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a b s t r a c t

The CTM4XAS program for the analysis of transition metal L edge Electron Energy Loss Spectroscopy
(EELS) or X-ray Absorption Spectra (XAS) is explained. The physical background of the calculations is
briefly discussed. The program consists of three theoretical components, based on, respectively, atomic
multiplet theory, crystal field theory and charge transfer theory. The theoretical concepts are explained
and a number of examples are presented. The calculation of the 2p EELS and XAS spectra of transition
metal ions, is given in detail, including their Magnetic Circular Dichroism (MCD). In addition, examples
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of 1s, 2s, 3s, 2p and 3p X-ray Photoemission Spectroscopy (XPS) are given.
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. Introduction

This paper discusses the charge transfer multiplet program for
he analysis of transition metal 2p and 3p core level excitations,
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either Electron Energy Loss Spectroscopy (EELS) or X-ray Absorp-
tion Spectroscopy (XAS). In addition, a detailed introduction to the
CTM4XAS analysis software of transition metal core level spectra is
given. CTM4XAS stands for Charge Transfer Multiplet program for
X-ray Absorption Spectroscopy. An important aspect that deter-
mines the amount of detail in an EELS or XAS spectrum is the
CTM4XAS program for EELS and XAS spectral shape analysis of
.005

lifetime broadening of the core hole, which is typically 0.2 eV
half-width half-maximum for L3 edges. The experimental resolu-
tion must ideally be equal or better than this lifetime broadening.
Concerning XAS spectra, an important step was made in eighties
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hen the resolution of 0.2 eV was achieved with the develop-
ent of the SX700 and DRAGON monochromators (Chen and Sette,

989). In case of EELS spectrometers, the present day resolution
f EELS measurements varies between 30 meV in high-resolution
ELS (Krivanek et al., 2009) to 1.0 eV or lower at non-dedicated
icroscopes. We assume that the spectral shape of XAS and EELS is

dentical and in the remainder of this paper limit ourselves to the
iscussion of EELS spectra.

.1. Historical background of the charge transfer multiplet model

The two important components of the charge transfer multi-
let model are (1) multiplet effects and (2) charge transfer effects.
he recognition that the X-ray Absorption Spectra of transition
etal and rare earth systems were dominated by atomic effects was

rst made in the sixties for the M4,5 and N4,5 edges of rare earths
Williams, 1966; Fomichev et al., 1967). The first high-resolution
pectra of transition metal systems were performed by Nakai et al.
1974). They assigned part of the spectrum as multiplet structure.
hin et al. (1981) re-assigned the spectra to 3dN → 3p53dN+1 multi-
let structures. The origin of the multiplet theory for L edges can be
raced back to initial developments in Canada (Gupta and Sen, 1974,
975) and Japan (Suga et al., 1982; Shin et al., 1982). Kotani and
oyozawa (1974) developed the charge transfer effects for mixed
alence rare earth systems. Already Asada and Sugano (1976) com-
ined multiplet effects with charge transfer effects. Charge transfer
ffects and multiplet effects were also combined by Zaanen et al.
1985).

Within this background, Theo Thole started developing his mul-
iplet code. In 1985 he calculated all rare earth M4,5 edge with
tomic multiplets. He added the crystal field effects via the group
heory program of Butler (1981) and calculated the L edges of tran-
ition metal systems in 1988, with van der Laan and Butler (Thole
t al., 1988). Systematic studies of the transition metal L edges were
erformed with de Groot et al. (de Groot et al., 1990a,b) and by van
er Laan (van der Laan, 1991; van der Laan and Kirkman, 1992).
he combination of Theo Thole’s crystal field multiplet calculations
ith charge transfer effects and Auger matrix elements was pro-

rammed by Theo Thole and Ogasawara in 1991, initially for mixed
alence rare earth ions (Ogasawara et al., 1991a,b).

We use the charge transfer multiplet model as developed by
heo Thole and with contributions by Ogasawara as the basis
or the CTM4XAS calculations. The actual source codes are the
harge transfer multiplet calculations where some options have
een removed by Ogasawara, where it is noted that the physics of
his program has not been changed since 1991. However, over the
ast 20 years, many improvements and additions have been added
o the charge transfer multiplet program. Some recent develop-

ents are mentioned in the next section, in particular with respect
o ab initio multiplet calculations.

