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With x-ray absorption spectroscopy and x-ray magnetic circular dichroism, the element-specific electronic
structure and the magnetic interactions of the double perovskite compounds PrCog sNipsO3 and LaCog 5sNij 503
were studied. In both compounds, Co and Ni depart from their nominal valence state of +3, implying a charge
transfer from Ni to Co. XMCD measurements clearly reveal a ferromagnetic behavior of Co and Ni in both
samples. The substitution of La by Pr is isovalent but leads to a partial spin-state transition of Co®* from high
spin to low spin, resulting in a significant decrease in the magnetic moment of Co. Furthermore, a magnetic
moment is found on the Pr site as well, with the Pr spin moment oriented antiparallel to those of Co and Ni. This
antiferromagnetic coupling is induced by the superexchange interaction between the Pr 4 f and Co/Ni 3d states.

DOI: 10.1103/7j4m-g6énh

I. INTRODUCTION

Transition-metal oxides with a perovskite-derived structure
of the ABOj type [A, rare earth (RE); B, transition metal (TM)]
display a wide range of physical properties including a host
of insulating, superconducting, and magnetic phases. ABO3
cobaltates, in particular, are well known to be prone to spin-
state transitions [1-7], and among them LaCoO3; (LCO) is
the mother compound of a very versatile family of materials:
not only does it exhibit temperature- and substitution-driven
electronic and magnetic transformations [8—14] but is also
useful as a cathode in high-temperature solid-oxide fuel cells
[15-18]. The CoOg¢ octahedra in LCO place the Co>* jons in
a local O;, symmetry, causing an eg-t, splitting of the Co 3d
orbitals by the crystal-field energy 10Dq. Because of the com-
petition between 10Dq and Hund’s exchange energy Jy the
spin state of Co®™ can assume several configurations, includ-
ing low-spin (LS; tggwwl, S = 0), high-spin (HS; tggmey,

S = 2), and intermediate-spin (IS; tggl Tweg, S = 1), with
the nonmagnetic LS state generally favored at low temper-
ature. This is why bulk LCO (among other undoped Co**
cobaltates) shows no long-range magnetic ordering. Through
“epitaxial-strain engineering”, however, LCO and PrCoO;
(PCO) can achieve ferromagnetic (FM) ordering: strain can
effectively suppress the propensity of Co®* to switch to LS
at low temperature, leaving the HS fraction sufficiently large
to support FM ordering [3,19-23]. Obviously, the Co*™ HS
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concentration plays a significant role in the magnetic behavior
of cobaltates. A further avenue for tuning physical properties
is partial substitution at the B site (Co site) by other TMs. FM
ordering can also be established without resorting to epitaxial
strain: in Ni-substituted LCO and PCO, for instance, such
as in half-doped LaCo 5Nip 503 (LCNO) and PrCog 5Nig 503
(PCNO) [24-28]. Unlike La ions, which do not contribute to
the magnetic interaction (owing to their completely unfilled
4f orbitals), Pr 4f electrons do participate to some degree in
the magnetic interaction [22,28-32]. Investigation of the elec-
tronic structure of LCNO and PCNO enables us to understand
the origin of the magnetic interactions in these compounds.
Although several studies have probed the electronic structure
of LCNO and PCNO, the reported results on their electronic
structures are not fully consistent, and the detailed nature of
the magnetic interactions in these systems remains a sub-
ject of discussion [24,26-28,33-38]. K-edge x-ray absorption
spectroscopy has been applied to LaCo;_,Ni, O3, but the in-
terpretations also vary among reports. [26,35,38] The valence
state was described either as +3 for both Co and Ni or as an
increase of the Ni valence from Ni2* to Ni** while the Co
valence remains nearly constant with Ni doping. Viswanathan
et al. further speculated on the electronic configuration based
on temperature-dependent dc magnetization, suggesting pos-
sible Co** (IS)-Ni** (LS) or Co*t (LS)-Ni** pairs [36].
Previous x-ray photoemission spectroscopy (XPS) studies on
PCNO have revealed that cobalt exists in a mixed-valence
state of Co®* and Co**, while the Ni ions are predominantly
close to a divalent state [27,28]. In contrast, another XPS
study reported that both Co and Ni exhibit a mixture of 24
and 3+ oxidation states, and that Pr contains a minor frac-
tion of Pr** species [37]. These discrepancies highlight that
the charge distribution and valence balance among Pr, Co,
and Ni in PCNO, as well as the corresponding Co and Ni
states in LCNO, remain controversial. This motivates a more
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FIG. 1. Crystal structure of LCNO and PCNO visualized in the
VESTA software [41,42] by using the lattice parameters a, b, and ¢
derived from the XRD data. The LCNO crystal structure has been
rotated to facilitate a more direct and intuitive comparison with
PCNO.

