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Atomic approach to core-level spectroscopy of delocalized systems:
Case of ferromagnetic metallic MnsGe;
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We present a line-shape analysis based on atomic single configuration Mn 34° multiplet calculations of
core-level and valence-band spectroscopy data from metallic ferromagnetic MnsGes;. We show that atomic
calculations can fit most of the spectral features measured in Mn 2p-3d x-ray absorption and circular dichro-
ism, in Mn 2p and Mn 3s core-level photoemission, as well as for the delocalized electrons in valence-band
photoemission. This indicates that, in spite of the metallic nature of the compound, atomic effects can play a
relevant role to determine the physical properties of the MnsGes; system.
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I. INTRODUCTION

Atomic effects in photoemission are still attracting a con-
siderable interest, especially in connection with dichroism
observed in magnetic systems.'"® While photoemission in
atomic systems can be in a straightforward way related to
theory based on atomic effects, there is an emerging field of
investigations where atomic effects are invoked to explain
the fine structure observed in condensed phase systems, in
particular insulating oxides such as MnO and NiO.”® This
approach is based on the multiplet effects that arise from
angular momentum coupling between the core hole and the
electrons on the outer partially occupied shell, which are
localized due to relevant electron-electron correlation effects.
Being multiplet splitting a fingerprint of the 3d shell occu-
pancy, it has been suggested®* that also charge transfer (CT)
effects from the ligand to the metal cation could be ac-
counted for without considering hybridization effects pro-
vided that CT is described by using 3d"*! atomic configura-
tions.

Apparently, in systems where the outer shell electrons
show a remarkable degree of delocalization, multiplet effects
in core-level spectra are somewhat blurred. The lack of mul-
tiplet features in core-level spectra of the 34 transition-metal
cation makes a comparison with experiment rather unfea-
sible, unless one resorts to consider spin-polarized or di-
chroic photoemission techniques that allow to contrast the
contribution of different spin polarizations or majority and
minority bands which may result in a fine structure otherwise
not observed in unpolarized spectra. An atomic treatment for
the Fe case was carried out by Menchero,'” where by con-
sidering an atomic one-particle approach, and neglecting an-
gular momentum coupling between the core hole and the 3d
electron subsystem, dichroism in photoemission from Fe was
calculated. This problem was also treated by the solid many-
body approach of Menchero!!'"!3 as well as by the atomic
many-body approach of van der Laan et al.'* for the case of
dichroic and spin-polarized photoemission in metallic nickel,
by assuming a configuration interaction (CI) among 34%, 3d°,
and 34'° final state configurations, that have been introduced
in order to account for satellite features in both core-level
and valence-band photoemission.
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Atomic effects in photoemission from itinerant Mn-based
solid-state compounds have been so far virtually unexplored,
in spite of the discovery of magnetic ordering in several Mn-
based systems, ranging from the Heusler alloys to Mn sili-
cides. Recent investigations on the Mn-Ge systems have evi-
denced a ferromagnetic ordering in both single crystals!>!6
and thin-film alloys,'”!® which make the MnGe system
rather interesting for applications in the field of spintronics.
The Mn-Ge system was shown to span a wide range of elec-
tronic properties from metallic MnsGe; single crystals and
thin films to semiconducting Mn,Ge,_, binary alloys. Core-
level spectroscopies have likewise shown a manifold of re-
sults depending on the electronic properties of the system.
For this system, only x-ray absorption spectroscopy (XAS)
and x-ray magnetic circular dichroism (XMCD) line-shape
calculations have been reported so far. While the obvious
choice to treat the local electronic structure of semiconduct-
ing alloys is that of a localized Mn impurity embedded in a
semiconducting matrix, for the case of metallic MnsGe; both
atomic CI calculations'® and a bandlike delocalized picture
based on density-functional theory (DFT) methods!® have
been proposed to derive the XAS spectral profile.

