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Geometry dependences of partial fluorescence yield (PFY) spectra at the Ly 3-edge of 3d transition metals are
discussed theoretically and experimentally for high-spin 3d° systems in Oy, and T4 point symmetries. Firstly,
linear polarized light’s propagation direction selection rules for a two-photon process are applied to 2p3d-PFY
spectroscopy. Then, the 2p3d-PFY spectra were analyzed by comparison with spectra obtained as partial inte-
gration of 2p3d-resonant inelastic X-ray scattering (RIXS) signals, utilizing the relationship between PFY and
RIXS spectroscopies: the former is an integration of yield of emitted light at each excitation energy, and the latter
is a dispersion of emitted light as a function of emission energy at each excitation energy. Thus, a PFY spectrum
can be divided into super PFY (sPFY) spectra using partial integrations of signals on a RIXS map, such as sPFY
spectra from elastic and inelastic signals. It is suggested that the origin of the large deviation of 2p3d-PFY
spectral shape in a linear-horizontal geometry from a true X-ray absorption spectrum is due to the lack of
elastic signals, i.e., the lack of signals emitted when the system returns to its ground state. Contrary to a 2p3d-
PFY spectrum, a 2p3s-PFY spectrum is often assumed to have a one-to-one correspondence with true XAS;
however, 2p3s-PFY spectroscopy is also a two-photon process that abides by the propagation direction selection
rules. We will show theoretically that 2p3s-PFY spectral shapes show a geometry dependence and offer a way to
obtain a true X-ray absorption structure from a combination of 2p3s-PFY spectra in linear-vertical and linear-
horizontal geometries.

1. Introduction

X-ray absorption spectroscopy (XAS) at Ly 3 edges is a powerful
technique to investigate the electronic structure of 3d transition metal
systems [1]. There are multiple ways to acquire X-ray absorption in-
tensities, such as transmission, electron yield (EY), and fluorescence
yield (FY) detection. To investigate bulk properties of a material, a
2p3d-partial FY (2p3d-PFY) spectrum is widely used, although it has
been indicated that a 2p3d-PFY differs from an X-ray absorption
cross-section; the fluorescence yield depends on the specific X-ray ab-
sorption final state (2p53d““), which results in a modified spectral
shape from true XAS [2-4]. This state-dependency of fluorescence is an
intrinsic effect that cannot be avoided in the two-photon process be-
tween 2p and 3d orbitals. Moreover, the spectral shape is dependent on
the experimental geometry, for example, linear horizontal (LH) and
linear vertical (LV) geometries [4-6]. If one does not include this ge-
ometry dependence, this can lead to mistakes in the 2p3d-PFY spectral
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analysis.

Shifting our perspective, 2p3d-PFY spectra can give us unique in-
formation precisely because of the two-photon process, in analogy with
2p3d-resonant X-ray emission (RXE, or resonant inelastic X-ray scat-
tering, RIXS) spectroscopy. In 2p3d-RIXS spectroscopy, 3d excited
multiplet states of a transition metal surrounded by ligands are often
discussed [7-12]. As the final state of 2p3d-RIXS has no core hole, the
deduced multiplet structures correspond to (multi-electronic)
valence-excitations, usually analyzed with the so-called Tanabe-Sugano
diagram [13]. One of the interesting options of 2p3d-RIXS spectroscopy
is geometry-dependent measurements with a 90-degree scattering angle.
Using selection rules for the two-photon process, the incident photon’s
polarization dependences of the elastic peaks in the 2p3d-RIXS spectra
have been discussed [14,15]. Elastic emissions result from the system
returning to its ground state, while inelastic emissions are related to
low-energy excited states. Thus, by analyzing the elastic and inelastic
signals of 2p3d-RIXS, the 3d" multiplet structure can be determined in
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Fig. 1. (a) The orthogonal coordinate systems for Oy. (b), (c) Geometries of the
calculations. The scattering plane is the xz-plane. In the linear vertical (LV)
geometry (b), the polarization vector of the incident photon (blue arrow) is
perpendicular to the scattering plane. In the linear horizontal (LH) geometry
(c), the polarization vector of the incident photon (red arrow) is parallel to the
scattering plane.

detail.