systematic investigation employing element-specific tech-
niques with direct sensitivity to the 3d states, such as soft
x-ray L-edge XAS and XMCD, to resolve the ambiguities left
by previous K-edge XAS and XPS studies.

In this work, we therefore apply soft x-ray absorption
spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) on LCNO and PCNO to obtain direct and, above
all, element-specific information on the valence structure, spin
configuration, local symmetry, and FM interaction of the TMs,
REs, and the light ligands in these compounds—effectively
enabling us to identify and disentangle their interactions and
magnetic properties.

II. SAMPLE AND EXPERIMENT

Polycrystalline  samples of LaCogsNips503 and
PrCog sNip 503 were synthesized by stoichiometric mixtures
of high purity powder of Co, Ni, La,03, and PrgOy; using the
sol-gel method [39,40]. First, La;O3 and PrgOq; powder were
dried at 800 °C for 8 hours. The dried La,;O3 and PrgO;; were
dissolved together with Co and Ni powder in a stoichiometric
ratio in diluted nitric acid (32% HNOj3; of 70 ml). Diluted
citric acid (30 ml deionized water + 5 g citric acid powder)
was then added, and we concentrated this solutions by a
slow evaporation at 100 °C while stirring. Next, the resulting
solution was fired at 250°C for 5 hours and at 500°C for
10 hours in air to remove the carbonaceous species. After
grinding in a mortar, the powders were further sintered in air
at 950°C for 30 hours and at 1050 °C for 48 hours. Finally,
the powders were pressed into pellets. To ensure good oxygen
stoichiometry the pellet samples were further sintered at
1050°C in a flow of oxygen for 48 hours. X-ray diffraction
(XRD) confirms the good sample quality. The detailed results
of the XRD refinement analysis, including lattice parameters,
bond lengths, bond angles, are provided in Appendix A.
The crystal structure of LCNO and PCNO is visualized in
Fig. 1 using the (relative) lattice parameters and distortions as
determined by XRD.

Element-specific XAS and XMCD measurements at the O
K, Co L3, Ni L3, and Pr M4 s edges were carried out at
the Institute for Quantum Materials and Technologies 1QMT)
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FIG. 2. (a) Co-L,3 XAS of LCNO and PCNO, together with
reference spectra of LaCoO; (measured at 20 K, pure Co’* LS),
Sr,Co0O;5C1 (pure Co** HS, taken from Ref. [46]) and SrCoO;
(Co*"). The inset presents a comparison of the Ly peak position
between the studied samples and the reference spectra for Co®* and
Co**. (b) Ni-L, 3 XAS of LCNO and PCNO, together with reference
spectra of NiO (Ni**) and LaNiO; (Ni**). The La M, peak has been
removed from the spectra, cf. Appendix B. (c) Pr-M, 5 XAS together
with the reference spectra of Pr’* (Refs. [47-50]) and Pr** (Refs.
[47,48]). Spectra are vertically shifted for clarity.

