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Abstract Resonant inelastic x-ray scattering (RIXS) is used to study the
electronic structure of NiF,, which is the most ionic of the nickel compounds.
RIXS can be viewed as a coherent two-steps process involving the absorption
and the emission of x-rays. The soft x-ray absorption spectrum (XAS) at the
metal L,, edge indicate the importance of atomic multiplet effects. RIXS
spectra at L, ; contain clearly defined emission peaks corresponding to d-excited
states of Ni*" at energies few eV below the elastic emission, which is strongly
suppressed. These results are confirmed by atomic multiplet calculations using
the Kramers-Heisenberg formula for RIXS processes. For larger energy losses,
the emission spectra have a broad charge-transfer peak that results from the decay
of hybridized Ni(3d)-F(2p) valence states. This is confirmed by comparison of
the absorption and emission spectra recorded at the nickel L and fluorine K
edges with F p and Ni d partial density of states using LDA + U calculations.

Keywords: Core-level spectroscopies. RIXS, Nickel difluoride, Electronic

structure

1. INTRODUCTION

Transition metal (TM) compounds play a major role in condensed matter
physics and materials science. A complex interplay between the charge, orbital,
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spin and lattice degrees of freedom gives birth to emergent phenomena like
high temperature superconductivity (HTSC), colossal/giant magneto resistivity
(C/GMR) and thermoelectricity in copper, manganese and cobalt oxides,
respectively [5]. Understanding the origin of these emergent phenomena has
prompted theoretical and experimental research which points to the crucial role
of 3d electronic correlations. Indeed, the insulating Mott state and its related
metal to insulator transitions (MITs) are a living classic in contemporary
condensed matter physics [12]. The advance in the understanding of these
phenomena requires combined efforts between theory and experiment.
Therefore, systematic investigations on model systems are crucial to establish
solid foundations in this regard. For example, the simplest 3d transition metal
oxides (TMOs), e.g. MnO, CoO, and NiO have allowed us to reach the current
understanding of the electronic structure of these materials and their insulating
bandgap either as Mott-Hubbard or as charge-transfer (CT) insulators, as stated
by the Zaanen-Sawatzky-Allen (ZSA) diagram [25]. However, it took more
than two decades to have a direct experimental proof of the ZSA theory and it
came from a combined experiment of X-ray absorption (XAS) and emission
(XES) spectroscopies on the most ionic TM compounds, the difluorides TMF2
(Cr-Zn) at the TM L,,3 and F K edges [18].

Among the simplest TMOs, NiO is the test ground of the interplay between
theory and experiment. Although there is a comparative study between NiO
and NiF, [15], overall the latter has been marginally studied. However several
parallelisms can be established: both solids are antiferromagnetic insulators
with the Ni*' ions at the center of a perfect octahedra (Oh symmetry in
NiO) and slightly distorted one (D4h symmetry in NiF)) surrounded by six
ligands (O or F). Interestingly, one important difference, consequence of the
strong ionicity in NiF,, is the fact that according to ZSA theory NiO is in
the intermediate region between Mott-Hubbard and charge-transfer insulator
regimes while NiF, is a clear Mott-Hubbard insulator [18]. This indicates
that replacing O by F induces profound changes in the electronic structure of
NiF2. These changes naturally should be reflected in the absorption (XAS),
emission (XES), photoelectron (XPS) and resonant inelastic scattering (RIXS)
x-ray spectra. For instance, the XAS spectra of Ni** in NiO and NiF, were
analyzed by van der Laan et al. [15] and Olalde et al. [19] using, respectively,
many-body calculations including charge transfer (CT) effects and ligand field
atomic multiplet calculations. From the analysis it was shown that CT effects
were more important to describe completely all the features in the NiL, ; XAS
spectrum in NiO as compared to NiF,. On the other hand, in XES spectroscopy,
CT effects, from ligand (F or O) to metal and vice versa were also observed in
TMEF, including NiF,[18]. At the Ni L, , edges, RIXS grants access to neutral




optically forbidden Ni dd and F to Ni CT excitations. In RIXS, the ligand to
metal CT effects at the Ni L, [7] and sz [3] edges have also been observed
by RIXS in NiO and NiCl,, but to the best of our knowledge not in NiF,.
Thus, a systematic RIXS study at the NiL, , edges in NiF, should in principle,
in combination with all the previous spectroscopic results, provide a more
complete picture of the electronic structure of the material.

