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X-ray magnetic circular dichroism (XMCD) and
resonant inelastic X-ray scattering with magnetic
circular dichroism (RIXS-MCD) provide unpar-
alleled insights into the electronic and magnetic
dynamics of complex materials. However, inter-
preting their spectra in mixed-valence systems re-
mains challenging due to intricate many-body in-
teractions and enhanced charge fluctuations. In
this study, by utilizing the Anderson impurity
model with a full consideration of charge transfer
(CT), many-body core-valence exchange correla-
tion (CVEC) effects, and Jahn-Teller (JT) distor-
tions, we systematically investigate the XMCD
and RIXS-MCD spectra for a prototypical mixed-
valence ferromagnet, La0.7Sr0.3MnO3 film. We
demonstrate that simple calculation with lim-
ited CT effects fails to capture characteristic sub-
structures observed experimentally. In contrast,
an adequate treatment of CT and CVEC ef-
fects yields a more consistent description of both
XMCD and RIXS-MCD spectra, providing prac-
tical guidance for the interpretation of dichroic
x-ray spectroscopies in mixed-valence transition-
metal oxides. Furthermore, we discuss the role of
the JT effect in Mn3+ ions in the determination
of their spectra.

INTRODUCTION

Strongly correlated electron systems, where electronic,
orbital, spin, and structural degrees of freedom interact

∗ These authors contributed equally to this work
† jslee@slac.stanford.edu
‡ bongjae@knu.ac.kr

in complex ways, have been a central focus of condensed
matter research for decades [1–9]. The intricate coupling
of these degrees of freedom is responsible for the emer-
gence of novel phases, such as the Jeff = 1/2 Mott state
in iridates [10, 11], unconventional behavior in high-Tc

superconductors [12], and the complex magnetic phase
diagrams in perovskite heterostructures [1, 2, 13, 14].
Understanding the microscopic origins of these emer-
gent properties requires disentangling the contributions
of spin, orbital, and charge dynamics, which often in-
teract in nontrivial ways, particularly in mixed-valence
systems.

Distinguishing between the various contributions (e.g.,
spin vs. orbital) is critical and experimentally challeng-
ing, especially in systems where these degrees of free-
dom are entangled. X-ray magnetic circular dichroism
(XMCD) has long been a powerful tool for disentan-
gling spin and orbital contributions in magnetic sys-
tems [15–17]. By exploiting the element-specific nature of
XMCD, researchers can apply the sum rules to extract
spin and orbital moment values from absorption spec-
tra [17–19]. More recently, resonant inelastic X-ray scat-
tering (RIXS), particularly in the form of RIXS-MCD,
provides a complementary approach capable of probing
both ground and excited state properties [20–27]. Fur-
thermore, RIXS-MCD has been demonstrated to be ap-
plicable even in systems where time-reversal symmetry
is preserved [28]. It is expected that RIXS-MCD could
reveal excitation spectra, including spin, orbital, and
charge excitations, offering a more comprehensive picture
of the complexities of complex correlations.

Despite the capability of XMCD and RIXS, their anal-
ysis in mixed-valence systems is often complicated by
strong many-body interactions. These complexities are
mainly influenced by various many-body multiplet ef-
fects, including atomic multiplet, charge transfer (CT),
and core-valence exchange correlation (CVEC) [29]. For
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example, widely used XMCD sum rules often lead to sig-
nificant errors in certain systems [30–33]. These errors
arise not only from the poorly determined expectation
value of the magnetic dipole operator, commonly referred
to as ⟨Tz⟩ term, in the sum rules calculation [32–34], but
also from the CVEC effect of final-state many-body cor-
relations, which mixes spectral weight between L2 and
L3 edges [35–37]. Therefore, a comprehensive analysis of
XMCD and RIXS requires many-body calculations that
appropriately incorporate all these effects [38–41].

In this study, we revisit the role of many-body
correlations and valence fluctuations in the XMCD
and RIXS-MCD spectra of the mixed-valence system
La0.7Sr0.3MnO3 (LSMO), by establishing a comprehen-
sive theoretical approach. We employ the Anderson
impurity model (AIM) and incorporate full considera-
tion of CT and many-body CVEC effects as well as the
Jahn-Teller (JT) effect of Mn3+ ions that account for lo-
cal electronic correlations in both valence and core or-
bitals and charge fluctuations in the valence orbitals.
XMCD analysis in mixed-valence systems often relies on
a weighted sum of spectra from different ions, here, Mn3+

and Mn4+ ions, which are calculated with restricted CT
channels (e.g., single-electron transfer effect). However,
this simplified approach frequently fails to reproduce
some key characteristic spectral features, particularly at
the L2-edge [42]. Here, we demonstrate that an ade-
quate consideration of full CT and many-body CVEC
in the weighted-sum calculation is essential to describe
both XMCD and RIXS-MCD spectra of LSMO. We ana-
lyze the microscopic transition channels for each L2 and
L3 edges, and identify the contributions from different
dipole transitions. Consequently, our combined theoret-
ical and experimental approach provides deeper insights
into XMCD and RIXS-MCD processes, particularly for
light 3d transition-metal systems with mixed-valance, of-
fering a complete and robust framework for studying
other correlated materials.