In conclusion, one should use the CTM4XAS calculations as an
nitial tool to simulate the L edges of transition metal systems. The
ymmetry-options are restricted to octahedral and tetragonal and
he magnetic field direction is limited to the z-axis. More complex
henomena such as additional charge transfer channels in high-
alent systems (Hu et al., 1998a,b) or in systems with �-bonding
Hocking et al., 2006, 2007) are not included. All possibilities for

agnetic order are not included and as well as the experiments
uch as angular and spin-resolved photoemission. We hope that
n the future more options can be included and, as a first new
ool we are developing a CTM4RIXS software that calculates the
Please cite this article in press as: Stavitski, E., de Groot, F.M.F., The
transition metal L edges. Micron (2010), doi:10.1016/j.micron.2010.06

wo-dimensional Resonant Inelastic X-ray Scattering (RIXS) planes
ithin the charge transfer multiplet model as described in this
aper. If one would like to perform more complex calculations this

s possible with the range of charge transfer multiplet models that
re available or are being developed.
 PRESS
cron xxx (2010) xxx–xxx

1.2. Physical background of the charge transfer multiplet model

The EELS (and XAS) spectral shape is given by the Fermi golden
rule. The core electron is excited to an empty state, where at the
edge the lowest empty state (allowed by the selection rules) is
reached. As such, one essentially probes the empty density of states
in the presence of the core hole. Calculations to obtain a quantita-
tive picture of the empty states can be performed with DFT based
codes. This includes band structure codes such as PARATEC (Cabaret
et al., 2007; Gaudry et al., 2005), PWSCF (Cabaret et al., 2010; Juhin
et al., 2010), CASTEP (Gao et al., 2008) or WIEN2K (Schwarz et
al., 2002), real space multiple scattering codes such as FDMNES
(Joly, 2003) or FEFF (Rehr and Albers, 2000) and ‘molecular’ DFT
codes such as STOBE (Kolczewski and Hermann, 2005) or ORCA
(George et al., 2008). The ground state effects of orbital polariza-
tion, 3d spin–orbit coupling, the self-interaction correction and the
3d3d correlation energy U are, in general, only partly included in
these codes. The creation of a core hole in an EELS experiment cre-
ates additional core hole induced effects to the electronic structure.
These effects include:

(a) The core hole potential
b) The core hole spin–orbit coupling

(c) The core hole induced charge transfer effects
d) The core hole–valence hole exchange interaction.

(e) The core hole–valence hole multipole interactions.

The core hole effects (a) and (b) can be included in DFT cal-
culations, respectively, by introducing an atom with a core hole
within a supercell calculations and by performing relativistic DFT
calculations. The effects (c), (d) and (e) are usually not (or not com-
pletely) included in DFT based calculations. Because of these core
hole induced effects, transition metal L2,3 edges can not be cal-
culated with one-electron codes. To date no general approach is
available that includes charge transfer and multiplet effects within
ab initio codes, either DFT or wave function based. Closest to a gen-
eralized ab initio approach are the routes that start with a ground
state DFT calculation, project the wave functions (underlying to the
charge density) to a small cluster and subsequently solve the charge
transfer and multiplet final state effects for such cluster. The meth-
ods that are being developed by, for example, Kruger (Kruger and
Natoli, 2004), Uozumi (Agui et al., 2009), Ikeno (Ikeno et al., 2009)
and Haverkort (Haverkort, 2009) roughly follow such procedure.

In contrast to these ab initio routes, the CTM4XAS program is
based on a semi-empirical approach that includes explicitly the
important interactions for the calculation of L edge spectra. This
includes all the effects discussed above, including the core and
valence spin–orbit couplings, the core-valence two-electron inte-
grals (multiplet effects) and the core hole induced charge transfer
effects. Calculations based on the charge transfer multiplet pro-
grams have been performed over the last 20 years and the main
physics behind this approach has been described in a number of
reviews and books (de Groot, 1994, 2001,2005; de Groot and Kotani,
2008).

