni. The
calculated FSs and BDs reported by LSDA + DMFT have
also discussed the role of correlations in relation to the
A,, band and the associated X,, FS. While Yang et al®
concluded that the X, FS is missing because the occupied
Ay, BD gets shifted to higher BEs, i.e., away from Ef,
Braun et al.% showed that the BDs are shifted to lower BEs,
i.e., toward Ef. In order to resolve these issues, we have
carried out polarization-dependent SX-ARPES experiments
and corresponding calculations.

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

The electronic structure has been calculated within the
framework of the fully relativistic Korringa-Kohn-Rostoker

SPring-8, and the complete experimental details are described
in Ref. 7. Figures 1(a)-1(c) show the experimental geometry,
the Brillouin zone (BZ) of bulk Ni, and the cuts in the
ky-k, plane that were measured to accurately determine the
momentum values in the Brillouin zone.

All measurements reported here were carried out at T =
50 K to minimize indirect transitions which are known to
cause band smearing.”~*3° Figure 2 shows the (a) experimental
and (b) calculated SX-ARPES spectral intensity band maps
for circular polarization and hv = 435 eV, which probe the
I'-X cut in the BZ of Ni (see Fig. 1). As usual, the self-
energy within the DMFT is parametrized by the averaged
screened Coulomb interaction U and the exchange interaction
J. For the ferromagnetic 3d transition metals Fe, Co, and
Ni it is usually accepted that the averaged on-site exchange
interaction J coincidences with its atomic value J ~ 0.9 eV.
This parameter can be calculated directly within the LSDA
and is approximately the same for all 3d elements.*' For the
parameter U, semiempirical values are usually used*>*3 and
are estimated to be between 1 and 3 eV. In our theoretical
analysis, we used the values U = 2.8 eV and J = 0.9 eV for
the average screened Coulomb interaction U and the exchange
interactionJ. With these values we found an optimal agreement
between the experimental and theoretical peak positions. This
was also shown in an earlier study.® To take account of impurity
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scattering, we added a small constant value of 0.05 eV to the
imaginary part of the complex X(E). For the final state, a
constant imaginary value Vy = 5.0 eV has been chosen in a
phenomenological way.®’

III. RESULTS

The I'-X cut band map of Fig. 2(a) at first glance looks
similar to that of Kamakura et al.,’” which reported band
maps up to 2-eV BE using horizontal and vertical polariza-
tion. However, the present SX-ARPES study using circular
polarization (ranging up to higher BEs of about 4 eV, and with
higher-energy resolution) reveal significant differences. In
order to see these differences more clearly, we have also plotted
the experimental band maps together with the calculated band
dispersions in Fig. 3. Figure 3(a) shows the calculated band
dispersions overlaid on the raw experimental intensity map.
The raw data is plotted on a false color scale to highlight the
overall bandwidths of intense features at binding energies of
0-1.5 eV as well as the weak A, band (white circles mark
the peak positions). The A, band is also seen as a weak
peak in the EDCs at about 3-eV binding energy, as plotted
on an expanded scale (5x) in Fig. 2(d). In Fig. 3(b), we plot
the derivative map to highlight the actual band dispersions
compared to the calculations. While the band dispersions
show small discrepancies and do not match perfectly with the
calculations [e.g., Fig. 3(b) for the A, band crossing near the
X point does not match perfectly], the overall bandwidths and
positions are better reproduced in LSDA 4+ DMFT compared
to earlier LSDA results. The white squares mark the peak
positions estimated from peak fits discussed later in Fig. 5. The
band assignments are accordingly labeled for the calculated
band dispersions.

These results allow us to distinguish between LSDA and
LSDA 4 DMEFT results, based on the following important
features: (i) At the I point, as seen in the experimental and
calculated maps [Figs. 2(a) and 2(b)], the feature centered
at 0.7-eV BE originates in the A; and A; bands while the
feature at 1.0-1.5 eV BE is due to the Ay and As bands.
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This matches the fully relativistic calculated band dispersions
using LSDA + DMFT.® As is clear from the results, there is
no other band present at higher BEs at the I" point. This is
seen in the EDC at the I" point shown in Fig. 2(c). In LSDA
calculations, the A, and Ay s derived features are expected
at 1.2- and 2.2-eV BE, respectively, while LSDA + DMFT
calculations® have shown that they get shifted to lower BEs
(~0.7 and 1.5 eV, respectively), as observed in the experiment.
(i1) Although the present experiments are spin integrated, the
calculated maps allow for an assignment of the experimental
bands in terms of their spin-projected character. Figures 3(a)
and 3(b) clearly show that not only the As 4 bands but an
additional band (identified as the A, band) also crosses Er
at a momentum value of ~0.9 times (I"-X). Consequently, at
the X point, only the A4 band is observed at a BE of 0.2 eV
below Ef [Figs. 2(a), 2(b), and 2(d)]. In LSDA results two
bands (the A,y and As; bands) are expected within 0.5-eV
BE at the X point. The band maps show that just before the X
point is reached [white line labeled Q)], we see evidence for
two bands near Er, but the A, band crosses Er just before
the X point is reached, leaving only the A,y band below Ef.
This is also seen from the EDCs at the X and Q points shown
in Fig. 2(d). To the best of our knowledge, this behavior has
not been reported to date and we attribute the higher depth
sensitivity of soft x rays and an energy resolution of ~60 meV
at hv = 435 eV for this observation. More interestingly, a clear
switching of the circular dichroism (CD) was observed for the
crossing associated with the A, compared to the As 4 bands
[Fig. 2(e)], and is discussed in the following.

