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Taking the quadruple perovskite oxide CaCuzFe;0s,01, as an example, by performing both experimental sum rules
and theoretical configuration interaction cluster calculations, we have investigated the spin and orbital configurations of all
the transition metal cations, Cu, Fe, and Os, as well as their local microscopic physical parameters of crystal field, spin—orbit
coupling (SOC), Coulomb potential, and hybridization. Specifically, we found that 0s>t (5d%) with a half-filled tpg orbital
exhibits a large orbital moment on account of the mixing of tp, and eg orbitals, which can be ascribed to the strong SOC
of the 5d elements. On the other hand, SOC of the Cu®* (3d®) is markedly reduced, but is still nonnegligible compared to
the crystal field 10Dg, leading to a finite orbital moment of Cu®*. This work provides a microscopic and element-selective
perspective of the local environment of magnetic cations in complex compounds.
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PACS: 75.10.Dg, 75.70.Tj, 87.64.ku, 31.15.am
DOI: 10.1088/1674-1056/ae1204

1. Introduction

The A- and B-sites-ordered perovskite oxide AA;B,B501»
has attracted much attention due to the flexibility of accom-
modating multiple transition metals (TMs) at all A, A’, B,
and B’ sites. The strong and complex magnetic and electric
correlations can lead to various intriguing physical proper-
ties such as charge ordering,!'™* multiferroicity,®~7! metal-
insulator transition,[®! colossal magnetoresistivity,”! half-
metallicity,['®-1%) and catalysis.[!3-1]

CaCu3Fe;0s,01; (CCFO0)!'% is one of the pioneering
studies of A- and B-sites-ordered perovskite oxides with intri-
cate electronic and magnetic couplings. As shown in Fig. 1,
Ca and Cu orderly occupy A and A’ sites respectively with a
1:3 ratio, and Fe and Os reside at B and B’ sites respectively in
a rock-salt order. The A’O4 square planar and B/B’Og octahe-
dron units are connected via the corner-shared O atoms. Dif-
ferent from traditional ABO3 perovskite with canonical intra-
site B—B magnetic interaction, first-principle calculations in-
dicate that the inter-site magnetic coupling between A’-site
Cu and B'-site Os dominates, thus resulting in a very high
Curie temperature of 580 K with a Cu®* (1)Fe**(1)0s>*(])
valence and spin configuration, which was proved by the
element-selective x-ray absorption spectroscopic (XAS) and
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x-ray magnetic circular dichroic (XMCD) measurements. ']

Fig. 1. Crystal structure of CaCuzFe;0s,015.

In general, the single occupation of the d orbital for
Cu?t(3d%), either the half-filled d orbital for Os>* (tgg), does
not carry any orbital moment. However, we noticed that for
both Cu?* and Os>* in CCFOO, the XMCD intensities at the

16171 leading to a nonzero in-

L3 and L, edges are not equal,!
tegration, as an indication of nonnegligible orbital moments
that are not expected.[!®!1°] Interestingly, this nonzero or-
bital contribution was observed in many other similar per-
ovskite oxides.[10-12.20.21] Fqgp example, in ACuzFe;Rey01;
(A = Ca and La), orbital moments of 0.04 ug/Cu—-0.06 ug/Cu
were observed.!!%12! Nevertheless, the origin still remains un-

solved. On the other hand, for the 5d TMs, an extremely

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

087501-1


https://doi.org/10.1088/1674-1056/ae1204
https://cstr.cn/32038.14.CPB.ae1204
mailto:xwang@hnas.ac.cn
mailto:zhiwei.hu@cpfs.mpg.de
mailto:ywlong@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 087501 (2026)

large spin—orbit coupling (SOC) can lead to mixing of the
occupied and unoccupied orbitals, resulting in large orbital
moments.?>~>#1 For example, in Sr;IrO4 and CaCu3lrsOy7,
Ir*+ (5d°) forms a Jeg = 1/2 state with a large L./S, of
4.125-27] Therefore, in CCFOO, which accommodates 3d Cu%+
with a single hole and 5d Os®>* with a fully occupied spin-up
state, it acts as an appropriate example to study the origin of
the L, and its contribution to total magnetic moment.

In this work, we carry out an XMCD study of CCFOO
by performing both experimental sum rules and theoretical
configuration interaction (CI) cluster calculations, obtain the
microscopic physical parameters such as crystal field, SOC,

Coulomb potential, and hybridization of all the three transi-
tion metals, and investigate the origin of the orbital moments
of Os>* and Cu?*. We found that a nonnegligible SOC com-
pared to the crystal field can result in some mixing of the tpy
and e, orbitals, thus generating a nonzero orbital moment.

