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Understanding the 2p core-level spectra of manganese: Photoelectron spectroscopy experiments
and Anderson impurity model calculations
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Using high-resolution core-level photoelectron spectroscopy and modified Anderson impurity model calcu-
lations, we study the Mn 2p spectrum of manganese metal and resolve the current debate about its spectral
shape. An unusual satellite feature, 1 eV from the main peak, is observed in the Mn 2p;;, spectrum of a thick
Mn layer grown on Al. It originates from intra-atomic multiplet effect related to Mn atoms with large local
moment. The satellite decreases in intensity for thin Mn layers and for Al deposition on bulklike Mn because
of enhanced Mn 3d hybridization with Al s,p bandlike states. The reason for the absence of a charge-transfer

satellite is discussed.
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I. INTRODUCTION

In the past two decades, extensive work has been per-
formed to understand the electronic structure of different
Mn-based compounds such as manganites, dilute magnetic
semiconductors, quasicrystals, etc. It is very surprising that
despite these efforts, the electronic structure of Mn metal is
not fully understood to date.'=® Thus, a study of the Mn core
levels and the 2p spectrum, in particular, is of current inter-
est, especially in view of the recent debate about its satellite
structure. !~

A correlation-induced charge-transfer satellite has been
observed in Mn 2p spectra of Mn layers deposited on differ-
ent transition metals at 4-5 eV higher binding energy
(BE).'-3 Recently, Sandell and Jaworowski observed a satel-
lite at 1 eV higher BE in the Mn 2p spectra of Mn/Pd(100)
that was ascribed to nonlocal core-hole screening.* On the
other hand, a pronounced asymmetry but no satellite was
observed for bulk Mn and thick Mn layer on Ag(001).2¢
Schieffer et al. attributed this to correlation effects, but no
reasons were provided.? The possibility of a hidden multiplet
structure to explain the asymmetry was mentioned but dis-
carded in Ref. 6. In Mn-based ferromagnetic Heusler alloys,
a satellite at 1-1.5 eV was assigned to the 2p exchange
splitting.” In contrast, in Al-Mn alloys, such as AlMn or
Al-Pd-Mn quasicrystal, no satellite or pronounced Mn 2p
asymmetry was observed.®®

In this paper, we provide a comprehensive understanding
of the Mn 2p spectral shape and resolve the current disagree-
ment in literature. This is of immense relevance to the elec-
tronic structure of Mn. An unusual satellite feature at 1 eV
higher BE from the main peak is observed. Both multiplet
effect and core-hole screening have been incorporated in the
Anderson impurity model calculations, based on which we
show that the satellite originates from intra-atomic multiplet
effect. Although multiplet features have been reported earlier
for MnO and MnF,,’ a multiplet-induced satellite in the 2p
spectrum of a transition metal has not been observed earlier.

II. EXPERIMENTAL METHOD

The experiments were performed at the UES6/2-PGM1
beamline at BESSY using EA125 analyzer from Omicron
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GmbH with an instrumental resolution of 375 meV. The base
pressure of the experimental chamber was 5X 10~'! mbar.
Electropolished Al(111) substrate was cleaned by standard
method.'® Mn and Al (99.999% purity) layers were deposited
from two water-cooled Knudsen-type effusion cells with the
substrate held at room temperature, and layer-by-layer
growth was observed.!'!"1?

To determine the relative intensities and the line shapes,
the Mn 2p,,, spectra were fitted using two Doniach-Sunji¢
(DS) functions,'? corresponding to the main peak and the
1 eV satellite.%? The intrinsic lifetime broadening of the core
level (27), the DS asymmetry parameter («), intensities,
peak positions, and the iterative background parameter are
varied independently during fitting. The residual in Fig. 1
shows the good quality of the fit. The satellite to main peak
intensity ratio, calculated from the area under the fitted
curves, is about 0.19. Although varied independently, our
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FIG. 1. Experimental (open circles) and fitted (solid line)
Mn 2p3, core-level spectra for a thick Mn layer on Al(111) re-
corded using 740 eV photon energy. The deconvoluted main peak
(dashed line), the 1 eV satellite (shaded), the iterative background
(dot-dashed), and the residual are shown. Inset shows both the
Mn 2p spin-orbit components.
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FIG. 2. Mn 2p3,, core-level spectra for a thick Mn layer grown
on Al(111) as a function of emission angle (). The spectra have
been shifted along the vertical axis for clarity of presentation. Inset
shows the experimental geometry.