Theoretically, the electronic band structure of NiF, has been studied
using the full potential linearized augmented plane wave (LAPW) method,
with the exchange and correlation effects treated in the local spin-density
approximation (LSDA) [6]. This calculation correctly predicts the insulating
ground state in NiF2 but the bandgap is largely underestimated as compared to
the experimental determination obtained from soft X-ray spectroscopies [18].

In practical terms, NiF, has recently received attention for various reasons.
It was used to produce 3-D nanoporous flexible electrodes for commercial
applications [24]. It shows potential as a cathode material for rechargeable Li
ion batteries [16, 26] which in a NiO-doped NiF,-C version of the previous
cathodes was investigated by hard X-ray absorption spectroscopy [17]. It has
also been used as catalyst for the dehydrogenation of ammonia borane [23],
a proposed material for hydrogen storage. Therefore, from the fundamental
physics point of view as well as for the applicability of NiF, as a practical
material in energy storage and catalysis, it is crucial to pin down the energy
levels of Ni and F in this material.

2. X-RAY ABSORPTION, X-RAY EMISSION AND RIXS
SPECTROSCOPIES

Soft x-ray spectroscopies are very well suited to study the electronic structure
of transition metal compounds [9]. In the case of nickel fluoride, the fluorine
K-edge is at 685 eV and the nickel L, edges are at 850 eV (L,) and 867
eV (L). In x-ray absorption spectroscopy (XAS) a photon is used to excite a
core electron into the conduction band. The core hole can then be filled by an
electromagnetic transition involving an electron in the valence band, resulting
in x-ray emission spectra (XES). Resonant inelastic x-ray scattering (RIXS) is
a coherent second order process in which an incoming photon of energy hv,
is scattered, resulting in an outgoing photon with energy hv,. The energy lost
in RIXS, given by hv, — hv,, is transferred to the sample. Therefore, RIXS
spectra plotted as functions of the energy loss give information about excited
states of the compound that is studied.

X-Ray absorption and emission are local processes at the atomic level.
Fluorine XAS and XES spectra probe conduction and valence states projected

Atomic Multiplet
and Charge
Transfer Effects

in the Resonant
Inelastic X-Ray
Scattering (RIXS)
Spectra at the
Nickel L, ; Edge of
NiF,




Jiménez-Mier, J
Olalde-Velasco, P
de la Mora, P
Yang, W -L
Denlinger, J

at this atom site. By the same token, nickel XAS and XES spectra give
information about unoccupied and occupied states at the metal. Furthermore,
the transitions are governed by the electric-dipole selection rules, and therefore
the incoming and outgoing x-ray photons give information about conduction
and valence states of specific orbital symmetry. In fluorine XAS a 1s electron
is excited to 2p conduction states, and the 1s hole is filled by valence 2p
electrons. In nickel XAS a 2p electron is promoted to conduction states with
3d symmetry. In RIXS at the nickel L, , edges, the metal emission that follows
resonant excitation of a 2p electron produces d-excited states of the ground
configuration.

3. THEORY
A. Atomic multiplet calculations

A theoretical description of the electronic structure of transition metal
compounds is complicated by the fact that the 3d orbitals are spatially localized
like those of shallow core-orbitals, but at the same time their energies are low,
making them to participate in chemical bonding. The atomic multiplet approach
[10, 11] begins with a description of the nickel electronic structure at the free-
ion level. The ground state configuration for Ni?* is 3d® which is excited by
the incoming photon to states in the 2p° 3d’ configuration. The calculation
includes the electron-electron Coulomb interaction through the F and G Slater
integrals, and also the (2p and C,, spin-orbit interaction parameters. These
parameters are obtained directly from a Hartree-Fock calculation for the free-
ion [4]. The two 3d holes in the ground configuration result in a *F ground term.
Including spin-orbit interaction of the 3d subshell gives a ground total angular
momentum of J = 4. At room temperature only this *F4 ground state can be
excited by electric dipole transitions into states of the 2p° 3d° configuration.
All other terms will not be excited, but they can be produced as result of x-ray
emission. Decay into these 3d excited states plays a very important role in the
RIXS process. Besides the °F, the excited terms in the 3d® configuration are
the singlets and triplets 'D, 3P, 'G and 'S, listed in order of increasing energy.