beamline WERA at the KIT Light Source KARA (Karlsruhe,
Germany). XAS was performed at temperatures of 300 K and
20 K, and XMCD was conducted at 20 K and with a magnetic
field of 4 T. All spectra were collected in the total-electron-
yield detection mode. The degree of circular polarization of
the incident light for XMCD was set to about 80%. The energy
resolution was set to 0.15 eV, 0.35 eV, 0.4 eV, and 0.4 eV
for the O K, Co L, 3, Ni L, 3, and Pr M, 5 edge, respectively.
Photon-energy calibration was ensured by adjusting the Ni-L;
peak position determined on a NiO single crystal before and
after each XAS or XMCD measurement [4,43]. For XMCD,
absorption spectra were taken with the magnetic field oriented
parallel (u*) and antiparallel (™) to the x-ray beam; the
XMCD spectrum is Au = ut-u~. Typically, spectra were
also taken for both helicities, with identical results.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) exhibit the Co and Ni L, 3 XAS
spectra of LCNO and PCNO along with various reference
spectra. Note that for LCNO, the huge La M, peak would al-
most completely overshadow the Ni L5 signal and, to improve
clarity, has been removed in this and the following figures.
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(For details on this La-signal removal see Appendix B.) This
is why the Ni-L; pre-edge background for LCNO appears
less smooth than that of PCNO [44,45]. All XAS spectra
are normalized in the post-edge range (Co, 805-810 eV; Ni,
885-890 eV; and Pr, 970-975 eV) where the absorption is
atomic-like and featureless. The overall spectral features and
shape of Ni XAS are very similar for LCNO and PCNO, and
therefore no dramatic differences are to be expected in their
local electronic structure with Ni character.For Co XAS, on
the other hand, subtle but distinct spectral-weight changes are
visible when comparing LCNO to PCNO. Three features (c,
d, and e) are observed at the L3 edge in Co XAS, and two
more (f and g) at the L, edge. One can see that the intensity of
peak c decreases, whereas peaks d and f increase when La is
substituted by Pr. This spectral-weight change from LCNO to
PCNO is similar to the differences seen between the reference
systems Sr,Co03Cl (SCOC, Co** HS) and LCO (Co** LS),
implying a spin-state transition [4,46,51,52].

Accordingly, the differences observed for PCNO vs LCNO
indicate a larger Co®t LS fraction in the former. The XRD
Rietveld refinement (see Table II) confirms that Pr substitution
does not significantly affect the Co-O bond length. However,
the Co-O-Co bond angle decreases by approximately by 5—6°
compared to that of LCNO. This angular distortion is the
underlying structural cause driving the stabilization of the
Co®" LS state in PCNO. A smaller Co-O-Co angle reduces
the o-type overlap between Co 3d and O 2p orbitals, thereby
narrowing the e, bandwidth and enhancing the 10Dq split-
ting relative to the Jy. As a result, the energy gain from
adopting LS configuration becomes more favorable, leading
to observed increase in the LS Co** population upon Pr
substitution [53,54]. We exclude the Co®" IS state in this
study because the Co®t IS configuration only exists in the
case of strong tetragonal distortion [4,8,9]—and the XRD
results on LCNO and PCNO do not provide any indication
for such a strong distortion for either of them. The L, 3 XAS
of transition-metal oxides is also highly sensitive to changes
in the valence state. A valence-state change from n to n + 1
leads to a significant energy shift of the L3 peak to higher
energies. This is illustrated in the inset of Fig. 2(a), super-
imposing the L3 peak for Co’* (LCO and SCOC) on that
for Co** (SrCo03): from Co** to Co** the L; peak moves
to the high-energy side by about 1 eV. In the same inset,
comparing now the L3 peak position of PCNO and LCNO
to that of LCO, an energy shift of about 0.25 eV to higher
energy is clearly visible. This indicates that the Co valence
in PCNO and LCNO is higher than 34+ (Co™*¢); as a first
rough estimate (and assuming an approximately linear scale)
by about € ~ +0.25.

For Ni XAS, we observe a prominent peak i (k) on the
high-energy side of L3 (L,), accompanied by a sharp peak
h (shoulder peak j) located to the left of the main structure.
It is obvious from the comparison of the spectra for LCNO
and PCNO to those for the reference samples NiO (Ni**)
and LaNiO; (Ni**) that peak i (peak k) corresponds to Ni**,
whereas peak h (peak j) indicates Ni*". Taken together, it
clearly suggests that the valence state of Ni is lower than 3+
(Ni*37%). The presence of both Co and Ni in a mixed-valence
state shows a charge transfer from Ni to Co in LCNO and
PCNO [25,27,28,55].
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FIG. 3. (a) Temperature-dependent XAS of Co-L,; for LCNO
and PCNO. (b) XAS fitting for LCNO. We only show the fitting
result for 300 K since the XAS data for 300 K and 20 K are identical.
(c)(d) Fitting results for PCNO at 300 K and 20 K, respectively. (e)
Fitting results at Ni-L, 3 XAS. All blue and red solid lines represent
the room-temperature spectra for LCNO and PCNO, respectively.
Open symbols represent the XAS spectra taken at 20 K. Cyan lines
are the fitting results.