results yield a similar « (=0.34+0.04) for the main peak and
the satellite, while 7y turns out to be 0.16+£0.02.

III. RESULTS AND DISCUSSION
A. Experiment: Core-level photoemission

The Mn 2p core-level spectrum for a 44 monolayer (ML)
thick bulklike Mn layer grown on Al(111) is shown in Fig. 1.
Since the Mn layer is thick, no Al 2p signal related to the
substrate is observed. The Mn 2p3,, main peak appears at
638.7+0.05 eV (Fig. 1). A satellite feature (shown by arrow)
is clearly observed at 639.65 eV, i.e., ~1 eV higher BE from
the main peak. This feature is also observed for Mn thick
layer on Al(100) (not shown). The inset in Fig. 1 shows the
Mn 2p spectrum with a spin-orbit splitting of 11.2 eV. This
value is close to 11.4 eV spin-orbit splitting calculated for
the Mn 3d® configuration.’> Thus the main peak is dominated
by the well-screened 2p>34° final state.

In order to determine the origin of the 1 eV satellite,
Mn 2p5,, spectra were recorded as a function of emission
angle (0) (Fig. 2). If the satellite is surface related, for ex-
ample, a surface core-level shifted component or surface
contamination, then it should be enhanced at grazing as com-
pared to normal emission. However, the similarity of satellite
(arrows in Fig. 2) for normal (#=0°) and nearly grazing
emission (#=60°) rules out this possibility. Moreover, the
surface core-level shift of Mn is expected to be less than
0.3eV.14

The Mn adlayer on Al(111) with its several tens of mono-
layer thickness can be expected to take on the bulk structure
of a-Mn. Low-energy electron diffraction shows a uniform
background with no spot from the thick layer, suggesting a
polycrystalline growth.!> Since the density of states (DOS)
of the structurally inequivalent Mn atoms is similar in elec-
tron occupancy and hence effective valencies,!> a chemical
shift related to inequivalent Mn atoms cannot give rise to the
1 eV satellite. The satellite was not observed by Schieffer et
al. for a thick (10 ML) Mn layer on Ag(001), possibly be-
cause of limited resolution (=1 eV for a Mg K« source).” In
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FIG. 3. Mn 2p3), core-level spectra (open circles) for different
coverages of (a) Mn on Al(111) and (b) Al on a bulklike Mn layer.
The fitted spectra (thin solid line), the main peak (dashed line), and
the satellite at 1 eV (shaded) obtained from least-squares fitting are
shown. Insets show the satellite to main peak intensity ratio as a
function of Mn coverage in (a) and Al coverage in (b).

order to confirm this, the Mn 2p spectral shape, obtained by
fitting the better resolution data (Fig. 1), was broadened by a
fixed amount corresponding to our x-ray source and analyzer
setting.'” We obtain a highly asymmetric line shape that re-
sembles the spectra in Refs. 2 and 6 and that recorded by us
using Mg K« for a thick Mn layer. If a single DS line shape
is used to fit this asymmetric line shape, we obtain «=0.49,
which agrees with Ref. 6. The pronounced asymmetric line
shape of Mn 2p observed earlier>® is thus related to the un-
resolved 1 eV satellite.