Technically, 2p3d-PFY spectroscopy is the (partial) emission energy
integrated 2p3d-RIXS spectrum. Utilizing the relationship between
2p3d-PFY and 2p3d-RIXS, one can analyze the 2p3d-PFY spectral
structures: a PFY spectrum can be divided into super PFY (sPFY) spectra
using partial integrations of signals on a RIXS map. This paper will
demonstrate the analyses theoretically and experimentally to reveal the
origin of 2p3d-PFY spectral shape differences acquired in LH and LV
geometries. As an example, a high-spin 3d® system in an Oy, point group
will be calculated and compared with experimental data in the literature
[5]. Then, we will extend the discussion for T4 symmetry and compare
the spectra with experimental data from our original experimental re-
sults of wurtzite-AlN films doped with Mn (Al; x\MnxN). These two point
symmetries, Oy, and Ty, are important point group symmetries [16] and
are often applied as approximated point symmetries for lower symmetry
point groups, such as Dpq and Cgy, for simplicity.

In this paper, we will also discuss the 2p3s-PFY spectral shape, which
uses the 3 s shallow core state as the final state. Contrary to the 2p3d-
PFY spectra, 2p3s-PFY spectra have often been assumed to have a one-
to-one correspondence with true XAS because the 2p3s fluorescence
yield does not depend on the specific X-ray absorption final state.
However, since 2p3s-PFY spectroscopy is also based on a two-photon
process that abides by propagation direction selection rules, 2p3s-PFY
spectra also show geometry dependence. We will calculate a geometry
dependence of 2p3s-PFY spectra and compare it with the true XAS
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Fig. 2. The calculated spectra of high-spin 3d®> Mn in Oy, point symmetry. (a)
XAS, (b) 2p3d-PFY in LH geometry with XAS. (c) 2p3d-PFY in LV geometry with
XAS. (d) 2p3d-PFY in LH and LV geometries.



S. Imada and F.M.F. de Groot

Journal of Electron Spectroscopy and Related Phenomena 280 (2025) 147538

Polarization of emitted light

X y y4
12 T T T 12 T T 12 T T T
o B XX ] ol Xy |1 ol x/z ]
et - 8L 4
g e 184 ]
C C c
- B oot 17 2} J
N J M A J M, A
0 . n A 0 d Y A 0 4 Y :
O 635 640 645 650 655 635 645 650 655 635 640 645 650 655
: - Energy (eV) & Energy (eV) & Energy (eV)
= ; ; ; ; ; .
L X L vy | L y/z
q) 10 y 10 10 E
O & & &
sl E el g sl E
£ Y 2 2 z
o «f 18 <} 15 < i
IS = = =
2} E 2t .
C _}\A‘__/‘/\,L
0 L . L 0 I L
.0 635 640 645 650 655 635 645 650 655
—
© ” Energy (eV) - Energy (eV)
N : : . . .
- z/x zly
— 10F 10F 4
E ; s| b 5 st ) ;
] 7z £ o) ol
efb E sl -
o z z z
c c c

|
|

[~ %=}
e

0
635 640 645 650 655
Energy (eV)

n A 0 . n A
645 650 655 635 640 645 650 655
Energy (eV) Energy (eV)

Fig. 3. Calculated 2p3d-PFY spectral matrix for Mn in O, symmetry. The element (sub-spectrum) y/x means that the polarization direction of the incident (absorbed)

light is y, and that of the emitted light is x.