The Pr-M4 s XAS as seen in Fig. 2(c) is identical to the
reference spectrum of Pr3t [48-50,56] and does not dis-
play any features commonly associated with Pr#*[48,49].
This indicates that the La ion substitution by Pr in PCNO
is isovalent. Together with the results from Ni (Nit37%) and
Co (Co™3*¢), the charge neutralization in both samples is
nicely reflected also in the spectroscopic observations, fur-
ther corroborating the valences observed. Considering the
significant role of the Co** HS species for FM ordering in
cobaltates, we also examine temperature-dependent XAS (T-
XADS) to identify changes in the local electronic structure and,
in particular, a possible evolution of the Co** HS fraction
upon decreasing sample temperature. Figure 3(a) displays the
Co-L, 3 T-XAS measured at 300 K and 20 K. For LCNO,
only minute changes are visible between 300 K and 20 K,
suggesting that the valence and spin states of Co in LCNO
remain essentially unchanged with temperature. For PCNO,
on the other hand whose Co** HS fraction at 300 K is already
lower to begin with, a further partial transition from HS to LS
can be seen as the temperature decreases. Ni and Pr T-XAS
of both samples do not exhibit any temperature-dependent
changes [cf. Fig. 3(e) for Ni; not shown for Pr], and thus no
changes of valence or spin state are expected on the Ni and Pr
sites.

To better quantify the valence states and the Co** spin
state we superimpose the reference XAS spectra in appro-
priate ratios to fit the Co and Ni XAS [4,8,57-63]. Figures
3(b)-3(d) displays the fitting result for Co. The Co valence
state in both LCNO and PCNO and regardless of temperature
is determined to be +3.23, with 77% of Co*t and 23% of
Co**. (Perhaps a little fortuitously, the rough estimate from
the peak shift in Fig. 2 is quite similar.) For LCNO at both
300 and 20 K, the Co** HS concentration is found to be 39%.
For PCNO, it decreases first to 33% at 300 K and then further
and quite significantly to 21% at 20 K.
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Figure 3(e) shows the XAS fitting for Ni; no spectral dif-
ferences for the two compositions and the two temperatures
can be identified. It should be noted that the peak h in L3 of
LCNO seems to have a slightly reduced intensity owing to
the subtraction of the huge La M, background. As a result,
the accuracy of fitting the Ni L3 peak may be less reliable
for LCNO. However, based on the spectral shape and energy
position of the L,, we can still conclude that the electronic
structure of Ni of these two samples is nearly identical [64].
According to the fitting results of Ni XAS, we find that the
valence state of Ni in both samples is about +2.78 (22%
Ni** + 78% Ni**). This result indicates that both LCNO and
PCNO exhibit a moderate charge disproportionation among
the TMs, approximately following Co®t + Ni*t — Co*#*
+ Ni?7®*, Both Co and Ni thus remain close to trivalent
states. Under these conditions, Co maintains a relatively lo-
calized 3d®-like electronic configuration, whereas Ni exhibits
a more delocalized and strongly covalent character that can
be described by a mixed 3d® + 3d®L configuration, where
L denotes a ligand hole associated with oxygen 2p orbitals
[65,66]. Such a redistribution of covalency between Co and
Ni sites provides important insight into the microscopic origin
of their distinct magnetic interactions in LCNO and PCNO.
Meanwhile, the RE ions La®>* and Pr3t also retain their nomi-
nal 3+ valence upon substitution, confirming that the primary
charge redistribution occurs within the TM sublattice.

We turn now to the magnetic results we plot in Fig. 4, the
ut and = XAS spectra and the resulting element-specific
XMCD for LCNO and PCNO. (As mentioned before, the La
M, peak interferes with Ni XMCD as well, and so special
care was taken to minimize the residual noise in the Ni-Lj
region. For details see Appendix B.) In order to compare
XMCD intensities across different elements more intuitively,
all XMCD spectra were normalized to the absorption intensity
at the energy position corresponding to the maximum XMCD
signal at the L3 (Co and Ni), Ms (Pr), and K(O) edges. The
resulting values are represented as percentages and plotted
using a uniform y axis scale.

