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ABSTRACT: Colossal magnetoresistance (CMR) effects have
been extensively studied in ABO; perovskite manganites where the
Mn**—O—Mn*" double-exchange mechanism plays a pivotal role.
However, A-site-ordered AA’;B,O,,-type quadruple perovskite
oxides exhibit significantly suppressed double exchange due to
their extremely small B—O—B bond angles (~140°), hindering the
realization of intrinsic CMR effects. Here, we report the design and
synthesis of a novel quadruple perovskite oxide Pb-
(Pb,,5Hg,/3)sMn, O, (PPHMO) characterized by an unusually
increased Mn—O—Mn bond angle of up to 153°. This compound
crystallizes into a cubic Im3 structure with the charge distribution
Pb**(Pb, ;> *Hg, 5**);Mn,*#*0O,. A ferromagnetic phase transition is observed at the Curie temperature T ~ 120 K, accompanied
by an insulator-to-metal transition. Furthermore, applying magnetic fields significantly reduces the resistivity, resulting in intrinsic
CMR effects with an absolute MR value of 650% at 8 T, increasing to 2250% at 16 T near T¢. The large intrinsic MR is thereby
realized unprecedentedly in an A-site-ordered quadruple perovskite oxide. Related origins for the intrinsic CMR effects presented in
the current PPHMO are discussed in detail.

B INTRODUCTION transition. Applying a magnetic field near T suppresses spin
fluctuations, facilitating the hopping of e-state carriers and
significantly reducing resistivity. Thus, the DE mechanism is a
critical condition for realizing the CMR effects in manganites.

Compared with simple ABOj;-type perovskites, intrinsic
CMR effects have not yet been observed in A-site-ordered
quadruple perovskite oxides with the chemical formula
AA';B,O,. In this ordered structure, the A’ site is typically
occupied by 3d transition metal ions exhibiting strong Jahn—
Teller effects, such as Mn** and Cu®', forming square-planar
A’O, units."*~"” Since both A’ and B sites can host magnetic
transition metals, quadruple perovskites exhibit a broad range
of intriguing physical properties, including intermetallic charge
transfer,'® charge disproportionation,'” magnetoelectric multi-
ferroicity,”"~** high-performance half-metallicity,”> and cata-

The colossal magnetoresistance (CMR) effect,' ™" character-
ized by a substantial change in resistivity across several orders
of magnitude under the influence of a magnetic field, has
garnered significant attention in solid state chemistry,
condensed matter physics and materials science. This interest
stems from the profound interactions among spin, charge, and
orbital degrees of freedom, as well as its promising applications
in magnetic storage devices and advanced sensors.”~'' The
intrinsic CMR effect, where the maximum MR occurs near the
ferromagnetic Curie temperature T, is particularly prominent
in doped perovskite manganites with the general formula
RE,_,AEMnO; (RE = trivalent rare earth; AE = divalent
alkaline earth). The substitution of divalent or trivalent ions
introduces holes or electrons, resulting in the coexistence of
Mn** and Mn*' magnetic ions. According to the double-
exchange (DE) theory,'”” ' the itinerant e, electrons that hop Received: January 6, 2025 SJACS
between Mn** and Mn*' ions are strongly coupled with Revised:  February 28, 2025 e
localized t,, electrons via Hund’s coupling, leading to Accepted:  February 28, 2025
ferromagnetic ordering. Consequently, the para-to-ferromag- Published: March 8, 2025
netic phase transition observed in manganites within specific

doping ranges is often accompanied by an insulator-to-metal
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Figure 1. (a) SXRD and refined patterns of PPHMO at RT with the space group Im3. Observed (red dots), calculated (black line), difference
(green line), background (blue line), and possible peak positions (pink ticks) are displayed. Inset shows a local magnified view. (b) Crystal
structure of PPHMO. The B-site MnOg octahedra and A’-site Pb/HgO, squares connect with each other by sharing corner O. SAED patterns
along the, (c) [001], (d) [110], and (e) [111] zone axes, respectively. The diffraction spots are indexed according to the space group Im3. The red
circles show the spots that cannot been indexed with a prototype simple cubic structure.

