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Auger decay of quasiparticle states: Calculation of the Ni 3p photoemission spectrum in NiCl,
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We have calculated the Ni 3p x-ray photoemission spectrum (XPS) in NiCl,, taking into account the
lifetime of Ni 3p hole states due to the M, ;M, sM, s super-Coster-Kronig decay process. We show that
the LS-term dependence of the lifetimes strongly affects the whole spectral shape because the multiplet
splitting of the 3p XPS is large. This indicates a breakdown of the assumption that the lifetimes of final
states are the same, which has been widely adopted in the analysis of core-level excitation spectra.

In general, quasiparticle states in solids and atoms have
their characteristic lifetimes due to Coulomb interaction
with other quasiparticles. In atomic systems, the decay
process is called Auger decay.! For example, the lifetime
of atomic Zn 3p3d ' states is due mainly to the Coulomb
interaction with 3d3ef states, where 3p denotes a 3p hole
and ef denotes a continuum state with f symmetry, and,
consequently, it was derived that the difference in the life-
time for the 3p;,,3d'® and 3p,,,3d'° final state is very
small.> In general, when the outer shells are fully occu-
pied in the ground state as in the rare gases, and the
kinetic energy of the Auger electron is far above the vac-
uum level, the lifetimes of the shallow core-hole states
separated by the spin-orbit splitting do not differ so much
from each other.>* However, the situation can be much
different when the relevant outer shells are incompletely
filled. In the following, we can show that the lifetime
strongly depends on the multiplet terms in the 3p x-ray
photoemission spectrum (XPS) for transition-metal (TM)
systems (both ions and solids) with unfilled 3d orbitals.
Since the Slater integrals between 3p and 3d orbitals are
so large that the multiplet splitting of Ni 3p3d 8 states ex-
tends over 20 eV, for example, the “observation of
multiplet-term dependence of the lifetime can be expect-
ed. Moreover, in solids, the solid-state hybridization can
affect the spectral shape of the 3p XPS. In this paper, we
start with the Ni 3p XPS in a free Ni’" ion in order to
show the role of the term-dependent lifetime. Afterward,
we calculate the Ni 3p XPS in NiCl,, showing the
charge-transfer (CT) effects due to the hybridization be-
tween Ni 3d and Cl 3p orbitals as well.

We calculate the Ni 3p XPS in NiCl, in terms of a
NiClg cluster model. The applicability of such cluster
models has recently been established very well for the
analysis of the 2p XPS of late TM compounds.’ ™ !* Since
CT is allowed between Ni 3d states and ligand 3p orbit-
als, the ground state can be described by a linear
combination of 3d%, 3d°L, and 3d!°L? electron
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configurations, where L denotes a ligand hole and 3d°®
denotes the state in which the Ni ion has the 3d®
configuration and the ligand orbitals are full. The basis
wave functions for the final states are obtained by annihi-
lating a 3p electron in these configurations. We denote
the CT energy from the ligand state to the 3d levels as A.
In the limit of the hybridization strength between the Ni
3d and Cl 3p orbitals ¥—0, the energy differences be-
tween those electron configurations are given as
E[d°L]—E[d®]=A and E[d'°L?*]—E[d°L] =A+ U,
where E[d'°L?], E[d°L], and E[d®] represent the
configuration-averaged energies of 3d'°L2, 3d°L, and
3d?, respectively, and U,y is the correlation energy be-
tween 3d electrons. When a core hole is created, the en-
ergy differences are obtained by replacing A with
A;=A—U,(3p) in these expressions, where U,.(3p) is
the core-hole potential acting on 3d electrons. In the
present analysis, U,.(3p) is the parameter to be deter-
mined, since we estimated that A=1.3 eV, U,;=7.3 eV,
and V'=1.7 eV from the analysis of the Ni 2p XPS and 3s
XPS.!1* Although the estimated values for A, Uy, and V
can depend somewhat on the analyses,%!3 those minor
differences do not affect the following results. For simpli-
city, we also neglect the difference in hybridization
strength for 3d(e,) and 3d(#,,) orbitals.

In the sudden approximation, the photoemission inten-
sity is given by

Ixps(Eg)= 73, |<flacore‘g>|2(

7 Ep—E;+E,)+T%

where Ej is the binding energy, and the ground and final
states are described by |g ) and |/} (with energies E, and
Ej, respectively). a,. is the annihilation operator of a
core electron. The symmetry of the ground state is *F,.
The expression for I is given by
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where | 4 )’s denote the states accessible by the Auger
transition. In the present calculation, we take into ac-
count the process 3p3d"L" 8 —3d" 2L" %tv with
n=8,9,10. We note that the Auger electron state (ev) is
free-electron-like since its kinetic energy is about 80 eV,
corresponding to the binding energies of the 3p core lev-
els. Although v can be p, f, and 4 in the present case, the
decay process to €f is so dominant that the others can be
safely negelected. The Hamiltonian matrix elements, as
well as the wave functions for the continuum states, are
calculated by Cowan’s!® computer programs. The Slater
integrals are scaled down to 80% of the Hartree-Fock
values.