First, the Co XMCD spectra [Fig. 4(a)] for the two
compounds exhibit comparable spectral shape, suggesting a
common origin of the Co-based FM interaction in both. Also,
the Co XMCD spectra show a negative sign at the L; peak,
meaning that for both LCNO and PCNO, the Co spin mo-
ment aligns parallel to the external magnetic field. However,
the Co XMCD amplitude decreases substantially from 2.6%
for LCNO to 1.2% for PCNO. As mentioned above, FM
ordering in cobaltates requires a sufficiently high Co®* HS
concentration, as illustrated by the following examples: (i)
strain in epitaxial LCO (eLCO) thin films, “clamping” the
low-temperature Co>* HS fraction to ~35%—which is a level
sufficient to enable FM ordering [3]. (ii) LCO in powder and
single-crystalline form with a Co®* HS fraction < 17% at
about 40 K, which is too low for FM order [3,8]. For PCNO,
the XAS results of the preceding section show a Co’* HS
concentration of 21% at 20 K, only slightly higher than the
value for example (ii). The drop in the Co XMCD intensities
seen for PCNO can thus be mainly attributed to the low Co**
HS concentration.

Ni XMCD exhibits the same dichroic sign to that of Co,
and thus the Ni spin moment is ferromagnetically aligned to
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FIG. 4. The ™ and u~ XAS together with the normalized
XMCD (the normalization method for the XMCD spectra is de-
scribed in main text) measured for the (a) Co-L,3, (b) Ni-L,3,
(c) Pr-M,s, and (d) O-K edges. The inset of (d) displays the
magnified version of the O-K XMCD spectra in the energy range
527-530 eV. All XMCD spectra are presented in a uniform y axis
scale for the sake of comparison. In each panel, the XAS spectra for
the different sample compositions are vertically offset for clarity.

that of Co. Remarkably, the Ni L-edge XMCD is observed to
be entirely unchanged, both in intensity and spectral shape, by
the substitution of Pr for La—clearly indicating that the FM
coupling at the Ni site remains the same (in contrast to the
Co site). Pr-M4 s XMCD [Fig. 4(c)] also shows a significant
dichroic signal. Its sign is opposite compared to Co and Ni,
however, indicating that the Pr spin moment is antiparallel to
the Co and Ni spin moment [22,23,67].

The ligand (oxygen) also plays an important role in medi-
ating the magnetic interaction [68—74]. As ls orbitals are not
spin-orbit split, O-K XMCD will only determine the prop-
erties of the orbital moment. O-K XMCD spectra Fig. 4(d)]
exhibit a negative peak at about 528.1 eV, showing that the
orbital moment of the ligand oxygen is oriented parallel to
that of Co and Ni. Further, one also observes that the O-K
XMCD intensity significantly reduces from 2% for LCNO
to 0.8% for PCNO. The 2p orbital of the ligand oxygen is
polarized because of a transfer from polarized 3d orbitals
of neighboring Co or Ni ions through p-d hybridization
[21,68-74]. The reduced O-K XMCD intensity for PCNO
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can thus be directly attributed to the reduced Co magnetic
moment.

