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2p Photoionization of Atomic Ni: A Comparison with Ni Metal and NiO Photoionization
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The photoabsorption spectrum of the 2p-3d resonances and the 2p photoelectron spectrum of atomic
Ni were investigated both experimentally and theoretically. The analysis of the spectra takes into account
that at the evaporation temperature of the metal at about 1800 K the fine structure states 3d® 4s? 3F and
3d° 453D of both configurations 3d® 452 and 3d° 4s are populated. The population of these two config-
urations offers the unique possibility for a comparison with the corresponding spectra in the condensed
phase (Ni metal and NiO) where current configuration interaction calculations use the mixture of the
configurations (3d, 4s)'°. By using our theoretical description of the 2p photoionization new insight into

these condensed phase spectra is found.
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The developments in synchrotron radiation facilities
to provide intense, tunable, highly collimated, and polar-
ized x-ray beams have stimulated the investigations of
ferromagnetic materials by innershell photoemission ex-
periments. Especially photoelectron spectroscopy due to
its surface sensitivity is well suited to study the magnetic
properties of multilayer systems or ultrathin films on ferro-
magnetic substrates. Modern techniques such as magnetic
circular or linear dichroism in the angular distribution of
photoelectrons (MCDAD or MLDAD) or spin-resolved
photoelectron spectroscopy are used to obtain element-
and site-specific information through the core-valence
interactions [1-3].

In the case of the 2p photoionization of the 3d transi-
tion metals the key elements for the interpretation of these
spectra are the 2p spin-orbit splitting of the core level and
the core-valence interaction. The large 2p spin-orbit split-
ting of about 20 eV for the heavier 3d elements in gen-
eral might favor the use of a single-particle approach [4].
Nevertheless, it is essential to keep in mind that there are
very important atomic many-body effects in the p-shell
photoelectron spectra of the transition metals [5,6]. There-
fore it is crucial to have a proper understanding of the gas
phase spectra for a critical comparison with the results of
the condensed phase.

This paper reports on the 2p photoionization of atomic
nickel. Ni in the gas phase exhibits a rather unique prop-
erty that at the evaporation temperature of about 1800 K
for the production of an atomic beam the lowest states
3d84s?3F and 3d°4s°D of both configurations 3d%4s>
and 3d°4s are populated (see Fig. 2). This offers the pos-
sibility for a comparison with corresponding spectra in the
solid phase of Ni metal, Ni compounds, and molecular Ni
complexes where the Ni ground state in many-body 3d
configuration interaction (CI) calculations employing the
Andersen impurity model is described as a mixture of 3d'°,
3d°, and 34 valence configurations [7—10].
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The experiments were carried out at the U49/2-PGM1
undulator beam line at the BESSY II electron storage ring
in Berlin. By using electron bombardment the Ni metal
was heated to about 1800 K forming an effusive atomic
Ni beam. The linearly polarized synchrotron radiation in-
tersected the atomic beam and either the resulting photo-
electrons or the photoions were recorded.

For the detection of the photoelectrons a Scienta SES
200 hemispherical electron analyzer was used. For the
detection of the photoions our experimental chamber also
houses a time-of-flight (TOF) ion spectrometer. Therefore
we were able to measure the ion yield at the 2p-3d reso-
nances by scanning the photon energy and recording the
intensity for the different ionic states of Ni.

The Ni 2p photoelectron spectrum is shown in Fig. 1
together with the results of our CI calculation.

The experimental spectrum consists of four main fea-
tures which show additional structure. The spectrum is
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FIG. 1. Ni 2p photoelectron spectrum at hy = 940 eV and

results of the HF calculation.
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dominated by the spin-orbit interaction of the 2p hole (i.e.,
the splitting between the 2p3/» and the 2p; > states) which
is in the order of 20 eV. Additionally there are two differ-
ent populations of the 3d shell (i.e., 3d® and 3d°) which
lead to a binding energy difference for these configurations
of about 8 eV in the ionic state. That means that the vir-
tual degeneracy of the ground states is canceled by the core
hole. These two splittings (2p3/2-2p1/2 and 3d8-3d°) are
responsible for the four main features.