structures.
2. Theoretical and experimental methods

The spectra were calculated using Quanty [17,18] in the crystal field
model. For high-spin 3d®> Mn and Fe in octahedral (Op) point group
symmetry, atomic Slater integrals were used (scale factor of 0.8 for the
Hartree-Fock values). For Mn, a crystal field, 10Dq, value of 1.2 eV was
used, the same as the calculation for Mn2t (aq.) in Ref. [5]. For Fe, a
crystal field of 2.0 eV was used to reproduce the PFY spectra of Fe3t
(FeCls in aqueous solution) in Ref. [19]. To easily find structural dif-
ferences in XAS and PFY spectra, the broadening factors were set to
0.32 eV for Mn and 0.36 eV for Fe (the lifetimes for L3) in full-width half
maximum, and no further broadenings were included. For the same
reason, the final state broadenings for 2p3d-RIXS were set at 0.05eV.
For simplicity, we put the octahedral (MnLg and FeLg, L = ligands, Op)
geometry to the orthogonal coordinate system, as depicted in Fig. 1(a).
The incident light is linearly polarized and going along the x-direction.
The propagation direction of the emitted light is parallel to the z-axes for
90-degree scattering. The electric fields of the incident lights are parallel
to the y-axis and the z-axis for LV and LH geometries, respectively, as
shown in Figs. 1(b) and 1(c). Because the polarization of the emitted
X-ray cannot be measured, the emission was calculated as combinations
of circularly polarized light o(x £ iy) to synthesize the spectra. The se-
lection rules for the two-photon process were derived using the

Clebsch-Gordan coefficients following Refs. [9,14,15]. The
Clebsch-Gordan coefficient tables are shown in Table S1.

To extend the discussion to a Tq point symmetry, we chose Mn in
wurtzite Al;_xMngN (x = 0.015 and 0.043, i.e., 1.5 and 4.3 at% in cat-
ions, Fig. S1). Except for the importance of the system for various ap-
plications such as spintronics [20] and phosphor [21-23], where
understanding the electronic structure of Mn is crucial, there are some
advantages in the Al; \MnyN as an experimental case study because it is
a dilute system, the FY saturation effect can be avoided, and Mn-Mn
interactions can be neglected. Also, there is no need to take care of
the dispersion of the energy states. The growth conditions were reported
elsewhere [24]. 2p3d-PFY and 2p3d-RIXS spectra were acquired with
incident angles to the film surface at 85° (normal incidence), and the
scattering angle was 90°. In addition, 2p3d-PFY spectra were acquired
with a 45-degree scattering angle for the normal incidence. These
experimental configurations are summarized in Table S2. These spectra
were obtained at BL27SU [25,26] of SPring-8 in Japan. Theoretical
calculations were performed as a high-spin 3d°® Mn in T4 symmetry. The
scale factors for the Hartree-Fock values and 10Dq were chosen as 0.65
and 0.5 eV, respectively, to reproduce the experimental spectra of the
Al; xMnyN film. Because the samples were c-axis-oriented polycrystal
films [24], we calculated the spectra using the axes that fit the experi-
mental geometries as shown in Fig. S2(a), in addition to the same setting
as the case for Oy, in Fig. S2(b).
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Fig. 4. Calculated 2p3d-RIXS maps (excitation vs. energy loss plot); (a) diagonal and (b) off-diagonal sub-maps. The RIXS maps are plotted with the same intensity
scale. The right-side spectra are total RIXS yield spectra, which correspond to the 2p3d-PFY sub-spectrum in Fig. 3. The spectra on the RIXS maps are the RIXS spectra
integrated over L, and Lg edges. (c) calculated Tanabe-Sugano diagram.
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partial yield spectra in (a) LV and (b) LH geometries.

3. Results and discussion

3.1. 2p3d-PFY calculations for octahedral symmetry and polarization
selection rule

The calculated XAS spectrum for Mn in Oy symmetry is shown in
Fig. 2(a). The peak labels are the same as in Ref. [5]. Fig. 2(b) is the
2p3d-PFY spectrum in LH geometry with the XAS spectrum normalized
at peak B, and the tendency reported in Ref. [5] is well reproduced.
Fig. 2(c) shows the 2p3d-PFY spectrum in the LV geometry with the XAS
spectrum. In the LV geometry, the spectrum shape is closer to the XAS
spectrum than the LH geometry; however, there are still differences in
the relative intensities. The 2p3d-PFY spectra in the LV and LH geom-
etries are shown in Fig. 2(d). These comparisons with the XAS spectrum
remind us that a 2p3d-PFY spectral shape can differ from a true XAS one
not only due to a state-dependency in radiation decay but also a mea-
surement geometry, as indicated in Refs. [4,5].