By combining the results of XAS and XMCD, we may
deduce the predominant exchange paths of the FM interac-
tions. From the perspective of Ni, the FM interaction remains
unaffected by both the Pr substitution and the concentration
of Co®* HS. This suggests that the ferromagnetic interaction
occurring at the Ni site is established by the double-exchange
(DE) interaction between Ni** and Ni**. For Co, the FM
interaction is attributed to the DE interaction between Co’*
and Co*". In PCNO, there is an additional AFM interac-
tion at work. According to Hund’s rule, a free Pr* (4f2)
ion possesses two unpaired f electrons with a ground-state
multiplet of 3H, and a ninefold degeneracy (2J + 1 = 9),
corresponding to an effective magnetic moment of approx-
imately 3.58 wp. In the orthorhombic Pbnm perovskite
structure, the Pr3t ion sits at the distorted 12-fold coordi-
nated A site. The low-symmetry crystal field lifts the ninefold
degeneracy ground state into nonmagnetic singlet [75-78].
Under these conditions, Pr** exhibits Van Vleck-type para-
magnetism. Previous studies on Pr-based perovskites such as
PrCoO; [79], PrNiO5 [66,80-82], PrMnO;3, PrCo;_,Ni, O3
[28], PI‘()jSI‘(),sMI]Oj; [83], PrzFeNiOG [84], and PeriMnO6
[85-88] have reported that Pr’* does not develop spontaneous
magnetic order. Instead, in these perovskite compounds, the
magnetic behavior (FM or AFM) is predominantly governed
by the transition-metal sublattice (e.g., Ni-O-Mn, Ni-O-Ni,
Ni-O-Fe, Co-O-Co, Mn-O-Mn), while Pt only contributes
a weak Curie-Weiss or Van Vleck-type paramagnetism. How-
ever, in PCNO, our XMCD measurements at 20 K reveal a
finite Pr signal with a spin component that is antiparallel to
the Co/Ni 3d moments, and with an intensity significantly
larger than expected from a purely Van Vleck-type polar-
ization (on the order of 1073-1072 pg/atom). This indicates
that the observed Pr magnetism cannot be attributed solely
to field-induced paramagnetism, but instead requires an ex-
change field from the neighboring magnetically ordered Co
and Ni sublattice to polarize the Pr’* singlet ground state [22].
According to the Goodenough—Kanamori—Anderson rules,
The antiparallel alignment between the Pr and the Co/Ni spin
can be attributed to the ~90° 4f-2p-3d superexchange (SE)
pathways.

Applying the XMCD sum rules [§9-97] to the XMCD
spectra, we can further quantify the spin (my) and orbital (m;)
moments separately. (For details see Appendix C.) Table I lists
the resulting values for my, m;, total moment (m;,; = m, +
my), and the m;/my ratio. We find that for Ni, none of these
values (m;, m;, and m;/m;) show a discernible change upon
replacing La by Pr as we have discussed in the XMCD section.
For Co, on the other hand, m, and m; in PCNO are reduced
to approximately 1/3 of the values for LCNO, which again
can be attributed to the significant drop in the concentration
of Co>t HS. The ratio m; /my for Co hardly changes, though
(0.48 in LCNO, 0.54 in PCNO), and both m;/m; values are
consistent with the possible range for Co®*[8,25].

For Pr, we obtain m; (-0.24 up/atom) and m; (0.30
uplatom) values with opposite sign. Not unexpectedly, the
localized nature of the Pr f orbitals leads to a relatively
large orbital moment. Compared with Pr my, Pr m; has a
greater absolute value and is oriented parallel to the external

TABLE I. Experimental spin moment (7,), orbital moment (m;),
total moment (m;,, = m, + m;), and the orbital-to-spin ratio (m; /m;)
in pp per atom derived from the XMCD sum-rule analysis. Here, we
use n3; = 2.78 and 4.25 for Ni and Co, respectively, and nyy = 12
for Pr** in sum-rule analysis. Approximate error limits are shown in
brackets (Ref. [98]).

Magnetic moment (up/atom)

my my my e my / my
LCNO Ni 0312)  0.0703)  0.38(1) 0.230(6)
Co 0.23(1) 0.115(6)  0.34(2) 0.48(2)
PCNO Ni 0.300(7)  0.070(2)  0.370(9) 0.230(6)
Co 0.080(4)  0.043(2)  0.123(6) 0.54(3)
Pr —0.24(4) 0.30(5) 0.060(9) —-1.2(4)

magnetic field. The total moment m,, remains aligned fer-
romagnetically with the external magnetic field. This finding
is consistent with the result of bulk PCNO [28]. It is worth
noting that although the free-ion Pr’* is expected to exhibit
my/my; = —3; our XMCD analysis yields a much smaller
value of approximately —1.2. This clear deviation from the
atomic limit indicates that the Pr spin moment is not intrinsic
but is induced by the internal exchange field from the mag-
netically ordered Co/Ni sublattice, rather than arising from a
purely Van Vleck-type paramagnetic response.