Figure 2(e) shows the experimental circular dichroism map
for the I'-X cut. The experimental map is obtained as the
difference in the counterclockwise (CCW) and clockwise
(CW) spectral intensities measured using 7v = 435 eV and an
energy resolution of about 100 meV. A set of EDCs showing
the dichroism for momenta labeled 1-8 in Fig. 2(e), along
with corresponding calculations, is shown in Figs. 4(a) and
4(b), respectively. Figures 4(a) and 4(b) indicate that the
dichroism is similar to an early low-energy (hv = 11-27 eV)
spin-integrated ARPES study which investigated the magnetic
dichroism.** The dichroism was attributed to a combination
of the magnetic exchange splitting (~300 meV) and spin-orbit
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and theoretical band dispersions with the band assignments labeled
for the I'-X cut, plotted on a false color scale. (b) Comparison of the
theoretical band dispersions with the derivative of the map shown in
(a). The white circles mark the weak A, band, and the white squares
mark the peak positions estimated from peak fits shown in Fig. 5.

FIG. 4. (Color online) (a) Experimental and (b) calculated EDCs
showing circular dichroism for momenta labeled 1-8 in Fig. 2(e)
along the I'-X cut, obtained using clockwise and counterclockwise
polarization of incident photons.
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splitting (~100 meV) within a LSDA picture. While the
low-energy study was carried out for magnetized Ni thin films,
our experiments are carried out on bulk Ni metal without
magnetizing the sample. Nevertheless, the dichroism map
shown in Fig. 2(e) allows us to distinguish the Ep crossings
associated with the A, and the As4 bands in the form of
dichroism switching at Ex around 0.9 (I'-X), while the Ay
band alone remains below E ¢ at the X point as discussed above.
The band crossings and related dichroism changes are also
seen in EDCs along I'-X. In Fig. 4(a), EDC 1 shows a weak
feature at 0.2 eV, strong features at 0.6 and 0.9 eV, and another
weak feature at 1.8 eV. These bands disperse, as shown by tick
marks in Fig. 4(a). The feature at 0.2 eV crosses the Fermi level
(Er) and is not seen in EDC 5. Similarly, the feature at 0.6 eV
crosses the Er and is not seen in EDC 8. These observations
are also confirmed by the calculations as seen in Fig. 4(b). A
change in the dichroism indicates a change in the dominant
band character at E . Thus the observed FS crossing at EDC
5 and the A, band crossing just before the X point shows a
direct relation with the switching in the CD map of Fig. 4(a),
thus confirming its validity. Furthermore, the results indicate
that the experimental SX-ARPES dichroism is consistent
with LSDA + DMEFT results of the electronic structure.
The dichroic effects are caused by the interplay between the
magnetic coupling terms which appear in the spin-polarized
Dirac equation and the relativistic dipole selection rules.® The
spin-orbit coupling results in hybridization gaps or avoided
crossings in the fully relativistic band structure and causes a
corresponding change in the effective-spin character (strictly
speaking, in the presence of spin-orbit coupling, pure spin
is no longer a good quantum number).***’ This manifests as
dichroic switching along I'-X direction, as seen in Fig. 2(e).
Next, we address the experimental imaginary part of the
self-energy Im X (E) for Ni metal. Figures 5(a)-5(c) show
examples of fits to the EDCs along I'-X, using Voigt functions.
From such fits, we extract the experimentally measured full
widths at half maxima (FWHM) of the peaks [Fig. 5(d)], which
are proportional to the Im X(FE). Since our experiments are
spin integrated and the resolution is also not high, we have
used a multiple peak fitting procedure corresponding to the
observed features in the data. Figure 5(d) is a compilation of
data points obtained by analyzing 20 different EDCs extracted
from the I'-X band map, and three examples are shown in
Figs. 5(a)-5(c). The white squares in Figs. 3(a) and 3(b)
correspond to the peak positions estimated from the fitting
shown in Figs. 5(a) and 5(b). Since the peak separations were
found to be larger than the energy separation corresponding
to the spin splitting for Ni metal (~300 meV), known from
earlier low-energy spin-resolved experiments, it indicates
that we cannot unambiguously assign spin splitting in the
bands. By comparing with the LSDA + DMFT calculations
(Fig. 3), it is noted that the assumed peaks are always lesser
in number than the expected peaks from calculations. For
example, while we expect ten peaks from theory (Fig. 3),
for k, = 0.1 (I'-X), we have used five peaks for the fitting
[Fig. 5(a)], and for k, = 0.7 (I'-X), we have used six peaks
for the fitting [Fig. 5(b)]. This leads to the situation that the
estimated FWHM of peak widths at low binding energies
up to 4 eV are overestimated in Fig. 5(d). Besides the
experimental difficulties in estimating the self-energies, a
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FIG. 5. (Color online) (a)—(c) Fits to EDCs along I'-X, using Voigt
functions. (d) The extracted full widths at half maxima of the peaks,
which are proportional to the experimental Im X (E), plotted along
with the calculated Im X (E).

