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Unexpectedly large electron correlation measured in Auger spectra of ferromagnetic
iron thin films: orbital-selected Coulomb and exchange contributions
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A set of electron-correlation energies as large as 10 eV have been measured for a magnetic 2ML Fe
film deposited on Ag(001). By exploiting the spin selectivity in angle-resolved Auger-photoelectron
coincidence spectroscopy and the Cini-Sawatzky theory, the core-valence-valence Auger spectrum
of a spin-polarized system have been resolved: correlation energies have been determined for each
individual combination of the two holes created in the four sub-bands involved in the decay: majority
and minority spin, as well as ey and t24. The energy difference between final states with parallel
and antiparallel spin of the two emitted electrons is ascribed to the spin-flip energy for the final ion
state, thus disentangling the contributions of Coulomb and exchange interactions.

The extraordinary macroscopic properties of techno-
logically relevant materials exploiting quantum effects,
including magnetism itself, are mainly determined by the
relevance of electron-electron correlations. The develop-
ment of novel magnetic and spintronic devices, nowadays
evolving more and more at the nanoscale and at the in-
terface level, requires an accurate comprehension of the
strongly correlated nature of d or f electron shells, in
terms of local and non-local Coulomb and exchange in-
teractions, which depend on energy, orbital, momentum
and spin degrees of freedom [IH4]. Density functional
theory (DFT) [0] and computational methods referred
as “Beyond-DFT” [6] provide accurate descriptions of
the ground state of moderately-correlated materials while
strongly-correlated materials and their excited states still
pose significant challenges [7]. These shortcomings are
mitigated within Dynamical Mean Field Theory adding,
as a tuning parameter, an Hubbard interaction energy
U [7,[8] and an ad-hoc spin-spin interaction term J when-
ever the magnetic properties have to be taken into ac-
count [9]. While spin-resolved photoemission can pro-
vide a direct measure of J, a wide spectrum of U values
is reported in the literature even for the paradigmatic
case of iron, whose behavior is at the border between
localized and itinerant regimes [2 B, [[0HI2]. The mi-
croscopic understanding of ferromagnetism as a conse-
quence of electron correlations, which changes according
to dimensionality, remains a challenging task [13]. The
measurement of the correlation energy is an elusive task
for most conventional spectroscopies, since their spectral
functions are determined by single-quasi-particle contri-
butions. This is however not the case for core-valence-
valence (CVV) Auger spectra, which are sensitive to cor-
relations because of the creation of two interacting holes
in the final state and due to the short range of the two-
body Coulomb operator acting on many-particle wave-
functions. CVV Auger spectra are described by a two-

particle density of states in the valence band (VB), that
corresponds to the self-convolution of the independent-
particle density of states (SCDOS) only in the absence
of correlations [14]. From the pioneering theory proposed
by Cini and Sawatzky (CS) [I5,[16], up to the most recent
spectral-density-approach (SDA) developed by Nolting
and coworkers [I7], an effective electron correlation Uy
is understood to determine the Auger line-shape [I8-20].
As Uyt becomes comparable to the valence band width
W, the Auger line-shape changes from purely band-like
to atomic-like due to the presence of resonant two-hole
final states. Over time, theories have been successfully
extended from closed to partially filled bands [21H24]. In
such a perspective, U, sy embeds several electron correla-
tion contributions, beyond the on-site Coulomb interac-
tion U, thus including the exchange interaction J, as well
as off-site Coulomb interaction, spin-orbit coupling and
dynamical screening effects not included in the CS theory
initially formulated for closed bands [22]. Uess can as-
sume different values for different two-hole final states, as
found for the weakly correlated CVV Auger spectrum of
graphite [25], as well as for the My 5VV spectra of Ag [20]
and Pd [27]. Also Auger spectra of spin polarized sys-
tems are expected to exhibit different U.s; depending on
the spin and the band of the electrons involved in the de-
cay process [28H31]. Ferromagnetic compounds display
Coulomb and exchange interactions whose combined ac-
tion is not negligible with respect to W [2], [32]. Never-
theless, in contrast with the correlated nature of their
magnetic properties, ferromagnetic materials exhibit al-
most band-like Auger spectra, thus hampering the ca-
pability to extract information on the correlation of the
two-hole final state [33]34], or even leading to the conclu-
sion that electron correlation is irrelevant [10} [35]. Angle
resolved - Auger photoelectron coincidence spectroscopy
(AR-APECS) overcomes this deadlock by combining the
selectivity on individual core-hole states [36] with the sen-



sitivity to the spin of the Auger final state [37], thus
allowing correlated final states to be unveiled [38-442].