2. Methods

18,191 which can not only figure out the

The sum rules,!
spin—spin coupling among them, but also can obtain the spin
and orbital moments separately,?8-3%] were carried out by us-

ing the following equations:

4140, (W —p7)do
Morb = — 51— 10 —ng), ()
- 341, (IJJ”FH*)dw( )
2 T—u)do—4 T—u)do
g +7(T2) = — Jo, (W =) - J’Li(u uo) (10— ny), @
Sy, W +p7)do
\
where mo, and mgpiy are orbital and spin moments (in units error bar of £0.03 ug.
Uup/atom), respectively, and ny is the number of electrons oc- 4
(a) Experiment

cupying the d orbital of the TM. pu* (u™) is the XAS with
the magnetic field parallel (antiparallel) to the spin of the in-
cident light, and L3 (L) indicates the integrated region. The
term 7(T;) represents the intra-atomic dipole moment. Note
that the 7(T;) is negligible for Os>* with 0}, symmetry[30-32]
and 3d elements**34! in current CCFOO.

The CI cluster calculation®>! was performed to inves-
tigate the local environment of the TMs in CCFOO. It in-
cludes the full intra-atomic multiplet interactions, SOC, the
TM d to O-2p hybridization, and the crystal field interac-
tion. This model has very successfully reproduced the line
shape of XMCD spectra of 3d, 4d, and 5d TMs in the past
decades. 36491 The calculations were performed using the
XTLS 9.0 code.*!]

3. Results and discussion

The experimental Cu-, Fe-, and Os-L; 3 XMCD spectra
are taken from Ref. [17] and are depicted in Figs. 2(a), 4(a),
and 6(a), respectively. As shown in Fig. 2(a), the XMCD in-
tensity at the Os-L, edge is obviously larger than that at the
L3 edge, indicating an unquenched orbital moment of Os>*,
which is unexpected for a 5d° configuration. Using the sum
rules we obtained orbital and spin moments of 0.16(3) ug and
—1.52(3) pg, respectively, as listed in Table 1. The o, /mgpin
ratio is calculated to be —0.10, indicating a considerable or-
bital moment of Os>*. It is worth noting that the choices of
the edge jump function, background subtraction, and integrat-
ing range can result in variations for the spin and orbital mo-
ments. We have tested different parameters and estimated an
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Fig. 2. (a) Experimental and (b) calculated XAS and XMCD spectra at
the Os-L, 3 edges.

In order to obtain a better understanding of the origin
of the unquenched orbital moment, we performed CI clus-
ter calculations. The parameters of 0s>t are: Ugyg = 1.0 eV,
U.qg=3.0eV,A=0.5,10Dg=3.2 eV, pdo =2.43 eV, Slater
integrals reduced to 80% of Hartree—Fock values. As shown
in Fig. 2(b), the calculated spectra nicely reproduce the ex-
periment [Fig. 2(a)]. The obtained orbital and spin moments
from theoretical calculations are 0.18 ug and —2.29 ug, re-
spectively.

One can observe that the orbital and spin moments from
the sum rules are smaller than CI calculations, on account that
the experimental spectra of Os were obtained at 300 K where
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the magnetization does not reach its maximum. On the other
hand, the mq/ Mspin Tatio, which is independent of the mag-
netization, is obtained to be —0.10 via sum rules, which is in
good agreement with the CI calculated value of —0.08.

Table 1. Sum rules and CI calculation results of CCFOO.

Atom Moment Sum rules CI calculation
Morb 0.16(3) 0.18
Os (up/atom)  mgyip —1.52(3) —-2.29
mnrb/mspin —0.10 —0.08
Morb 0.06(3) 0.03
Cu (up/atom)  mgp, 0.27(3) 0.29
Morh /mspm 0.22 0.10
Morh - 0.007
Fe (ug/atom)  mgpy, - 4.15
Morb /mspin - 0.002
Total - 5.0 up/fu.

In the theoretical calculations, the charge transfer energy
A was set to 0.5 eV for Os>*, denoting the strong hybridiza-
tion between the high valence Os>* and ligand oxygens. As
a result, the formally high-valence Os>* ion has considerable
contents of 5d*L and 5d°L? (where L denotes a ligand hole
on the O 2p orbital) configurations in the ground state, rather
than a pure 5d3 state. However, when we change A, the or-
bital moment of Os>* only slightly changes, indicating that
the covalent hybridization is not the major reason for the or-
bital moment of Os>*.
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Fig. 3. L; of Os>* as a function of (a) SOC and (b) ionic 10Dg. The

arrows indicate the parameters of the calculated spectra in Fig. 2(b).