We have written a new program interface that takes care of
the performance of charge transfer multiplet calculations. This
CTM4XAS program can be downloaded for free (website, 2010).
The CTM4XAS program is limited to transition metal spectra and,
in addition to XAS/EELS, the program is also capable of calculat-
ing the 1s, 2s, 3s, 2p and 3p XPS spectra, 1s2p and 1s3p XES.
An exchange field can be included along the z-direction, yield-
CTM4XAS program for EELS and XAS spectral shape analysis of
.005

ing the corresponding X-MCD spectra for all XAS and XPS spectra
calculated. The CTM programs themselves can also be used for
other XAS and XPS spectra, and also for X-ray emission (XES)
and Auger electron spectroscopy. This includes the experiments
performed at resonance: Resonant XES (or Resonant Inelas-

dx.doi.org/10.1016/j.micron.2010.06.005
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ic X-ray Scattering, RIXS), resonant photoemission and Auger
pectroscopy.

. Using the CTM4XAS program for EELS calculations

Fig. 1 shows the interface window that opens upon starting the
TM4XAS program. From this screen the complete calculation can
e performed. The calculated spectrum can be directly shown on
creen and is also automatically saved with the name provided. By
tarting the CTM4XAS program, a number of screens appear. The
TM4XAS screen shows the credits and authors. The main screen
hat is opened is shown in Fig. 1.

.1. Atomic multiplet calculations

The top part of the screen, shown enlarged in Fig. 2, is used
o generate the atomic parameters and/or to perform atomic

ultiplet calculations. On the top line one has to provide the
lement that has to be calculated, including its formal charge.
Please cite this article in press as: Stavitski, E., de Groot, F.M.F., The
transition metal L edges. Micron (2010), doi:10.1016/j.micron.2010.06

his defines the number of occupied d electrons in the ground
tate. The CTM4XAS program is written for all 3d, 4d and 5d
ransition metal ions, including the 3d0 systems such as K+ and
a2+. Next to the configuration, one has to choose the experi-
ent one would like to calculate. Options include 1s XAS, 2p XAS

ig. 1. The CTM4XAS program is based on a parameter based panel. The panel is
ivided in four sections, respectively, the configuration and the atomic calculations
t the top, the crystal field parameters (middle, left), the charge transfer parameters
middle, right) and the plotting options (bottom). Enlarged sections of the panel are
hown below.
Fig. 2. The atomic multiplet calculation input of the CTM4XAS program.

and 3p XAS, where 2p XAS is considered to be identical to 2p
EELS. In case of 1s XAS, a quadrupole calculation is performed
to simulate the pre-edge structure of K edges. The K edge itself
should be calculated with DFT based computer codes. The XPS
options include the 1s, 2s, 3s, 2p and 3p spectra. XPS is auto-
matically calculated with charge transfer because the XPS spectra
are dominated by this effect, as will be discussed below. The two
lines below give the initial state and final state configuration(s).
If no charge transfer is included only one initial and final state
is given. Further options include the 1s2p and 1s3p XES spec-
tra.

The bottom part of the atomic multiplet section allow the
control of the atomic parameters, respectively, the two-electron
integrals coupling the 3d electrons with each other and coupling
the core state with the valence states and the spin–orbit coupling
of the 2p core state and the 3d valence state. The two-electron
integrals are described with Slater integrals (Cowan, 1981). The
Fdd Slater integrals (F2 and F4) are controlled by the first reduc-
tion factor. A parameter value of 1.0 implies the use of the atomic
values, while a parameter value of 0.0 implies that the Fdd Slater
integrals are set to zero. The atomic parameters are calculated
with the Cowan program within the Hartree–Fock limit. A stan-
dard reduction to 80% of the Hartree–Fock values is assumed to
represent the atomic values, as confirmed by experiment. Inter-
mediate values imply the reduction of the Fdd Slater integral with
the number given. A number can de chosen between 0.0 and 1.5.
The second parameter controls the Fpd Slater integral (F2) that cou-
ples the core and valence electrons. The third parameter controls
the Gpd exchange Slater integrals (G1 and G3). In case of a 1s/2s/3s
core hole in the XPS calculations, only the G1 value is different from
zero.