The additional structure seen in the experimental spec-
trum is due to the many-body interaction between the 2p
and 3d shell and within the 3d shell. In the latter case
the 3d shell does not remain in the 3d®*F state and the
recoupling leads to an additional multiplet splitting up to
some eV.

For a more detailed analysis of these interactions we did
CI calculations of the atomic Ni 2p photoelectron spec-
trum.

For the theoretical Ni 2p spectrum the photoelectron
spectrum for each of the six different ground states was
calculated using the Cowan [11] code. The resulting bar
spectra were convoluted with 1.7 eV wide Gaussians to
match the experimental resolution. In Fig. 2 the 2p pho-
toelectron spectra for the six different atomic ground states
are depicted. Then the six spectra were scaled according
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FIG. 2. Calculated Ni2p photoelectron spectra for the six pop-
ulated ground states. The percentage shown is the relative con-

tribution of the respective spectrum to the final Ni 2p spectrum
(lower panel of Fig. 1).
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to their relative population and added to yield the final
theoretical spectrum shown in Fig. 1. One can easily see
how the four main features in the experimental spectrum
(Fig. 1) are connected to the different populations of the
3d shell.

Our configuration interaction (CI) calculations using
Hartree-Fock (HF) wave functions as zero-order approx-
imation contain the configuration interaction with states
where one or two 4s electrons are excited to 3d or 4p, in
the atomic ground state as well as in the ionic (2p hole)
state. It was necessary to include these CI in order to re-
produce the experimental spectrum by our calculations. In
this way, in spite of the high complexity of the calculations,
we have reached an excellent agreement. One should men-
tion that the binding energies are slightly overestimated by
the calculation. We therefore shifted the spectra for the
3d%4s* ground state by 0.51 eV and the spectra for the
3d°4s ground state by 1.7 eV to the lower binding energy
side. The relative shift between the different ground state
configurations is due to correlation contributions not com-
pletely taken into account by our calculation and which
depend strongly upon the configuration of the 3d and 4s
shell. It is well known that the 34 transition metal atoms
pose extreme difficulties for the exact ab initio calculation
of ground state energies [12—14]. This shift had only to
be corrected in our calculated atomic spectra, in the com-
parison of the atomic and solid state experimental spectra,
later discussed, such a shift does not exist.

Table I displays the assignment of the calculated elec-
tron lines that dominate the four main features and some
of the additional structure. One can easily assign these
four main features (A + B, C + D + E, F, and G) to
the 2p1/> and 2p3/> holes of the 3d® and 34° states, as
shown in the lower graph of Fig. 3. Ionic states with a
3d'° configuration have also been included in our calcula-
tion, but have not been significantly populated.

From Fig. 2, it can be seen that the configuration
3d®4s? is stable during the 2p ionization (top three panels
of Fig. 2), all the lines have a configuration of 2p>3d®4s2.
But in the case of the configurations 3d°4s°D, and
3d°4s3D; Fig. 2 shows that these configurations partially
or completely break up during photoionization, which can
easily be seen from the energy position of the resulting
2p~ ! lines. This is no ground state effect due to the high
purities of the states (see [15]).

Now that we are able to describe the 2p photoemission
from atomic Ni, we can compare these results to the photo-
emission spectra of NiO and Ni metal. Figure 3 presents
the Ni 2p spectrum from Fig. 1 together with the 2p spec-
tra of NiO from [16] and Ni metal from [17].

We will focus on the striking similarity between the
spectra of atomic Ni and NiO. The spectrum from Parmi-
giani and Sangaletti [16] was taken from a NiO single
crystal at grazing angle. It exhibits the same four main
features and the same additional structure as the atomic
spectrum. This is strong evidence for a localized charac-
ter of the 3d orbitals in NiO. Parmigiani and Sangaletti
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TABLE I

Table of the strongest lines in the calculated Ni 2p spectrum. The intensity is

relative to the line in feature C and the initial state denotes from which ground state these lines

are populated.