lyst activity.”* However, due to the smaller ionic size of the A’
site, the BOg octahedra undergo severe tilting, reducing the B—
O-B bond angle to approximately 140° in AA’;B,O,,
quadruple perovskites. This significant distortion hinders the
hopping of e, electrons at the B site, such as that observed in
quadruple-perovskite-type manganites, suppressing the DE
mechanism and the resultant CMR effects. Thus, achieving
substantial intrinsic MR effects remains an open challenge in
A-site-ordered quadruple perovskite oxides. In principle,
stabilizing larger A’-site ions to reduce BOg octahedral titling
is key to enhance MR effects. Beyond smaller ions such as
Mn*" and Cu*, larger ions such as Hg** and Pb*" can also
occupy the A’ site and alleviate BOg tilting in quadruple
perovskites, as demonstrated in Pb*Hg;*'Ti,**0,,° and
PbCoO; (ie, Pb>*Pby;*C0,2"C0,**0,, with 1:3 ordered
Pb** and Pb*" at the A site, and 1:1 ordered Co*" and Co**
at the B site).”® Building on this concept, we designed and
synthesized a new quadruple perovskite manganite with the
chemical and charge formation as
Pb**(Pb,,5***Hg, 3>*);Mn,>®*0,, using high-pressure and
high-temperature conditions. The introduction of larger
Pb*** (on average) and Hg** randomly distributed at the A’
site, significantly increases the B—O—B bond angle to 153°,
favoring DE interactions between mixed Mn>* and Mn*" at the
B site. Consequently, large intrinsic MR effects have been
realized in an A-site-ordered quadruple perovskite oxide for the
first time.

B EXPERIMENTAL SECTION

Polycrystalline Pb(Pb, 5sHg,/3);Mn,0,, (PPHMO) was synthesized
via a solid-state reaction using a Walker-type two-stage high-pressure
apparatus. High-purity (>99.9%) HgO, PbO, and MnO, powders
were used as starting materials, mixed in a stoichiometric ratio of
1:1:2 and ground thoroughly in an agate mortar to ensure
homogeneity. The resulting mixture was compacted and sealed into
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a gold capsule. Due to the toxicity of HgO and PbO, all procedures
were conducted in an argon-filled glovebox to ensure safety. The
sealed capsule was then treated under conditions of 18 GPa and 1473
K for 30 min. After the heating process, the heating system was
deactivated, and the pressure was gradually released to ambient
conditions.

To determine the phase composition and analyze the crystallo-
graphic structure, powder synchrotron X-ray diffraction (SXRD) was
performed at a wavelength of 04201 A on beamline BL02B2 at
SPring-8 in Japan at room temperature (RT). Selected area electron
diffraction (SAED) was performed at RT using a JEOL ARM200F
transmission electron microscope equipped with double Cs correctors
(CEOS) for the condenser and objective lens along the [001], [110],
and [111] zone axes, respectively. Structural parameters were refined
through Rietveld analysis using GSAS software.””** For valence state
identification, high-resolution Pb-L; X-ray absorption spectroscopy
(XAS) spectra were measured using the partial fluorescence yield
method at the Taiwan inelastic X-ray scattering BL12XU beamline at
SPring-8 at RT. Mn-L,; XAS measurements were conducted at
beamline TLS11A at the National Synchrotron Radiation Research
Center in Taiwan using the total electron yield mode at RT. Magnetic
susceptibility and magnetization were measured using a super-
conducting quantum interference device magnetometer (MPMS-
VSV, Quantum Design). Resistivity and MR measurements were
performed using a physical property measurement system (PPMS,
Quantum Design).

B RESULTS AND DISCUSSION

Figure la shows the SXRD pattern of PPHMO collected at
RT. The prominent diffraction peaks can be indexed with a
simple cubic perovskite structure with a lattice parameter a, =
3.823 A. However, a few faint diffraction peaks, such as those
observed at 10.0 and 11.8°, cannot be explained by this simple
cubic model, suggesting the presence of superstructural
diffraction. To investigate these structural characteristics
further, high-resolution SAED was performed. As illustrated
in Figure lc, additional diffraction spots (highlighted with red
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circles) appear along the [001] zone axis, confirming the
occurrence of superlattice diffraction in the prototype cubic
structure. Similar superlattice spots were also observed in the
SAED patterns along the [110] and [111] zone axes, as shown
in Figure 1c,e, respectively. By expanding the unit cell to a =
2a, in a cubic framework, all electron diffraction, as well as the
faint diffraction peaks in SXRD pattern, can be successfully
indexed. Therefore, the current PPHMO structure is best
described using a cubic 2a, X 2a, X 24, superstructural model.