RESULTS AND DISCUSSION

Experimental results

We perform the X-ray absorption spectroscopy (XAS)
of epitaxial LSMO films with two polarizations, right cir-
cular polarization (RCP) and left circular polarization
(LCP) (see the detail in Methods section). The XMCD
spectrum (∆µ) is generated as the difference of the two
XAS spectra obtained with RCP (µ+) and LCP (µ+). As
shown in Fig. 1(a), obtained spectra are well consistent
with the previous reports [43–49]. At the L3-edge, ∆µ
exhibits two dichroism features at around 642.1 eV and
644.6 eV, with a 2.5 eV energy difference. Similarly, at
the L2-edge, ∆µ displays two features at around 652.5 eV
and 655.0 eV, indicating the same energy difference. This

correlation suggests a connection between the dichroism
features of the L3-edge and those of the L2-edge, which
becomes uncovered later.
Considering the magnetic exchange splitting of the 3d

valence band between up and down spins, the sign of
XMCD between the L3 and L2 edges is typically oppo-
site [15, 17–19, 50], as observed in the two main XMCD
peaks at 642.1 eV for the L3 edge and 652.5 eV for
the L2 edge (see Fig.1(a)). However, the other sub-
peak at 644.6 eV eV for the L3 edge and 655.0 eV for
the L2 edge exhibit the same sign of XMCD. This dis-
crepancy, along with the overshoot observed at the L3-
edge XMCD resembling the diffused moment behavior
reported in Ref. 30, leads to a strong overestimation and
underestimation of the orbital and spin moment, respec-
tively, when applying the sum-rules. This representa-
tively shows the limitations of XMCD sum-rules [34–
37], particularly in exploring orbital angular momentum,
and raises fundamental questions on the application of
the sum-rules. Understanding the origin of this sign-
reversal behavior and identifying the legitimate regime
of the sum-rules is essential. A comprehensive analysis
of XMCD spectra calls for microscopic theories to deter-
mine the complex multiplet structure of Mn 3d orbitals.
We further explore RIXS and RIXS-MCD spectra (see

the detail in Methods section). By monitoring ∆E for
each Ein through RIXS measurement (see Fig. 1(b) and
(c)), we generate a map of LSMO as functions of ∆E
and Ein by summing the maps measured with RCP and
LCP at T = 25 K. Figure 1(c) is a magnified view of the
RIXS map over the Mn L-edge region, where we identify
quasi-elastic, dd-excitation, CT, and fluorescence signals.
The quasi-elastic (∆E ∼ 0) includes not only the elastic
but also phonon and magnon contributions (typically on
the energy scale of tens to hundreds of meV) due to the
spectrometer’s energy resolution of 1.5 eV [21, 51, 52].
Mn’s dd-excitation (∆E ∼ −3 eV) and CT (−10 eV
< ∆E < −3 eV) are well pronounced (see the theoret-
ical analysis in next section). The fluorescence appears
along the diagonal direction guided with dashed lines in
Fig. 1(c).
The RIXS-MCD map, obtained from the difference of

two RIXS maps with RCP and LCP incident photons,
is presented in Fig. 1(d). We observe the strong depen-
dency of the RIXS-MCD map on the incident photon en-
ergy, showing the separation of RCP and LCP dominant
spectra. Positive and negative RIXS-MCD signals are
extended over the loss energy when the incident energy
is at around the XMCD absorption peaks. It supports
that the overall fluorescence features of XMCD corre-
spond well to the XMCD features measured using the
total electron yield (TEY) mode at the Mn L2,3 edges.
Given that the Fermi-level spin polarization of LSMO

is highly pronounced [53–55], both elastic and inelastic
processes are influenced by its magnetically polarized be-
havior. Interestingly, we observe that the XMCD feature
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FIG. 1. (a) X-ray absorption spectroscopy (XAS) and magnetic circular dichroism (MCD) spectra of La0.7Sr0.3MnO3 (LSMO)
measured in the total electron yield (TEY) mode. The black and green curves are the absorption spectra of right circular
polarization (RCP) µ+ and left circular polarization (LCP) µ−, respectively. The curve with circle symbols is the MCD
spectrum (∆µ). The inset in (a) shows the experimental configuration for the MCD measurement. The symbol A○ denotes an
ammeter to measure the TEY. (b) Schematic drawing of the resonant inelastic X-ray scattering (RIXS) measurement set-up
using a transition-edge-sensor (TES) spectrometer. (c) A RIXS map as functions of the energy loss (∆E = Eout −Ein) and the
photon energy (Ein) of the LSMO measured by the TES spectrometer. The map represents the sum of RIXS intensities for the
RCP and LCP incident photons. (d) A RIXS-MCD map obtained by differing two RIXS maps measured with RCP and LCP
incident photons. Along the dashed line around −9 < ∆E < −3 eV, a strong dichroic intensity was observed at Ein ∼ 644.6
eV, which corresponds to the dd-excitation.

at Ein ∼ 644.6 eV is more prominent in the RIXS-MCD
compared to other excitations, which still correspond to
the total MCD signal based on TEY measurements. The
energy loss value of this feature suggests that its origin
is Mn’s dd-excitation, opening up possibilities for further
discussion on the orbital moment investigated using the
RIXS-MCD approach.

Theoretical XMCD spectra

As shown in Figs. 2(a) and (b), we obtain the theoret-
ical XAS and XMCD spectra which are highly consistent
with experimental ones (see the detailed theoretical cal-
culation in Methods section). To ensure comprehensive
understanding, we investigate the XMCD behaviors fo-
cusing on the three key effects: CT, JT distortion, and
CVEC.

Charge fluctuations in mixed-valence systems can be
attributed not only to local CT effects via the covalency
between Mn 3d and O 2p orbitals, but also to valence
fluctuations over several Mn sites arising from a non-

integer nominal valency. While the latter corresponds to
inter-site cross-talk, the former induces localized charge
fluctuations. In the CI calculation, due to the compu-
tational cost, the CT states are frequently restricted to
only the major dn+1L1 configuration [56, 57]. The spec-
trum of a mixed-valence system is then obtained from the
spectra of each ionic state separately – Mn3+ and Mn4+

for LSMO. Then, one simply performs the weighted sum
of two spectra upon their mixing ratio. This treatment
successfully depict the main features of the experimental
XMCD spectra in many cases [42, 58–61]. However, these
procedures fail to simulate the experimental XMCD spec-
tra of highly metallic LSMO. Specifically, two important
features, the extended subpeak spectra in the L3-edge for
the relative photon energy of around 0 – 2 eV, and posi-
tive peak in the L2-edge for the 13 – 14 eV regime, are not
accounted in the simple CT consideration with dn+1L1

configuration only (See the dotted data of Fig. 2(b)).