In the present study we explore to which extent atomic
effects in a delocalized system can account for the observed
line shape in photoelectron spectroscopy experiments on an
ordered, metallic Mn:Ge(111) (V3 X y3)R30° reconstructed
interface hereafter denoted as MnsGes thin film. Unlike the
highly correlated metallic nickel, where several configura-
tions are required to describe the final state of the photoemis-
sion process, in the present system we will use an atomic
full-multiplet, single configuration approach for an isolated
Mn* ion to account for the itinerant nature of Mn-related
electrons in the conduction band.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The electronic structure of the MnsGe; metallic thin film
was probed by photoemission spectroscopies and by x-ray
absorption spectroscopy across the Mn L edge. The films
were obtained by evaporating 14 ML of Mn on the (111)
surface of Ge single crystals. Further details on the procedure
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TABLE I. Slater integrals G' and F' and spin-orbit interaction energies (eV) of the configurations used to
calculate the spectral weight in XAS and photoemission experiments.

2 2

Foa Fig Foa Gy Gy G, {p-a i-a
3d° 9.978 6.206 0.049
3d° 8.797 5.126 0.042
2p°3d° 11.782 7.382 6.788 5.05 2.874 8.023 0.072
2p3d° 10.777 6.710 6.148 4.498 2.557 8.024 0.064
2p°3d’ 9.653 5.963 5.506 3.967 2.255 8.026 0.056
3s5'34° 10.169 6.331 10.753 0.050

to obtain an ordered metallic interface and the experimental
conditions are reported in Ref. 20. The calculations of the
theoretical spectra are carried out with the Cowan computa-
tional codes.?® All calculations are carried out by assuming
that the metallic character of the sample yields a 3d°® electron
configuration in the outer shell of the Mn ion, i.e., that the
overlap between the 3d and 4s/4p bands increases by one
unit the count of 3d electrons of atomic Mn. This simple
approach has shown to be fruitful for the theoretical analysis
of spin-polarized photoemission spectra of Fe determined
from ab initio wave functions for the ionized states of an
isolated Fe*(3d") atomic ion.?! The Slater integrals (eV) G’
and F' and the ¢ p—a and {;_; spin-orbit interaction energies of
the configurations used to calculate the spectral weight for
x-ray absorption and photoemission spectroscopies are re-
ported in Tables I and II. Following van der Laan and
Kirkman,?? these values have been reduced to about 83%, as
is usually done in solids, with the exception of the Gf,_d in-
tegral that has been scaled to about 93%.

II1. RESULTS
A. XAS and XMCD line shape

In Fig. 1 the XAS spectrum of MnsGe; metallic thin film
collected at the Mn L edge is shown. Two broad bands at
about 642 eV and 653 eV photon energies are detectable,
which correspond to the L;; and L;; edges, respectively. We
observe that when the spectrum is compared to that collected
from a thinner reacted (i.e., vacuum annealed) 1.3 ML
interface,?® some differences are detected concerning the
width of the L;;; line, which seems to increase with the thick-
ness of the interface. Likewise, while the thinner interfaces
show a fine structure, due to possible hybridization of the Mn
impurity with Ge orbitals,?® the weak fine structure features
seem to completely disappear in the present thicker (14 ML)
film. When atomic calculations are carried out both in the
3d° and 3d° initial state configurations [Figs. 1(b)-1(d)], sev-
eral differences can be found.