The crystal field splits the 3d levels. In the case of an octahedral field the
atomic 3d orbitals are split into three degenerate 7 g orbitals (xy, yz and zx) and
two degenerate e_ orbitals (z* and x> — y?) separated by an energy 10Dq. These
degeneracies are further removed in lower symmetries by inclusion of more
crystal field parameters. For the distorted octahedron for the spatial structure
of NiF, the corresponding symmetry is tetragonal, and one has to introduce
the parameters Ds and Dt [21]. In this work the program CTM, XAS [21] was
used to calculate the x-ray absorption spectrum of NiF, at the nickel L, , edges.




Table I: Atomic multiplet, crystal field and charge transfer parameters (in eV) used in
the XAS calculation. For the RIXS calculation the same crystal field parameters were
used. For the meaning of the parameters see the text.

Parameter 10Dg Dt Ds r U \% A T

2p pd

1.0 0.03 0.12 0.24 55 6.5 70 10

Charge transfer effects can also be included in the ionic calculation [10,
11, 21]. In this case the program also considers a configuration in which a
ligand electron (F-2p in NiF)) is transferred to the metal. One denotes as 3d’ L
the state with an extra electron in the Ni 3d subshell, and a ligand hole denoted
by L. After x-ray absorption this configuration is excited into the 2p° 3d'°L
state. The calculation allows interaction of the original ionic configurations
and these charge transfer configurations through the inclusion of new,
adjustable parameters [21]. These are the Hubbard energy U, which is the
energy necessary for a Ni 3d electron to move from one metal site to another;
the nickel 2p — 3d core hole potential Vpd that represents the shift in energy
levels introduced by the 2p hole in the metal, the charge transfer energy A,
which is the energy needed to move the F 2p electron into the Ni ion, and the
nickel site to nickel site hopping energy 7. In this paper we present two Ni**
x-ray absorption spectra. One was calculated using only the crystal field part
of the program, and and for the other we also included charge transfer effects.
The parameters used in the calculation are shown in Table 1.

The RIXS process is described by the Kramers-Heisenberg equation
~ ~ 2
< fles -F‘i><i & ~7‘g>

E —E—h(v.—-v,)) O
G(V”VZ)OC;Z E,—E,—hv,~iT, 12 8(E, ~E—h(v=7))

Inthis formula|g >, |i > and |f>> are the wavefunctions of the initial ,intermediate
and final states of the system, with energies Eg, E and E, respectively; .
and &2 -r are the electric dipole transition operators; and Pzp is the 2p core hole
width. The output from the crystal field program, without any charge transfer
effects, provides the values of the transition matrix elements and also for the
state energies. This information was used to calculate Ni*" RIXS spectra for
all values of the incoming photon energy used in the experiment. For the RIXS
calculation we used the crystal field parameters given in Table 1.

B. Density of states calculation

To perform the electronic structure calculations, the WIEN2k code was used
[2], which is based on the Density Functional Theory. This code is an all-
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electron scheme based on the full-potential Linearized Augmented Plane
Wave + local orbitals method. The band gaps calculated using the Kohn-Sham
eigenvalues are known to be underestimated [8], an issue that can be fixed by
using the GW approximation or a hybrid functional. However, these would be
quite expensive, and an alternative solution incorporating the Becke-Johnson
potential (BJ) [1] was used in this work. This potential is less demanding in
computer time and it shows an agreement of the same order with the experiment
as that obtained with the GW approximation, for wide band gap insulators,
sp semiconductors and strongly correlated 3d transition metal oxides [1, 22].
In considering the exchange-correlation interactions, the generalized gradient
approximation of Perdew, Burke and Ernzerhof (PBE) [20] was used, and it
was then substituted after convergence, by the Becke-Johnson potential. For
the number of plane waves used, the considered criterion was R"" ~x K" =
7, where RYT is the Muffin-Tin radius and K" is the maximum value of the k
plane waves. Within the code used, R’ < K" is a measure of the quality of
the basis set, and 1000 k-points were used.