IV. SUMMARY

With x-ray absorption spectroscopy (XAS) and x-ray
magnetic circular dichroism (XMCD), the element-specific
electronic and magnetic structure of the polycrystalline com-
pounds LaCo 5Nig 503 (LCNO) and PrCo 5Nig 503 (PCNO)
was studied to disentangle their magnetic interactions. Our
spectroscopic results reveal the Co and Ni electronic struc-
tures, clarifying their valence and spin states. In both cases,
Co and Ni exhibit charge disproportionation and a mixed-
valence state according to Co’* 4+ Ni** — Co>?** 4 Ni2 78+,
While substituting Pr for La has no discernible impact on the
electronic structure of Ni, it does affect the Co>* spin state:
the latter is reduced from a (temperature-clamped) high-spin
(HS) fraction of about 39% for LCNO to about 33% for PCNO
at 300 K, which, depending now on temperature, drops to
21% at 20 K. This low HS fraction, in turn, explains the sub-
stantially reduced ferromagnetic interaction observed in Co
L-edge XMCD for PCNO compared to LCNO. The XMCD
reveals a ferromagnetic alignment of the spin moments of the
Co and Ni sublattices. The magnetic properties of Pr are also
complex. Its spin moment is oriented antiparallel to that of
Co and Ni, consistent with a weak antiferromagnetic coupling
mediated by the Co/Ni—O-Pr superexchange pathway, while
its orbital moment aligns parallel to the transition-metal sub-
lattice with a similar magnitude. Such an arrangement likely
reflects the combined effects of a weak Van Vleck-type orbital
polarization and an exchange-induced spin polarization driven
by the neighboring Co/Ni-derived exchange field, resulting
in an almost compensated but weakly ferromagnetic total Pr
moment in PCNO.
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FIG. 5. Rietveld refined XRD pattern for PrCoysNipsO; and
LaCoy5Nig 503, where the red hollow circles show the experimental
data (L), black lines represent the calculated spectra (I.,), blue
lines exhibit the difference (I,p-1.as), and green bars denote the
position of the Bragg peaks. The difference patterns indicate good
refinements for both samples.
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APPENDIX A: X-RAY DIFFRACTION

XRD measurement was performed on the LCNO and
PCNO samples in order to verify the sample quality. XRD
was recorded at room temperature with Mo-K,,, radiation and
in the 20 range of 5° to 55° using a STOE STADI-P powder
diffractometer. The XRD pattern shown in Fig. 5 indicates
good sample quality for the PCNO and LCNO samples and
proofs the absence of secondary phases. The observed diffrac-
tion peaks are consistent with a refinement in space group
Pbnm for PCNO and R3¢ for LCNO, respectively. The lattice
parameters a and c, the fractional atomic positions, the aver-
age bond distances (B-O), the average bond angles (B-O-B)
(B is the central TM atom), the unit-cell volumes, and the
reliability factors derived from the refinements are listed in
Table II.

APPENDIX B: Ni XAS AND XMCD SPECTRA FOR
L3C00,5Ni0.503

The large La-M, peak causes considerable difficulties in
evaluating the Ni-L, 3 XAS spectra. In the main text, only the
“net” Ni-L, 3 XAS spectra are therefore presented, where the
La contribution has been subtracted from the “raw” Ni-L; 3
XAS. The “pure” La-M,4 peak required for this is obtained
from XAS taken in the Ni-L; 3 range on LCO, as the crystal
structure of LCO is very similar to that of LCNO. Figure 6
shows the La-M, peak for LCO and the raw Ni-L; 3 XAS
for LCNO. The resulting difference spectrum is plotted as the
blue LCNO curve in Fig. 2(b).

For XMCD at the Ni L-edge, the problem is even more
pronounced. Of course, La does not contribute to the XMCD
signal, yet its high intensity can lead to strong background
noise in the difference spectra, which may interfere with the
precision of the Ni XMCD. Two different approaches were
used for acquiring Ni XMCD spectra. The first is the stan-
dard XMCD scan strategy: apply a magnetic field parallel
or antiparallel to the incident x-ray beam; scan the photon
energy to measure the corresponding Ni-L edge XAS spectra
(u™ and ™), cf. Fig. 7 (a); and take the difference (u*-u™)
to obtain the Ni XMCD, which in this case is indicated by
the blue line in the Fig. 7(b). The statistical noise in the La
M, region (shaded in orange) is relatively small—but so is
the Ni XMCD signal. In the second approach, the applied
magnetic field was flipped between parallel and antiparallel
orientation for each energy point in the XAS spectrum, so

TABLE II. Lattice parameters, volume, bond lengths and angles of LCNO and PCNO derived from the Rietveld refinement of the powder-

diffraction data with the space group R3c and Pbnm, respectively.