The above data suggest that the satellite at 1 eV is intrin-
sic to Mn electronic structure and hence, it is important to
study its emergence as a function of film thickness [Fig.
3(a)]. For 4 ML Mn coverage, the satellite (shaded) is re-
duced in intensity compared to the thick layer (44 ML) (see
inset). In a reverse experiment, Al was deposited on the bulk-
like Mn layer. Intriguingly, the satellite is strongly sup-
pressed with increasing Al coverage and for about 1 ML
coverage, it is almost nonexistent [Fig. 3(b), also see inset].
The position of the satellite, however, remains essentially
unchanged. There is a gradual reduction in the asymmetry of
the main line; « decreases from 0.34 (0 ML) to 0.16 for 1.5
ML Al. Such small values of a have been reported for
AlgMn and Al-Pd-Mn.%8

B. Theory: Model Hamiltonian calculations

We have performed impurity model calculations in order
to ascertain the physical origin of the 1 eV satellite. Previ-
ously, we have calculated the Mn 2p spectra for different
Mn-Ag systems including bulk bct Mn.> The model used in
Ref. 5 was tailored for ultrathin Mn films on Ag, where Mn
has a high-spin, atomiclike ground state. Here, we have used
a somewhat different impurity model, which allows us to go
continuously from an atomiclike ground state to a bandlike
ground state, where the spin is strongly reduced due to rapid
charge fluctuations. The model describes one Mn atom
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coupled to a metallic band. For simplicity, we take the limit
of zero bandwidth, which means that the band is actually a
reservoir of electrons and holes at the Fermi level (ez). The
hybridization to the band is taken to be isotropic, and thus
introduces a single parameter V. This way of treating charge
fluctuations of the Mn 3d electrons is essentially the same as
that used recently by Svane for Pu 5f electrons.'®

The Hamiltonian is given by H=¢€mn +€mn,
+ Vzms(djnsbms"' HC) + Uddnd(nd_ 1)/2 - Udcndr_lv-"Hmulliplet’
where ny, n;,, and n,. count the Mn d electrons, the band elec-
trons, and the Mn 2p core hole, respectively. The operator
d' (b!) creates a d (band) electron of magnetic and spin
quantum numbers m and s. The Hamiltonian above is exactly
diagonalized in the subspace of d*, &, d° and d’ configura-
tions. The main differences to the model in Ref. 5 are (i) the
band is taken to be non-spin-polarized, which is a good as-
sumption for a-Mn that is paramagnetic, and (ii) no restric-
tions on the number of holes and/or electrons in the band. By
taking a total of ten valence electrons with as many up as
down electrons in the ground state, all possible multiplet
states of the configurations d*, d°, d°, and d’ can mix through
hopping in and out of the band. This is crucial for studying
the crossover from an atomiclike, high-spin ground state to a
bandlike, low-spin one.

The parameters entering the multiplet part of the Hamil-
tonian were computed from single-ion Hartree-Fock
calculations!” in the (2p°3d®) configuration, which is the
dominant one in the final state. As usual, the values of the
Slater integrals F¥, G* are reduced by 20%, while the bare
value is taken for the 2p spin-orbit parameter {,. The 3d
spin-orbit interaction has been neglected. This gives the fol-
lowing values: Fy,=892, F,,=555, F,,=5.06, G),=3.69,
G,=2.09, and £,=6.85 (in eV).

For the monopole Coulomb integrals, we have taken the
values U,;=3.0 eV and U,.=4.12 eV, as determined in Ref.
18. Putting €;=0, the d level €, controls the ground-state
d-electron number n, Equivalently, we can fix the charge-
transfer energy A, which we define as A=E(d®)-E(d’),
where E(d") are configuration averaged energies. [Note that
a (d") configuration should more precisely be denoted as
(d"b'%™), but we have E(d"b'*")=E(d"), since ep=0.] We
have chosen A=-2 eV, which leads to n,;=5.7+0.1 for all
V=0.5 eV. This n,; value agrees with first-principles calcu-
lations on bulk bet Mn.> All the theoretical spectra have been
broadened with Gaussians and Lorentzians using the experi-
mental full width at half maximum values.