First we show the experimental Ni 3p XPS for NiCl, in
Fig. 1, where we find that the spectrum extends over 20
eV. The spectrum consists of four parts: The first peak
at Ep (relative binding energy)= —8 eV, the second peak
at Eg=—3 eV, the third structure at E,=0~5 eV, and
the fourth peak at Ez=13 eV. This large extension in
energy is due primarily to the large Slater integrals be-
tween 3p and 3d electrons.

We show the results for the free Ni>t ion in Figs. 2(a),
3(a), and 3(b). The continuous spectrum in Fig. 2(a) is ob-
tained by convoluting the line spectrum in Fig. 2(a) with
a Lorentzian function of a constant width I'=1.0 eV
[half width at half maximum (HWHM)], while that in
Fig. 3(a) is obtained taking into account the LS-term
dependence of the lifetime (I'~!) which is shown in Fig.
3(b). In Fig. 2(a), the second and third structures are fair-
ly conspicuous. In Fig. 3(a), on the other hand, we can
see that the spectra except for the first peak are much
broadened due to the term dependence of the lifetime
shown in Fig. 3(b), where the lifetime of the first structure
is several times longer than those of the other structures.
Therefore the LS-term dependence of the lifetime is large
enough to affect the spectral shape of 3p XPS.
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FIG. 1. Experimental and theoretical Ni 3p XPS in NiCl,.
The experimental data (dots) are taken from Ref. 17. The
theoretical spectrum (solid curve) is obtained by convoluting the
line spectrum with Lorentzian and Gaussian functions, where
the multiplet-term dependence of the lifetime shown in Fig. 5(b)
is taken into account. The instrumental resolution is taken to
0.5 eV (HWHM).
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FIG. 2. Theoretical Ni 3p XPS with constant lifetime for free
Ni’* ion [Fig. 2(a)] and NiCl, [Fig. 2(b)]. The continuous spec-
tra are convoluted from the line spectra with a Lorentzian func-
tion of width 1.0 eV (HWHM). For (b), the CT energy (A=1.3
eV), the correlation energy (U,,=7.3 eV), the hybridization
strength (V'=1.7 eV), and the core-hole potential energy
(Uge=5.5€V) are used.

We find that the atomic calculation shown in Figs. 2(a)
and 3(a) roughly reproduces the energy extension of the
experimental spectrum for NiCl,, though the spectral
shapes do not reproduce the experiment very well. This
point can be improved by taking into account the solid-
state hybridization effects and the effect of the core-hole
potential (U, ).!"! In Fig. 4, we show the U, dependence
of Ni 3p XPS with fixed values of A, U,,;, and V. We can
see that the spectral shape and the intensity of the first
peak change considerably. In the case of U, =3.5 eV,
the second peak seen in the experiment splits into two
peaks. In the case of U, =7.5 eV, the second peak is
fairly sharp and strong. With increasing U, the 3p3d °L
final state becomes lower than the 3p3d®. In the cases of
U,.=5.5and 7.5 eV, the energy of the 2133d91_4 final state
is apparently lower than the 3p3d?, so that the character
of the first peak is mainly the 3p3d°L and that of the
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FIG. 3. Theoretical Ni 3p XPS for a free Ni** and the life-
time of each multiplet term. The solid curve in (a) is convoluted
from the line spectrum, taking into account the LS-term depen-
dence of the lifetime (" ~!) shown in (b).



47 AUGER DECAY OF QUASIPARTICLE STATES: ... 6205

0.2r A

Ugc=3.5eV

0.1F .
Ugc=5.5eV

Intensity (arb. units)

Ugc=7.5eV

1 1 L
20 10 0 -10
Relative Binding Energy (eV)

FIG. 4. U, dependence of Ni 3p XPS. The other parameter
values are the same as those in Fig. 2(b).

second one is the main peak in the free ion.

We show the spectrum for U, =5.5 eV in Fig. 5(a) to-
gether with the term dependence of the lifetime in Fig.
5(b). Comparing Fig. 3(b) with Fig. 5(b), the lifetime for
the main peak in the free ion is longer than that in NiCl,.
This is due to the hybridization effect of 3p3d °L states
whose lifetimes are shorter than those for 3p 3d?® in gen-
eral. With increasing U, as can be seen in Fig. 4, the
lifetime for the main peak becomes short and that for the
first satellite becomes long, reflecting the 3p3d 8 character
in each peak. For comparison, we show in Fig. 2(b) the
continuous spectrum calculated with a constant I' and
with U, =5.5 eV. When we compare Fig. 2(b) with Fig.
5(a), we can see the importance of the term dependence of
r.