A closer look at the geometry dependence of the 2p3d-PFY spectra in
Fig. 2(d) shows that (i) the intensity difference is large in the L3 region
and small in the Ly region. (ii) The spectrum in the LV geometry presents
all the peaks A to G. In contrast, the spectrum in the LH geometry shows
vanishingly low intensity of peak A. (iii) The intensities of peaks B and C
in the LH geometry are almost half in the LV geometry, while the in-
tensities of peaks D and E are not much different in the two geometries.

To figure out the cause of these geometry dependences, we first
derive the selection rules for the two-photon process qualitatively in the
LV and LH geometries following the derivation in Refs. [9,14,15]
applied for 2p3d-RIXS spectra. A RIXS spectrum is described by the
Kramers-Heisenberg formula;

FQ o) =)

f

(fITm)mT.Jg) [

S(Q+E, —w—E 1
_Q By — By — il | (@+E —o—F) )

where Q is the incident photon energy, |g), |m), and |f) are the ground,
the intermediate, and the final states of RIXS with the energies E;, Ep,
and Ey. o is emitted photon energy. T, and T, are the electric dipole
transition operators for the absorption and emission processes, respec-
tively. In the point symmetry Oy, the representation of the operators is
T1y- To discuss the geometry dependence, one needs to add the basis, y,
of these operators: y = {a, 5,7} for T1,. When the quantization axis is
[001], y is {x,y,z} for T;. Using the table of Clebsch-Gordan coefficients
summarized in Table S1, the selection rules for the 90°-scattering are
deduced as follows:

LV: Zy:xyAl Ty @ Ty =A1 GPEST & T, 2

LH :

zy:x_yAl OTu; @Twy =T1 0T 3

The selection rules suggest that energy states with irreducible rep-
resentations A; and E are forbidden as the final states in the LH
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Fig. 7. Calculated 2p3d-PFY and RIXS yield spectra of high-spin 3d®> Mn in Tq.

(x = 0.015) film.

geometry. Thus, the smaller peaks A, B, and C of the 2p3d-PFY spectrum
observed in the LH geometry can be due to the lack of contribution of
these signals.

3.2. 2p3d RIXS and 2p3d PFY from polarization matrices

We have derived the selection rules involving the polarizations of
light and propagation directions. Next, we will calculate them quanti-
tatively as spectral elements of a 3 x 3 matrix for polarization vectors
set of light, {x,y,z} using the same parameters as the 2p3d-PFY spectra
calculations in Fig. 2. Fig. 3 depicts them as the matrix; a diagonal
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(d)-(f) depict corresponding experimental spectra of Mn in the Al; MnyN

element is a 2p3d-PFY sub-spectrum in which the incident light’s po-
larization direction is conserved in the emitted light, and an off-diagonal
element is non-conserved. The y/x element means that the polarization
direction of the incident (absorbed) light is y, and that of the emitted
light is x, which corresponds to A; ® T,y ® Tiux. In the spectral matrix,
one can find that signals in the Lg region are larger in the diagonal sub-
spectra than in the off-diagonal ones. Also, the diagonal sub-spectra
present peak A, while the off-diagonal ones have almost no intensity
in the region of peak A. In addition, the intensities of peaks B and C in the
diagonal sub-spectra are much larger than those in the off-diagonal sub-
spectra. These results suggest that the difference between the spectra in
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film obtained with a scattering angle of 45 degrees. (b) Corresponding theo-
retical spectra for LV and LH geometries.

the LV and LH geometries in Fig. 2(d) can be traced back essentially to
the diagonal (conserved) and off-diagonal (non-conserved) sub-spectra.

