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Taking the quadruple perovskite oxide CaCusFe,Os,007@san 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 figld, spin-orbit coupling (SOC),
Coulomb potential and hybridization. Specially, we found that the Os>" (5d°) with a half-filled >4
orbital exhibits a large orbital moment on account.of the mixing of ¢, 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 10Dgq, leading to a finite orbital
moment of Cu®*. This work provides a microscopic and element-selective perspective of the local

environment of the magnetic cations in complex compounds.

Keywords: cluster calculation, X-ray magnetic circular dichroism, spin-orbit coupling,
crystal field
N

PACS: 31.15.am, 75.10.Dg, 75.70.Tj, 87.64.ku

1. Introduction

The A- and B-site ordered perovskite oxide AA'3B2B0O1> has attracted much
attention dueto, the flexibility of accommodating multiple transition metals (TMs) at
all A, A', Bland B'sites. The strong and complex magnetic and electric correlations can
lead to | various {intfiguing physical properties such as charge ordering,!'™
multiferroicity,” 7' metal-insulator transition,’® colossal magnetoresistivity,'® half-
metallicity!%!? and catalysis.!!315)

CaCu3Fe>0s,012 (CCFOO0)!'® is one of the pioneering studies of A- and B-site
ordered.perovskite oxides with intricate electronic and magnetic couplings. As shown
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in Fig. 1, the Ca and Cu orderly occupy the A and A' sites respectively with an 1:3 ratio,
and Fe and Os reside at the B and B' sites respectively in a rock-salt order. The A’O4
square planar and B/B'Og octahedron units are connected via the corner-shared O atoms.
Different from traditional ABO3 perovskite with canonical intra-site B-B magnetic
interaction, first principle calculations indicates that the inter-site magnetic coupling
between the A'-site Cu and B'-site Os dominates thus resulting a very high' Curie
temperature of 580 K with a Cu?"(1)Fe*"(1)0s**(]) valence and spinfconfiguration
which was proved by the element selective X-ray absorption spectroscopic (XAS) and
X-ray magnetic circular dichroic (XMCD) measurements. ']

Fig. 1. Crystal structure of CaCusFe>0s20152.

In general, the single occupation of the d orbital for Cu?*(34°), either the half-filled
d orbital for Os** (t2¢°), do not cafry any-orbital moment. However, we noticed that for
both Cu** and Os>" in CCFOO, the XMCD intensities at the L3 and L, edges are not
equal,'®!"! leading to a nonzero integration, as an indication of nonnegligible orbital
moments that are not expected.l!®! Interestingly, this nonzero orbital contribution was
observed in many other [similar perovskite oxides 1%122021 For example, in
ACusFe:Re2012 (A = Capand La), orbital moments of 0.04~0.06 us/Cu were
observed.!'%!2] Nevertheless; the origin still remains unsolved. On the other hand, for
the 5d TMs, an extreme darge spin-orbit coupling (SOC) can lead to mixing of the
occupied and unoceupied orbitals, resulting in large orbital moment.?>2*! For example,
in Sr2IrO4 and CaCuslrsQu2f1r*" (54°) forms a Jer = 1/2 state with a large L./S: of 4.2°-
7] Therefore in CCFOQ, which accommodate 3d Cu?" with single hole and 5d Os>*
with fully occupied spin up state, 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 XMCD study of CCFOO by performing both
expefimental “sum rules and theoretical configuration interaction (CI) cluster
calculations, obtain the microscopic physical parameters such as crystal field, SOC,
Coulombipotential and hybridization, of all the three transition metals, and investigate
the origin of the orbital moments of Os>* and Cu?*. We found that a nonnegligible SOC
compared to the crystal field can result in some mixing of the #; and ey orbitals, thus
generating a nonzero orbital moment.
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2. Methods

The sum rules,"'®!”! which can not only figure out the spin-spin coupling among
them, but also can obtain the spin and orbital moments separately,!**>" were carried
out using the following equations

Morp
_ 4 fL3+L2(H+ —u)dw (10
3 [, W +u)dw
—ng), (1)

mspin + 7(Tz)
2f, W —p)do -4 (" —p)do
= - (10.= 1), (2)
fL3+L2(M+ +u)dw ~

where mor, and mspin are orbital and spin moments (us/atom),respectively, and nq is the
number of electrons occupying the d orbital of the TM. p" (n7).is/the XAS with the
magnetic field parallel (antiparallel) to the spin of thesincident light, and L3 (L2)
indicates the integrated region. The term 7<T> represents the intra-atomic dipole
moment. Note that the 7<7.> is negligible for Os>f with @y symmetry*®~? and 3d
elements®***¥ in current CCFOO.