In our AIM model, we treat the charge fluctuations of
CT states more rigorously, since the CT effects are ex-
plicitly captured through strong hopping combined with
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FIG. 2. Theoretical spectra of (a) X-ray absorption spec-
troscopy (XAS) and (b) magnetic circular dichroism (MCD)
of LSMO calculated by adding and subtracting the absorp-
tion spectra with right and left circular polarizations. The
spectra are obtained by the weighted sum of separate calcu-
lations of Mn4+ and Mn3+. The solid magenta and blue lines
correspond to the results from our model with and without
the Jahn-Teller distortion, respectively. These calculations
include full charge transfer (CT) states with configurations
ranging from dn+1L1 to d10L10−n (n = 3 for Mn4+ and n = 4
for Mn3+), where L represents a ligand (bath) hole orbital.
For the comparison, the XAS and XMCD spectra calculated
using the restricted CT states (limited to the dn+1L1 configu-
ration), are shown as dotted lines. (c) The XMCD results for
various CVEC strengths and hoping integrals between valence
3d and ligand (bath) orbitals. The Slater-Condon parameters
are scaled by s as F 2

pd = 5.7508 × s, G1
pd = 4.2864 × s, and

G3
pd = 2.4382× s eV, and the scale parameter r is defined as

Vpdσ = −2 × r and Vpdπ = 1 × r eV. Other parameters are
presented in Table I.

a small CT energy. Full consideration of CT of all orders
enables us to capture simultaneously the valence fluctua-
tions of Mn d electrons ranging from dn to d10 (n = 3, 4).
Hence, our ground multiplet state well accounts for the
CT nature beyond dn+1L1. Calculated ground multi-
plet state is composed of approximately 27% d3L0, 49%
d4L1, 21% d5L2, and 3% d6L3 configurations for Mn4+,
and 32% d4L0, 50% d5L1, 16% d6L2, and 2% d7L3 con-
figurations for Mn3+, demonstrating significant contri-
bution of CT beyond dn+1L1 (see Supplementary Note
1). For LSMO, to properly describe the XMCD spectra,
CT states up to at least dn+3L3 must be included (see
Supplementary Note 5). Because dynamic charge fluctu-
ations are more rigorously treated in our model than in
partial CT approaches, we can successfully reproduce the
key features of the experimental XAS and XMCD spec-
tra. As shown in Fig. 2(a) and (b), we clearly identify the
more extended subpeak structure at L3 and good account
of the positive double-peak structure at L2 XMCD spec-

tra. These results underscore the importance of the full
CT treatment, hence, the proper inclusion of the mixed-
valence nature of Mn ions, for the comprehensively un-
derstanding the core-level spectra of metallic LSMO.

We further investigate the role of the Jahn-Teller (JT)
distortion. While its role is less prominent for XAS, JT
distortion plays a crucial role in shaping the fine struc-
tures of the XMCD as shown in Fig. 2(b), particularly at
the L2 edge. Without the JT effect, between two peaks,
a negative signal emerges at a relative photon energy of
about 14 eV. Only when the C-type JT order explicitly
is considered (θJT = 2π/3 or 4π/3), the characteristic
positive two-peak structure is robustly reproduced in the
calculated XMCD spectra. This also provides the strong
evidence that the JT effect persists even in the metal-
lic phases of LSMO. See Supplementary Note 6 for the
detailed analysis of the JT effects.

Now we include many-body correlation of core-valence
states and systematically investigate the XMCD spec-
tral evolution as functions of the CT and CVEC ef-
fects together. To this end, here, we adjust the hopping
strengths and Slater-Condon parameters of core-valence
orbitals using two scale parameters r and s, such that
Vpdσ = −2×r and Vpdπ = 1×r eV, and F 2

pd = 5.7508×s,

G1
pd = 4.2864× s and G3

pd = 2.4382× s eV. Hence, r and
s act as a scaling factor for each CT and CVEC channel
(Fig. 2(c)). When both effects are absent (r = 0, s = 0),
the L3-edge XMCD spectra consist of a main peak with a
negative sign and a subpeak with a positive sign, and cor-
responding L2-edge has the opposite composition, a main
peak with a positive and subpeak with a negative sign as
expected [15, 17–19, 50]. With excluding the CVEC ef-
fect (s = 0), we vary the strength of the CT channel.
As we increase the hopping strengths (r = 0.5), the posi-
tive (negative) subpeak in the L3-edge (L2-edge) progres-
sively diminishes, and the negative (positive) main peak
bifurcates to give two-peak structures. When full CT ef-
fects are included (r = 1), the subpeak signatures are all
gone, and we observe two negative peaks in the L3-edge
and two positive peaks in the L2-edge, both evolved from
the main peak in the (r = 0, s = 0) case (Fig. 2(c)).

The fine structure of XMCD peaks for the r = 0, s = 0
case depends solely on the local correlation effects of Mn-
3d orbitals, such as crystal field energy and exchange
Coulomb interactions, characterized by F 2

dd and F 4
dd.

Upon increasing r, the fine structure smoothed out. This
indicates that strong p-d hopping, which is due to the
metallic nature of Mn ions, effectively screens the de-
tailed local effects. In the absence of the CVEC, the
L3-edge (L2-edge) XAS spectra can be directly inter-
preted with the simple dipole transition picture: exci-
tations from the occupied core p3/2 (p1/2) orbitals to the
unoccupied valence 3d orbitals.