As can be observed, the XAS spectrum of the Mn2* ion in
the Hund’s rule °Ss;, ground state?® (2p33d° final state) dis-
plays a fine structure where five features can be easily iden-
tified [A, B, C, D, and E in Fig. 1(d)]. These features well
compare, for instance, with those observed for Mn impurities
in Cu,?* where the Mn ion does behave as an isolated impu-
rity in the metallic host matrix. In turn, Mn ions in MnsGe,
are expected to contribute to delocalized states in the
valence-band region and, in this respect, cannot be regarded
as isolated ions in the 6S5/2 ground initial state. Coming back
to calculated spectra, the results for the 2p®3d® configuration
[2p°3d final state; Figs. 1(b) and 1(c)] are somewhat differ-
ent. In particular, the L;; emission appears to be differently
[features G, H, and K in Fig. 1(b)] redistributed with respect
to that calculated for the 34> configuration [D and E in Fig.
1(d)], while the fine structure of the L,; line is smoother than
that calculated for the 3d> case. The former difference yields
a good agreement between the measured L; line shape with
the calculated spectrum for the 3d® configuration. This find-
ing has a counterpart in the case of Mn 2p core-level photo-
emission as we will see below. We also observe that the
spectrum in Fig. 1(b) for the 3d° configuration was obtained
by setting the spin-orbit interaction for the 3d electrons to
zero, following the approach suggested by Kimura et al.?
This choice is motivated by the delocalized nature of the six
3d electrons in the outer shell, which quenches the spin-orbit
interaction for 3d electrons. In fact, the calculated 3d® XAS
spectrum with nonzero spin-orbit coupling on 3d electrons
[Fig. 1(c)] does not fit well the experimental data.

Important differences between the 3@ and the 3d° cases
emerge when the measured XMCD [Fig. 2(a)] is compared
to the calculated spectra, as is done in Fig. 2. At first, we
observe that the calculated XMCD spectrum for the 3d® con-
figuration [Fig. 2(b)] better fits the experimental data than
the spectrum calculated for the 3d° configuration [Fig. 2(c)].
In particular, a better agreement is obtained for the C feature
in the experimental XMCD spectrum and for the width of the
A spectral feature. A comparison with the experiment allows
us to rule out the results obtained by considering the 3d°

TABLE II. Slater integrals G’ and F’ and spin-orbit interaction energies (eV) of the 3p*3d” configuration
used to account for ND effects in the Mn 3s photoemission.

2 2
F p—p Faq

Fia

1 3
Gp—d Gp—d gp—d

La—a

3p*3d’ 13.172 10.171 6.331

14.028 8.488 0.916 0.050
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FIG. 1. (Color online) Mn L-edge XAS spectrum of the MnsGe;
thin film (a) and calculated XAS spectra of the Mn”* ion (d)
(2p®3d® —2p>3d°), and of the Mn'* ion (2p®3d°— 2p>3d) with (c)
and without (b) the spin-orbit interaction of 3d electrons.

configuration with spin-orbit coupling for the 3d shell elec-
trons [Fig. 2(d)]. Also in the XMCD case, the best matching
with the experiment [Fig. 2(b)] is obtained by setting the
spin-orbit interaction on the 3d electron to zero as was done
for the Heusler alloys® and for the MnsGe; single crystals.!®
Finally, it is important to observe that for XMCD the atomic
calculation results are in better agreement with experiment
than those obtained from density-functional theory models'®
for MnsGe; since the latter approach fails to reproduce the
experimental B feature [Fig. 2(a)] in the XMCD signal.

B. Photoemission spectra

The analysis of the XAS and XMCD spectra strongly sug-
gests that the atomic 3d®°(Mn™) configuration can be assumed

L e A e oo e o e
:: —o— Measured XMCD
— 3d6->2p5 3d7, S.0.=

3d6->2p5 3d7

Dichroic signal (arb. units)

640 645 650 655 660

Photon energy (eV)

FIG. 2. (Color online) (a) XMCD spectrum measured at the
Mn 2p-3d absorption edge of the MnsGe; thin film (7=245 K);
calculated XMCD spectrum of the Mn>* ion, 6S5,2 ground state (c);
Mn'* ion 5D4 ground state with (d) and without (b) spin-orbit cou-
pling for the 3d electrons.
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FIG. 3. (Color online) Mn 2p and 3s core-level photoemission
spectra. Top panel: Mn2p XPS spectrum measured with hv
=960 eV photon energy (a) and calculated spectra based on the
[(b), (c)] 3d° and (d) 3d° configurations. Bottom panel: x-ray pho-
toemission (hr=960 eV) from the Mn 3s shallow core levels,
Mn;sGes thin film (dots), and calculated Mn 3s spectrum for the
Mn*(3d®) ion including the near degeneracy effects (thick line).