To analyze the sub-spectra of 2p3d-PFY, diagonal and off-diagonal
2p3d-RIXS sub-maps were calculated and shown in Figs. 4(a) and 4
(b), respectively. These maps are plotted on the same intensity scale. The
right-side panels depict the total RIXS yield spectra, corresponding to
the 2p3d-PFY sub-spectra in Fig. 3. The RIXS spectra integrated over Ly
and L3 edge regions are plotted under the maps; the integrated elastic
peak height ratio of the off-diagonal to diagonal sub-maps is less than
0.2. On the contrary, the peak heights of inelastic signals in the off-
diagonal and diagonal sub-maps are roughly comparable. Fig. 4(c) is a
calculated Tanabe-Sugano diagram. The energy levels at 10Dq = 1.2 eV
correspond to the energy loss of the RIXS peaks. The purple line is the
ground state, ®A;, and the green line is the excited state, *E plus *A;. It
suggests that the signal of E, one of the excited states, is considerably
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weak comparing the signal of the ground state A; even in the diagonal
element, where the multiplet E is allowed along with A;. Thus, from a
practical (experimental) point of view, it is reasonable to construct
partial 2p3d-RIXS yield spectra divided into two regions, elastic and
inelastic regions, to analyze the 2p3d-PFY spectra. Fig. 5(a) and 5(b)
depict the partial RIXS yield spectra from the elastic and inelastic re-
gions of the diagonal and off-diagonal sub-maps in Figs. 4(a) and 4(b).
These results show that peak A is composed of elastic signals. Peak B is
mainly from the elastic signals, with small contributions of inelastic
signals. At peak C, the elastic signal yield is larger than inelastic in the
diagonal sub-spectrum. These findings explain the lack of peak A and
small peak B and C in off-diagonal 2p3d-PFY sub-spectra. It is worth
noting that these findings imply that one might find the diagonal and off-
diagonal sub-spectra themselves if one can acquire 2p3d-PFY and 2p3d-
RIXS spectra by resolving the polarization of the emitted light.

The total RIXS yield spectra in the LV and LH geometries by calcu-
lating the emitted light as circularly polarized ones 6(x =+ iy) are shown
in Fig. 6(a), corresponding to 2p3d-PFY spectra in Fig. 2(d). The partial
RIXS yield spectra in the LV and LH geometries are plotted in Figs. 6(b)
and 6(c). In conjunction with the selection rules using the Clebsh-
Gordan coefficients discussed above, it can be stated that the large de-
viation of the 2p3d-PFY spectrum in the LH geometry from the true XAS
spectrum is due to the lack of elastic signals, in other words, the lack of
information on the ground state A;. We will discuss later why we still see
the elastic signals in the LH geometry, which are predicted as forbidden
above with the Clebsh-Gordan coefficient.

3.3. 2p3d PFY calculations for tetrahedral symmetry

The same as the high-spin 3d°® system in Oy, symmetry discussed
above, some systems have ground state terms that are forbidden in LH
geometry; for Oy, symmetry, d® (Ap), @° (A,), high-spin d® (Ay), and low-
spin d® (Ap). For T4 symmetry, those are d° (A1), a2 (Ay), high-spin &
(A1), high-spin d” (Ay), and low-spin d* (A;). A T4 point symmetry often
appears for a 3d-transition metal substituting a cation site in a com-
pound semiconductor. We chose Mn in a wurtzite AIN film for a practical
experimental demonstration of 2p3d-PFY spectrum analysis using 2p3d-
RIXS partial yield spectra. Fig. 7(a)-(c) depict the theoretical 2p3d-PFY
and 2p3d-RIXS yield spectra of high-spin 3d> Mn in Tg4. The geometry
dependence in these theoretical spectra resembles the theoretical
spectra for 3d° in Oy. Fig. 7(d)-(f) depict corresponding experimental
spectra of Mn in the Al; yMniN (x = 0.015) film. (The experimental and
theoretical 2p3d-RIXS spectra are shown in Fig. S3.) It was found that
the theoretical 2p3d-PFY spectra reproduced the experimental spectra
well, including the geometry dependence. Also, the theoretical geome-
try dependence of the partial RIXS yield spectra reproduces the experi-
mental ones.