Among the three cases shown in Fig. 4, the case of
U, =5.5 eV reproduces the experimental spectrum best.
Moreover, taking into account the instrumental resolu-
tion of 0.5 eV (HWHM), we get the solid curve in Fig. 1.
The value of U, (3p)=5.5 eV is somewhat smaller than
U, (2p)=7.5 eV and U, (35s)=6.5 eV,"? which reflects
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FIG. 5. Theoretical Ni 3p XPS and the lifetime of each mul-
tiplet term. The parameter values are the same as those in Fig.
2(b). The solid curve in (a) is convoluted from the line spec-
trum, using the LS-term dependence of the lifetime (I' ') shown
in (b).

the larger radial extension of the 3p wave functions. It is
also reasonable that U,.(3p) (=35.5 eV) for NiCl, is small-
er than that for CuCl, (= 6.4 eV),'® since U,.(2p) also
decreases on going from Cu to Ni dihalides®'® because
the Cu ions are more contracted.

The reason why the term-dependent I is so important
for TM 3p XPS is the following: In the case of shallow
core-level excitations, in general, the Slater integrals are
larger than the spin-orbit splitting of core-hole states so
that the LS scheme approximately describes the eigen-
states of the systems. Since the Auger decay is due to the
Coulomb interaction, there is no Auger matrix element
between different LS eigenstates, giving strict selection
rules for the Auger decay process. As a result, we get the
significant LS-term dependence of the lifetime; in other
words, the final-state dependence of the lifetime in the Ni
3p XPS. In the case of TM 2p XPS, on the other hand,
the term dependence of the lifetime is averaged out be-
cause the large spin-orbit interaction of the 2p core mixes
the LS states. Moreover, decay processes other than the
Coster-Kronig decay (2p3d®—3d®f) can contribute to
the core-hole lifetime, so that the energy dependence of I’
is much weakened.

Concerning the final-state-dependent I', we would like
to suggest a link between the present 3p XPS and
valence-band photoemission spectra. It is well known
that there are so-called correlation satellites about 6—7
eV higher than the main peak in the valence-band photo-
emission spectra of various Ni compounds'®~% and Ni
metal.?® In NiO, Fujimori and Minami?’ ascribed it to
the 3d’ final states and used the energy-dependent life-
time in their spectral calculation. We would like to sug-
gest that the lifetime of these final states can be deter-
mined by an interatomic Auger decay process by analogy
to the present 3p XPS. In this case, one of two ligand
electrons occupies a 3d hole in the final state and the oth-
er is scattered into the conduction band. This process
would give an appreciable contribution to the lifetime of
the correlation satellites and would introduce an energy-
dependent lifetime. This kind of analogy may be extend-
ed further to a lower excitation region. In metals, for ex-
ample, it is well known that I' is scaled proportionally to
the square of the energy in the vicinity of the Fermi ener-
gy according to the Fermi-liquid theory.?® Although the
energy dependence of I' is not quadratic in the case of 3p
XPS, the Fermi-liquid theory and the present case have
some analogies in the sense that the decay of quasiparti-
cles is due to Coulomb interaction, and moreover in the
sense that the selection rules for decay processes deter-
mine the lifetime of quasiparticle states.

In summary, we have calculated the Ni 3p XPS in a
free Ni’* ion and that in NiCl,. The LS-term depen-
dence of the lifetimes significantly affects the spectral
shape. The assumption that the lifetimes of final states
are the same, which has been widely adopted in the
analysis of core-level excitation spectra, evidently breaks
down in the case of Ni 3p XPS. In the case of NiCl,, the
final-state effects due to the core-hole potential (U ) and
the solid-state hybridization (V) are important for Ni 3p
XPS just as in Ni 2p XPS and Ni 3s XPS. Although the
term dependence of I" in NiCl, is obscured to some extent
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by the hybridization effect, it is still important in discuss-
ing the spectral shape.

The term dependence of I shown in this paper has also
been calculated for the 4d XPS in rare-earth metals by
the present authors,?’ and will be published elsewhere.
Therefore the term dependence of I' is general, at least
for shallow core-level excitation spectra in strongly corre-
lated systems. Although the average value of I" has been
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calculated often by many authors, for example for TM 3p
shells,>®3! the present result evidently demonstrates the
importance of the term dependence of I".
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