as the dominant configuration in the ground state of Mn ions.
Following this indication we have carried out an analysis of
the photoelectron spectra which includes the Mn 2p core lev-
els, the Mn 3s shallow core levels, and the valence band.
Rather interesting is the case of Mn 2p core-level photoemis-
sion (Fig. 3, top panel). As can be observed, the Mn 2p XPS
spectrum displays a twofold spin-orbit emission with peaks
that are virtually featureless (i.e., no fine structure is detect-
able). However, an asymmetry on the high binding energy
(BE) side of each spin-orbit split component has to be con-
sidered in light of the comparison with the calculated spec-
tra. Indeed, this asymmetry is much better reproduced by the
calculated spectrum for the 3d® configuration (with ¢,_,=0)
than in the 3d° case, where the multiplet features are also
much more spread on the BE scale than in the previous case.
The spectrum calculated by assuming {,;_,# 0 also does not
fit properly the experimental spectrum since it fails to repro-
duce the width of the Mn 2p,,, core line and shows a number
of fine structure peaks that are not observed in the Mn 2p5),
core line.
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We now focus on the Mn 3s XPS spectrum in Fig. 3 (bot-
tom panel). The exchange split doublet is clearly detectable,
with two peaks (A and B) separated by 4.1 eV. Actually, the
separation among the two lines measured in the Mn 3s XPS
spectrum should be related to the G*(3s,3d) exchange inte-
gral. In particular the measured value is less than 1/2 of that
calculated in the atomic case (about 10 eV for Mn!* ions).
This is ascribed to near degeneracy (ND) effects that intro-
duce new electronic configurations in the final state of the
photoemission process. These configurations are known to be
relevant for the low-spin final state contribution and arise
from a redistribution of the electrons in the n=3 shell among
the different (3s, 3p, and 3d) levels. Furthermore, ND ac-
counts for the presence of the spectral features at 20-30 eV
toward the higher binding energy. Therefore, following Ba-
gus et al.,’” in the calculation of the final state of the photo-
emission process also the 35°3p*34™*! configuration has been
included. The addition of this configuration, however, in-
volves only intra-atomic correlations in the final state and the
ground state of the system is still described by the single
3523p®3d°® electronic configuration. The calculated energy
separation of the exchange-split doublet is 4.0 eV in good
agreement with the experiment. The exchange-related split-
ting AE., of about 4 eV appears to be lower than those
predicted for 3d° electron systems, but we should recall that
we are formally dealing with an M ion, i.e., a +1 valence for
a n=06 electron system. Since the exchange splitting is found
to decrease, for a fixed n, going from the M* ion to the M*?
ion, a further decrease is expected for the M I+ jon, which is
indeed what we observed experimentally. This confirms the
overall trend predicted for the values of G? (3s,3d) and adds
an experimental value for the M*! case, which is hardly ex-
plored by considering 3d transition-metal compounds
(simple and mixed oxides, or halides), where the ionization
state is usually +2 or larger.

The calculated intensity ratio /,/Iz between the A and B
peaks is 2.51. As expected, this value is different from the
one predicted by the rule established by Cox and Orchard”®
for emission form a closed inner subshell, where the inten-
sity (weight) of each multiplet is defined by its total multi-
plicity, i.e., intensity ~ (28/+1)(2L/+ 1), where §' and L/ are
the total spin and angular momentum of ionized atom in the
final state of the photoemission process. In this case (Mn'",
with °D atomic ground state), being S§f=5/2 and 3/2 for the
high-spin and low-spin contributions, respectively, the ex-
pected ratio should be 6/4, i.e., 1.5. The missing spectral
weight is, as shown by the calculations, mostly spread in the
90-120 BE range. By including this weight, the expected 6/4
ratio between the high-spin ($/=5/2) and low-spin (§'
=3/2) related spectral weights is virtually recovered. As
compared to the experiment, the calculated intensity ratio
underestimates the experimental value (I ..,/Ip .., ~ 1.8).
Furthermore, an asymmetry is observed on the high BE side
of peak B. This feature (labeled as S in the bottom panel of
Fig. 3) is not fit by the present calculations and could be
ascribed to the effects of additional configurations, such as
the frustrated Auger configurations involving excitations to
the 4f shell recently pointed out by Bagus at al.?®° for the
cases of photoemission from Mn and Ni and not included in
the present model. These effects may also lead to an intensity
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FIG. 4. (Color online) Photoemission spectra from the valence
band of MnsGe; thin film measured with hv=638 eV photon en-
ergy (Mn 2p-3d resonant photoemission), as well as with hv=48
and 51 eV (i.e., across the Mn 3p-3d resonance), and calculated
photoemission spectrum for the Mn*(34°) ion.