Given that the spin-polarized ground state predom-
inantly comprises the multiplet state with the t32g↑e

1
g↑
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FIG. 3. Schematic diagrams of dipole transitions from the
∣∣t32g↑φz2↑

〉
state at the (a) L3 and (b) L2 edges. D

t2g
+ and D

eg
+

(D
t2g
− and D

eg
− ) denote the dipole transition operators for right (left) circularly polarized photons from core 2p to valence t2g

and eg orbitals, respectively. The thickness of arrows indicates the strength of dipole transitions, with relative values marked at
the top-right horizontal lines. The partial excitation distribution (PED) behaviors of multiplet states derived from

∣∣t32g↑φx2↑
〉
,

which gives dominant contribution in ground state for θJT = 2π/3, by the dipole operators D
t2g
+ , D

t2g
− , D

eg
+ , and D

eg
− when the

scale parameter s is 0 for (c) & (d), and 1 for (f) & (g). The theoretical L3-edge X-ray magnetic circular dichroism (XMCD)
spectra for (e) s = 0 and (h) s = 1. The scale parameter is defined as F 2

pd = 5.7508× s, G1
pd = 4.2864× s, and G3

pd = 2.4382× s
eV. Other parameters are presented in Table I.

and t32g↑ configurations for Mn3+ and Mn4+, respectively,
we investigate its dipole transition behaviors. From
the dipole selection rules, the transition from p3/2,+3/2

(p3/2,−3/2) to φx2−y2↑ (φx2−y2↓) orbitals of RCP (LCP)
photons exhibits maximum amplitude at the L3 edge.
Conversely, the transition from p1/2,+1/2 (p1/2,−1/2) to
φx2−y2↓ (φx2−y2↑) orbitals shows maximum amplitude
at the L2 edge, as illustrated in Fig. 3(a) and (b). (See
Supplementary Fig. S6(a) and (b) for Mn4+) case. Ad-
ditionally, the transition from p3/2,−3/2 to φxy↓ orbitals
of LCP photons contributes more significantly than the
transition from p3/2,+1/2 to φxy↓ orbitals of RCP photons
at the L3 edge. Moreover, the transition from p1/2,±1/2

to φxy↓ orbitals of LCP photons is forbidden at the L2

edge. These spin and orbital dependencies of dipole tran-
sitions lead to the observed dichroism in Mn ions.

To identify the microscopic contributions of each chan-
nels, we calculate the partial excitation density (PED) of
the final states derived from

∣∣t32g↑φx2↑
〉
through dipole

transitions from core 2p to valence t2g and eg orbitals,

D
t2g
±

∣∣t32g↑φx2↑
〉
and D

eg
±
∣∣t32g↑φx2↑

〉
, which are the most

dominant contributions in the ground multiplet state of
Mn3+ ions for θJT = 2π/3. Here, we included fully in-
cluded the hopping r = 0. The detailed calculations can
be found in Supplementary Note 8.

In Fig. 3(c) and (d), we display the calculated PED of
the final states without CVEC effect (r = 0). The peaks

of PED for D
t2g
±

∣∣t32g↑φx2↑
〉
appear at the eigenenergies of

the final multiplet states, which consist of t32g↑φx2↑t
1
2g↓c

1

configurations for D
t2g
±

∣∣t32g↑φx2↑
〉
, and t32g↑e

2
g↑c

1 and

t32g↑φx2↑e
1
g↓c

1 configurations for D
eg
±
∣∣t32g↑φx2↑

〉
. Here, c

denotes the core 2p hole. For r = 1, s = 0, the multiplet
states with t32g↑φx2↑t

1
2g↓c

1 configuration exhibit peaks at
around 1 eV at the L3 edge and 12.2 eV at the L2

edge of relative photon energy. Additionally, the mul-
tiplet states with t32g↑e

2
g↑c

1 and t32g↑φx2↑e
1
g↓c

1 configura-
tions show main peaks at around 0.6 eV and 3 eV at
the L3 edge, and 11.8 eV and 14.2 eV at the L2 edge,
respectively. Thus, the negative (positive) XMCD peak
at around 1 eV (12.2 eV) at the L3 (L2) edge can be
attributed to the contribution of multiplet states with
t32g↑φx2↑t

1
2g↓c

1 derived from the dipole transition from
p3/2 (p1/2) to t2g↓. The negative (positive) XMCD peak
at around 3 eV (14 eV) results from the sum of positive
(negative) and negative (positive) contributions of the
dipole transition from p3/2 (p1/2) to eg↑ or eg↓. Similar

analysis is also accessible for
∣∣t32g↑〉 for Mn4+ calculation

as shown in Supplementary Fig. S6(c) and (d).

