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Strength of Correlation Effects in the Electronic Structure of Iron
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The strength of electronic correlation effects in the spin-dependent electronic structure of ferromagnetic
bee Fe(110) has been investigated by means of spin and angle-resolved photoemission spectroscopy. The
experimental results are compared to theoretical calculations within the three-body scattering approxi-
mation and within the dynamical mean-field theory, together with one-step model calculations of the
photoemission process. This comparison indicates that the present state of the art many-body calculations,
although improving the description of correlation effects in Fe, give too small mass renormalizations and
scattering rates thus demanding more refined many-body theories including nonlocal fluctuations.
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For more than half a century, it has been clear that the
band structure together with exchange and correlation
effects play an important role in the appearance of ferro-
magnetism in 3d transition metals and their alloys [1]. A
first step toward an understanding of the electronic struc-
ture of these metals has been achieved by calculations of
the single-particle band dispersion [E(k)] within the den-
sity functional theory (DFT) in the local spin-density ap-
proximation (LSDA) [2], which takes into account
correlation effects only in a limited extent. It soon turned
out that for the ferromagnetic 3d transition metals such as
Fe, Co, and Ni, calculations beyond DFT-based theories
have to be developed to take into account many-body
interaction, i.e., correlation effects, which normally are
described by the energy and momentum dependent
complex self-energy function 3(E, k). Here, the real part
N2 is related to the mass enhancement while the imagi-
nary part I describes the scattering rate. One of the
successful schemes for correlated electron systems is the
dynamical mean-field theory (DMFT). It replaces the
problem of describing correlation effects in a periodic
lattice by a correlated impurity coupled to a self-consistent
bath [3]. An alternative approach is the three-body scat-
tering (3BS) approximation which takes into account
the scattering of a hole into an Auger-like excitation in
the valence band, formed by one hole plus an electron-
hole excitation [4]. Such many-body calculations al-
lowed the qualitative description of the quenching of
majority-channel quasiparticle excitations in Co [5] or
the narrowing of the Ni 3d band [6]. While the above-
mentioned many-body theories give an improved descrip-
tion of the electronic structure, the central question is
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whether they also lead to a quantitative agreement with
experiments.

Angle-resolved photoemission spectroscopy (ARPES)
is a powerful method to determine the spectral function
and by comparison with the bare-particle band structure
(usually approximated by DFT band structure calculations)
to obtain the self-energy [7]. Moreover, the spin-resolved
version of this method is very useful to disentangle the
complex electronic structure of ferromagnets, in particular,
for systems with a strong overlap between majority and
minority bands [8]. For ferromagnetic bce Fe, which is the
focus of the present work, several (spin-resolved) ARPES
studies have been presented in the literature [9-13].

In this Letter, we present (spin-resolved) ARPES spectra
of ferromagnetic bcc Fe(110). These experimental results
are compared to theoretical many-body calculations
(DMFT and 3BS) as mentioned above, including a full
calculation of the one-step photoemission process. Our
main conclusion is that a quantitative agreement, in par-
ticular, concerning the line widths, is not observed. This
clearly demonstrates the demand for further nonlocal
many-body theories.

Experiments have been performed at room temperature
in normal emission using a hemispherical SPECS Phoibos
150 electron energy analyzer and undulator radiation from
the UE112-PGM1 beam line at BESSY II. The linear
polarization of the photon beam could be switched from
horizontal to vertical, which means that a more p —
(A[I[110]) or s — (A[|[001]) character of the incident light
was achieved, respectively. For spin analysis, a Rice
University Mott-type spin polarimeter has been used, op-
erated at 26 kV [14]. The angular resolution of the equip-
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ment was 1°, and the energy resolution was 100 meV. The
Fe(110) surface has been prepared on W(110) by deposi-
tion of 20 ML Fe and post-annealing. The structural quality
of the films has been checked by low-energy electron
diffraction. The Fe(110) film was remanently magnetized
in the film plane along the [110] easy axis.

Theoretical calculations of the ARPES spectra have
been performed within the framework of the Korringa-
Kohn-Rostoker multiple scattering theory [15]. Spin-orbit
coupling and exchange splitting were treated on equal
footing in a fully relativistic theory. To account for elec-
tronic correlations beyond the LSDA approximation, a
site-diagonal, local and complex energy-dependent self-
energy >puer was introduced self-consistently [16]. In
most of the calculations presented for the comparison
with the ARPES results, unless specified, we use for the
averaged on-site Coulomb interaction U a value U =
1.5 eV which is within the experimental value U = 1 eV
[17] and a value U = 2 eV derived from theoretical studies
[18,19]. It is usually accepted that the averaged on-site
exchange interaction J coincides with its atomic value J ~
0.9 eV [20]. Using this LSDA + DMFT approach, the
spectral function A(E, k) could be calculated for a semi-
infinite lattice structure. For a quantitative comparison with
the measured ARPES spectra, it is inevitable to take into
account the wave-vector and energy-dependent transition
matrix elements calculated within the one-step model of
photoemission (1SM) [21]. This describes the excitation
process, the transport of the photoelectrons to the surface,
as well as the escape into the vacuum. For a quantitative
description of surface states and resonances, a realistic
approach for the surface barrier is essential. Finally, analo-
gous calculations of the ARPES signal have been per-
formed on the basis of the 3BS self-energy function. The
two calculations (3BS and DMFT) do not show big differ-
ences. We emphasize that in all the calculations, the broad-
ening of the peaks due to final state effects is included.