Here, we emphasize that the two selection rules for the electric
dipole transition and for the propagation direction are separate. For
example, the multiplet term A; is one of the excited states of high-spin
3d® systems in Oy, (and Tq) symmetries. However, the state A, is elec-
tric dipole forbidden; both transition from A; to Ay (absorption) and T;
to Ay (emission). Thus, there is no A in Egs. (2) or (3) as a final state. On
the contrary, a transition from T; to A; is electric dipole allowed;
however, propagation of the emitted light is not permitted for an LH
geometry in 90 degrees of scattering angle.

To further verify that the geometry dependence of 2p3d-PFY spectra
is due to the propagation selection of the emitted light, we measured
PFY spectra at scattering angles of 45 degrees. With a scattering angle
other than 90 degrees, the selection rules in Egs. (2) and (3) should be
somewhat relaxed, and the difference in the spectral shapes in LH and
LV is expected to be small. Figs. 8(a) and 8(b) show the experimental and
theoretical spectra. In both the experimental and theoretical spectra of
LH(45°), small structures appeared at peak A region, and peaks B and C
intensities became stronger, which implies the supposition is accepted.
So far, we have tested for Mn in the c-axis-oriented wurtzite Al; xMnyN
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Fig. 10. Calculated 2p3s-PFY spectral matrix for Fe in Oy, symmetry.
light is y, and that of the emitted light is x.

film using the custom axes along with the c-axis and in the c-plane to
compare the experimental results. To generalize the analyses, we
calculated the xyz-system and found that the polarization dependences
also appear for the xyz-system (Fig. 54).

We propose a candidate mechanism to explain why the LH geo-
metry’s elastic signals can be seen in the experimental and theoretical
spectra, which are predicted as forbidden in Eqgs. (2) and (3). We have
discussed the propagation direction rules using the Clebsch-Gordan
coefficients tables with monodromy representation, which has the
orbital basis. However, the 2p3d-RIXS signals include spin multiplet
information; the ground state is the sextet state %A;, and the excited
states are either quartet “E, *Ty, ... or doublet 2T, E, and so on. In this
case, the representations have a spin basis and permit a magnetic exci-
tation through spin-orbit couplings. Because the calculations using
Quanty already include such a spin basis, the RIXS spectra in the LH
geometry show elastic signals. Interestingly, the experimental results of
Mn in AIMnN presented a smaller intensity of partial RIXS yield from the
elastic region in the LH geometry than the calculated one, as shown in
Fig. 7. We will discuss such differences and mechanisms in detail in our
future paper.

3.4. 2p3s PFY calculations
Next, we discuss 2p3s-PFY spectra. Different from 2p3d-PFY spectra,

2p3s-PFY spectra are often assumed to have a one-to-one correspon-
dence with true XAS and have recently gathered interest together with

715 720 725

Energy (eV)

76 720 725 7%

Energy (eV)

The element (sub-spectrum) y/x means that the polarization direction of the incident (absorbed)

the inverse PFY spectrum [27]. However, since 2p3s-PFY spectroscopy is
also based on a two-photon process, 2p3s-PFY spectra can also show
geometry dependence.