The two-peak structures for r = 1, s = 0 is a reflec-
tion of the electronic structures, where the large and
small peak corresponds to the unoccupied Mn-3d bands
at around 1 and 3 eV, respectively (see Supplementary
Note 2). The former is the mixture of the t2g and eg, but
the latter is mainly of the eg character. Note that the
conventional sum-rule analysis, which separately treats
L2- and L3-edge with circa one-body picture, remains
valid regardless of the CT effect as long as the many-
body CVEC are absent.
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Now we discuss XMCD spectra. Before the micro-
scopic PED analysis with CVEC (s = 1), we explore
the behaviors of the XMCD first upon the inclusion of
the CVEC, displayed in Fig. 2 (e) and (f). Most impor-
tantly, the response of the L3- and L2-edge XMCD spec-
tra are totally different upon the CVEC effect. As s is
increased from 0 to 1, in the L2-edge sector, the positive
two-peak structures remain robust despite the changes in
the weight, which is transferred from the lower to upper
peak. However, in the L3 sector, the inclusion of CVEC
dramatically alters the overall shape of the spectra. Pos-
itive spectra emerge in the higher energy sector of the
L3 edge for both dichroism, eventually evolving into the
positive peak in the L3 edge, which corresponds to the
XMCD peak at around 644.6 eV in the experiments (See
Fig. 1(a)). Also, the two negative peaks rearrange into
one large negative peak with subpeak structures. Once
CVEC is included, the XMCD spectra cannot be sim-
ply interpreted as the dipole transition between occu-
pied core and unoccupied valence electronic bands, and
the conventional analysis on the XMCD sign, hence the
sum-rule, is no longer valid. As we have individually an-
alyzed, eventually, one need to fully include the CT and
CVEC as well as JT distortion for the proper simulation
the experimental XMCD spectra (Fig. 2(b)).

One can obtain the microscopic insight from the PED
behaviors for the full inclusion of CT and CVEC effects
(r = 1, s = 1) case. Figures 3(f) and (g) present the

PED behaviors for D
t2g
±

∣∣t32g↑φx2↑
〉
and D

eg
±
∣∣t32g↑φx2↑

〉
, re-

spectively. The CVEC arises from the atomic electron-
electron correlations between core 2p and valence 3d or-
bitals, allowing exchanges between p1/2 and p3/2 core
holes along with simultaneous exchanges among valence
d orbitals. This leads to a fine structure of the final multi-
plet states in the XAS process. Consequently, the PEDs
are much extended, and the XMCD spectra exhibit com-
plex behaviors.

The dominant negative peak at around 3.4 eV and the
positive one at 4.8 eV in the L3 edge XMCD can be at-
tributed to the dipole transition from p3/2 to eg orbitals.
And we see that the L2-edge XMCD spectra near 14.3 eV
are almost compensated by positive and negative contri-
butions from the dipole transitions from p1/2 to t2g and eg
orbitals, respectively, and the positive peaks around 13.1
eV and 16 eV mainly originated from the dipole transi-
tion from p1/2 to t2g and eg orbitals, respectively. These
observations highlight the intricate effects of CVEC on
the PED, hence, on the XMCD spectra, emphasizing the
need for a detailed analysis of these interactions to un-
derstand the underlying electronic transitions.

For the microscopic understanding of full CT effects,
we investigate the PED behaviors for the dipole transi-
tion for two ligand-hole state D±

∣∣t32g↑e2g↑L2
eg↑

〉
for Mn4+,

and one and two ligand-hole states D±
∣∣t32g↑e2g↑L1

eg↑
〉
and

D±
∣∣t32g↑e2g↑t12g↓L1

eg↑L
1
t2g↓

〉
for Mn3+ (see Supplementary
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FIG. 4. Theoretical resonant inelastic X-ray scattering
(RIXS) map for depending on the scale parameter (s) of the
CVEC channel (a) s = 1, s = 0 and (b) r = 1, s = 1, and
their MCD map for (c) r = 1, s = 0 and (d) r = 1, s = 1. The
vertical dotted lines in (b) and (d) indicate energy losses of 0,
−3, and −9 eV. The black dotted lines denote the emission
cuts shown in Fig. 1(c). The relative photon energy of 0 eV
corresponds to 639.2 eV.

Fig. S7). Unlike the cases for
∣∣t32g↑〉, ∣∣t32g↑e1g↑〉, and∣∣t32g↑e1g↑Leg↑

〉
, the dipole transition from p3/2 and p1/2

to eg↑ orbitals is prohibited because all eg↑ orbitals are
fully occupied. We clearly show the reduction of PED
intensity of D

eg
±
∣∣t32g↑e2g↑L2

eg↑
〉
, D

eg
±
∣∣t32g↑e2g↑L1

eg↑
〉
, and

D
eg
±
∣∣t32g↑e2g↑t12g↓L1

eg↑L
1
t2g↓

〉
states takes place at around

0.6 and 12 eV for the case of r = 1, s = 0. Note that
the negative (positive) contributions to the L3-edge (L2-
edge) XMCD are generated by the dipole transition from
p3/2 (p1/2) to eg↑ orbitals as shown in Fig. 3(d) and Sup-
plementary Fig. S5(d) Unless the CT are appropriately
included, that contribution can be overestimated. There-
fore, we ascertain the importance of the full CT inclusion,
which provides complete description of the XMCD be-
haviors – notably the positive two XMCD peaks at the
L2 edge near 13.1 eV and 16 eV that the weighted-sum
approach with sole dn+1L1 inclusion cannot achieve. Es-
pecially for the systems with significant mixed-valence
fluctuations, our findings underscore the importance of
full CT effects consideration for the accurate description
of the XMCD spectra.

Theoretical RIXS-MCD spectra

Now we analyze the RIXS and RIXS-MCD spectra,
where the importance of the CVEC is further empha-
sized. As in the experimental X-ray geometry setup as
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shown in Fig. 1(b), we calculated the spectra assuming
the incident photon has the LCP or RCP. (see Supple-
mentary Note 4 for the calculation details). In Figs. 4(a)–
(d), we present the calculated RIXS and RIXS-MCD
maps as functions of incident photon energy and out-
going photon energy loss for the cases of the absence
(s = 0) and presence of the CVEC (s = 1). We find that
our calculation with full consideration of the CVEC in
the strong d-p hopping regime, shown in Fig. 4(b) and
(d), successfully reproduce the experimental RIXS and
RIXS-XMCD in Fig. 1(c) and (d).