In this Letter we investigate the role of electron cor-
relation in Auger spectra of a ferromagnetic Fe thin film
grown on Ag(001). Due to the non-overlapping d bands
of Fe and Ag and to the small population of the Ag sp
bands, Fe/Ag(001) is a close approximation to a free
standing 2D Fe film [43]. The AR-APECS investiga-
tion enables to disentangle features of the Auger spec-
trum that are originated from electron correlation and
the Ueys acting on individual pairing of the final state
holes, is singled out by the help of the CS model.

The reported experiments were carried out at the
ALOISA beamline of the ELETTRA synchrotron radia-
tion facility (Basovizza -Trieste, Italy). The experimental
setup is discussed in detail elsewhere [44] [45]. A 2 mono-
layers (ML) thick Fe film was grown at a pressure of
5x10~% Pa, by electron beam assisted evaporation onto
the Ag(001) substrate at RT, prepared with standard sur-
face science procedures: 1 KeV ArT sputtering and an-
nealing at 750 K. The number of layers was established
by the oscillations of the reflection high-energy electron
diffraction (RHEED) specular beam intensity [46]. The
film, kept at 170 K, well below its Curie temperature [47],
is ferromagnetic and magnetized out-of-plane [48]. A new
sample was prepared every 12 h of beam exposure to
prevent oxidation. A monochromatic, linearly polarized
beam of 253 eV photons impinged onto the sample sur-
face at a grazing angle of about 6°, with the surface nor-
mal lying in the plane defined by the photon polarization
€ (the quantization axis) and the momentum k vectors.
Auger- and photo-electron pairs were selected in energy
and detected in coincidence within the solid angles (4°
opening) defined by the electron analyzers. Three ana-
lyzers placed in the €k plane collected Fe 3p core pho-
toelectrons at 0° and 4+36° polar angle with respect to
e, with an energy resolution of 3.2 eV; they were de-
tuned by 1.5 €V at higher kinetic energy with respect to
the 3p maximum photoemission intensity [40] for collect-
ing mainly the three photoemission lines closely packed
at the high kinetic energy side of the 3p sextet [49, [50].
Auger electrons resulting from the Fe MsMy s My 5 super-
Coster-Kronig transition have been collected at an angle
of 38° off the €k plane via a multichannel analyzer with
an energy resolution of 1 eV. The electron pairs detected
at the three different photoelectron emission angles allow
to exploit the dichroic effect in angle resolved APECS
(DEAR-APECS) thereby providing a moderate selection
of the final state spin [38]. In analogy to previous AR-
APECS experiments carried out with the same geome-
tries [42], in the present experiments the analyzer pair
selecting photoelectrons emitted along e will be termed
as antiparallel-spin (AS) configuration, while the pairs
with photoelectrons detected at £36° apart from e, will
be termed as parallel-spin (PS), as they detect electron
pairs with predominantly antiparallel and parallel spins,
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FIG. 1. In the upper panel AR-APECS spectra of 2 ML

Fe/Ag(001) as measured in the PS (red open circles) and
in the AS (green open triangles) configurations are shown
together with their estimated integral background (dashed-
dotted lines); the continuous lines are guides for the eye. The
black dotted line is the conventional Auger electron spectrum
(AES), simultaneously collected during the coincidence mea-
surement. In the lower panel the dichroic effect in AR-APECS
(DEAR-APECS) (violet open squares) is defined as the dif-
ference between PS and AS spectra divided by the semi-sum
averaged over the spectrum energy interval (from 30 to 50
eV); the continuous line is a guide for the eyes.

respectively. The coincidence count rate for these exper-
iments was of the order of 1.3 10~! counts per second,
thus, to achieve a good statistics, nearly 40 h of integra-
tion time was required. In the upper panel of Fig. [I] the
AR-APECS spectra as measured in AS and PS configu-
rations are shown together with the conventional Auger
(AES) measured under identical experimental conditions.
The AR-APECS spectra show a rich multiplicity of nar-
row transitions spread across an energy interval larger
than twice the band width (W), i.e. well beyond the in-
terval from 49 to 40 eV allowed by energy conservation
if electronic correlation were not effective [51]. Not even
spin-resolved Auger investigations [35] 51} [52] disclosed
these manifold structures, because detecting the spin of
only one electron (the Auger electron) does not allow a se-
lectivity on the two-hole final state. For instance, the ma-
jority spin (1) Auger intensity was represented by terms
proportional to the self-convolution of the majority-spin
DOS (17 terms) plus terms proportional to the convo-
lution of the majority- with the minority-spin DOS (1]
terms) [35], that is by a mix of terms having different
total spin S, used to identify the final states in the LS
coupling. The DEAR-APECS [40] reported in the lower
panel of Fig. [1} that is the difference between the PS
and the AS spectra, is more pronounced in the low ki-
netic energy region (from 30 to 37 eV). The CS model
foresees an Auger lineshape consisting of a manifold of
closely-spaced sub-bands contributions on the high en-