Based on the SAED analysis, the diffraction conditions of
PPHMO can be summarized as hkl (h + k + [ = 2n), Okl (k +
= 2n), hhl (I = 2n), and h00 (h = 2n). These conditions are
consistent with several cubic space groups, including Im3 (No.
204), 123 (No. 197), 1432 (No. 211), I43m (No. 217), and
Im3m (No. 229). Each space group was temporarily used to
refine the SXRD pattern. By comparison, the Im3 space group
provided the best goodness of fit (Figure la) and yielded
reliable structural parameters, which are summarized in Table
1. Consequently, the most probable space group of PPHMO is
assigned to Im3, consistent with prior reports for
PbHg;Ti,0,,.”

Table 1. Structure Parameters of PPHMO with the Space
Group Im3 Refined from the SXRD Pattern at RT*

atom  site x y z G ><1U0‘E)0 A?)
Pbl 2a 0 0 0 1.0 1.87(4)
Pb2  6b 0 0.5 0.5 0.33 1.04(2)
Hg 6b 0 0.5 0.5 0.67 1.04(2)
Mn 8 025 025 025 1.0 0.31(4)
0 24g 0 02897(8)  0.2050(10) 1.0 0.42(5)

bond length value (A) bond angle value (deg)
Pb1-0O (Xx12) 2.714(9) £Pb1-0—Mn 88.6(3)

Pb2/Hg—0 (x4) 2.245(4) £Pb2/Hg—O—Mn 103.4(2)

Mn—0 (X6) 1.966(1) ZMn—O—Mn 153.0(2)

“Crystal data: space group Im3 (No. 204), a = 7.64562(3) A. G: site
occupancy. Ry, = 7.37%, R, = 5.48%.

In the Im3 symmetry of PPHMO, the A-site 2a (0, 0, 0)
Wyckoff position is occupied by Pb, while the A’-site 6b (0,
0.5, 0.5) position is randomly occupied by Pb and Hg in a 1:2
ratio. The B-site 8c (0.25, 0.25, 0.25) accommodates Mn, and
oxygen atoms are located at the 24g (0, y, z) position, forming
an AA';B,O,-type quadruple perovskite structure. The crystal
structure is illustrated in Figure 1b. Compared to the simple
perovskite structure of ABO;, PPHMO forms a 1:3 ordered
structure at the A site. This ordered arrangement will reduce
the translational symmetry. As a result, the lattice constant is
doubled and related superlattice diffraction peaks appear. The
refined structural parameters are summarized in Table 1. The
Pb at the A site in PPHMO exhibits a Pb—O bond length of
2.714 A, similar to the value observed in PbHg,Ti,O,, (2.728
A)» suggesting the presence of Pb*" at this site. At the A’ site,
the Pb/Hg—O bond length in the square-planar Pb/HgO,
units is 2.245 A, which is significantly larger than the A’—O
lengths observed in isostructural Mn-based compounds
CaCu3Mn,0,, (1.941 A)"” and LaCu;Mn,O,, (1.965 A),*
where transition metals occupy the A’ site and Mn occupies
the B site. This sharply increased A'—O bond length in
PPHMO results in a significant increase in the Mn—O—Mn
bond angle at the B site, from 141° in Ca/LaCu;Mn,O,, to
153° in the present compound. This increased bond angle

plays a crucial role in enabling the large intrinsic MR effects
(shown later). In addition, the B-site Mn—O bond length of
PPHMO (1.966 A) is located at the intermediate between the
Mn*~0 (2.020 A in LaMnO;)* and Mn**—O length (1.903
A in SrtMnO,),*" implying the occurrence of mixed Mn>* and
Mn* charge states in PPHMO, consistent with the XAS results
presented below.

Figure 2a shows the high-resolution XAS patterns at the Pb-
Ly edge, alongside those of PbTiO; (Pb*" reference) and
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Figure 2. (a) Pb-L, XAS of PPHMO together with PbNiO; as a Pb**
reference and PbTiO; as a Pb?* reference. The inset shows the
spectral integral area of I, after subtracting the background. (b) XAS
of Mn-L,; for PPHMO together with those of BiMn;Cr,O,, with
Mn?* at the square-planar A’ site, LaMnO, with Mn*" and HgMnO;
with Mn*" in octahedral coordination environment at the B site. The
orange triangle curve stands for the superposition of HgMnO; and
LaMnO; with a ratio of 0.63:0.37.