In both s = 0 and 1 cases, the calculations yield iden-
tical multiplet structures for the initial and final states in
the RIXS process, which shows that the CVEC is inert
unless the core holes are populated. Consequently, the
positions of RIXS and RIXS-MCD peaks with respect to
the energy loss remain the same.

However, the details of the peak structures, such as the
sign and intensities, exhibit markedly different behaviors
depending on the CVEC strengths. The CVEC strongly
affect the intermediate states of the RIXS process, and
split them into finer structures, thereby modifying the
effective selection rule for a given photon energy. As a
result, when the CVEC effect is included, the RIXS-MCD
maps extend over wider ranges of the incident photon
energy. Note that the negative L3 edge at the elastic
part shifts downward while the positive portion at the
inelastic part moves upward (see Fig. 4(c) and (d)).

For a comprehensive analysis on the RIXS-MCD spec-
tra, we explore the transitions of ground multiplet con-
figurations during the absorption and emission processes
in RIXS. Figures 5(a) and (b) illustrate the transitions
starting from the initial configurations t32g↑ and t32g↑e

1
g↑.

As a result, the final states derived from
∣∣t32g↑〉 are mainly

attributed to the states with t32g↑, t
2
2g↑t

1
2g↓, t

2
2g↑e

1
g↑, and

t22g↑e
1
g↓ configurations. Similarly, the final states de-

rived from
∣∣t32g↑e1g↑〉 are mainly attributed to the states

with t32g↑e
1
g↑, t22g↑e

1
g↑t

1
2g↓, t32g↑t

1
2g↓, t22g↑e

2
g↑, t32g↑e

1
g↓, and

t22g↑e
1
g↑e

1
g↓ configurations. With these setups, we can cal-

culate the microscopic PED behaviors of the relevant fi-
nal states involved in the RIXS-MCD process as shown
in Figs. 5(c) and (d).

We observe that the local dd excitations primarily con-
tribute to the RIXS spectra for −1 – −5 eV , while CT
excitations become more prominent for −6 – −15 eV,
possibly due to enhanced Coulomb interactions. Addi-
tionally, the RIXS-MCD peaks above 1 eV for both s = 0
and 1 cases are mainly attributed to the excited states
with t22g↑e

1
g↑, t

2
2g↑e

1
g↓ as well as t22g↑e

2
g↑, and t22g↑e

1
g↑e

1
g↓ for

the dd excitations. As shown in Fig. 5(c) and (d), these
correspond to transition from t2g to eg orbitals, with or
without spin-flip transition. Furthermore, the CT ex-
cited states involving spin-flip transtions, characterized
by configurations such that t22g↑e

1
g↑t

1
2g↓L

1
eg↑, t

3
2g↑e

1
g↓L

1
eg↑,

t22g↑e
2
g↑t

1
2g↓L

1
eg↑, and t32g↑e

1
g↑e

1
g↓L

1
eg↓, are heavily popu-

lated at thse enegy losses, giving main RIXS-MCD inten-
sity (see Supplementary Fig. S8). The peak positions of
their PED spectra are well matched with those of RIXS-
MCD spectra, and we can clearly identify the origins of
the multiple features.

Here, we want to emphasize that the detailed behav-
iors show a strong dependency on the relative photon
energy ωrel and CVEC effects. For instance, the RIXS-
MCD spectra without the CVEC effect, s = 0, and for
ωrel = 0.2 eV exhibit positive peaks at around −2.4 eV of
energy loss, while for s = 0 and ωrel = 2.2 eV they show
negative peaks and additional positive peaks at around
−4.4 eV of energy loss. If one includes the full CVEC ef-
fect, s = 1, and for ωrel = 3.4 eV, negative peaks emerge
at about −2.4 and −4.4 eV in the RIXS-MCD spectra.
In contrast, positive two peaks shown at approximately
the same energy losses, which is consistent with the peak
positions of PED of the t22g↑e

1
g↓ (t22g↑e

1
g↑e

1
g↓) configura-

tion for s = 1 and ωrel = 4.4 eV (see Fig. 5(e) and (f)).
These observations directly support that CVEC effect
predominantly determines the energies and symmetries of
the intermediate states, which eventually structures the
RIXS-MCD selections. Here, we clearly demonstrated
our model can identify the details of the signals, and the
inelastic component measurement via RIXS-MCD would
be considerable to be an alternative way for exploring the
microscopics of the complex systems.

CONCLUSION

In conclusion, by employing AIM calculation that fully
accounts for the CT and many-body CVEC as well as the
JT distortion, we successfully reproduce the key features
of XMCD and RIXS-MCD spectra for epitaxial LSMO
films, a representative itinerant ferromagnet. Our analy-
sis highlights the crucial roles of full CT treatment, par-
ticularly in the mixed valence systems, where the CT ap-
proaches based on restricted dn+1L1 CT configurations
often fail. We also reveal that the JT effect of Mn3+

ions is crucial to reproduce the XMCD spectra of metal-
lic LSMO systems. Furthermore, we demonstrate that
the CVEC effect significantly modulates the multiplet
structures of the final states of XMCD and intermediate
states of RIXS-MCD, leading to complex dipole selection
behaviors dependent on incident X-ray photon energy.
Note that as we have demonstrated here, CVEC-induced
complexity greatly reduces the practicality of the XMCD
sum-rule, particularly in light 3d systems, and empha-
sizes the strong photon energy dependency of the RIXS-
MCD map.