theoretical explanation is found in terms of the many-body
solver that we used in our theoretical analysis. The so-called
spin-polarized T-matrix plus fluctuation exchange (SPTF)
approximation®® is of perturbational nature compared to a
quantum Monte Carlo solver, which is able to consider the
complete diagrammatic expansion of the self-energy in a
statistical way. As a consequence, the energy dependence
of the self-energy is weaker by approximately a factor of 2,
and which results in an increased lifetime of the states when
compared to the experiment. Nonetheless, the experimental
Im X(FE) trend closely follows the calculated Im X(E), also
plotted in Fig. 5(d). Our calculated results are quite similar
to an earlier report of LSDA + DMFT calculations.>* Again,
although our experiments are not spin resolved, the obtained
Im X(FE) profiles indicate a separation of the minority and
majority states in terms of their energy widths for BEs up to
~4 eV, while the peak in Im X(E) at ~6-eV BE is due to
the correlation satellite. This behavior matches fairly with our
calculated Im ¥ (E), although due to the perturbational nature
of the many-body solver the satellite structure appears in the
theoretical density-of-states calculations at a slightly higher
binding energy of about 7.2 eV compared to the experimental
data. Besides these small deviations between experiment and
theory, the agreement is satisfying.

Finally, in Fig. 6(a) we show the experimentally obtained
FSs in the k.-k, plane measured using circularly polarized
photons of 7v = 435 eV. Band maps were obtained by tilting
the sample so as to map out the FSs in the k,-k, plane.
An energy window of 100 meV was used to determine the
momentum distribution curves (MDCs) which constitute the
FS map. The LSDA and LSDA + DMFT calculated FSs
obtained from spectral intensities for circularly polarized x
rays of hv = 435 eV are shown in Fig. 6(b). The results show
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FIG. 6. (Color online) (a) The experimental FS in the k,-k, plane
obtained from angle-dependent SX-ARPES band maps using hv =
435 eV circularly polarized photons with T at (0,0) and X at (0,1.73).
An energy window of 100 meV at Er was used to obtain the MDCs
which make up the FS map. (b) Theoretical FS maps from LSDA
(left panel) and LSDA + DMEFT calculations (right panel) indicate
a quantitative match with the experiment.

very good consistency between experiment and theory, thus
confirming the X5, FS in bulk Ni metal. The spectral function
shown in Ref. 24 is in full agreement with our result shown in
Fig. 4 as well as with the result obtained by Bilinemann et al.
in 2008. To be able to obtain the correct dispersion behavior
in the vicinity of the X point, both spin-orbit interaction and
many-body techniques beyond the LDA picture are necessary.
In Ref. 24 the authors used the LSDA + U scheme as the static
limit of a LSDA + DMEFT calculation and they introduced
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spin-orbit interaction in a perturbational sense. We used a
fully relativistic scheme in combination with a self-consistent
LSDA + DMEFT approach, respecting dynamical correlations
and relativistic effects in a more unified picture. From this
calculation we found in comparison with Ref. 24 a slightly
modified behavior in the dispersion of the second band. This
band now touches the Fermi level but no crossing is observed,
in agreement with Bunemann et al.’** Due to dynamical
correlations it is smeared out and as a consequence it appears
as a dot at the X point. It should be noted that such a smearing
that appears just at the Fermi level should be interpreted from
the experimental point of view as a second band crossing.
Lastly, the FS crossings along the X-W cut measured by
tilting the sample were independently confirmed by equivalent
k-point measurements using circularly polarized x rays of
hv =592 eV.

IV. CONCLUSIONS

In conclusion, the overall results indeed establish the
validity of LSDA + DMFT for BDs which get shifted closer
to Er. The observed circular dichroism in spectral functions,
the dichroism switching, and the energy dependence of X(E)
including the peak structure due to the correlation satellite are
consistent with LSDA 4 DMFT theory. The results help to
resolve the long-standing issue of the Fermi surfaces of bulk
Ni and confirms that nonlocal correlations are not important
for Ni in contrast to Fe and Co.?33%#!
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