PbNiO; (Pb*" reference) for comparison.’”** In PbNiO;, a
distinct absorption peak I is observed at the pre-edge,
corresponding to the dipole allowed excitation of an electron
from the 2p;/, core level to the unoccupied 6s states, a
characteristic feature of the Pb*" valence state.”* Conversely,
this transition is prohibited in PbTiO; due to the fully
occupied 6s states for Pb**. For PPHMO, the presence of a
pre-edge peak indicates the existence of Pb*". To evaluate the
Pb* content, the broad background was modeled using a
combination of an arctan-like function and Gaussian functions,
representing the edge jump and 6d electron states,
respectively.”” As shown in the inset of Figure 2a, the I
integral area of PPHMO is approximately 38% of that observed
in PbNiO;. This result allows us to estimate the average
valence state of Pb in PPHMO to be approximately +2.75.
Since the A site is occupied all by Pb** considering the bond
length and coordination environment, one-third of A’ site will
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have approximately 25% Pb** and 75% Pb*" (ie., Pb>** on
average). Given the stable charge state of Hg*', the average
valence state of Mn at the B site is estimated to be +3.63
(+3.625 to be precise) based on charge conservation.

XAS at the L, ; edges is known to be highlgf sensitive to the
valence states’®*” and local environments” "> of 3d transition
metals. For an open d shell, an increase in valence by one
typically results in a 1—2 eV shift of the white line in the X-ray
absorption spectrum toward higher photon energies, along
with significant changes in the spectral line shape. To further
confirm the valence state of Mn in PPHMO, XAS spectra of
Mn-L, ; were measured. As shown in Figure 2b, the white line
of PPHMO can be well reproduced by a superposition of the
spectra for HgMn*"O;*’ and LaMn** O3, which share the same
coordination environment for Mn ions as PPHMO, at a ratio
of 0.63:0.37. This result indicates the formation of an average
Mn>%* valence state at the B site, consistent with the Pb-Ls
edge findings. Additionally, the Mn-L, ; spectrum of PPHMO
lacks features related to BiMn,Cr,0,,” where Mn*" exhibits a
square-planar coordination environment, confirming the
absence of Mn at the A’ site in PPHMO. Therefore, the
charge configuration of PPHMO can be assigned as
Pb2+(Pb1/33‘5+Hg2/32+)3Mn43'63+012.

Figure 3a presents the temperature dependence of the
magnetic susceptibility of PPHMO, measured under a 0.1 T
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Figure 3. (a) Temperature dependence of magnetic susceptibility and
inverse susceptibility measured at 0.1 T for PPHMO. The T¢ is
determined by a tangential method as shown by the green lines. The
pink line indicates the Curie—Weiss fitting. (b) Field dependence of
magnetization at selected temperatures.

field in both zero-field-cooling (ZFC) and field-cooling (FC)
modes. As the temperature decreases, the susceptibility sharply
increases around T¢ &~ 120 K, indicating the occurrence of a
ferromagnetic-like phase transition. This behavior can be
understood based on the magnetic interaction between the
mixed Mn** and Mn* ions at the B site via the DE
mechanism. Above 160 K, the inverse susceptibility follows the