The spin–orbit parameters work similarly. The core spin–orbit
coupling is, in practice, never screened, so one should always use
the default value of 1.0 for spectral simulations. It can be controlled
only for didactical purposes. By setting the 2p spin–orbit coupling
to zero, the L3 and L2 edge overlap and the, virtual, overall L edge
spectral shape is found. The control over the 3d spin–orbit coupling
is a crucial parameter. Many 3d transition metal systems have an
L edge that is better described with the 3d spin–orbit coupling set
to zero, though this is certainly not a general rule. For example
CrO2 and Fe2SiO4 (de Groot et al., 2005) are better described with-
out 3d spin–orbit coupling, while LaTiO3 and CoO (Haverkort et al.,
2005) are better described with the inclusion of 3d spin–orbit cou-
pling. CoO and CoF2 show temperature dependent effects due to
the 3d spin–orbit coupling. The temperature of the simulation can
be chosen in the plotting. All possible initial states are calculated,
including the spectral shape of all these states. The temperature is
CTM4XAS program for EELS and XAS spectral shape analysis of
.005

included as a Boltzmann distribution over the initial state energy
values. Switching the ‘autoplot’ button on, implies that the plot is
directly shown on screen. If it is not switched on, the calculation
is performed but no result is plotted. Clicking the RUN button start
the charge transfer multiplet calculation.

dx.doi.org/10.1016/j.micron.2010.06.005
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ultiplet calculation where the 3d spin–orbit coupling has been set to zero.
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is added. The inclusion of the exchange field is used to describe the
exchange field in ferromagnetic systems and as such it separates
the magnetic substates. The direct consequence of the exchange
field is the occurrence of a Magnetic Circular Dichroism (MCD)

Table 1
The labels for the configurations in octahedral symmetry (Oh group).

Butler Mulliken Bethe (Koster)
Fig. 3. (Left) Atomic multiplet calculation for Ni2+; (right) atomic m

.2. Example: atomic multiplet calculations of a Ni2+ ion

As example, we provide the atomic multiplet calculation of
Ni2+ ion. A Ni2+ ion has a 3d8 ground state. The atomic cou-

lings imply that the two holes will have the quantum numbers
l = −2 and ml = −1, both for a spin-down hole. This yields as Hunds

ule ground state L = 3 and S = 1, in other words a 4F term symbol.
ecause the shell is more than half-full, after spin–orbit coupling
he ground state has a J value of 4, i.e. a 3F4 term symbol. The dipole
election rule states that the J′ value in the final state must be 3 or
or 5. The final state of 2p XAS has a 2p53d9 configuration, i.e. the

oupling of a single 2p hole with a single 3d hole. All term symbols
f such configuration can be directly found by adding the L and S
uantum numbers of the separate shells, i.e. LTOT = 3 or 2 or 1 and
TOT = 1 or 0. All combinations are possible, yielding 1P, 1D and 1F
tates plus 3P, 3D and 3F states. This yields no possible term symbols
ith J′ = 5, one term with J′ = 4 (3F4) and three terms with J′ = 3 (3F3,

D3 and 1F3). The result is an atomic multiplet spectrum with four
eaks. Fig. 2 shows the result. Switching off the 3d spin–orbit cou-
ling implies that the 3F4 ground state becomes degenerate with
he 3F3 and 3F2 states. The spectral shape is now given by all allowed
ransitions from J = 2 or 3 or 4. This implies that all final state J′ from
to 5 are allowed.

It can be observed in Fig. 3 that the low J′ values that were not
llowed from the 3F4 state, can be found mainly at the L2 edge and
t the high-energy side of the L3 edge. The binding energy of all
dges in the CTM4XAS program has been set to the value as given in
he X-ray Data Booklet (http://xdb.lbl.gov/). The binding energy of
ivalent ions has been set to the metal XPS binding energy. Trivalent

ons have been shifted by 1.5 eV to higher energy and subsequently
ach higher valence has been shifted by another 1.5 eV.