Figure 4 shows the calculated Mn 2p spectra as a function
of V. The spectra in solid lines were calculated with the
parameter values as stated above, in particular, Uy,
=4.12 eV. The spectra in broken lines were obtained with
U,.=0. The spectrum labeled “0.0” is the atomic spectrum
for n,=5.

We shall first discuss the results for Uy.=4.12 eV (solid
lines). We concentrate on the 2ps, part of the spectrum,
which is found at the negative relative BE side in Fig. 4. One
can roughly divide the 2p;,, spectrum into three groups of
peaks, which we indicated by broken lines, labeled a, b, and
c. Group a, which evolves continuously from the atomic
spectrum, can be assigned to the (2p°3d°) atomic configura-
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FIG. 4. Calculated Mn 2p photoemission spectra as a function
of V (in eV) as indicated by the number on the left. The two upper-
most spectra (broken lines), labeled U,.=0, were calculated with
U,-=0. All other spectra (solid lines) were obtained with Uy,
=4.12 eV. The spectra have been normalized to equal main peak
intensity. The thin broken lines labeled a, b, and c are guides for the
eyes.

tion. From energy considerations for V=0, we may infer that
groups b and ¢ are dominantly due to (2p°3d®) and (2p°3d”)
configurations, respectively. It is to be noted, however, that
these assignments are very approximate and can only be
valid for small values of V. With increasing V, configuration
mixing becomes large, and no more simple assignments to
atomic configurations can be made. Despite this, it is clear
that the presence of more than one of the groups a, b, or c is
due to the fact that final states with different d-electron
counts can be reached. This means that the satellite structures
a and b that are seen in the spectra for 0<V=<0.5 eV are of
charge-transfer type. Such strong charge-transfer satellites at
4-5 eV higher BE from the main line have been observed
for ultrathin Mn layers on various transition or noble metal
substrates.!* The results in Fig. 4 show that charge-transfer
satellites are only appreciable for small hybridization
strengths, V<<0.75. In bulk Mn, as well as in Al/Mn and
Al-Mn alloys, V can be estimated to be at least 1 eV (see
below), which explains why the 4—5 eV charge-transfer sat-
ellite is not observed in these systems.

The spectra for V=0.75 eV, moreover, show a satellite at
1-1.5 eV higher BE from the main line, in agreement with
the experimental spectra in Figs. 1-3. For easier comparison
with experiment, we show the 2p;,, part of the calculated
spectra in more detail in Fig. 5. Here, the spectra have been
energy shifted such that the main peaks are aligned. The
position of the satellite with respect to the main line is
roughly constant. The inset in Fig. 5 shows the peak intensity
ratio Ig between the 1 eV satellite and the main line, as a
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FIG. 5. Calculated Mn 2p3,, photoemission spectra as a function
of V as indicated on the left (in eV). Solid lines correspond to the
parameter values as given in the text, in particular, U,.=4.12 eV.
The dashed lines correspond to U,.=0 and the same V as the solid
lines just above. The maxima of the main peaks are aligned at zero
energy. They are normalized such that the main peak has equal
intensity for spectra with V=1 and half of that for V<1. Inset
shows the peak intensity ratio between the main line and the 1 eV
satellite for the spectra with U,;.=4.12 eV (squares, left y axis) as
well as the ground-state isotropic spin moment w (circles, right y
axis) as a function of V.

function of V. It can be seen that the satellite intensity de-
creases quickly in the range of 0.5<V<1.5 eV.

The value of V can be estimated to be about a quarter of
the Mn d bandwidth W. This can be seen as follows: Since
we have taken the limit of zero bandwidth for the electron
and/or hole reservoir, the total system (impurity plus reser-
voir) has a simple two-level electronic structure with one
bonding and one antibonding level separated by 2V, assum-
ing €;=€g. In order to relate V to W, we note that the second
moment of the two-level system, which is V2, should be
equal to the second moment of the Mn d band. Assuming a
semielliptic density of states for the band, its second moment
is W2/16. So VZ=W?/16 or V=W/4.