Fig. 9(a) is the 2p3s- and 2p3d-PFY spectra in the LH geometry for
high-spin 3d° Fe in O, symmetry. (We use the same peak names as the
high-spin 3d° Mn in Oy, in Fig. 2.) Following the procedure described in
Ref. [19], the spectra are normalized at peak B. Our calculated 2p3s- and
2p3d-PFY spectra reproduce well the experimental ones of FeCls
aqueous solution and theoretical spectra for [Fe(H20)6]3+ in Ref. [19].
Fig. 9(b) compares the 2p3s-PFY spectrum in LH geometry with the XAS
spectrum. The 2p3s-PFY spectrum in LH geometry shows a very close
shape with the XAS spectrum in the entire region of Ly and L. However,
as shown in Fig. 9(c), the 2p3s-PFY spectra show small but obvious
geometry dependence: larger peak A and smaller peak B in the LH ge-
ometry than those in the LV geometry. The ground state of the high-spin
3d° Fe in Oy, is ®A1, so the same propagation direction selections, Eqs. (2)
and (3) should be applied. Fig. 10 shows a calculated 2p3s-PFY spectral
matrix for Fe in Oy point group symmetry. The diagonal sub-spectra
show larger peak B than the off-diagonal ones, the same as the case of
2p3d-PFY of Mn in Oy, in Fig. 3. On the contrary, the peak height of peak
A is smaller in the diagonal sub-spectra than in the off-diagonal ones.
Unlike the 2p3d case, the final states of 2p3s-PFY spectroscopy have a
core hole in a 3s orbital (3s13d"+l), which makes interpreting this ten-
dency not straightforward. However, it is worth noting that a 2p3s-PFY
integrated in all directions (the sum of all sub-spectra in Fig. 10) forms a
spectrum that perfectly coincides with the true XAS spectrum (Fig. 11
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(a)), while a 2p3d-PFY shows a different spectrum shape (Fig. 11(b)).
The former is a consequence that 3s-2p emissions do not depend on
2p°3d™*! states, and the latter is that 3d-2p emissions depend on the
2p°3d™*! states.

An interesting finding in the 2p3s-PFY spectroscopy is that one can
obtain true XAS structure experimentally by combining the 2p3s-PFY
spectra in the LV and LH geometries, as shown in Fig. 11(c). The
2p3s-PFY spectra in the LV and LH geometries are obtained as the sum of
y/r and y/I components and that of z/r and z/1, respectively, as shown in
Fig.S5. Asy/r (= y/1) sub-spectrum coincides with the combination of y/
x and y/y (1 off-diagonal and 1 diagonal in Fig. 10). Also, zr(= z/1) sub-
spectrum is the combination of z/x and z/y (2 off-diagonal in Fig. 10).
Thus, the true XAS shape, the sum of 3 diagonal plus 6 off-diagonal sub-
spectra, is obtained by combining 3 LV and 3/2 LH spectra of 2p3s-PFY
as shown in Fig. 11(c). A 2p3s-PFY integrated in all directions (Fig. 11
(a)) also gives the true XAS structure. However, a combination of LV and
LH spectra is more realistic from an experimental point of view.

4. Conclusions

For a 2p3d-PFY spectrum of a high-spin 3d° transition metal in Oh
and Td symmetries, the origin of the distorted structures from the true
XAS spectrum was explained from the propagation direction selection
rule. At the same time, we offer a way to analyze a 2p3d-PFY spectrum
structure using partial integrations of RIXS signals. In principle, one can
make a 2p3d-RIXS partial yield spectrum for any region of interest from
a 2p3d-RIXS map. As the final states of 2p3d-fluorescence and RIXS have
no core hole, a 2p3d-PFY spectrum can be reduced to multiplets in the
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energy levels in the Tanabe-Sugano diagram.

More simply, we offer the usage of 2p3d-PFY spectra to find a buried
peak in a true XAS spectrum. Figs. 12(a) and 12(b) show 2p3d-PFY and
inversion PFY (IPFY, N 1s2p emission) spectra of Mn in an Alj yMnyN
(x = 0.043) film. The IPFY spectra, thought to correspond to the true
XAS spectra, showed fewer structures than the 2p3d-PFY spectra. It
means that one can find an almost buried peak (for example, peak D in
the 2p3d-PFY spectra) by suppressing the strong elastic signal detection
using the LH geometry by taking advantage of a two-photon process in
the 2p3d-PFY method. Finding such buried peaks can be crucial to
deriving important electronic structure parameters. Our attempts would
shed light on the usage of 2p3d-PFY spectra, which are distorted from
true XAS spectra but easy to obtain for various materials.

We also discussed the geometry dependence of 2p3s-PFY spectra of
high-spin 3d® in O, symmetry. Reflecting that a 2p3s-PFY is also a two-
photon process, the theoretical 2p3s-PFY spectra showed geometry
dependence. We offer a way to obtain a true XAS structure using a
combination of 2p3s-PFY spectra obtained in LV and LH geometry.
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