In our approach, starting from the atomic model, we
develop many-body calculations that include the CVEC
effect. To incorporate the metallic feature of valence elec-
trons, we employ full CT based on ligand field theory, of-
fering a significant improvement over conventional treat-
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FIG. 5. Schematic diagram of the resonant inelastic X-ray scattering (RIXS) process from relevant ground configurations: (a)
t32g↑ and (b) t32g↑e

1
g↑. The partial excitation distribution (PED) behaviors of final states derived from initial (c)

∣∣t32g↑〉 and (d)∣∣t32g↑e1g↑〉 states. C1 – C10 represent the configurations of final states given in (a) and (b). The theoretical RIXS-MCD spectra
when the relative photon energies of incident X-ray are (e) 0.2 and 2.2 eV for s = 0, and (f) 3.4 and 4.4 eV for s = 1. These
energies are consistent with the peak positions of the measured XMCD spectra. Arrows in (c) – (f) indicate the peak positions
of RIXS-MCD spectra. Other parameters are presented in Table I.

ments of mixed-valence systems. Our study represents
an important step toward extracting accurate empirical
physical parameters from spectral data, such as those
from RIXS and XMCD. Moving forward, parameteriz-
ing AIM using density functional theory and dynami-
cal mean-field theory methods offers a promising route
for further refining our model and achieving even more
precise agreement with experimental spectra [38–41, 62].
Amalgamating two distinct approaches facilitates a more
accurate reproduction of the experimental spectra. We
believe our work is a significant advancement toward this
goal, bridging theoretical and experimental investigations
in complex correlated systems.

METHODS

Experiments

Epitaxial LSMO films with 20 unit cells thick are
grown on (001) SrTiO3 single-crystal substrates via
pulsed laser deposition. The laser fluence is relatively
low, approximately 0.3 J/cm2, at the target surface with
a spot size of about 10mm2, and a repetition rate was
2Hz. During the film deposition, the temperature is
maintained at 800 ◦C with an oxygen partial pressure of
5 × 10−6 Torr. After deposition, the samples are cooled
down to room temperature avoiding exposure to air. De-
tailed growth conditions can be found in a previous pub-
lication [63]. XMCD and RIXS-MCD measurements are
conducted on the films at beamline 13-3, Stanford Syn-

chrotron Radiation Lightsource (SSRL).
The XMCD spectra are obtained in the total electron

yield (TEY) mode. The X-ray absorption spectroscopy
(XAS) spectra of LSMO are measured with two orthogo-
nal polarizations: right circular polarization (RCP) and
left circular polarization (LCP), under a constant mag-
netic field (H ∼ 0.2 Tesla) (see the inset of Fig. 1(a)).
Traditionally, the RIXS-MCD signal is weak due to

its small cross-section [21]. To address this limitation,
we employ a high-efficiency superconducting transition-
edge-sensor (TES) spectrometer [64]. Figure 1(b) illus-
trates the experimental setup for RIXS-MCD measure-
ment using the TES under an external magnetic field
(H ∼ 0.2 Tesla). In the RIXS process, the circularly
polarized X-ray photons with a photon energy of Ein

are injected into the sample at the incident angle of 30◦

against the surface. Core electrons in the Mn 2p levels
are excited to unoccupied states of the valence Mn 3d
bands, resulting in a 2p → 3d dipole transition. As the
excited electrons decay, X-ray photons are emitted with
a certain photon energy of Eout. The inelastic decay
process (∆E = Eout − Ein ̸= 0) enables the probing of
electronic excitations such as phonon, magnon, dd, and
charge-transfer (CT) excitations [20, 21].

Theoretical calculation

To gain microscopic insights into the XMCD and
RIXS-MCD spectra, we employ the CI calculation based
on the AIM, which is importantly employed for strongly
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correlated materials [29, 65–70]. In the model, the CT
effect of ligand orbitals are considered as a bath. No-
tably, the XAS and RIXS spectra are primarily governed
by local electronic correlations involving the Mn core 2p
and valence 3d orbitals, as well as strong pd hybridization
between Mn d orbitals and ligand p orbitals. In contrast,
the ligand bandwidth is believed to play a more subtle,
secondary role, as is typical in systems like LSMO. Anal-
ogous to conventional CI calculations [56], we incorpo-
rate five ligand (bath) orbitals with identical energy eL,
whose symmetric properties are the same as those of five
d orbitals. For the overlap integrals, we assume σ-type
(π-type) overlaps between 3d and bath orbitals with the
eg (t2g) symmetry. In line with the CI approach, we as-
sign overlap strength of

√
3Vpdσ for eg orbitals and 2Vpdπ

for t2g orbitals, where Vpdσ and Vpdπ denote the inter-
atomic matrix elements for σ and π bonds, respectively.
Following is the full AIM Hamiltonian we consider:

H = Hd +Hc +Hdc +HL +Ht, (1)

where
Hd : Hamiltonian of Mn 3d valence orbitals charac-

terized by the cubic crystal field (10Dq), Jahn-
Teller distortion (∆JT , θJT ), spin-orbit coupling
(λ), long-range magnetic field h, and Coulomb
interactions (Udd, F

2
dd, F

4
dd).

Hc : Hamiltonian of Mn 2p core orbitals characterized
by the spin-orbit coupling (λc) and energy level
(ec).

Hdc : Hamiltonian of core-valence exchange correla-
tions characterized by Slater-Condon parame-
ters (Upd, F

2
pd, G

1
pd, G

3
pd).

HL : Local energy of ligand (bath) orbital character-
ized by the energy level ϵL.

Ht : Hopping Hamiltonian between valence 3d and
ligand (bath) orbitals characterized by Vpdσ and
Vpdπ.