In bulk a-Mn, W is about 5—6 eV according to Ref. 15,
which gives V~1.2—1.5 eV. The spectrum for these V val-
ues agrees well with the experimental one for the bulklike
Mn films (Fig. 1). The main difference is the lack of asym-
metry in the calculated spectra. The observed asymmetry is
due to core-hole screening by low-lying particle-hole excita-
tions across €z.!® This effect is not correctly described in the
present model, because of the limit of zero bandwidth.

The atomic Mn spectrum (curve 0.0 in Figs. 4 and 5)
features a strong satellite at about 1.2 eV from the 2ps,, main
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line. This suggests that the observed 1 eV satellite has an
intra-atomic origin, i.e., it is a residual multiplet structure.
The rich multiplet structure in the atomic spectrum is mainly
due to the strong 2p-3d exchange interaction and to the high-
spin ground state of atomic Mn. Band-structure calculations
show that 17% of the Mn atoms in the @-Mn unit cell have
large moment (2.8—3.2up)."> The good agreement between
the fraction of Mn atoms with large moment (0.17) and the
satellite to main peak intensity ratio (0.19) associates the
1 eV satellite with Mn atoms with large local moment.

In order to clarify this issue further, we now show that the
1 eV satellite intensity is strongly correlated with the local
magnetic moment on the Mn atom. In the present impurity
model, the ground state is a total spin singlet, for all V>0.
Therefore, the spin projection on the impurity atom (g|S.|g)
is exactly zero along any quantization axis z. Here, S, is the
z component of the spin operator of the impurity d shell and
|g) is the ground state. The usual definition of the local (spin)
magnetic moment, w,=2(g|S,|g), is inappropriate for the
present model, since it always yields zero. To monitor the
local spin moment on the impurity, we need an isotropic
quantity instead of u_. Consider (g|S?|g) with S=(S,,S,.S.).
In the atomic limit, S>=S(S+1) is a good quantum number
and the spin moment is given by u=2S. Following these
atomic relations, we define an isotropic spin moment w of
the impurity through w(u+2)/4=(g|S?g). Note that while
this definition is exact for atomic systems, the values ob-
tained for V# 0 can be much bigger than the real magnetic
moments. In the present case, we get uw=2 in the limit V
— o, where the Mn atom is definitely nonmagnetic. Thus, u
is only a semiquantitative measure of the magnetic moment
on the Mn atom. The inset of Fig. 5 shows u as a function of
V. The spin moment u decreases with V, because charge
fluctuation reduces Hund’s rule correlations, that is, the ten-
dency for d-electron spins to align. In the range 0.5<V
< 1.5 eV, a clear positive correlation between the isotropic
spin moment wu and the satellite intensity /g can be observed.

In order to definitively prove that the 1 eV satellite is a
multiplet effect and not due to charge screening of the core
hole, we have carried out a few calculations with U,;.=0.
These are shown in Figs. 4 and 5 as dashed lines. When
U,.=0, the d level is not pulled down in the final state and so
the core-hole screening effect is absent. Consequently,
charge-transfer satellites cannot appear. This is nicely con-
firmed by the fact that the 4—5 eV charge-transfer satellite,
which has large intensity in the spectrum for V=0.5 and
U,.=4.12, is completely absent in the spectrum for V=0.5
and U,.=0. The 1 eV satellite, on the other hand, is present
in both spectra. Also for V=1 eV, the 1 eV satellite is hardly
affected when going from U,;.=4.12 to U,.=0, but the small
features at higher BE are suppressed. The comparison with
the case U,;.=0 thus clearly shows that the 1 eV satellite is
not related to charge screening of the core hole and must
therefore be due to an intra-atomic, that is, multiplet effect.