The CI cluster calculation® was performed to investigate the local environment
of the TMs in CCFOO. It includes the full intra-atemic multiplet interactions, SOC, the
TM d to O-2p hybridization, and the ‘crystal fieldunteraction. This model has very
successfully reproduced the line shape of XMCD spectra of 3d, 4d and 5d TM in the
past decades.>*#"! 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 intensity at the Os-Lz edge is obviously larger than that at the L3 edge, indicating
an unquenched orbital mioment of Os>*, which is unexpected for a 54° configuration.
Using the sum rules we obtained orbital and spin moments of 0.16(3) us and —1.52(3)
us respectively, asdisted i Table 1. The mow/mspin ratio is calculated to be —0.10,
indicating a considerable orbital moment of Os>*. It is worth noting that the choices of
the edge jump funetion, background subtraction, and integrating range can result
variations for the spin and orbital moments. We have tested different parameters and
estimated an error bar‘of £0.03 us.
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Fig. 2. (a) Experimental and (b) calculated XAS andXMCD spectra at the Os-L» 3 edges.

4

Table 1. Sum rules and €l ealculation results of CCFOO.

sum Cli
atom moment )
rules calculation
Os Morb 0.16(3) 0.18
Mspin _152(3) —2.29
/atom
(us/atomm) Mow/Mepin —0.10  —0.08
cu Morb 0.06(3) 0.03
mspin 027(3) 029
[at
(ue/atOM) /. 022 0.10
Fo Morb / 0.007
Mspin / 4,15
[at
(luB a Om) morb/mspin / 0002
total / 5.0 us/f.u.

In order to ebtain/a better understanding of the origin of the unquenched orbital
moment, We performed CI cluster calculation. The parameters of Os>* are: Ugg = 1.0
eV, U =3.0eV, 4 =05, 10Dq = 3.2 eV, pdo = 2.43 eV, Slater integrals reduced to
80%.0f Hartree=Fock values. As shown in Fig. 2(b), the calculated spectra nicely
reproduce the experiment [Fig. 2(a)]. The obtained orbital and spin moments from
theoretic.calculations are 0.18 up and —2.29 us, respectively.

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

In the theoretic calculations, the charge transfer energy 4 was set to 0.5 eV for
Os>", denoting the strong hybridization between the high valence Os>" and ligand
oxygens. As a result, the formally high-valence Os>" ion has considerable contents of
5d*L and 5d4°L? (where L denotes a ligand hole on the O 2p orbital) configurations'in
the ground state, rather than a pure 54° state. However, when we change 4, the orbital
moment of Os>* only slightly changes, indicating that the covalent hybridization i§mnot
the major reason for the orbital moment of Os>*.

If one considers only the #¢ orbitals, three spin-up electrons give rise to half-filled
state, thus Os>" cannot have orbital moment. However, if all the 5d" orbitals are
considered, the mixing between ¢ and eg orbitals can lead to an unquenched orbital
moment, especially for 54 element which possesses a sizable SOC. From the
simulations of the experimental XMCD, we obtained 10Dg =/3.2 eV and SOC = 0.4
eV, thus the orbital mixing of #; and eg is expected. In order to figure out how
SOC affects the orbital moment of Os>*, we calculated the L, asia funétion 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 #2¢ orbital. With SO€ increasing, L. also gradually
increases. Fig. 3(b) displays the L, as a function of 10Dg (SOC fixed to 0.4 ¢V). One
can observe that with 10Dgq increasing, L, decreases. Avzero L, is expected when 10Dgq
is large enough compared to SOC, representing‘again onlyas2, occupation. These results
indicate clearly that the mixing between #2; and eg/orbitals is responsible for the orbital
moment of Os*>* in CCFOO.
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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).
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Now we turn to the 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 contribution of Cu?" ion in CCFOO. Using sum rules we further obtained the
Morb, Mspin and Morb/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** (34°) is also unexpected for one eg (x*-)?)
occupation, we performed the Cl cluster calculations for Cu?*. The parameters are:Uqq
=8.0eV, Uy =95¢eV,4=35¢eV, total 10Dg = 1.65 eV, Aeg=2.99 eV, Atyg = 1.65
eV, Vbyg = 2.12 eV, Vaig = 1.23 eV, Veg = 0.80 eV, Vg = 1.13 eV, Slater integrals
reduced to 80% of Hartree-Fock values. The crystal field parameters.10Dg, Aeg and
Atq were obtained using the Madelung potentiall“>4®1 based on the actual Cu? local
structure,l*”l which has a Dan symmetry as shown in Fig. 1, and the hybridization
parameters Vg, Vaig, Veg and Viog were obtained from Harrisoft’s preseription.[*”] The
10Dg = 1.65 eV of CCFOO is slightly smaller than experimental value 1.8 eV of
La,CuO4“® due to the longer Cu—O bond length (1.934 A) in @CFQO than 1.90 A in
LazCuO,.[4!