redistribution that could increase the calculated intensity of
peak B.

Finally, we resort to the resonant valence-band photo-
emission spectra. In Fig. 4 the valence-band spectrum of
Mn;Ge; thin film is shown. This spectrum has been collected
at the Mn 2p-3d absorption threshold in order to maximize
the Mn 3d spectral weight contribution to the valence band.
The spectrum is similar to that reported in Ref. 31, where
two spectral features (R1 and R2) were found to be reso-
nantly enhanced. This enhancement is also observed in reso-
nant photoemission across the Mn 3p-3d absorption thresh-
old, though to a minor extent, as shown in the spectra
collected with 51 and 48 eV photon energies, where the reso-
nant enhancement R2 is detectable, along with the normal
L;VV Auger emission. A calculation of the spectral weight in
the valence band based on the 34° initial state (°D) and a 3d°
final state results to be in good agreement with the experi-
mental data. The calculated spectral weight is distributed in
the energy range where the R1 and R2 experimental features
are detected, and also the intensities qualitatively agree with
the observed data. Apparently, this is rather surprising, since
the valence-band photoemission probes the electronic states
involved in the chemical bonding and, therefore, the more
delocalized electronic states. However, since the experimen-
tal Mn 3d spectral weight has been enhanced by working
with photons at the Mn 2p-3d resonance, the good agree-
ment with the calculations can be interpreted as an indication
that atomic effects can be invoked to explain the main spec-
tral features related to the transition-metal atoms in the
present metallic system.

IV. DISCUSSION

In our approach solid-state effects are accounted for by
setting the spin-orbit interaction for 3d electrons to zero and
by increasing the 3d electron count by one unit. Once we
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have made these assumptions we can proceed with an atomic
calculation scheme. The point is now to establish which kind
of systems can be studied with our approach.

(i) The present atomic scheme is based on the assumption
that one single configuration dominates the spectral weight.
For example, this is not the case of Ni metal.'* In turn, iron
seems to be more suitable for the application of the present
approach, as suggested by the results obtained by Bagus and
Mallow on the iron 3s core-level photoemission data.?!

The problem of a proper d electron count in metals and
metallic compounds is a long-standing question where
charge fluctuations are somehow affected by electron-
electron interactions and localization effects.> In principle,
the ground state of an itinerant transition metal is assumed to
be described by a broad distribution of different d" weights
which converge toward a single d count when electron local-
ization increases because of the effects of the on-site Cou-
lomb interaction U. Therefore, in a one-particle model the
distribution of the d" states is given by a binomial distribu-
tion that can eventually be modified by electronic correlation
effects (see, e.g., Ref. 14 and references therein). Large elec-
tronic correlations are supposed to quench charge fluctua-
tions and limit the number of d" weights. These effects have
been invoked to explain the suppression of valence fluctua-
tions observed for the ground state of Mn in MnSi.’3 How-
ever, the fact that we are able to describe the Mn spectral
weight in MnsGe; with a single 3d° configuration does not
necessarily imply that on-site Coulomb interaction U has be-
come extremely high. Rather, due to the itinerant nature of d
electrons, also probed by a relevant band dispersion calcu-
lated for the bulk MnsGe; system and by a strong hybridiza-
tion between inequivalent Mn ions in the lattice,! an in-
crease in the 3d count number occurs, quite similar to that
observed for the metallic MnSb.?