.3. Crystal field multiplet calculations

The crystal field multiplet calculations are controlled in the mid-
le left panel. The top button in Fig. 4 allows the choice of the point
roup symmetry. The symmetries are limited to octahedral (Oh),
etragonal (D4h) and fourfold symmetry (C4). De facto, this implies
hat also tetrahedral symmetry can be calculated for 2p and 3p XAS
s this calculation is equivalent to an Oh calculation with negative
rystal field values. In case of 1s XAS pre-edges there is a large dif-
erence between octahedral and tetrahedral symmetry due to 4p3d

ixing. This can be calculated with the multiplet program, but this
Please cite this article in press as: Stavitski, E., de Groot, F.M.F., The
transition metal L edges. Micron (2010), doi:10.1016/j.micron.2010.06

ption is not included in CTM4XAS. In Oh symmetry, only the value
f the cubic crystal field splitting 10Dq can be provided, as the other
arameters are zero. In octahedral symmetry, 10Dq is defined as the
nergy difference between the T2g states and the Eg states, neglect-
ng all atomic parameters. The default settings assume the same
Fig. 4. The crystal field calculation input of the CTM4XAS program.

values for 10Dq, Ds, Dt and M for the initial state and final state.
One can choose different values if the final state tick mark is turned
on.

The CTM4XAS program uses as input the optical parameters
Dq, Ds and Dt (Lever and Solomon, 1999). The multiplet pro-
gram is making use of a group theory program from Butler to
perform the crystal field multiplet calculations (Butler, 1981). In
the Butler program, another set of parameters are used, with
in D4h symmetry, respectively, the X40, X42 and X22 parameters,
which are linear combinations of Dq, Ds and Dt. Ds = −X22/

√
70

and Dt = −2X42/5
√

42. The value of Dq is given as a combination of
X40 and X42: Dq = X40/6

√
30 − 7X42/30

√
42. The output of the crystal

field multiplet program is given in the ora file. The symmetry states
are indicated in Butler’s notation and Table 1 gives the relation to
the more familiar Mulliken (A1, T1, etc.) and Bethe (� 1, � 2, etc.)
notations. If the C4 symmetry option is selected an exchange field
CTM4XAS program for EELS and XAS spectral shape analysis of
.005

0 A1 � 1

0̂ A2 � 2

2 E � 3

1 T1 � 4

1̂ T2 � 5

dx.doi.org/10.1016/j.micron.2010.06.005
http://xdb.lbl.gov/
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Fig. 5. Crystal field multiplet calculation for (left) Ni2+ with a 10Dq value of

ignal, defined as the difference in XAS by left, respectively, right-
olarized X-rays. Without the inclusion of an exchange field, the
-MCD signal is always zero.

.4. The crystal field multiplet spectrum of a Ni2+ ion

The atomic multiplet calculation of a Ni2+ ion can be extended
y adding a non-zero 10Dq value. The inclusion of a cubic crystal
eld splits the 3F ground state into its 3A2, 3T1 and 3T2 crystal field
omponents. The crystal field effect splits a 3d state into a T2 and E
ymmetry state. Acting on a 3d8 configuration, the octahedral crys-
al field splits the 3F ground state into the crystal field components
f an f-electron. An octahedral symmetry 3d8 configuration has its
2g shell filled and its eg shall half-filled, yielding a 3A2 ground state
or all (positive) crystal field values. All crystal field calculations
re performed in double group symmetry because of the large core
ole spin–orbit coupling in the final state. A 3A2 ground state has
5 double group symmetry, where we follow the rule that double

roup symmetries are indicated with Bethe notation; � 5 identifies
ith T2 in Mulliken notation. Because this is a single state, the 3d

pin–orbit coupling has no effect on the ground state. The 2p53d9

nal state of the 2p XAS experiment has 25 possible states in Oh
ymmetry, 23 of which are allowed by the dipole selection rule. As
uch, one expects a crystal field multiplet spectrum containing 23
eaks, as shown in Fig. 5.
Please cite this article in press as: Stavitski, E., de Groot, F.M.F., The
transition metal L edges. Micron (2010), doi:10.1016/j.micron.2010.06

Using a 10Dq value of 1.0 eV approximately yields the NiO spec-
rum, as can be seen in Fig. 5. Ni2+ in octahedral symmetry is always
igh-spin, but changing to D4h symmetry and using parameters
epresentative of a square planar symmetry, one finds a low-spin
round state, as is found experimentally in K2Ni-dithio-oxalate

Fig. 6. Crystal field multiplet calculation for (left) Ni2+ with a 10Dq value of 1.4 eV a
; (right) Ni2+ with a 10Dq value of 5.0 eV and values of 0.8 eV for Ds and Dt.

(van der Laan et al., 1988). The square planar (D4h) symmetry shifts
the x2 − y2 orbital to high-energy, yielding a ground state with two
holes in the x2 − y2 orbital and all other orbitals double occupied.
Adding an exchange field of 10 meV combined with a cubic crystal
field of 1.4 eV reproduces the 2p EELS/XAS and its X-MCD spec-
trum of the molecular magnet Cs[NiCr(CN)6] (Arrio et al., 1996).
Fig. 6 shows the 2p XAS spectrum and the difference between left
and right circular polarized X-rays.

2.5. Charge transfer multiplet calculations

Charge transfer multiplet calculations are controlled in the mid-
dle right panel. With the charge transfer tick mark, one activates the
charge transfer parameters. The physics behind these parameters is
the charge transfer effect as initially developed for photoemission
experiments (de Groot and Kotani, 2008). The left column gives the
charge transfer energy �, i.e. the energy between the 3d8 and 3d9L
configuration for a Ni2+ ion. The Udd parameter defines the Hubbard
U value and the Upd parameter the core hole potential. In case of
a two-configuration charge transfer multiplet calculation for XAS,
Udd has no direct influence and only the energy difference Upd − Udd
is important. In case of XPS calculations, Udd has a direct influence
on the spectrum. XPS calculations are always performed with the
charge transfer effect switched on. The right column of parame-
ters define the hopping terms that are defined for the four different
CTM4XAS program for EELS and XAS spectral shape analysis of
.005

symmetries in D4h symmetry, respectively B1, A1, B2 and E symme-
try, related to, respectively, the x2 − y2, z2, xy and xz/yz orbitals. In
Oh symmetry the B1 and A1 parameters must be equal and relate
to E symmetry; the B2 and E parameters also are equal and relate
to T2 symmetry. In octahedral transition metal oxides the hopping

nd an exchange field of 10 meV; (right) the corresponding X-MCD spectrum.

dx.doi.org/10.1016/j.micron.2010.06.005
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Fig. 7. The charge transfer calculation input of the CTM4XAS program.

arameter values are approximately given by the values 2.0, 2.0,
.0 and 1.0. These values constitute the default values as provided
y the program (Fig. 7).

.6. The charge transfer multiplet spectrum for a Ni2+ ion and a
u3+ ion

We here discuss the charge transfer multiplet spectrum for a
i2+ and a Cu3+ ion, both consisting of a ground state given as a

inear combination of 3d8 and 3d9L. The NiO 2p EELS spectrum
ontains a few peaks at energies in between the L3 and L2 edge.
he inclusion of the charge transfer excitation can reproduce these
eaks and, in addition provide an improved fit of the main L3 edge.
owever, the 2p EELS spectra of divalent transition metal ions are
lready well described without charge transfer. Charge transfer
ffects are crucial for the calculation of the XPS spectra as will be
iscussed in Section 3. Fig. 8 (left) shows the charge transfer mul-
iplet spectrum of NiO with the charge transfer energy � equal to
eV, Udd = 6 and Upd = 8. The default hopping parameters are used.
ne observes a spectrum similar to the crystal field multiplet cal-
ulation as was shown in Fig. 5, with as additional feature a small
harge transfer satellite at 860 eV. Because the hopping is differ-
nt for T2g and Eg states, this contributes an additional crystal field
plitting. To correct for this effect, the ionic crystal field parameter
Please cite this article in press as: Stavitski, E., de Groot, F.M.F., The
transition metal L edges. Micron (2010), doi:10.1016/j.micron.2010.06

0Dq is reduced by 0.3 eV.
Charge transfer effects are for some systems very clearly

bserved in their 2p EELS spectra. This is in particular the case for
ransition metal ions with a valence of three or four. A divalent
ransition metal ion has only lost its 4s electrons, but increasing

Fig. 8. Charge transfer multiplet calculation for (left) Ni2+ with the parameters set t
Fig. 9. The input of the plotting options for CTM4XAS.

the valence to trivalent implies that a 3d electron is lost. This effect
is compensated by short bond lengths hence by strong charge trans-
fer effects. In case of Cu3+ the charge transfer is between 3d8 and
3d9L configurations. In fact, for Cu3+ the charge transfer parameter
is slightly negative implying that the 3d9L configuration has the
lowest energy. The formal valence is still 3+ because the spin state
of the transition metal ion can best be described with S = 1 or S = 0
for, respectively, high-spin and low-spin Cu3+ systems.