4. EXPERIMENT

The experiment took place at beamline 8.0.1 of The Advanced Light Source
in Berkeley. The experimental x-ray absorption spectrum was obtained by
recording the sample current as the photon energy of the incoming x-rays
was scanned. Resonant x-ray emission spectra were recorded in a soft x-ray
fluorescence spectrometer, which is a grazing incidence instrument with a
fixed entrance slit and a position sensitive area detector [13]. Emission spectra
were obtained at selected values of the incoming photon energy. Fresh,
commercially available polycrystalline NiF, from Sigma Aldrich with nominal
purity greater than 99.9% was prepared inside a N, flow bag and introduced
inside the UHV experimental chamber. All spectra presented in this work were
recorded at room temperature.

5. RESULTS AND DISCUSSION

The x-ray absorption spectrum at the nickel L, , edge of NiF, is shown in Fig. 1.
The features around 850 eV result from production of a 2p, , core hole and define
the L, edge. The smaller features beginning at 867 eV correspond to the L, edge,
which corresponds to excitation of a 2p, , electron. A straight line background
was subtracted from the raw spectrum to make the comparison with the
multiplet calculation. The labels give the energies of the incoming photon that
were used for the RIXS spectra. Results of two calculations are presented.
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Figure 1: X-Ray absorption spectrum at the Ni L, edge of NiF,. Gray dots: raw
spectrum. Black dots: spectrum after subtraction of a straight line background (dashed
gray line). The continuous lines are the results of the multiplet calculation. Dashed
blue with crystal field only. Red: with charge transfer effects. Labels a through k give

the excitation energies that were used to record RIXS spectra.

In the first one (dashed blue line) only crystal field effects were included. For
the second calculation charge transfer effects were also considered. The main
difference between the two calculations is the presence of a small, broad peak
at energy (g) that can therefore be identified as a charge transfer peak.

The nickel RIXS spectra are dominated by peaks resulting in decay into
excited states of the metal 3d® ground configuration. The energy of these
peaks puts them close to the L, edge in absorption. The outgoing photons
with energies above the L, edge are efficiently absorbed by the sample and
therefore the spectra must be corrected for this self-absorption effect. Figure
2 illustrates this effect for the emission spectrum obtained with excitation
energy (d). There is a clear overlap between the raw emission spectrum and the
absorption spectrum. Self-absorption results in a reduction of the intensity of
the main emission peaks y and z. Once the self-absorption correction is made
[14] these two peaks grow in intensity. All emission spectra presented in this
article were corrected for self-absorption. Figure 2 also serves to introduce
the features present in the RIXS spectra. Elastic emission E corresponds to an
outgoing photon with the same energy of the incoming photon. This means
that no energy was absorbed by the sample, and therefore the final state of the
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XAS

(d)

XES

840 850 860 870 880
hv, (eV)

Figure 2: Example of self-absorption effects in an emission spectrum. The shaded
gray is the raw spectrum and the red lines give the corrected spectrum. Bottom:
RIXS spectrum recorded with an excitation energy (d). Top: XAS spectrum. The d-d
excitations are indicated by x, y and z. E gives the position of the expected elastic
peak. CT is the charge transfer peak.

scattering process is the ground state of the nickel ion. The spectrum shown in
Fig. 2 has a very small elastic peak. This indicates that decay proceeds mainly
into excited states of the 3d® configuration. This results in emission peaks x, y
and z. This suppression of elastic emission is common to all the nickel RIXS
spectra of NiF,. Another feature present in most of the spectra is the broad
peak indicated by CT in Fig. 2. This results from decay leading to production
of the 3d° L charge transfer state with an energy loss centered at 10.2 eV.

A comparison between experiment and the multiplet calculation for
several representative emission spectra is made in Fig. 3. All experimental
spectra have peaks resulting from decay into d-excited states, a small, charge
transfer peak that stays 10.2 eV below the position of the expected elastic peak.
The spectra recorded at the L, edge also show a strong normal emission peak
(N). The agreement between experiment and theory is better for the spectra
recorded at the L, edge, for which the calculation give relative intensities close
to the observed ones. The spectra obtained with excitation energies (j) and (k)
are also dominated by the d-excited states. However, the experimental peaks
are significantly broadened, which is an indication of the fast decay of the
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Figure 3: RIXS spectra recorded at excitation energies (b), (d), (j) and (k). Dots:
experimental data. Blue line: calculated spectra. N: normal emission. CT: charge
transfer emission. E: expected position of the elastic peak.