Cuire—Weiss law, expressed as y~' = (T — 6)/C, where the
Weiss temperature is fitted as 8 = 121.9 K and the Curie
constant C = 18.25 emu-K-mol™'-Oe™". The positive value of &
confirms the ferromagnetic interaction and its proximity to T
is consistent with the transition temperature. From the Curie
constant, the effective magnetic moment is calculated as p ¢ =
12.08 pp/fu., which exceeds the theoretical value of 8.56 ug/
fu., assuming the spin-only moment of Mn ions with the
charge configuration of Pb-
(Pby/3Hg, /3)3(Mng g3 Mny3,>"),0,,. This discrepancy is likely
due to the formation of ferromagnetic clusters, as reported in
other perovskite manganites.*"** Below Ts ~ 31 K, the ZEC
and FC curves separate from each other, and the ZFC curve
decreases further upon cooling. This phenomenon likely
results from the presence of short-range spin clusters in the
ferromagnetic background. It can be attributed to the disorder
of A’-site ions, which induces a local random potential and
consequently leads to local competition between the
ferromagnetic state driven by DE interactions and antiferro-
magnetic state driven by superexchange interactions. Similar
phenomena have also been observed in other doped
manganites.""**~** Figure 3b depicts the field dependence of
magnetization for PPHMO. Above T, a linear magnetization
behavior is observed, consistent with the paramagnetic state.
Below T, such as at 2 K, the material exhibits a canonical soft
ferromagnetic hysteresis loop, with a magnetization up to 10.0
pp/fu. at 7 T and a coercive field of approximately 250 Oe.
Since the DE driving ferromagnetic phase transition occurs
in PPHMO, a corresponding electrical variation is expected
near T¢. To investigate this, electrical transport properties of
PPHMO were measured under different magnetic fields and
temperatures. Figure 4a shows the resistivity as a function of
temperature at fixed fields. At zero field, the resistivity increases
continuously with decreasing temperature above T, indicating
insulating electrical behavior. However, as the temperature
approaches T, the resistivity undergoes a sharp drop, signaling
an insulator-to-metal transition. Upon further cooling to 34 K,
an upturn in resistivity is observed, and this temperature is very
close to T, where the ZFC and FC magnetic susceptibility
curves begin to separate from each other. This suggests that
the scattering mechanism responsible for the resistivity
increase is likely spin-dependent and may originate from the
Kondo-like effects.”> When an 8 T magnetic field is applied,
the resistivity decreases significantly, particularly near T, and
the metallization transition shifts to a higher temperature.
Moreover, the resistivity further reduces under a higher field of
16 T. It can be clearly observed that the maximum MR value
appears near T in the temperature-dependent MR curves, as
shown in the inset of Figure 4a, revealing the occurrence of an
intrinsic CMR effect in PPHMO.*° Here, the values of MR are
calculated as MR(%) = [(p(H) — p(0 T))]/p(H) X 100%.
Field-scanning resistivity measurements at fixed temper-
atures further enabled the calculation of MR values that vary
with the magnetic field. As shown in Figure 4b, the MR effect
at 300 K (in the paramagnetic state) is negligible. However, at
temperatures slightly below T (e.g,, at 100 K), a pronounced
negative CMR effect is observed, with an absolute value of
650% at 8 T and increasing to 2250% at 16 T. This is the first
observation of intrinsic CMR effects in quadruple perovskite
oxides to date, and it is comparable with those observed in
canonical CMR materials such as simple ABO; perovskite
manganites La;_,Sr,MnO; (MR = 1200% at 1S T near T for
x = 0.175)."” At temperatures far below T¢ (e.g., at 2 K), the
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Figure 4. (a) Temperature dependence of resistivity measured at
different magnetic fields for PPHMO. The inset shows the
temperature-dependent MR curves at different fields. (b) Field
dependence of MR effect at three selected temperatures. The inset
displays the low-field MR behavior.

MR effect diminishes compared to that near T. Notably,
PPHMO exhibits a significant low-field MR effect at lower
temperatures. For instance, at 2 K, applying a 0.5 T field
induces an absolute MR value of up to 40% as shown in the
inset of Figure 4b. This high low-field MR value is desirable for
practical applications, such as magnetic sensing. The low-field
MR effect resembles that reported in other Mn-based
isostructural compounds, such as Ca/La/BiCu;Mn,O,,**™°
where MR behavior is extrinsic and attributed to interdomain
or grain tunneling of spin-polarized electrons at temperatures
well below Tc. However, unlike these analogues, PPHMO
demonstrates large intrinsic MR effects near T, which
distinguishes it from other Mn based isostructural compounds.

Next, the possible origins of the intrinsic CMR effects
observed in PPHMO are discussed. As mentioned previously,
even in the isostructural La/BiCu,Mn,O,,*”" that contain
mixed Mn®*" and Mn*" at the B site, no intrinsic MR is
observed near T.. Other A-site doped quadruple perovskite
manganite oxides, such as La/Na;_,CaMn;Mn,0,,"" and
Hg,_,Na,Mn;Mn,0,,,°” also do not show intrinsic MR effect.
A key structural difference lies in the B-site Mn—O—Mn bond
angle, which is approximately 140° in the aforementioned
materials but increases to 153° in PPHMO. This corresponds
to a significant decrease in the B-site distortion angle 6; (=
180° — ZMn—O—Mn). As a result, the bandwidth (W) of the
B-site Mn will increase according to the first-order
approximation W o (cos 63)/d*°, where d represents the
average B—O bond length (d should be almost constant if the
valence state of B-site Mn is fixed).”® The minimal Mn—O—
Mn bond angle strongly limits the DE interaction between
Mn*" and Mn*" ions via the linking O*" ions in the above-
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mentioned materials; hence, intrinsic MR effects are sup-
pressed in these compounds. In contrast, benefiting from the
larger A’-site ionic size, the B-site Mn—O—Mn bond angle of
PPHMO sharply increases (i.e., the distortion angle sharply
decreases) and is close to those observed in doped simple
perovskite manganites such as the La, ,Ca,MnO; CMR family
(x160°).>* This will enhance the bandwidth of Mn. In other
words, the magnetic interaction between Mn* and Mn* in
PPHMO primarily depends on the electron hopping along the
Mn*'—O—Mn*" pathways. The Mn-e, and O-2p orbitals have
a large overlap as the Mn—O—Mn bond angle is close to 180°,
which is favorable for electron hopping and results in PPHMO
undergoing a ferromagnetic phase transition accompanied by a
metallization transition. Applying an external magnetic field
will significantly increase the probability of electron hopping
near T, leading to the realization of intrinsic CMR effects in a
quadruple perovskite oxide for the first time.