If one considers only the ty orbitals, three spin-up elec-
trons give rise to a half-filled state, thus Os>* cannot have
an orbital moment. However, if all the 5d orbitals are con-
sidered, the mixing between t; and e, orbitals can lead to

an unquenched orbital moment, especially for 5d elements
which possess a sizable SOC. From the simulations of the ex-
perimental XMCD, we obtained 10Dg = 3.2 eV and SOC =
0.4 eV,1427! thus the orbital mixing of ty, and e, is expected.
In order to figure out how SOC affects the orbital moment of
0s’T, we calculated the L, as a function of SOC. As shown in
Fig. 3(a), when SOC = 0, the L, quenches to zero representing
the case that all 5d electrons are constrained at the tp, orbital.
With SOC increasing, L, also gradually increases. Figure 3(b)
displays the L, as a function of 10Dgq (SOC fixed to 0.4 eV).
One can observe that with 10Dq increasing, L, decreases. A
zero L, is expected when 10Dg is large enough compared to
SOC, representing again only tp, occupation. These results
indicate clearly that the mixing between tp; and eg orbitals is
responsible for the orbital moment of Os>* in CCFOO.

Now we turn to Cu?* at the A’ site. From Fig. 4(a) one
can see that the XMCD signal at the Cu-L3 edge is larger than
that at the L, edge, indicating an unquenched orbital contribu-
tion of the Cu?* ion in CCFOO. Using sum rules, we further
obtained Mo, Mspin, and Mg / Mspin to be 0.06(3), 0.27(3), and
0.22, respectively, as listed in Table 1. Given that the orbital
moment of Cu?* (3d°) is also unexpected for one eg (xz—yz)
occupation, we performed the CI cluster calculations for Cu®*.
The parameters are: Ugg = 8.0 eV, Uyqg =9.5eV, A =3.5¢V,
total 10Dg = 1.65 eV, Aeg =2.99 eV, Aty = 1.65 €V, Vp 15 =
2.12 eV, Vaig = 1.23 eV, Vg = 0.80 eV, Ve = 1.13 €V, Slater
integrals reduced to 80% of Hartree—Fock values. The crys-
tal field parameters 10Dg, Ae,, and Aty, were obtained using

43461 pased on the actual Cu?t local

the Madelung potential
structure,!!”l which has a Dy, symmetry as shown in Fig. 1,
and the hybridization parameters Vpig, Valg, Veg, and Vo
were obtained from Harrison’s prescription.*’! The 10Dg =
1.65 eV of CCFOO is slightly smaller than the experimental
value 1.8 eV of LayCuO4“*¥! due to the longer Cu—O bond
length (1.934 A) in CCFOO than 1.90 A in LayCuQy.[#°!

It is important to note that the A’ site Cu?* forms a CuOy
square planar (Fig. 1). Thus, we considered two configura-
tions during the calculation: (i) beam incidence perpendicular
to the plane and (ii) beam incidence parallel to the plane. The
ratio of the two configurations is 1:2 for a polycrystalline sam-
ple. Figure 4(b) displays our calculated Cu®>* spectra. The
theoretical calculations give a nonnegligible orbital moment
of 0.03 up and a spin moment of 0.29 ug, with L, /2S, = 0.10.
Note that Cu is a late 3d TM, the 3d SOC of 0.10 eV is smaller
than those of 5d elements, but not infinitely small as compared
with 10Dg. In consequence, SOC of 3d Cu leads to some de-
gree of mixing of tyg and ey orbitals, which is responsible for

a small but unquenched orbital moment.
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(a) Experiment
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Fig. 4. (a) Experimental and (b) calculated XAS and XMCD spectra at
the Cu-L; 3 edges.
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Fig. 5. (a) Orbital configuration of Cu?* in CCFOO. L, of Cu®* as a
function of (b) SOC and (c) ionic 10Dgq. The arrows indicate the param-
eters of the calculated spectra in Fig. 4(b).