2p,,, hole by a non-radiative Coster-Kronig process. The agreement with the
calculation is better for spectrum (j), but for (k) the calculation gives most of
the intensity to the lower d-excited states while the peaks around 865 eV, with
larger energy losses, have most of the intensity in the experimental data.

Figure 4 shows the emission spectrum recorded at the excitation energy
(g). Recall that this is the only feature in the absorption spectrum that is not
predicted by the simple crystal field calculation but requires the inclusion of
charge transfer effects. The raw spectrum is given by the shaded area, and the
spectrum obtained after the self-absorption correction is indicated by the red
line. This spectrum has two separated features. A broad hump between 857
and 860 eV is the one that corresponds to the suppressed elastic emission and
to d-excited states. The structure between 845 and 852 eV is composed of two
peaks. There is a broad normal emission peak centered at 850 eV that results
from decay after excitation of the 2p electron into the continuum. This therefore
corresponds to decay from the 2p’ 3d® configuration of Ni**. The other broad
peak is centered at 848 eV, and results from decay of the resonantly produced
charge transfer state of Ni**.

These results are nicely rounded with a comparison between experiment
and the density of states calculation. The comparison is made in Fig. 5. The
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Figure 4: RIXS spectrum for the charge transfer excitation energy (g). Shaded gray
area: raw spectrum. Red line: spectrum corrected for self-absorption.

&

ol
o

Ni 3d

o
o
o
o
o
o
o
o
o
o
o

F 2p

20

E (eV)

Figure 5: Comparison between experiment and the calculated projected density of
states (DOS). Bottom: experimental XAS (open circles) and XES (dots) spectra at
the fluorine K-edge. The continuous yellow line is the calculated F 2p DOS. The
conduction band data was multiplied by a a factor of 20. Top: experimental Ni L,
absorption (open circles). The continuous blue line is the calculated Ni 3d DOS.
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experimental data shown here are the absorption spectra at the L, edge in Atomic Multiplet
nickel, and the fluorine absorption and emission spectra at the fluorine K edge. and Charge
The figure also shows the result of a convolution of projected density of states Transfer Effects
with a Gaussian window whose width is 0.5 eV. This figure illustrates the in the Resonant
information that can be directly obtained from XAS and XES spectra. Both Inelalstlc X-Ray
absorption spectra are aligned at the peak at 5.5 eV. The DOS calculation Scattsermg (RIX:)
indicates that this feature corresponds to excitation into a narrow conduction Nickellieag digtetoi
sub-band predominantly Ni 3d in character. The fluorine emission spectrum > NiF
is then given by decay of the valence band which is mainly of F 2p character.
The calculation clearly overestimates the band gap, but confirms this band
assignment, and is also consistent with the ZSA theory [18]. It is really
remarkable that the shape of the fluorine emission spectrum is in very good
agreement with the calculated F 2p density of states, once the theoretical curve
is shifted upwards. It gives an accurate prediction of the intensity ratio between
the fluorine 2p and nickel 3d DOS ratios projected at the fluorine atom.

2

6. CONCLUSIONS

The results presented in this work show that x-ray spectroscopies combined
with a theoretical analysis can be very useful in the study of the electronic
structure of transition metal compounds. These techniques were used to
interpret x-ray absorption and emission at the fluorine K-edge and the nickel
L, , edges of the most ionic nickel compound, namely NiF,. Nickel L, ; RIXS
spectra are dominated by d-d excitations of the 3d® configuration, but there
is also indication of charge transfer emission. Fluorine x-ray absorption and
emission are well explained by a density of states calculation that also shows
strong hybridization between fluorine 2p states and nickel 3d states at the metal
site. By a systematic approach combinig atomic like charge transfer mutlitplet
calculations to describe the XAS and RIXS spectra of Ni** at the L, , edges
and a band approach using LDA+U calculations to describe the F K XAS
and XES spectra, we reach a comprehensive understanding of the electronic
structure of NiF,.
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