ergy side of the spectrum, accompanied by sharper fea-
tures at lower kinetic energy due to resonant two-hole
states [I5], 16 22]. A previous AR-APECS investigation
on the Fe MVV spectrum of a 3ML film of Fe/Cu(001),
although performed with a moderate 2 eV energy reso-
lution, has associated the low-energy region of the spec-
trum to resonant two-hole final states with a single aver-
age correlation energy of 2.7 eV, estimated by applying
the Cini formula [I5, formula (14)] to a DFT computed
DOS of a Fe impurity in a Cu jellium [30]. After the re-
moval of an integral background due to energy losses suf-
fered by the Auger electrons [53], the AS and PS spectra
reported in Fig. 2l unravel a manifold of features that are
interpreted as individual two-hole correlation resonances.
The relative maxima at 32.4, 34.9 and 37.6 eV, which are
prominent in the PS configuration and strongly reduced
in the AS one, can be ascribed to the parallel spin of the
two emitted electrons; vice versa, the antiparallel spin
character can be attributed to the structure at 36.6 and
40.3 eV, which are dominant in the AS configuration.
The data analysis reported in the following, builds on
the Fe DOS calculated in DFT-LSDA by Rhee [54] for
a 3 ML Fe ultrathin film on Ag(100) and for bulk Fe,
the latter being in very good agreement with a recent
(DFT-LSDA) calculation [4]. The 2 ML-thick film here
investigated has been modelled using Rhee’s DOS of the
surface (top) and interface (bottom) layers; this latter
weighted by the effective mean free path of the emit-
ted electron pair [55]. The dashed-dotted line in Fig.
is the self(mutual)-convolution of the density of states
(SCDOS) summed over all the spin-resolved occupied e,
and to, bands and broadened by the experimental res-
olution; it describes the band-like Auger line-shape in
absence of electron correlation, and it accounts for the
measured intensity only from the onset up to the max-
imum of the AR-APECS intensity, without fitting any
of the sharp features. If the atomic multiplet of Fe is
taken into account (see figures and ref. [56), the contri-
bution of 16 multiplet terms over an energy interval of
13 eV does not cover the full width of the measured AR-
APECS spectra; not even if to such an atomic multiplet,
the CS model is applied, as successfully done in the case
of Pd and Ag MVV Auger spectra [14} 26, [27]. Therefore
the CS model was applied to each possible pairing of the
individual spin and orbital components of the theoretical
DOS as derived by Rhee [54] and a set of U.ys values
were used as free parameters. In particular the Cini for-
mula [I5] provide a formulation of the two-particle spec-
tral density as a simple functional of one-particle DOS,
suitable to be implemented in a fitting procedure. A
least square fitting procedure has been simultaneously
applied to both PS and AS AR-APECS spectra with a
tentative assignment of the manifold features made on
the basis of the following considerations: I. according to
the Hund’s rule, final states of the ion left behind cor-
responding to the emission of two (171) electrons have a

lower total spin, so a higher binding energy has to be ex-
pected with respect to final states corresponding to the
antiparallel spin (1]) of the two emitted electrons; II.
the above assessment also comply with the fact that ma-
jority spin bands are almost filled bands while minority
ones are open, hence higher U.s; are expected for final
states where both holes are created in the majority spin
bands (11); III. due to the small hybridization between
eq and to, bands, e, behaves like a Luttinger (localized)
electron liquid while ¢5, behaves like a Fermi (itinerant)
liquid [12]; hence Auger transitions involving e, states
should be credited for larger U.;ys; IV. the electron cor-
relation between two holes created in the same sub-band
is larger with respect to the case when they are created in
different sub-bands; V. the (]]) contribution to the Auger
intensity is neglected in view of the smallness of the re-
sulting SCDOSs. Such a rationale, together with the pos-
sibility to identify the three (11) contributions (red filled
peaks in Fig. 2)), that are predominant in the PS configu-
ration, and the four (1)) contributions (green filled peaks
in Fig. , that are relatively more intense in the AS con-
figuration, allowed to set the initial guess of U.s; values
in the fitting procedure. A chi-square likelihood test of
the best fit procedure provided the set of U.f; parame-
ters shown in Table[land the resulting Auger line-shapes
are the continuous thick lines in Fig.