Sample aA) c(A) Volume (A%) Bond length Bond angle Ry (%) R, (%) GOF (x?)
(B-0) (A) (B-O-B) (°)
PCNO 5.4153(2) 7.6280(3) 223.69 1.942(4) 158.1(12) 8.0 49 278
1.949(13)
158.0(8)
1.941(13)
LCNO 5.46943(7) 13.1407(2) 393.1 1.9407(5) 163.86(18) 5.85 4.45 1.74
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FIG. 6. The pure La-M, peak (dash dotted-black line) taken from
Ni-free LCO and the raw Ni-L, 3 XAS of LCNO (red line).
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FIG. 7. (a) The raw Ni-L, 3 XAS spectrum measured in magnetic
filed either parallel (1) and antiparallel (u™) to the x-ray beam.
(b) The Ni L-edge XMCD resulting from the point-per-point scan
strategy and from the conventional u*-u~ method. The insets dis-
play the magnified version of the orange area.

that the u* and ™ spectra are obtained quasiconcurrently
during the same photon-energy scan. The XMCD spectrum
resulting from this “point-per-point” scan strategy is plotted
in Fig. 7(b) as open red circles; this strategy turns out to
be more effective than the standard one for minimizing the
effect of the large La M, background on the Ni XMCD
spectra.

APPENDIX C: XMCD SUM-RULE ANALYSIS
The XMCD sum-rule are, for the L, 3 edges [8§9-95],

4 fL3+L2 (/’L+ - /’Li )dE

mp = — X N3q

3 e, (Wt +uT)dE
2 (Up+1n)

=—Z X ———— X niq,

AL
. szs(M+—M_)dE—2f,JZ(M+—,u‘)dE
mg — Imr = — —
’ Joir, (W + 1)E
X n3q

_ I3 =2 “n

A, 3d>

and for the M, 5 edges [96,97],

) fM5+M4 (H“Jr - /’Li )dE

m; = — X N4 f
Sstgang, (W + 0T)E

_ st lus

Ay K
e Syt = )dE =3 [ (Wt — p)dE
s T — — —
Svtirs, T+ w)dE
X N4f
I 3

_ fus— 3

2A 4

Here, m; and my represents the orbital and spin magnetic
moment, respectively, in unit of wpg/atom. The indices “L3”,
“L,”, “Ms”, and “My4” of the integrals refer to the integra-
tion over the whole L3, L,, Ms, and My edges. I13, I12, Iys
and Iy4 represents the XMCD integration over the L3, L,
Ms, and M, region. A; and Ay are the integrations of the
whole polarization-averaged (“isotropic”’) XAS spectra (™
+ w)/2. n3q and n4y represent the number of holes (i.e., the
unoccupied states) in the Co(Ni) 3d and Pr 4f shells. In this
study, we use n3q = 4.25, n3y = 2.78 and nyy = 12 for Co,
Ni and Pr, respectively, using the approximate fitting results
discussed in the main text. my is the expectation value of
the magnetic dipole operator for the ground state. In com-
parison to my, the my value for ion in octahedral symmetry
is small and can be neglected [99]. Figure 8 displays the
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FIG. 8. (a)—(c) Isotropic XAS spectra (%(/L+ + 7)) and the XAS integral ( f (u™ + u)dE) of Co, Ni, and Pr for LCNO and PCNO. The
grey line represents the background. (d)—(f) The resulting XMCD and the corresponding integration for the sum-rule analysis. The solid and

dashed arrows represent the direction of the spin and orbital moments.

isotropic XAS, the integration of the isotropic XAS (A, and

Ayp), the XMCD, and the corresponding integration values of

the XMCD for the sum-rule analysis (I 3 + Iro, Ip3 — 2112,
Iys + Iys and Iys — 31ys).
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