In addition to the DE mechanism, electronic phase
separation and random potential effects induced by doping-
related quenched disorder also contribute to the CMR effects,
as reported in doped manganites.”>***° In PPHMO, the
disordered distribution of Pb/Hg at the A’ site can also lead to
random potential effects and phase fluctuations, further
influencing the emergence of CMR. Further theoretical studies
are necessary to establish the detailed mechanisms underlying
the CMR eftects in PPHMO.

B CONCLUSIONS

In this study, a new quadruple perovskite oxide, PPHMO was
designed and synthesized under high-pressure and high-
temperature conditions. The compound crystallizes in the
cubic Im3 space group with a lattice parameter a = 7.64562(3)
A. Based on XAS measurements, the charge configuration was
determined to be Pb**(Pb, ;>**Hg, ;>*);Mn,>*** 0 ,. At T ~
120 K, the compound undergoes a para-to-ferromagnetism
transition concurrently with an insulator-to-metal transition.
Remarkably, the application of a magnetic field significantly
reduces resistivity, resulting in negative intrinsic CMR effects.
The absolute MR value reaches 650% at 8 T and increases
further to 2250% at 16 T near T, representing the record-high
MR value observed in quadruple perovskite oxides to date.
Additionally, PPHMO exhibits a notable low-field MR of
approximately 40% at 0.5 T and 2 K. The observed CMR
effects are primarily attributed to the activation of the DE
interaction, enabled by the unusually increased Mn—O—Mn
bond angle. These findings establish PPHMO as a prototype
material for studying large intrinsic MR properties in A-site-
ordered quadruple perovskite oxides.

B AUTHOR INFORMATION

Corresponding Authors

Xi Shen — Beijing National Laboratory for Condensed Matter
Physics, Institute of Physics, Chinese Academy of Sciences,
Beijing 100190, China; Email: xshen@iphy.ac.cn

Youwen Long — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; School of Physical Sciences,
University of Chinese Academy of Sciences, Beijing 100049,
China; Songshan Lake Materials Laboratory, Dongguan,
Guangdong 523808, China; © orcid.org/0000-0002-8587-
7818; Email: ywlong@iphy.ac.cn

https://doi.org/10.1021/jacs.5c00186
J. Am. Chem. Soc. 2025, 147, 12644—12651


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xi+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:xshen@iphy.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Youwen+Long"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8587-7818
https://orcid.org/0000-0002-8587-7818
mailto:ywlong@iphy.ac.cn
https://pubs.acs.org/doi/10.1021/jacs.5c00186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c00186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c00186?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c00186?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Authors

Jie Zhang — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; School of Physical Sciences,
University of Chinese Academy of Sciences, Beijing 100049,
China; ® orcid.org/0009-0006-9055-2969

Xubin Ye — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; © orcid.org/0000-0002-
5739-8318

Xiao Wang — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; © orcid.org/0000-0001-
8139-4192

Zhao Pan — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; © orcid.org/0000-0002-
8693-2508

Maocai Pi — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; School of Physical Sciences,
University of Chinese Academy of Sciences, Beijing 100049,
China

Shuai Tang — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; © orcid.org/0009-0008-
5092-067X

Cheng Dong — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China

Chien-Te Chen — National Synchrotron Radiation Research
Center, Hsinchu 300, Taiwan

Jin-Ming Chen — National Synchrotron Radiation Research
Center, Hsinchu 300, Taiwan; © orcid.org/0000-0001-
5727-8562

Chang-Yang Kuo — National Synchrotron Radiation Research
Center, Hsinchu 300, Taiwan; Department of Electrophysics,
National Yang-Ming Chiao Tung University, Hsinchu 300,
Taiwan

Zhiwei Hu — Max Planck Institute for Chemical Physics of
Solids, Dresden 01187, Germany; ® orcid.org/0000-0003-
0324-2227

Xiaohui Yu — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; School of Physical Sciences,
University of Chinese Academy of Sciences, Beijing 100049,
China; ® orcid.org/0000-0001-8880-2304

Yao Shen — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; School of Physical Sciences,
University of Chinese Academy of Sciences, Beijing 100049,
China; © orcid.org/0000-0003-4697-4719