Binding Relative
Feature energy [eV] Ionic state intensity Initial state
A 861.03 2p33d°4s *Fo 0.56 3d%4s *D;
861.19 2p33d°4s 2Ds), 0.20 3d%4s *D;
861.81 2p°3d°4s *D7 )2 0.25 3d%4s 3Ds
B 863.76 2p33d°%4s 2Fq 0.19 3d%4s *D;
863.95 2p°3d°4s *P3 0.18 3d%4s 3D;
C 867.60 2p53d8452 4G11/2 1.00 3d84sz 3F‘4
D 869.45 2p33d%4s? 4Fq)) 0.29 3d84s?3F,
869.85 2p33d%4s? 4Fy )y 0.23 3d84s?3F,
E 872.27 2p33d%4s? 2Fy)) 0.19 3d84s?3F,
872.40 2p°3d%4s? 2Ds), 0.19 3d%4s23F,
872.44 2p33d¥4s? 2Gy)y 0.13 3d84s?3F,
F 879.49 2p33d°4s *Psy 0.33 3d°4s3D;
879.96 2p33d°%4s *Fq) 0.43 3d°4s3D;
G 887.40 2p33d%4s? 4Dy )y 0.56 3d84s?3F,
887.49 2p33d¥4s? 2Gy)y 0.77 3d84s?3F,

could partially describe their spectrum by applying local
and nonlocal screening models. For example, the splitting
of the main line of NiO at about 854 eV binding energy
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FIG. 3. Ni 2p photoelectron spectrum at ~v = 940 eV, com-

pared with NiO [16] and Ni metal (after [17] taken from [19],

dotted line: majority states, solid line: minority states). The

energy scale on top is valid for Ni and NiO, whereas the lower
scale belongs to atomic Ni.
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(upper scale) was explained as a special effect [16,18] due
to nonlocal screening [16]. In the atomic case this splitting
corresponds to the splitting between feature A and B and is
explained by the different couplings of the 3d° shell with
the 2p hole. As this could also be valid for the splitting
seen in NiO, we do not see any evidence that this explana-
tion cannot also be applied to the condensed phase.

In Fig. 3 also a photoelectron spectrum of Ni metal is
depicted (after [17] taken from [19]), it is a spin-resolved
spectrum showing the contributions of the majority and
minority states. The two main features seen are attributed
to 2p>3d'? ionic states and the two more shallow features
to 3d° [17]. Obviously the spectrum of Ni metal is very
distinct from that of NiO and atomic Ni. Therefore the
comparison with NiO and atomic Ni spectra leads to the
conclusion that the 3d orbitals in Ni metal show strong
nonlocal character.

Using the same CI calculation approach as before, we
were also able to fully reproduce the 2p absorption spec-
trum of atomic Ni with our theoretical description includ-
ing the calculation of the linewidth by calculation of the
subsequent Auger decay. Figure 4 presents the ion yield
spectrum of atomic Ni together with the results of the cal-
culation and a comparison to absorption spectra of Ni metal
and NiO films. Neglecting fluorescence decays into neu-
tral Ni, this ion yield is directly proportional to the absorp-
tion spectrum. It can be easily seen that despite the fact
that atomic Ni has some more resonance lines in the 2p3 />
peak the spectra are remarkably similar. In the case of the
absorption spectrum the influences of the different popu-
lations of the 3d shell are small compared to the photo-
electron spectra. The assignment of the four main lines in
the 2p3/, peak (at 852 eV) with ascending photon energy
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FIG. 4. Ni 2p absorption spectrum, compared with Ni film
on Co/Cu(001) [20] (only parallel spectrum shown) and 20 ML
NiO on MgO [18].

is 3d'%4s3P,, 3d°4s*3Fy4, 3Ds, and 'F5. In the case of
atomic Ni the 2p1/> absorption line consists of the super-
position of several atomic states and no simple assignment
can be given.

In conclusion, we can say that the investigation of the
2p photoionization of atomic Ni, presented in this paper
for the very first time, has lead to a better understanding
not only of the photoionization process of Ni atoms but
also of Ni metal and compounds. We were able to fully
comprehend the atomic spectra by CI calculations and on
this basis new insight on the character of the 3d shell in
Ni metal and NiO could be provided.
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