The energy diagram of Cu®>* in CCFOO is depicted in
Fig. 5(a). On account of the absence of the ligand oxygens
at the z axis, the z-related orbitals are located at very low en-
ergies, resulting in a considerable splitting of both e, and tg
orbitals. In this case the hole is located at the x>~y? orbital,

thus the Cu®* is not expected to have orbital moment. How-
ever, the mixing of x>~y? and xy orbitals by SOC can result in
a non-zero orbital moment. In order to confirm this, we also
calculated the L, of Cu** in CCFOO as a function of SOC and
energy splitting of x>~y and xy orbitals (10Dg), as shown in
Figs. 5(c) and 5(d), respectively. It clearly shows that, when
SOC is ignored, Cu?* does not have orbital moment. The or-
bital moment comes from the nonzero SOC as it is not in-
finitely small as compared with 10Dgq. Our theoretic L,/2S,
value of 0.10 is smaller than the experiment (0.22). The dis-
crepancy is ascribed to the small L, value (0.06 up) with an
error bar (£0.03 up) in the same order of magnitude of the
sum rules.

For Fe** XMCD, however, the sum rules are not appli-
cable because of the significant overlap between the Fe-L3
and -L, edges."®® To obtain the correct spin moment from
the experimental Fe-L, 3 XMCD, we performed CI cluster cal-
culations. The parameters are: Ugq = 7.5 eV, Ug = 9.0 eV,
A =3.0¢eV, 10Dg = 0.85 eV, pdo = 1.3 eV, Slater integrals
reduced to 75% of Hartree-Fock values. An exchange field
of 30 meV was applied.['®!! The calculated XMCD signal is
slightly larger than that of the experimental owing to the Fe/Os
antisite occupation in CCFOO.1% As shown in Fig. 6(b), the
calculation with 12% reduction of the XMCD signal readily
reproduces both the line shape and the intensity of the experi-
mental [Fig. 6(a)], and yields a spin moment of 4.15 ug/atom,
as listed in Table 1. Noting that the orbital moment of Fe3*
almost totally quenches due to the high spin 3d> configuration
with a fully occupied spin-up 3d shell and a fully empty spin-
down 3d shell. Hereto, with theoretical calculations, we obtain
a total moment of 5.0 ug/f.u. of CCFOO, in good agreement
with the macroscopic magnetization (5.0 pg/f.u.).[1%

Experiment

(a)

Fe-L3

Fe—L2

Calculation

Intensity (arb. units)

710 720 730
Photon energy (eV)

Fig. 6. (a) Experimental and (b) calculated XAS and XMCD spectra at
the Fe-L, 3 edges.
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Our findings can also explain the magnetic behaviors in
many other similar systems, such as

CaCU3F62R62012,[7] CaCu3Cr2Re2012,[52]
NaCU3FCQR82012,[53] NaCU3F62052012,[1 1]
LaCusFes_,0s,012,29 and CaCuzMn;0s,0, 2!

with the A’-site Cu>* and the same spin configuration [A’(1
)B(1)B'({)] as that of the CCFOO system. In these perovskite
oxides, the orbital moment of the B-site Fe3*/Mn3/4+ is al-
most quenched, and thus the A'-O-B’ coupling is the domi-
nant magnetic coupling. It is reasonable to speculate that the
orbital moments of Cu and Os/Re play critical roles in stabiliz-
ing the magnetic coupling and realizing a high Curie tempera-
ture close to and even much higher than room temperature. On
the other hand, however, when the B-site Fe’" is replaced by
Co?* (3d") with a large orbital moment, the Cu(A’)-O—Co(B)
AFM coupling is obviously enhanced, giving rise to strong
magnetic frustration between the AFM coupled A’, B, and B’
sites. In consequence, the T¢ drastically decreases to 150 K
for LaCu3CoyRe>0125# and 20 K for CaCuzCosRe; 0115

4. Conclusions

In conclusion, by performing both experimental sum rules
and theoretical configuration interaction cluster calculations,
the local states of all the transition metal cations, Cu, Fe, and
Os of the quadruple perovskite oxide CaCu3Fe;0s,01, were
investigated. The microscopic parameters such as crystal field,
spin—orbit coupling (SOC), Coulomb potential, and hybridiza-
tion were obtained. Specifically, the Os>* (5d°) with a half-
filled tp, orbital exhibits a large orbital moment on account
of the mixing of t; and ey orbitals, which can be ascribed to
the strong SOC of the 5d elements. On the other hand, SOC
of the 3d ion Cu®* is markedly reduced, but is still nonneg-
ligible compared to the crystal field 10Dg, leading to a finite
orbital moment. In contrast, the orbital moment is close to
zero for Fe3T, with a half-filled 3d orbital. This work provides
an element-selected perspective to investigate the microscopic
and localized environment of the magnetic ions in complex
oxides.
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