Slater-Condon parameters (F 2
dd, F

4
dd, F

2
pd, G

1
pd, G

3
pd)

are typically set at 80% of Hatree-Fock values (atomic
values) [57]. The Jahn-Teller (JT) distortion is described
by two parameter for tetragonal distortions, i.e., ∆JT ,
and θJT . The level splitting of the eg orbitals is de-
termined by ∆JT . The orbital angle θJT is taken to
be 0, 2π/3, and 4π/3, corresponding to the elongation
of the octahedron along the z, x, and y axes, respec-
tively. Accordingly, z2 and x2 − y2 orbitals, x2 and
y2 − z2 orbitals, and y2 and z2 − y2 orbitals are split
such that ∆JT = Ez2 − Ex2−y2 , ∆JT = Ex2 − Ey2−z2 ,
and ∆JT = Ey2 − Ez2−x2 , respectively. Since LaMnO3

exhibits the C-type JT distortiopn, θJT is taken to be
2π/3 or 4π/3 (both cases give the same results).

The spin-orbit coupling parameter of Mn core orbitals
λc is selected for fitting the experimental XAS split-
ting of L2 and L3 edges optimally. The Coulomb re-
pulsion parameters Udd and Upd are defined as Udd =
F 0
dd − 2

63 (F
2
dd +F 4

dd) and Upd = F 0
pd − 1

15G
1
pd − 3

70G
3
pd, re-

spectively [71]. As a common approximation, We set Upd

to be 1 eV higher than Udd [56]. The CT energy ∆ in dn

atomic multiplets is defined as the difference in average
energy between the dn and dn+1L1 configurations, where
L refers to the ligand (bath) hole orbitals. This is ob-
tained as ∆ = E(dn+1L1) − E(dn) = nUdd + 6Upd − ϵL,
assuming all ligand (bath) hole orbitals have the same
energy of ϵL.

In the calculation, ϵL is automatically set according to
∆, Udd, and Upd values. To incorporate the magnetic or-
dering effect of LSMO, we apply an auxiliary magnetic
field of µBh = 0.01 eV, which is much smaller than the or-
dering temperature of the LSMO and corresponds to the
mean-field from neighboring ferromagnetic spins. The re-
maining parameters are adjusted to fit the experimental
spectra. The specific parameters used are presented in
Table I.

Our choice of 10Dq = 1.4 eV is consistent with con-
ventional values ranging from 1 to 1.5 eV [42, 43, 49, 72].
We adopted a CT energy of ∆ = 1.5 eV. That is lower
than the values previously reported in some literature
for LSMO films (∆ = 4 ∼ 5 eV) [43, 49, 72] while it
is larger than the other selection of negative value for.
However, as demonstrated in Supplementary Fig. S5,
the relative intensity ratio of the positive L2 peaks in
the XMCD spectra is highly sensitive to this parame-
ter. Our selected value of ∆ = 1.5 eV yields a more
consistent agreement with the experimentally observed
intensity ratio for given parameter set. Our selected val-
ues of Udd and Upd are slightly smaller than the values
of Udd = 5.5 and Upd = 6.5 eV in Ref. [72], while the
strength of Vpdσ is slightly larger in magnitude than the
value of −1.7 ∼ −1.8 eV.

As we apply the CI-based methodology to the metallic
LSMO system, the treatment of the mixed-valence nature
of Mn ions–and consequently, an improved description of
the CT effect—is essential. In our model, we consider
the CT effect from the ligand (bath) states. Given the
atomic-like nature of the core orbitals and the extremely
short timescale of the resonant process, the intermediate
and final states in XAS and RIXS processes are predom-
inantly sensitive to the local electronic configurations at
the Mn absorbent site. We conduct independent calcula-
tions for the Mn4+ and Mn3+ by starting with the initial
d3L0 and d4L0 configurations and subsequently including
all higher-order CT states up to d10L7 and d10L6, respec-
tively. The overall spectra for the metallic LSMO system
are then reproduced via the weighted sum of these two
calculations. The simplest treatment for CT effects is
to restrict the CT space to only dn+1L1 configurations.
While this method is computationally inexpensive and
efficient for systems with weak CT effect, the CT treat-
ments beyond simple inclusion with dn+1L1 configura-
tions has been demonstrated to be essential to interpret
accurately the ground multiplet states of various mixed-
valence systems and its core-valence spectroscopy [72–
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TABLE I. Physical parameters for the Anderson impurity model in the eV unit. To simulate the C-type Jahn-Teller order, we
set θJT = 2π/3.

10Dq ∆JT λ F 2
dd F 4

dd λc F 2
pd G1

pd G3
pd ∆ Udd Upd Vpdσ Vpdπ

Mn4+ 1.4 0.1 0.052 9.933 6.256 7.500 6.126 4.621 2.630 1.5 5 6 −2 1
Mn3+ 1.4 0.1 0.046 9.132 5.718 7.500 5.590 4.143 2.356 1.5 5 6 −2 1

76]. Therefore, our approach, which incorporates a full
CT consideration, delivers a critically improved descrip-
tion of the experimental spectra.

The AIM is solved by applying the exact diagonaliza-
tion based on the Lanczos method [77], and we calculate
the ground state and its energy. Based on our ground
state, we calculate the XAS and RIXS spectra. The de-
tails on XAS and RIXS calculations are described in Sup-
plementary Note 3 and 4, respectively. The physical pa-
rameters, listed in Table I, are optimized to ensure that
the calculated spectra closely resemble the experimental
ones (see Supplementary Note 5, 6, and 7). Further-
more, our calculation of the d-band electronic structures
successfully captures the dominant peak structures of
those from the density functional theory calculation (see
Supplementary Note 2 for the details). These findings
demonstrate that our AIM describes the essential elec-
tronic features and confirm that our CI calculation effec-
tively captures the mixed-valence fluctuations in LSMO
systems.
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C. Chappert, R. Mégy, P. Beauvillain, P. Veillet, and
G. A. Held, Microscopic Origin of Magnetic Anisotropy
in Au/Co/Au Probed with X-Ray Magnetic Circular
Dichroism, Phys. Rev. Lett. 75, 3752 (1995).
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