Richeng Yu — Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, China; School of Physical Sciences,
University of Chinese Academy of Sciences, Beijing 100049,
China; Songshan Lake Materials Laboratory, Dongguan,
Guangdong 523808, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.5c00186

Author Contributions
All authors have given approval to the final version of the
manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge financial support from National Key
R&D Program of China (Grant No. 2021YFA1400300),
National Natural Science Foundation of China (Grant Nos.
12425403, 12261131499, 22271309, 12304159, 12304268,
11934017, and 11921004), and China Postdoctoral Science
Foundation (Grant No. 2023M743741). Dr. Z.H. acknowl-
edges the support from the Max Planck-POSTECH-Hsinchu
Center for Complex Phase Materials. The SXRD experiments
were performed at SPring-8 with the approval of the Japan
Synchrotron Radiation Research Institute (2023B1575). We
acknowledge E. V. Komleva and S. V. Streltsov for useful
discussion.

B ABBREVIATIONS

CMR, colossal magnetoresistance; DE, double-exchange;
PPHMO, Pb(Pb,,;Hg,/3)sMn,0,,; FC, field-cooling; RT,
room temperature; SAED, selected area electron diffraction;
SXRD, synchrotron X-ray diffraction; XAS, X-ray absorption
spectroscopy; ZFC, zero-field-cooling

B REFERENCES

(1) Coey, J. M. D.; Viret, M. V,; von Molnar, S. Mixed-valence
manganites. Adv. Phys. 1999, 48 (2), 167—293.

(2) Tokura, Y. Colossal Magnetoresistive Oxides; CRC Press, 2000.

(3) Dagotto, E.; Hotta, T.; Moreo, A. Colossal magnetoresistant
materials: the key role of phase separation. Phys. Rep. 2001, 344 (1—
3), 1-153.

(4) Boora, N.; Rafig, A; Rahman, S.; Nguyen, Q. D,; Akil, A;
Alshammari, M. B.; Lee, B. I. Recent advances of colossal
magnetoresistance in versatile La-Ca-Mn-O material-based films.
Magnetochemistry 2025, 11 (1), No. S.

(5) Tokura, Y. Critical features of colossal magnetoresistive
manganites. Rep. Prog. Phys. 2006, 69 (3), 797.

(6) Moritomo, Y.; Asamitsu, A.; Kuwahara, H,; Tokura, Y. Giant
magnetoresistance of manganese oxides with a layered perovskite
structure. Nature 1996, 380 (6570), 141—144.

(7) Subramanian, M. A.; Toby, B. H.; Ramirez, A. P.; Marshall, W.
J.; Sleight, A. W.; Kwei, G. H. Colossal magnetoresistance without
Mn*/Mn*" double exchange in the stoichiometric pyrochlore
TL,Mn,0,. Science 1996, 273 (5271), 81—84.

(8) Haghiri-Gosnet, A. M.; Renard, J. P. CMR manganites: physics,
thin films and devices. J. Phys. D:Appl. Phys. 2003, 36 (8), R127.

(9) Ogale, S. B.; Talyansky, V.; Chen, C. H.; Ramesh, R.; Greene, R.
L.; Venkatesan, T. Unusual electric field effects in Nd,Sr;;MnOs.
Phys. Rev. Lett. 1996, 77 (6), 1159.

(10) Mathews, S.; Ramesh, R.; Venkatesan, T.; Benedetto, J.
Ferroelectric field effect transistor based on epitaxial perovskite
heterostructures. Science 1997, 276 (5310), 238—240.

(11) Balevicius, S.; Piatrou, P.; Vertelis, V.; Stankevi¢, V.; Kersulis,
S.; Dobilas, J.; Dilys, J.; Zurauskiené, N. Magnetic proximity sensor
based on colossal magnetoresistance effect. Sens. Actuators, A 2024,
375, No. 115518.

(12) Zener, C. Interaction between the d-shells in the transition
metals. II. Ferromagnetic compounds of manganese with perovskite
structure. Phys. Rev. 1951, 82 (3), 403.

(13) Kubo, K.; Ohata, N. A quantum theory of double exchange. I. J.
Phys. Soc. Jpn. 1972, 33 (1), 21.

(14) de Gennes, P.-G. Effects of double exchange in magnetic
crystals. Phys. Rev. 1960, 118 (1), 141—154.