The present model contains four adjustable parameters, A,
Ui Uges and V. We have estimated them as well as possible
by comparison either with other experimental data (U, U,
see Ref. 18) or with ab initio electronic structure data (A, V).
Nonetheless, some uncertainty remains about the best choice
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of the parameter values and, consequently, about the calcu-
lated line shape. While the charge-transfer satellite structures
depend quite strongly on all four parameters, the 1 eV satel-
lite is essentially independent of A, U, and U,,. For U,
this fact can directly be checked from Figs. 4 and 5. There-
fore, the main conclusions of this work, which deal with the
1 eV satellite, are insensitive to the adjustable parameters
except V. The dependence of the 1 eV satellite on V has been
discussed in detail and provides a major result of the analy-
sis.

Let us note that the 2p-3d exchange interaction has al-
ready been put forward by Plogmann et al. to explain
1-1.5 eV satellites observed in Mn 2p;,, x-ray photoemis-
sion spectroscopy of Heusler alloys.” Their theoretical analy-
sis was based on the independent particle approximation
(TPA). Here, we have reached a qualitatively similar expla-
nation for the 1 eV satellite as in Ref. 7, namely, that it is due
to 2p-3d exchange and thus a measure of the local magnetic
moment on the Mn atoms. The line shapes obtained from our
many-body calculations are, however, very different from
those obtained in the IPA. In the IPA, the 2p-3d multiplet
interaction is replaced by an effective magnetic field acting
on the 2p electrons, which results in an effective Zeeman
effect. The 2p5,, level is then split into four equidistant lines,
which have equal intensity in the isotropic photoemission
spectrum. In that picture, the line splitting scales with the
magnetic moment of the atom. Here, we come to a very
different conclusion, namely, that it is the satellite intensity
that scales roughly with the magnetic moment, while the
main line to satellite splitting is fairly independent of it.

While the satellite has thus been identified as having an
intra-atomic origin, its intensity strongly depends on the
extra-atomic hybridization strength V. Our rough estimation
of V~1.2-1.5 eV, together with the spectra in Fig. 5, sug-
gest that the V value appropriate for bulk Mn is rather close
to the borderline at which the satellite vanishes. Our surpris-
ing experimental finding that the intensity of the 1 eV satel-
lite decreases for Al deposition on Mn and for thin Mn ad-
layers may be understood as follows: For Al/Mn, the s-d
hybridization is enhanced because Als, p free-electron-like
bands hybridize with the Mn 3d, 4s bands through the over-
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lap of the 11 eV wide parabolic DOS of Al with the Mn 3d
dominated DOS centered around 2.5 eV BE.!>9 Thus, Al
deposition definitely enhances V, and this diminishes the sat-
ellite intensity, as shown in Fig. 5. This also explains why
Al-Mn alloys with substantial s-d hybridization do not ex-
hibit this satellite.5%

IV. CONCLUSIONS

In conclusion, we provide a comprehensive understanding
and resolve the existing incongruity in literature about the
Mn 2p spectral shape of manganese that is fundamental to its
electronic structure. An unexpected satellite in the Mn 2p5),
spectrum of bulklike manganese layers at 1 eV higher BE is
observed. The satellite is not related to surface effects or
charge screening of the core hole. We show that it originates
from intra-atomic multiplet effect associated with Mn atoms
with large local moment. Its intensity is correlated with the
local magnetic moment of Mn. Al deposition on Mn strongly
suppresses the 1 eV satellite due to enhanced s-d hybridiza-
tion. The charge-transfer satellite at 4—5 eV can only exist
for weak hybridization strengths, and so it is absent for bulk
Mn. Hence, AI-Mn alloys including quasicrystals that have
substantial s-d hybridization do not exhibit any satellite in
their Mn 2p spectra. The present findings demonstrate the
importance of multiplet interactions, which are generally
considered to be insignificant.> Consequently, far reaching
implications for the electronic structure of Mn-based com-
pounds and correlated systems, in particular, might be ex-
pected, necessitating reinvestigation using high-resolution
core-level photoelectron spectroscopy.
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