Figures 1(a) and 1(b) display a comparison between
spin-integrated ARPES data and theoretical LSDA +
DMFT + 1SM calculations of Fe(110) along the I'N di-
rection of the bulk Brillouin zone (BZ) with p polarization.
The k values were calculated from the used photon ener-
gies ranging from 25 to 100 eV, using an inner potential
V = 14.5 eV. Figure 2 displays analogous spin-resolved
ARPES data for p and s-polarized photons together with
LSDA + DMFT + 1SM calculations.

Near the I" point (k ~ 0.061'N), the intense peak close to
the Fermi level corresponds to a 211,3 minority surface reso-

nance. Experimentally, its 213 bulk component crosses the
Fermi level at k ~ 0.33'N, leading to a reversal of the
measured spin polarization and to a strong reduction of the
intensity at k = 0.68T'N in the minority channel, in agree-
ment with the theoretical results [Figs. 2(b) and 2(d)]. The
peak at the binding energy BE ~ 0.7 eV, visible mainly for
p polarization in a large range of wave vectors between I"
and N, can be assigned to almost degenerate ETL 4 bulklike
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FIG. 1. (a) Experimental spin-integrated photoemission spec-
tra of the Fe(110) surface measured with p polarization in
normal emission along the I'N direction of the bulk Brillouin
zone. The curves are labeled by the wave vectors in units of
I'N = 1.55 A=, (b) Corresponding calculations obtained by the
LSDA + DMFT + 1SM method which includes correlations,
matrix elements, and surface effects.

majority states [Figs. 1, 2(a), and 2(c) ]. For s polarization
[Figs. 2(b) and 2(d)], a Eg feature at BE ~ 1.1 eV domi-
nates the spectrum at the I' point. For p polarization, its
degenerate ETI states form a shoulder around the same BE.
The broad feature around 2.2 eV, visible at various k points,
but not at the N point, is related to a majority 271,3 surface
state (see below). Around the N-point (0.76 =k = 1.0) and
at BE = 3 eV [Figs. 1(a) and 2(a)], we observe a Ell band
having strong sp character. The pronounced difference
between its theoretical and experimental intensity distri-
butions can be attributed to the fact that in the present cal-
culations, only local Coulomb repulsion between d elec-
trons is considered, without additional lifetime effects for
the sp bands. When correct values for I for the sp-bands
would be introduced, the sp features would also disappear
in the calculated spectra. Finally, we notice that the back-
ground intensity of the spectrum at k = 0.66'N, corre-
sponding to a photon energy of 55 eV, is strongly
increasing by the appearance of the Fe 3p resonance.

Comparing the experimental results from spin-
integrated and spin-resolved ARPES measurements with
LSDA + DMFT + 1SM results, we obtain at low BE good
agreement for many of the peak positions. This is also
demonstrated in Figs. 3(a) and 3(b) where we compare
the experimental peak positions with the LSDA + DMFT
spectral function. Similar calculations based on the
LSDA + 3BS scheme are compared with the experimental
data in Figs. 3(c) and 3(d). Since the theoretical calcula-
tions do not show big differences, also the LSDA + 3BS
spectral function agrees well at low BE with the experi-
mental peak positions.
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FIG. 2 (color online). Analogous data as in Figs. 1(a) and 1(b)
but now spin-resolved. (a), (b) Experiment [upwards (black)
triangles: majority states, downwards (red) triangles: minority
states]. (c), (d) LSDA + DMFT + 1SM theory [dark (black) and
light (red) lines for majority and minority electrons, respec-
tively]. (a), (c) For p- and (b), (d) for s polarization. The symbols
used for peak assignment are the same as in Fig. 1.