An unexpected spread of U.s; values ranges from al-

most vanishing values (cases egt%q and tggeg) to figures

much larger than any reported observation (cases egeg
and tggt;g). It is worth noting that the difference in
Uess between transitions involving identical band com-
binations, but with parallel and antiparallel spin of the
two emitted electrons, corresponds to the spin-flip en-
ergy of an electron in the doubly ionized final state of
the ion left behind. A spin-flip energy is used to de-
fine the exchange-splitting in the Stoner model, which,
in the case of Fe, amounts to about 2 eV when calcu-
lated for the ground states of neutral Fe or measured
by photoemission experiments [I3]. Here, the quanti-
ties Uesp(thythy) — Uepp(thyts,) = 4.4 £ 02 eV, and
Ueff(egtgg) - Ueff(e;tég) = 5.2 + 0.2 eV, can be iden-
tified as the energy necessary to flip a to, electron in
two different electronic configurations; the latter value
is larger by an amounts of 0.8 £0.2 eV because the
spin-flip is paired with a higher number of ¢y, elec-
trons. These ty, spin-flip energies result in turn higher
with respect to the ones associated to the e, orbital,
according with a higher d-electron occupation number
of the t3, sub-bands with respect to e, ones [54]; in
detail Uepp(elel) — Uess(eler) = 3.5 + 0.2 eV, and
Ueff(tggeg) — Ueff(tggeé) = 4.2 + 0.2 eV, with the latter
value larger by an amount of 0.7 £0.2 eV because the
spin-flip is paired with a higher number of e4 electrons.
The two values of 0.82 and 0.72 eV, are equal within the
experimental uncertainty and provide a final consistency



Hole paring elel tggtgg eled egtgg tggtﬁg tggeg egtég SCDOS
Kinetic Energy [eV £0.1 eV]|32.6| 34.9 [36.7| 37.7 | 40.0 | 42.7| - 44.4
Uess [V £0.1 eV] 11.0| 8.7 | 7.5|520| 43 | 1.0 | 0.0 0.0

TABLE I. Ucyy values for different pairings of the two emitted electrons, as obtained from the simultaneous fitting of the Fe
M3VV AR-APECS spectra in the AS and PS configuration of Fig. The kinetic energy position of each component is also

reported.
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FIG. 2. Fe M3VV AR-APECS spectra after inelastic back-
ground subtraction in AS (top panel, empty green circles) and
PS (bottom panel, red empty circles) configurations. In both
panels, the dashed-dotted curve is the SCDOS (no electron
correlation) and the red (green) peaks are 11 (1)) spin com-
ponents calculated by the Cini formula. The green and red
solid lines are the fitting curves to the experimental data for
AS and PS configuration, respectively.

of the assignments of U.¢s made so far. The very large
values here found for U,y are therefore due to the com-
bined action of the on-site Coulomb interaction and the
spin-flip energies, these latter being experimentally sin-
gled out for the first time in a CVV Auger spectrum of a
spin polarized system. The capability to reveal itemized
experimental values of the electron correlation allows to
test more recent theoretical models [31], that can benefit
of the exploitation of multi-band Hamiltonians to bet-
ter determine the details of electron correlation in mag-
netic systems, and from which the three-particle Green
function, needed to calculate the Auger line-shape, can
be developed. In conclusion, by AR-APECS measure-
ments on an ultrathin ferromagnetic Fe film the CVV
Auger spectrum of a spin polarized system has been fully

resolved, giving access with unprecedented accuracy to
electron correlation effects, due to Coulomb interaction
and spin coupling of the valence holes created in the fi-
nal state. By exploiting the Cini-Sawatzky theory, a full
set of electron correlation energies Uc¢s has been deter-
mined. Noticeable differences among the U, associated
to the different pairings of the spin-polarized sub-bands
involved in the Auger decay have been found. U,y val-
ues, much larger than the ones found in the literature,
are responsible for the manifold of two-holes resonances
that remained undetected by conventional Auger. The
Ueysy used to describe Auger line-shapes, when acting on
a spin polarized system, has been understood as due to
two effects: the first is a Coulomb correlation energy,
which depends on the orbitals involved in the Auger de-
cay; the second is a spin-flip energy characterizing the
energy difference of final states associated to parallel and
antiparallel spin of the emitted electrons.
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