(i1) Furthermore, we can assume that differences in the
electronic structure (band structure) may affect the single
configuration calculations through a scaling of the HF inte-
grals. This means that the solid-state environment can
modify the density of charge (and therefore the energy eigen-
values) related to virtually atomic orbitals when a single
atom is embedded into a crystalline environment.

At this point we may try to identify systems that can be
treated with the present approach. The system should be me-
tallic and the ground state described by a single 3d"*! con-
figuration. Possible candidates are the complex ternary inter-
metallic Mn-based Heusler alloys>-* and the ternary rare-
earth intermetallic compounds (RT,X,, with R=rare earth,
T=transition metal, and X=Si,Ge) such as RNi,Ge,,> while
among binary compounds iron and nickel silicides and ger-
manides could be interesting due their extremely rich phase
diagrams which include metallic phases.>

In order to discuss the feasibility of our approach to in-
terpret the electron spectroscopy spectra of metallic systems,
in the following we will focus on the more simple binary
nickel and iron silicides, which have been diffusely studied
with high-resolution electron spectroscopies that have pro-
duced a large set of spectra for an accurate line-shape analy-
sis. The electronic properties of nickel silicides have been
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extensively studied and a considerable number of data are
available in literature,>’~*? quite often obtained from epitaxi-
ally grown Ni layer on silicon single crystals and subsequent
annealing.*** A common feature of many core-level and
valence-band photoemission data is the presence of satellites
a few electron volts below the main line. Bisi et al.*! have
pointed out that electronic correlations can play a relevant
role in Ni silicides, and therefore we expect that more than
one configuration is required to properly describe the photo-
emission and XAS spectra of these compounds, as was the
case of nickel.'* Indeed, satellites in Ni 2p and valence-band
photoemission spectra are found in Ni,Si, NiSi, and
NiSi,,*%#! similar to that observed in pure nickel. When this
happens, a CI approach is more suitable to a proper descrip-
tion of photoemission data and makes the present approach
unsuitable for the case of Ni silicides.

Iron silicides appear to be somewhat different. For in-
stance two metallic forms of iron silicides are known (the
metastable FeSi that crystallizes in a CsCl-type structure and
the tetragonal a-FeSi,). Iron core-level photoemission and
x-ray absorption data of these compounds are reported in
Refs. 46-50. Sirotti ef al. have carried out a systematic study
of synchrotron radiation photoemission and x-ray absorption
study of iron silicides*’ and have concluded that Fe core-
level satellites have an exchange-interaction origin that can-
not be generalized to other ferromagnetic systems such as
metallic Ni, where satellites are ascribed to configuration in-
teraction within the highly correlated narrow d band of Ni. In
light of these results, we believe that iron silicides could be
more suitable to apply the single configuration approach than
nickel silicide.

V. CONCLUSIONS

In conclusion, we have shown that atomic effects (basi-
cally multiplet splitting) can provide a consistent description
of photoemission from MnsGe; in spite of the metallic char-
acter of the system. We believe that this approach can be
applied to other systems provided that the metallic character
can be treated by adding one electron to the 3d electron
count to account for possible charge transfer between the 3d
and the 4s/4p subshells that are to some extent overlapping
(on the energy scale) in the metallic system. By following
this idea, we have successfully calculated the XAS and
XMCD spectra of Mn in MnsGes, the valence-band photo-
emission, as well as the Mn 2p and Mn 3s XPS core lines.
Using only one configuration for the 3d outer shell, but with
full accounting for multiplet splitting, most of the experi-
mental features of core-level spectroscopy from a delocal-
ized system can be satisfactorily reproduced, showing to
which extent atomic effects can be at work in photoelectron
spectroscopies of an itinerant system. Along with the in-
crease in the Mn d electron count, setting the spin-orbit {;_,
interaction to zero resulted to be important to account for the
delocalized (metallic) nature of the Mn 3d electron system.
Furthermore, the XMCD spectrum calculated with the
atomic approach is able to reproduce all the main features
observed in the experimental data much better than the spec-
trum calculated on the basis of DFT models."”
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