12649 https://doi.org/10.1021/jacs.5c00186
J. Am. Chem. Soc. 2025, 147, 12644—12651


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0006-9055-2969
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xubin+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5739-8318
https://orcid.org/0000-0002-5739-8318
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8139-4192
https://orcid.org/0000-0001-8139-4192
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhao+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8693-2508
https://orcid.org/0000-0002-8693-2508
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maocai+Pi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-5092-067X
https://orcid.org/0009-0008-5092-067X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chien-Te+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin-Ming+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5727-8562
https://orcid.org/0000-0001-5727-8562
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang-Yang+Kuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiwei+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0324-2227
https://orcid.org/0000-0003-0324-2227
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohui+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8880-2304
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4697-4719
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richeng+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c00186?ref=pdf
https://doi.org/10.1080/000187399243455
https://doi.org/10.1080/000187399243455
https://doi.org/10.1016/S0370-1573(00)00121-6
https://doi.org/10.1016/S0370-1573(00)00121-6
https://doi.org/10.3390/magnetochemistry11010005
https://doi.org/10.3390/magnetochemistry11010005
https://doi.org/10.1088/0034-4885/69/3/R06
https://doi.org/10.1088/0034-4885/69/3/R06
https://doi.org/10.1038/380141a0
https://doi.org/10.1038/380141a0
https://doi.org/10.1038/380141a0
https://doi.org/10.1126/science.273.5271.81
https://doi.org/10.1126/science.273.5271.81
https://doi.org/10.1126/science.273.5271.81
https://doi.org/10.1088/0022-3727/36/8/201
https://doi.org/10.1088/0022-3727/36/8/201
https://doi.org/10.1103/PhysRevLett.77.1159
https://doi.org/10.1126/science.276.5310.238
https://doi.org/10.1126/science.276.5310.238
https://doi.org/10.1016/j.sna.2024.115518
https://doi.org/10.1016/j.sna.2024.115518
https://doi.org/10.1103/PhysRev.82.403
https://doi.org/10.1103/PhysRev.82.403
https://doi.org/10.1103/PhysRev.82.403
https://doi.org/10.1143/JPSJ.33.21
https://doi.org/10.1103/PhysRev.118.141
https://doi.org/10.1103/PhysRev.118.141
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(15) King, G.; Woodward, P. M. Cation ordering in perovskites. J.
Mater. Chem. 2010, 20 (28), 5785—5796.

(16) Bochu, B.; Chenavas, J.; Joubert, J. C.; Marezio, M. High
pressure synthesis and crystal structure of a new series of perovskite-
like compounds CMn,0;, (C = Na, Ca, Cd, Sr, La, Nd). J. Solid State
Chem. 1974, 11 (2), 88—93.

(17) Chenavas, J.; Joubert, J. C.; Marezio, M,; Bochu, B. The
synthesis and crystal structure of CaCu3;Mn,Op,: A new ferromag-
netic-perovskite-like compound. J. Solid State Chem. 1975, 14 (1),
25-32.

(18) Long, Y. W.; Hayashi, N.; Saito, T.; Azuma, M.; Muranaka, S.;
Shimakawa, Y. Temperature-induced A-B intersite charge transfer in
an A-site-ordered LaCu;Fe,O,, perovskite. Nature 2009, 458 (7234),
60—63.

(19) Yamada, L; Takata, K; Hayashi, N.; Shinohara, S.; Azuma, M.;
Mori, S.; Muranaka, S.; Shimakawa, Y.; Takano, M. A perovskite
containing quadrivalent iron as a charge-disproportionated ferrimag-
net. Angew. Chem. 2008, 120 (37), 7140—7143.

(20) Wang, X,; Chai, Y,; Zhou, L.; Cao, H; Cruz, C. D.; Yang, J;
Dai, J; Yin, Y.; Yuan, Z.; Zhang, S.; Yu, R;; Azuma, M.; Shimakawa,
Y.; Zhang, H,; Dong, S.; Sun, Y,; Jin, C.; Long, Y. Observation of
magnetoelectric multiferroicity in a cubic perovskite system:
LaMn;Cr,O,. Phys. Rev. Lett. 2015, 115 (8), No. 087601.

(21) Zhou, L; Dai, J; Chai, Y.; Zhang, H; Dong, S.; Cao, H,;
Calder, S.; Yin, Y.; Wang, X,; Shen, X; Liu, Z.; Saito, T.; Shimakawa,
Y.; Hojo, H.; Tkuhara, Y.; Azuma, M.; Hu, Z.; Sun, Y,; Jin, C; Long, Y.
Realization of large electric polarization and strong magnetoelectric
coupling in BiMn;Cr,O4,. Adv. Mater. 2017, 29 (44), No. 170343S.

(22) Liu, G.; Pi, M.; Zhou, L.; Liu, Z.; Shen, X.; Ye, X.; Qin, S.; Mi,
X.; