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Abstract: Absorption spectra of two orthogonal linearly polarized X-rays in a single CeCoGe3 crystal
were measured at the ID12 beamline of the ESRF for the energies near the K-edges of Ge, Co and near
the L23 edges of Ce. The X-ray natural linear dichroism (XNLD) was revealed in the vicinity of all the
absorption edges, which indicates a splitting of electronic states in a crystalline field. Mathematical
modelling in comparison with experimental data allowed the isotropic and anisotropic parts of
atomic absorption cross section in CeCoGe3 to be determined near all measured absorption edges.
The calculations also show that the “average” anisotropy of the cross section close to the Ge K-edge
revealed in the experiment is less than the partial anisotropic contributions corresponding to Ge
atoms in two different Wyckoff positions.

Keywords: X-ray absorption; X-ray linear dichroism; anisotropy of X-ray susceptibility

1. Introduction

The element-specific and polarization-dependent absorption of X-rays XAS (X-ray Ab-
sorption Spectroscopy) is a spectroscopy technique which is used to extract the geometrical
information, as well as electronic and magnetic structure of matter [1,2]. A pronounced
anisotropy of XAS and anomalous dispersion in anisotropic media with respect to the
polarization of the incident photons can appear in the XANES (X-ray absorption Near Edge
Structure) region at the energies of radiation close (about 50 eV) to absorption edges which
reflect the ionisation threshold of the different core orbitals [3,4]. The anisotropies in the
charges or spins distribution in the material manifests itself in dichroism of XAS, i.e., lead to
a difference between the absorption spectra corresponding to two orthogonal polarizations
of incident radiation. Circular and linear dichroism are well known phenomena in the visi-
ble optics, but in X-ray optics polarization phenomena began to be actively studied with the
advent of synchrotron sources. The first studies of polarization effects in X-ray optics were
carried out at the beginning of the 20th century, but the experimental studies were rather
restricted because the radiation of X-ray tubes was not polarized [5–8]. Synchrotron sources
give bright and polarized radiation in X-ray range, which led to the rapid development of
methods based on the study of various types of X-ray dichroism [9–12]. XMCD (X-ray Mag-
netic Circular Dichroism) [13–17] and XMLD (X-ray Magnetic Linear Dichroism) [18,19]
are actively used to study magnetic properties of substances. Conjunction of XMCD or
XMLD with scanning or imaging electron microscopy gives capabilities for the study of
complex magnetic materials such as imaging domains and domain walls in magnetic [20]
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and magnetoelectric [21] materials, investigating surface and interface effects [22–24]. Re-
cently, it is accompanied by experiments with time resolution allowing the magnetization
dynamics to be studied [25,26]. In nonmagnetic media, XNCD (X-ray Natural Circular
Dichroism) [27–29] or XNRLD (X-ray nonreciprocal Linear Dichroism) [30–33] occurs only
for E1E2 transitions in the presence of mixed p-d electronic states in crystals without
inversion center. XNLD (X-ray Natural Linear Dichroism) in nonmagnetic anisotropic
media may be produced by all kinds of multipole transitions [34–36]. Moreover, in crystals
with low symmetry trichroism may appear, which means that three different absorption
spectra correspond to three orthogonal linear polarizations [36]. In conjunction with PEEM
(Photoemmision Electron Microscopy) XNLD also used for the imaging of microcrystallite
orientations in various materials and biominerals or ferroelectric domains [37–39]. In [40]
polarization-dependent imaging contrast (PIC) maps enable visualization of the nano- to
microscale structure of apatite crystals in teeth and bone. However, a study of XNLD in
single crystals remains actual, because it allows to study the electronic properties. The
detailed study of the polarized X-ray absorption spectra features in polymorphic mod-
ifications of TiO2 anatase and rutile [41–44] accompanied by the FDM calculations has
allowed the electronic structure, multipole transitions and effect of oxygen vacancies to be
considered in detail.

In the present paper, we study XNLD in a CeCoGe3 single crystal with tetragonal 4 mm
symmetry. This substance has very interesting low-temperature magnetic properties, and at
T = 0.69 K and pressure 6.5 GPa it becomes a superconductor [45,46]. It is a representative
of a big family of cerium based heavy-fermion compounds [47]. For our studies, we
use XNLD as an instrument sensitive to the details of electronic structure. In tetragonal
crystals, XNLD has to be observed in the absorption spectra with polarization of incident
radiation parallel and perpendicular to the fourth-order axis. The existence of XNLD is
a consequence of splitting of electronic states in a crystal field. In non-magnetic crystals,
the absorption coefficient has the properties of a tensor, which is characterized by a set of
nonzero coefficients corresponding to the point symmetry of the crystal. The interaction of
X-ray radiation with each scattering atom is also anisotropic, and the point symmetry group
of the individual Wyckoff position of the resonant atoms may differ from the point group of
the crystal. However, after averaging over all scattering centers, the absorption coefficient
of the unit cell and the entire crystal has a symmetry of the point group of the crystal.
Therefore, if the resonant atoms occupy two or more nonequivalent Wyckoff positions in
a unit cell, then the measured absorption spectrum is a sum of partial spectra that can
only be distinguished by numerical simulation [48,49]. Partial contributions to the X-ray
atomic factor can be experimentally separated only in the diffraction geometry [50]. In the
presence of multipole transitions higher that the dipole the X-ray absorption coefficient has
an angular dependence [36], which is usually most obvious in the pre-edge [44].

Because the measurements of the absorption coefficient require using of thin samples,
which is not always possible, the secondary radiation spectra usually are measured, for
example, the fluorescence spectrum. The spectral dependence of fluorescence often not
completely coincides with the absorption spectrum; therefore, it needs to be corrected
taking into account self-absorption effect when processing the results. A detailed discussion
of the question how the spectra of secondary radiation are related to the absorption
spectrum is given in [51]. Extracting absorption spectra from fluorescence spectra methods
are given, for example, in [52–54].

The uniqueness of the CeCoGe3 crystal is that the measurements can be performed
at the absorption edges of all elements at the same beamline, since their energies are
close. Measuring of the linear dichroism at each absorption edge allows to extract small
anisotropic correction to the absorption cross section corresponding to each atom, which is a
unique property of a substance depending on the electronic levels splitting. This correction
is associated with the imaginary part of resonant contribution to the atomic factor, giving
the possibility to calculate the real part via the Kramers–Kronig relation. However, close
to the Ge K-edge the absorption spectra are the sum of the partial spectra corresponding
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to atoms in two nonequivalent Wyckoff position. So, the numerical simulation will be
made to separate the anisotropic corrections to the absorption cross section of Ge atoms in
different sites.

2. Materials and Methods

CeCoGe3 is a member of a series of CeTX3 compounds (T = transition metal, X = Si or
Ge), which crystallize in a noncentrosymmetric tetragonal structure of the BaNiSn3 type
(the space group I 4 mm, No. 107), Figure 1. The unit cell parameters are a = b = 4.32042 Å,
c = 9.83484 Å [55]. Atoms of cerium, cobalt and part of the germanium atoms occupy
Wyckoff positions 2 (a) with 4 mm site symmetry: Co (0; 0; 0.666 (7)), Ce (0; 0; 0), Ge1 (0; 0;
0.4382 (6)), part of the germanium atoms is in the Wyckoff position 4 (b): Ge2 (0; 0.5; 0.7578
(5)) with the 2 mm symmetry [56] (Figure 1).

Figure 1. CeCoGe3 crystal structure and coordination polyhedra surrounding atoms.

The cross section describing absorption of X-ray radiation is written elsewhere [36,57–63]
and has the following form [36]:

σ(}ω) = 4π2α}ω

∣∣∣∣∣∑c
〈 f |ô| g〉

∣∣∣∣∣
2

δ
(

E f − Eg − }ω
)

, (1)

where a is the initial state of the system with energy Ea, c is the final state with the energy
Ec, ô is a transition operator describing the interaction of a medium with electromagnetic
wave with the frequency ω, ρ(Ec) is a density of final states. Taking into account only
the dipole and quadrupole multipole transitions between the electronic states, in can be
written as following [36]:

σ(}ω) = 4π2α}ω

∣∣∣∣∣∑c
( 〈 f |e× r|g +

1
4

f |e× rk× r| g〉
∣∣∣∣∣
2

δ
(

E f − Eg − }ω
)

, (2)

where k is a wave vector of the electromagnetic wave with polarization e. It is also possible
to use the optical theorem [57] to calculate the absorption coefficient:

σ(}ω) = 4π/k f ′′ (0), (3)
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where f ′′(0) is the imaginary part of the forward scattering amplitude. f ′′ can be calculated
as follows [60]:

f ′′ = − e2

c2 Im ∑
c

(Ec − Ea)
3

}3ω

(
〈g |ô| f 〉 〈 f |ô| g〉

Ea − Ec + }ω− iΓ/2

)
, (4)

where Γ(E) is the width of the excited state associated with it’s lifetime τ: Γ~τ−1. This
approach is used in the FDMNES code [61–64] and further is applied to calculate the
X-ray absorption coefficients in the vicinity of absorption edges of cerium, cobalt, and
germanium.

In the case of tetragonal symmetry 4 mm and dipole E1 transition, the absorption
cross section is determined by two independent coefficients. This is the case of dichroism
in the absorption spectra:

σD(e) = σD(0, 0)− 1√
2

(
3 cos2θ − 1

)
σD(2, 0), (5)

where θ is the angle between the four-fold axis and the polarization vector σD(0,0) describes
the isotropic part of the cross sections, σD(2,0) describes its anisotropic part.

In the case of lower symmetry, there are from three to six independent coefficients. For
the simplest case realized for 2 mm symmetry, the angular dependence of the absorption
cross section is determined by three coefficients σD(0,0), σD(2,0) and σDr(0,0) (trichoism):

σD(e) = σD(0, 0)− 1√
2

(
3 cos2θ − 1

)
σD(2, 0)−

√
3 sin2θ cos2φσDr(2, 2), (6)

where φ is an azimuthal angle describing the direction of the polarization vector in the
crystal axis. In the case of a quadrupole transition and 4 mm symmetry, the absorption
cross section is described by four independent coefficients. Corresponding expression of
the angular and azimuthal dependence of the absorption cross section is given in [37].
To determine all coefficients describing the different tensor coefficients it is necessary to
measure the absorption with different polarizations and its angular and azimuthal depen-
dences. For the purely dipole transition and tetragonal crystal symmetry the absorption
cross section depends only on the angle θ in accordance with Equation (5), but there is no
dependence on azimuthal angle φ, describing rotation around the four-fold axis. It is just
the case of CeCoGe3, confirmed by further calculations.

The data obtained in the experiment allow us to determine the isotropic and anisotropic
parts of the X-ray absorption cross sections near all absorption edges of three chemical
elements: Ge, Co, Ce in CeCoGe3. Using Equation (5), which is valid for the E1 transition
in the 4 mm symmetry group, we can divide the absorption cross section into isotropic and
anisotropic parts. If we choose one linear polarization along the four-fold axis z (θ = 0◦)
and another in the perpendicular plane (θ = 90◦), then two independent coefficients can be
determined as:

σD(0, 0) =
1
3
(σz + 2σx), (7)

σD(2, 0) =

√
2

3
(σx − σz), (8)

where σz is a cross-section corresponding to the polarization vector along c-axis, σx corre-
sponds to the polarization vectors in the ab plane.

However, four Ge atoms occupy the position with 2 mm symmetry and absorption by
each atom is described by three coefficients:

σD ′(0, 0) =
1
3

(
σ′z + σ′x + σ′y

)
, (9)
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σD ′(2, 0) =
1

3
√

2

(
σ′x + σ′y − 2σ′z

)
, (10)

σDr ′(2, 2) =
1

3
√

2

(
σ′x − σ′y

)
, (11)

where σ’x, σ’y, σ’z are the partial absorption cross sections corresponding to one of the Ge
atoms in 4(b) position. However, the averaging over all atoms in 4(b) position gives σDr(4b)
= 0, hence it is not possible to determine this coefficient from the absorption measurement,
but can be calculated numerically.

Further on anisotropic and isotropic parts of absorption cross section close to K-
edge of Ge and Co and L23 edges of Ce are calculated using the experimental results and
compared with the results of the ab initio calculations with the full potential finite difference
method (FDM) as implemented in the FDMNES package [61–64]. The Hedin–Lundqvist
exchange-correlation potential is used by default. However, some variable parameters are
necessary for modeling. They are usually determined from the best coincidence between
the calculated and the experimental results. In this work, we vary the following parameters:
the size of the region in which a photoelectron wave coming out of a resonant atom is
scattered by neighboring atoms (a cluster surrounding a resonant atom), the total width of
the excited electron-hole state and the Fermi level. The size of the cluster was chosen so that
with its further increase, the calculated absorption spectra did not change. This suggests
that atoms outside this region have little effect on the absorption. To model the energy
dependence of the total width of the excited state FDMNES program proposes various
options, one of them simulates a smooth growth of Γ(E) in the form of arctangence. In our
calculations the variable parameters are determined from the best agreement between the
simulated and experimental spectra using the least squares method.

3. Results

The experimental data were obtained at the third-generation synchrotron ESRF (Greno-
ble, France), beamline ID12. A high quality CeCoGe3 single crystal was grown, cut in
appropriate manner and polished. It has a form of a plate with large side (4 mm) parallel
to (001) plane and narrow side (1 mm) parallel to (100) plane. The beam fell on the surface
(001) of the sample at an angle of 45◦.

Fluorescence spectra were measured near the L2 (6164.0 eV) and L3 (5723.0 eV) cerium
absorption edges, as well as the K-absorption edges of Ge (11,113.8 eV) and Co (7709.0 eV).
In one measurement the polarization vector lies in the vertical plane, in another experiment
the polarization vector lies in the horizontal plane. The experimental design is shown in
Figure 2. σver and σhor are the X-ray absorption cross sections in two measurements. A
difference of the coefficients σver and σhor indicates the presence of linear X-ray dichro-
ism for all absorption edges. Preliminary calculations have shown that the quadrupole
contribution to the absorption cross sections is insignificant; therefore, a significant az-
imuthal dependence of the absorption cross section during crystal rotation around the
[001] direction was not expected.

3.1. Anisotropy of the Absorption Cross Section of CeCoGe3 at the Energies Near the K-Edge of Ge

Applying Equation (5) to describe the scattering cross section in two experiments,
it is necessary to set θ = 90◦ for the horizontal orientation of the polarization vector and
θ = 45◦ for the polarization vector in the vertical plane. Hence, the isotropic and anisotropic
contributions to the absorption cross section can be calculated as follows:

σD(0, 0) =
1
3
(σhor + 2σver), (12)

σD(2, 0) =
2
√

2
3

(σhor − σver). (13)
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Equations (12) and (13) are used to separate anisotropic from isotropic part of the
atomic absorption cross section of Ce, Co and Ge from the experimental data. However, in
this experimental setup, fluorescence spectra can differ from the absorption spectra because
of the self-absorption effect.

Figure 2. Illustration of the directions of polarization vectors relative to the crystal axes in an
experiment to measure X-ray linear dichroism in a crystal CeCoGe3.

The correspondence between the absorption and fluorescence spectra in different
experimental geometries was discussed in detail in the scientific literature [51–54]. Since in
the present study the incident beam was not normal to the crystal surface it was necessary
to take into account the effect of self-absorption. In order to obtain the absorption cross
section from the experimental fluorescence spectrum we used the method described in [53].
It is applicable if the sample has a flat surface, and its thickness is bigger than the radiation
penetration depth. Some necessary data was taken from the tables [65]. Calculations have
shown strong effect of self-absorption close to K-edge of Ge in CeCoGe3, but not so strong
close to K-edge of Co and L23 edges of Ce. This may be explained by the hardest energy of
Ge K-edge and the largest penetration depth.

Figure 3 shows the experimental fluorescence spectrum close to the Ge K-edge, as
well as the spectrum obtained after taking into account the self-absorption effect and the
absorption spectrum calculated using the FDMNES code. Only the absorption coefficient
due to excitation of the 1s atomic level was calculated. Additionally, Figure 3 shows
the spectra of linear dichroism as the difference between the absorption cross sections of
two orthogonal polarizations σhor-σver. The FDM model of the FDMNES code with the
radius of a cluster 8.4 Å (161 atom) was used for the calculations. The dependence Γ(E) is
shown in the insertion to Figure 3. Calculations show that quadrupole contribution to the
absorption cross section is negligible, and the spectrum corresponds to almost purely the
dipole resonant transition. All calculated spectra given in the article are given in absolute
units–Megabarns and can be used for further studies.

Since Ge atoms occupy two different Wyckoff positions, we also calculated the absorp-
tion cross sections and linear dichroism for Ge atoms in the crystallographic positions 2(a)
and 4(b) separately. They are shown in Figure 4a,b.

It can be seen in Figure 4a,b that Ge atoms in 4(b) Wyckoff position give bigger
contribution to the absorption cross section and linear X-ray dichroism than Ge atoms in
the position 2(a), but this is only because their number is greater. Dividing the coefficients
by the number of atoms, we obtain the quantities characterizing atomic absorption cross
section. However, at the atomic level, trichoism corresponds to the site symmetry of the
4(b) position of Ge [36]. Its coefficients cannot be obtained directly from the experimental
data, because in (5) we must take the angles ϕ and ϕ + π/2 for two crystallographically
equivalent Ge atoms, hence becomes zero after summing over a unit cell. However, on
atomic level the absorption cross sections σ’x and σ’y of an individual Ge atom in position
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4(b) are different. In accordance with Equation (1) the absorption cross section depends
on the density of final electronic states. Since the linear dichroism arises as a result of the
splitting of the electronic levels in a crystal field, and absorption at the K-edge corresponds
to transitions from 1s to np-electronic states, we can conclude that the px and py states of
Ge atoms in position 2(a) are degenerated, and in position 4(b) this degeneracy is lifted.

Crystals 2021, 11, x FOR PEER REVIEW 7 of 16 
 

 

transitions from 1s to np-electronic states, we can conclude that the px and py states of Ge 

atoms in position 2(a) are degenerated, and in position 4(b) this degeneracy is lifted. 

 

Figure 3. Black dots are the experimental fluorescence spectrum If(E) due to excitation of the 1s Ge 

level, blue dots are the absorption spectrum obtained after correction to the self-absorption effect 

and the linear dichroism spectrum. Red lines are the resonance part. The inset shows the depend-

ence of the full width of the electron–hole statе Г(E) on energy used in the calculations. Eedge = 

11,113.8 eV. 

-20 0 20 40 60

-0.1

0.0

0.1

0.2

0 20 40 60 80 100
0

5

10

15

Energy-E
edge

 (eV)

A
b

so
rp

ti
o

n
 a

t 
th

e 
 G

e 
K

-e
d

g
e 

(М
b

ar
n

)
 

 

  (E), calc.

 (
ver

- 
hor

)*10, calc.

  I
f
(E), exp.

  (E), exp.

 (
ver

- 
hor

)*10, exp.

 

 


, 
eV

Energy-E
edge

 (eV)

Figure 3. Black dots are the experimental fluorescence spectrum If(E) due to excitation of the 1s Ge
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the linear dichroism spectrum. Red lines are the resonance part. The inset shows the dependence of
the full width of the electron–hole statеГ(E) on energy used in the calculations. Eedge = 11,113.8 eV.

Figure 5 shows the coefficients σD(0,0), σD(2,0), corresponding to the isotropic and
anisotropic parts of the atomic absorption cross section of Ge atoms in position 2(a), as
well as the coefficients σD(0,0), σD(2,0) and σDr(2,0), which characterize the absorption by
Ge atoms of position 4(b) per one atom. It can be seen in Figure 5a that, despite the fact
that the metal bond is considered to be non-directional, interaction with the crystal field
has a significant effect on electronic states and leads to anisotropy of the X-ray radiation
absorption of by Ge atoms. It also follows from the spectral shape of the spectra in
Figure 5a, that the anisotropic contributions corresponding to two Wyckoff positions of Ge
have opposite signs at almost all photon energies. This means that the energy of the pz
orbital of one Ge position is higher than the px,y orbitals and vice versa for another position,
which is apparently due to the peculiarities of the coordination polyhedra. Additionally,
it means that the “average” anisotropy of absorption revealed in the experiment is less
than the anisotropy corresponding to Ge atoms in the individual positions at almost all
energies of photons. This is confirmed by the calculations of DOS (Density of States)
corresponding to two Wyckoff positions of Ge. FDMNES is a multi-optional code allowing
many kinds of parameters to be modified. In the present calculations we have used the
default options such as Hartree–Fock–Dirac procedure, Hedin, Lundqvist and Von Barth
exchange-correlation potential, etc. In the electronic state density, only harmonics projected
on the central atom are taken into account.

Figure 5b shows the difference between the DOS of the pz (n(pz)) and px,y (n(px,y))
orbitals. For the 2(a) Ge sites n(px) = n(py), but for the 4(b) site n(px) 6= n(py). However, we
average DOS of the in-plane orbitals for the 4(b) sites of Ge, because its difference cannot
be determined from the study of the absorption cross section.
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Figure 4. (a) Calculated X-ray absorption spectra of Ge atoms in positions 2(a) (blue line), 4(b) (red line) and their sum (black
line); (b) Linear dichroism spectra corresponding to two nonequivalent Wyckoff positions of Ge atoms. Blue line-linear
dichroism corresponding to Ge atoms at position 2(a), red line-Ge at position 4(b), black line-their sum. Eedge = 11,113.8 eV.

Figure 5. (a) Energy dependence of the coefficients describing the isotropic and anisotropic parts of the absorption
coefficients of Ge atoms in two Wyckoff positions (calculated). (b) Difference between the pz and px DOS for the 2(a)
position of Ge and pz and in-plane p DOS for the 4(b) position of Ge. Eedge = 11,113.8 eV.
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3.2. Anisotropy of the Absorption Cross Section of CeCoGe3 at Energies Near the K-Edge of Co

The site symmetry of Co atoms in CeCoGe3 unit cell is 4 mm. Four nearest germanium
atoms form a square with a Co-Ge distance of 2.235 Å, the fifth Co atom lies on the z-axis
at a distance of 2.273 Å. The absorption cross section near the K edge of Co is characterized
by two independent parameters, which can be calculated using experimental data σver and
σhor at the energies of the incident radiation close to the Co K-edge using Equations (12)
and (13). Taking into account the self-absorption effect did not make significant changes
in the fluorescence spectrum. We have calculated the polarized absorption cross sections
close to the K-edge of Co in the CeCoGe3 with the help of the multiple scattering approach
realized in the FDMNES package taking into account 189 atoms in a cluster with the
radius 9.4 Å surrounding a resonant atom and with the help of the FDM approach with a
cluster 7.1 Å (84 atoms). The results look similar, but the FDM calculations demonstrate
better agreements with the experimental data. Figure 6 shows the isotropic and anisotropic
resonant contributions to the X-ray absorption cross section near the K-edge of Co, obtained
from the experimental measurements and calculated with the FDM method. As can be seen,
the calculated absorption cross section and dichroism spectrum contains all the peaks that
are present in the experimental spectrum, but there is a discrepancy between the heights of
the calculated and experimental peaks between 0 eV and 20 eV. The calculated isotropic
quadrupole contribution to the absorption cross section close the Co K-edge is also shown
in Figure 6. It obviously is much less that the dipole contribution to the cross section and
cannot explain this discrepancy, so it is most likely due to the not entirely accurate selection
of parameters in the calculations.

Figure 6. (a) Isotropic and anisotropic resonant contributions to the X-ray absorption cross section close to the Co K-edges.
Points—the results obtained from experimental data; red lines—the results of calculations in the dipole approximation,
blue line–an isotropic part of the cross section due to the quadrupole transition. The inset shows the dependence of the full
width of the electron–hole state Γ(E) on energy used in the calculations. (b) XNLD close to the Co K-edge in comparison
with the difference of the density of the px,y and pz electronic states in CeCoGe3. Eedge = 7709 eV.
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The difference between the density of the pz and px,y states of Co calculated with
the help of FDMNES code is shown in Figure 6b. It demonstrates a good agreement with
the measured XNLD spectrum. A visible inconsistence exists close to the Fermi level
which disappears during the spectra calculation after the convolution with the width of
electronic levels.

3.3. Anisotropy of the CeCoGe3 Absorption Cross Section at Energies Near L2,3 Edges of Ce

Figure 7a shows the experimentally measured absorption and linear dichroism spectra
close to the L2 and L3 edges of Ce, reduced to the same energy scale. We can see that the
spectral dependences of the cross sections and linear dichroism at two absorption edges are
very similar. A significant difference of dichroism signal is present only in the area on the
slope of the white line. L23 absorption edges correspond to excitation of 2p to nd electronic
states in the case of a dipole transition and to nf states in the case of a quadrupole transition.
The first coordination sphere of Ce atoms is formed by Ge atoms forming a square at a
distance of 2.951 Å and a Co atom at a distance of 2.85 Å on the z axis. In a tetragonal
crystalline field, the d states of Ce are split into eg and t2g levels, which causes anisotropy of
the absorption cross section and linear dichroism. Figure 7b shows the difference between
the density of t2g and eg d-electronic states of Ce calculated with the help of the FDMNES
code in comparison with the XNLD measured close to the L2 absorption edge. We can see
a good agreement between the curves except the region close to the Fermi level (0 eV in the
calculation). Narrow lines seen in the calculated density of states is probably smoothen in
the experiment and in further calculation of the energy spectra and could not be resolved.

Figure 7. (a) Experimental absorption and linear dichroism spectra of L2, L3 Ce edges (reduced to the same energy scale).
(b) XNLD close to the Ce L2-edge in comparison with the difference of the density of the t2g and eg electronic states in
CeCoGe3. Eedge(L2) = 6164 eV.

The energy absorption spectra near L2 (6164 eV) and L3 (5723 eV) edges of Ce were
calculated using the FDMNES code. The calculations involve 125 atoms in a region of
a size 9.4 Å. The effects of self-absorption do not significantly affect the shape of the
energy spectra. Figure 8a,b shows the isotropic and anisotropic parts of the resonant
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absorption cross section near the L2 and L3 absorption edges. Calculations were carried
out in accordance with Equations (7) and (8) for modelling and Equations (12) and (13) for
the experimental data. The inset in Figure 8 shows the Γ(E) used in the calculation of both
absorption edges. The FDMNES calculations were carried out under the assumption of
dipole resonance transitions. The quadrupole contribution to the absorption cross section
was also calculated (blue line in Figure 8). According to [36], in the 4 mm symmetry
group it is described by four independent coefficients. The FDMNES calculations show
that the quadrupole contribution to the absorption cross section is almost two orders of
magnitude smaller than the dipole isotropic term and is comparable with the anisotropic
dipole contribution. Similarly, the anisotropic part of the quadrupole contribution to the
absorption cross section is much smaller than the anisotropic dipole contribution. Therefore,
in the case of CeCoGe3, the azimuthal dependence of the absorption cross sections to be
very slight; the results are well described in the frames of the dipole approximation.

Figure 8. (a) Isotropic and anisotropic resonant contributions to the X-ray absorption cross section near L2 absorption edge
of Ce (points are coefficients obtained from experimental data, red lines—calculation), as well as the isotropic quadrupole
contribution to the absorption cross section (blue line). The inset shows the dependence of the total width of the excited
state on energy used in the calculations. (b) Isotropic and anisotropic resonant contributions to the X-ray absorption cross
section near L3 absorption edge of Ce (points are coefficients obtained from experimental data, red lines—calculation), as
well as the isotropic quadrupole contribution to the absorption cross section (blue line). The inset shows the dependence of
the full width of the electron–hole state Γ(E) on energy used in the calculations. Eedge(L2) = 6164 eV, Eedge(L3) = 5723 eV.

4. Conclusions

Our study of the absorption of polarized X-ray radiation in a CeCoGe3 single crystal
demonstrates the presence of anisotropic parts of resonant cross section at incident radiation
energies near the absorption edges of all atoms that make up the substance. Although this
crystal, according to the published data [47], has a metallic conductivity, which implies
the predominance of non-directional metal bonds, calculations based on localized wave
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functions have fairly good agreement with experimental data. It follows from the obtained
results that the anisotropy of the absorption cross section near the L-edges of cerium is
less than the anisotropy near the K-edges of germanium and cobalt. In the maxima of
absorption the ratio σD (2,0)/σD (0,0) are approximately equal to: for Ge~1.5%, for Co~2%,
for Ce~0.4%. This suggests that d-electron states are split less than p-electron states. It
was shown in this work that the XNLD signal is in good agreement with the difference in
the densities of electronic states split by the crystal field and can be used to characterize
such a splitting. We also see that a “white line” is present in the absorption spectra of
Ge and Ce, while it is absent in the spectrum of Co. It means that the “holes” close to
Fermi level mainly corresponds to the Ge and Ce electron states. Using the numerical
calculations, it becomes possible to separate the anisotropic contributions to the absorption
cross sections corresponding to Ge atoms in two nonequivalent Wyckoff positions. It
follows from the calculations that the spectral dependences of the partial anisotropic
contributions to the absorption cross section near the K-edge of Ge are different (due to
the difference in the shape of coordination polyhedra) and have opposite signs for almost
all photon energies. Apparently, the ellipsoids describing the characteristic surfaces of the
anisotropic tensor coefficients are elongated or oblate in different ways and depend on the
energy of the incident radiation. The difference in the signs of the anisotropic parts of the
absorption cross section of nonequivalent Ge atoms results in the fact that the observed
linear X-ray dichroism is smaller than the values of the anisotropic contributions to the
absorption cross sections corresponding to each atomic position separately; in other words,
the “average” anisotropy of the resonant cross section revealed in the experiment is less
than the anisotropy provided by the splitting of electronic levels in a crystal field.
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