(@ | Experﬁnent
Cu-L,

A\
i/\\ Calculation
-
T
930

940 950 960
Photon Energy (eV)

Intensity (a.u.)

Fig. 4. (a)Experimental and (b) calculated XAS and XMCD spectra at the Cu-L> 3 edges.

It is important to note that the A’ site Cu?* forms a CuO4 square planar (Fig. 1).
Thus, we considered two configurations during the calculation: 1) beam incidence
perpendicular to the plane and, 2) beam incidence parallel to the plane. The ratio of the
two configurations is 1:2 for a polycrystalline sample. Fig. 4(b) displays our calculated
Cu?* spectra. The theoretic calculations give a nonnegligible orbital moment of 0.03 u5
and a spin moment of 0.29 up, 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

6
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compared with 10Dq. In consequence, SOC of 3d Cu leads to some degree of mixing
of #2¢ and e, orbitals, which is responsible for a small but unquenched orbital moment.

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
energies, resulting in a considerable splitting of both e, and 72, orbitals. In this case the
hole is located at the x*-y? orbital, thus the Cu®* is not expected to have orbital moment.
However, the mixing of x?-y? and xy orbitals by SOC can result in a ndn-zero orbital
moment. In order to confirm this, we also calculated the L. of Cu?*" in CCFQO 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 orbital moment comes from the nonzero SOC as it'is not
infinitely small as compared with 10Dg. Our theoretic L./2S: value of 0.10/1s smaller
than the experiment (0.22). The discrepancy is ascribed to the small L= value (0.06 up)
with an error bar (£0.03 u3) in the same order of magnitude of the sum rules.

2 2\ —
(a) blg (X -y ) lODq
1.65 eV
CUO; by, (xy) —— Acy
square planar Atyg 3.66 eV
(xaly2) 1.78 eV R
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Fig- 5. (a) Otbital configuration of Cu** in CCFOO. L, of Cu?" as a function of (b) SOC
and (c) ionic 10Dgq. The arrows indicate the parameters of the calculated spectra in Fig.

4(b).
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For Fe’* XMCD, however, the sum rules are not applicable because of the
significant overlap between the Fe-Ls and -L. edges.’® To obtain the correct spin
moment from the experimental Fe-L>3 XMCD, we performed CI cluster calculations.
The parameters are: Ugg = 7.5eV, U =9.0eV,4=3.0eV, 10Dg=0.85eV, pdo =1.3
eV, Slater integrals reduced to 75% of Hartree-Fock values. An exchange field 0f 30
meV was applied.'®51 The calculated XMCD signal is slightly larger than.that of
experimental owing to the Fe/Os antisite occupation in CCFOO. Aséshown in'Fig.
6(b), the calculation with 12% reduction of XMCD signal readily reproduces:both the
line shape and the intensity of the experimental [Fig. 6(a)], and yields a'spin moment
of 4.15 up/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 theoreti¢.calculations, we
obtain a total moment of 5.0 ws/fu. of CCFOO, in good agreement with the
macroscopic magnetization (5.0 ug/f.u.).11%

Experiment

(@)

Fe‘L3
Fe-L2

(b)

Calculation

Intensity (a.u.)

N

710 720 730
Photon Energy (eV)

Fig. 6. (a) Experimental and (b) calculated XAS and XMCD spectra at the Fe-L» 3 edges.

Our'findings can also explain the magnetic behaviors in many other similar
systems  such"as CaCusFesRe012,l"1  CaCusCroRe 012,521 NaCusFesRer01,°
NaCusFe;05201,, 1] LaCusFes 0501212 and CaCusMn20s,01:2% with the A’-site
Cu?* and:the same spin configuration [A’(1)B(1)B’(})] as which of CCFOO system. In
these pérovskite oxides, the orbital moment of B-site Fe**/Mn®"#* is almost quenched
and.thus the A’-O-B’ coupling is the dominant magnetic coupling. It is reasonable to
speculate that the orbital moments of Cu and Os/Re play critical roles in stabilizing the
magnetic coupling and realizing a high Curie temperature close to and even much

8



Chinese Physics B

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 Tc drastically decreases to 150 K for
LaCusCo2Re20125%4 and 20 K for CaCusCo2Rez012.1°%

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 CaCuzFe.08201> were
investigated. The microsopic parameters such as crystal field, spin-orbit, coupling
(SOC), Coulomb potential and hybridization were obtained. Specifically, The Os>* (54°)
with a half-filled 7, orbital exhibits a large orbital moment on account of the mixing of
the 72, and e, 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 nonnegligible
compared to the crystal field 10Dg, leading to a finite otbital moment. In contrast, the
orbital moment is close to zero for Fe**, with a half-filled:3d otbital. This work provides
an element-selected perspective to investigate (the mieroscopic and localized
environment of the magnetic ions in complex oxides.
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