On the other hand, quantitative agreement cannot be
achieved for higher BE. In particular, the calculated spec-
tral weight near I'" for the ETM bands is in between the
experimental features at 1.2 and 2.2 eV. Assuming negli-
gible correlation effects would move the calculated feature
to the LDA value at BE = 2.2 eV. Thus, the experimental
peak at 2.2 eV could be assigned to the bulk 213 bands.
However, a complete neglect of correlation effects in Fe
would make the overall comparison between theory and
experiment much worse. Thus, we interpret the experimen-
tal peak at BE = 2.2 eV by a 211’3 surface state in agree-
ment with previous experimental and theoretical studies
[22]. Our theoretical results confirm this view since we
clearly observe how changes in the surface barrier potential
induce additional shifts in its BE position. On the other
hand, we emphasize that a change in the surface barrier
potential does not induce shifts in the energy position of
the bulk states. Thus, from the data shown in Fig. 3, we
conclude that correlation effects in the present calculations
using U = 1.5 eV are underestimated and that a stronger

Binding energy (eV)
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FIG. 3 (color online). Spectral functions of Fe(110) and pho-
toemission peak positions obtained from the spin-resolved mea-
surements for different polarizations (< for horizontal and O for
vertical polarization). Results obtained by LSDA + DMFT [(a),
(b)] and by LSDA + 3BS [(c), (d)] methods for majority and
minority electronic states, respectively.

band narrowing is needed to achieve agreement between
theory and experiment.

Figure 4 demonstrates this for data close to the I' point
(k = 0.05T'N). Figure 4(a) compares the experimental
spin-integrated ARPES spectra with LSDA calculations
broadened with the experimental energy resolution, a
LSDA + DMFT calculation, and a LSDA + DMFT +
1SM calculation. At low BE, perfect agreement between
theory and experiment is achieved for the minority 2%3
surface resonance. For the bulk ETM peak at BE =
0.65 eV, the agreement is less satisfactory. This holds
also for the ETM peak which appears in LSDA at 2.2 eV.
Because of correlation effects, it is shifted in the experi-
ment to BE = 1.2 eV causing in Fig. 4(a) at that energy a
shoulder and in Fig. 2(b) for k = 0.06I'N a peak. The
difference between the ARPES data and LSDA calcula-
tions can be explained with a linear R = 0.7E corre-
sponding to a mass enhancement m*/m, = 1.7, where m,
is the bare-particle mass. This experimental mass renor-
malization in the energy range BE = 1.8 eV should be
contrasted to m * /m( = 1.25 derived for U = 1.5 €V in
the present work. One may speculate that the difference
between the ARPES and the LSDA + DMFT + 1SM peak
positions could be reduced by choosing a higher U (e.g.,
U = 4 eV). This value, however, is outside the previously
mentioned range, and in addition, we still are left with the
problem that the calculated width is far too small compared
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FIG. 4. (a) Comparison between the spin-integrated experi-
mental spectra at the I' point for p polarization with the
single-particle LSDA-based calculation, the LSDA + DMFT
spectra, and the LSDA + DMFT + 1SM spectra. (b) LSDA +
DMFT + 1SM calculations for U = 1.5 to 3 eV.

with the experimental value. It is remarkable that the width
does not increase with increasing U [Fig. 4(b)]. This can be
explained in terms of an energy-dependent I3, and by the
fact that with increasing U, the peak position moves to
lower BE leading to an almost constant 3. The energy
dependence of I3, also leads to slightly asymmetric peaks
in the spectral function [Fig. 4(b)].

We have observed this additional broadening not only at
the I" point but also at other k£ values. We have fitted the
spin-resolved energy distribution curves also at various k
values by a sum of Lorentzians plus a background.
Although we are aware that such an evaluation is problem-
atic due to the formation of asymmetric Lorentzians dis-
cussed above, we have tried to extract 32, as a function of
BE and & (not shown). From this evaluation, we obtain in a
first approximation a k-independent I3, which is roughly
a factor two bigger than the calculated I3 pyipr.

We point out that this additional broadening cannot be
caused by final state effects [23], since those are fully taken
into account in the 1SM calculations. Furthermore, since
the 3d bands show a rather flat dispersion, in particular,
close to the high symmetry points of the BZ, the final state
broadening can almost be neglected when compared with
the experimental resolution. Moreover, the final state ef-
fects would cause a broadening which for a small initial
state dispersion would be constant as a function of the BE.
In this context, we mention that the broadening due to de-
fect scattering is believed to be energy independent, as
well.

In summary, the comparison of (spin-resolved) ARPES
data of ferromagnetic bcc Fe(110) to state of the art many-
body LSDA + DMFT + 1SM and LSDA + 3BS + 1SM
calculations indicates that these theories lead to an impor-
tant improvement compared to LSDA. However, we have
demonstrated that these theories, at least in the present
implementation, underestimate the mass renormalization
and, in particular, the scattering rates in Fe, a typical 3d
multiband transition metal. This result demands more re-
fined many-body calculations, possibly with nonlocal
schemes, which take into account nonlocal fluctuations in
multiband systems. The long range part of the Coulomb
interaction, excluded from the Hubbard model, may play a
role in correcting hybridized s-p-d states. A method to
overcome this limitation has been recently proposed in
terms of a parameter-free extended DMFT + GW scheme
[24] in which both the on-site and off-site correlations are
included. Moreover the ‘“‘dual fermion™ approach [25]
seems to be also promising. It would be an important
step to implement this approach into realistic electronic
structure calculations. These conclusions are also impor-
tant for other correlated multiband systems such as Fe-
pnictide high-T,. superconductors.
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