Fig. 8 shows the simulation of a Cu3+ ion with � equal to −1.3 eV,
Udd = 6 and Upd = 8, using the default hopping terms (T) and a 10Dq
value of 1.0 eV. One can observe a single leading peak at the L3
edge that relates mainly to the 2p53d10L final state. At higher
energy a multiplet structure is observed that is mainly due to the
2p53d9 final states. The experimental spectrum of the high-spin
Cu3+ systemCsKCuF6 is very similar to this calculated spectrum (Hu
et al., 1998a,b).

2.7. The plotting option in CTM4XAS

Fig. 9 gives the bottom of the CTM4XAS interface. This part
only takes care of the plotting options. The files that are calcu-
lated appear in the main plotting box. Files can be added to this
list with the button or removed with the button. All files that
are indicated in the box are plotted. This implies that if edges of
different elements are indicated, the energy range contains both
edges. The provided plots are only intended as an initial guide to
the spectral shape. Each calculation has its output given as a X-file
containing the spectral shape of the three polarization directions.
CTM4XAS program for EELS and XAS spectral shape analysis of
.005

The XAS/EELS spectrum can be plotted, or alternatively the MCD or
MLD spectrum. Plotting the MCD spectrum implies the plot of the
right-polarized X-rays minus the left-polarized X-rays. The MLD
plots the left + right-2z-polarized spectrum. Alternatively one can
manipulate the polarized spectra using the output file that con-

o NiO; (right) Cu3+ with � = −1.3 eV and all parameters equal to the NiO case.

dx.doi.org/10.1016/j.micron.2010.06.005
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ig. 10. Charge transfer multiplet for (left) the 2p XPS spectrum of Ni2+ with a 10D

ains the three polarizations independently. As default, a single
orentzian broadening of 0.2 eV half-width half-maximum is used.
ne can modify this number and also split the spectrum into two
arts, for example the L3 and L2 part, and broaden each part inde-
endently, using the split button and giving the energy in eV. The
efault value for the Gaussian broadening is also set to 0.2 eV half-
idth half-maximum. The default energy range is from the lowest

nergy till the highest energy. In case of large core hole spin–orbit
plitting, one would prefer to have a more limited energy range,
hich can be set with the ‘Force energy range’ button, where the

owest and highest energy should be provided. The temperature
an be added in Kelvin, if appropriate for the experiment. The sticks
an be suppressed in the plot with the ‘Suppress sticks’ tick mark.
Please cite this article in press as: Stavitski, E., de Groot, F.M.F., The
transition metal L edges. Micron (2010), doi:10.1016/j.micron.2010.06

hese plotting options yield the most common spectra. If more
omplex spectra are required, one has to use the output files of the
alculation and provide another program to plot the spectra. For
xample, plots as a function of temperature or for excited states
an be plotted in this manner.

ig. 11. Charge transfer multiplet calculations for Ni2+ using the NiO parameters; (top, le
e of 1.4 eV; (right) the ordering of states for 2p XPS, respectively, 2p XAS/EELS.

3. Calculating XPS spectra with the CTM4XAS program

The calculation of a 2p XPS spectrum is analogous to 2p
XAS/EELS. One chooses the 2p XPS tab from the list and for the rest
all parameters can remain the same. If one chooses XPS, the charge
transfer tick mark is switched on automatically. We have chosen
for charge transfer as a default option as it makes no physical sense
to calculate an XPS spectrum without charge transfer. If one really
would like to calculate an XPS spectrum without charge transfer,
for example, for didactical purposes, one can set all hopping terms
to zero, thereby decoupling the two configurations 3d8 and 3d9L.
Then by setting a positive or negative charge transfer energy � one
can create a pure 3d8, respectively 3d9L ground state and calculate
CTM4XAS program for EELS and XAS spectral shape analysis of
.005

its spectral shape.
Fig. 10 shows the 2p XPS spectrum of NiO, using exactly the

same parameters as used for the 2p XAS/EELS spectrum in Fig. 5.
The main difference between 2p XAS/EELS and 2p XPS is the large
charge transfer effect in the latter. The final state of 2p XPS contains

ft) 1s XPS; (top, right) 2s XPS; (bottom, left) 3s XPS and (bottom, right) 3p XPS.

dx.doi.org/10.1016/j.micron.2010.06.005
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he configurations 2p53d8εs,d + 2p53d9Lεs,d. The excited electron is
ssumed to be a free electron with s or d character (εs,d). The energy
f the 2p53d9Lεs,d configuration is shifted down due to the core
ole potential Ucd, modifying the energy difference between the
wo configurations from � in the initial state to � − Ucd in the final
tate. In case of NiO, the energy changes from +3.0 eV to −5.0 eV.
his reordering of states implies that the final states at the lowest
nergy are dominated by 2p53d9Lεs,d character. Fig. 10 (right) gives
he energy positions of the 3d8 + 3d9L initial state and its transition
n 2p XPS, respectively, 2p XAS/EELS.

A more detailed analysis of the 2p XPS spectrum is possible
ith the inclusion of more than two configurations. This option

s not included in the CTM4XAS interface, because the calculations
ould require considerable computer power. Charge transfer cal-

ulations with more than two configurations must be performed
ith dedicated multiplet programs. In case of XAS/EELS one can

lways neglect this third configuration (as far as the spectral shape
s concerned) because its energy above the lowest energy state is
igh in both the initial and final state.

Once the charge transfer parameters are chosen one can calcu-
ate the complete set of XPS and XAS/EELS spectra. Provided that
he two configuration calculation gives a good simulation of the
PS spectra, one can use the spectral shapes off all XAS/EELS and
PS spectra to optimize the charge transfer and crystal field param-
ters. The same set of ground state parameters should be able to
imulate all XAS/EELS and XPS spectra. Fig. 11 gives the set of 3p,
s, 2s and 3s XPS for NiO, using the same parameters as used for
p XAS/EELS and 2p XPS as given above. The 1s XPS spectrum is
nly affected by charge transfer effects. The 2s XPS and 3s XPS are
ssentially determined by a combination of charge transfer and the
s3d, respectively, 3s3d exchange interaction. The 3p XPS spec-
rum is in addition affected by the 3p3d multiplet effects and the
p spin–orbit coupling. The CTM4XAS calculations use essentially
he same approach as was used in the papers from Okada, Kotani
nd Thole in the early nineties (Okada and Kotani, 1992a,b; Okada
t al., 1992).

. Concluding remarks

We have discussed the CTM4XAS program, which is intended to
e used as an initial tool to calculate the L edge spectra of transition
etal systems as well as their XPS and XES spectra. If detailed the-

retical simulation is needed, it is strongly suggested to perform
dditional multiplet calculations, for example using one of the ab
nitio multiplet calculations that are being developed.

We have limited the calculations to the transition metals. Only
wo configurations, 3dn and 3dn+1L, can be included. This is usu-
lly sufficient for the XAS/EELS spectra of most systems. Molecular
ystems that have strong metal–ligand charge transfer need an
dditional configuration 3dn−1L (Hocking et al., 2006, 2007). These
-configuration calculations cannot be treated by the interface, but
hey can be performed by the underlying multiplet programs.

Future developments will include the calculation of Auger spec-
ra as well as the calculation of resonant spectra, including resonant
hotoemission, resonant Auger and resonant X-ray emission. For
hese experiments new interface programs will be developed. It
s possible to register for the use of the CTM4XAS program on our

ebsite (website, 2010). Registration implies that all new programs
nd major developments will be provided via email.
Please cite this article in press as: Stavitski, E., de Groot, F.M.F., The
transition metal L edges. Micron (2010), doi:10.1016/j.micron.2010.06
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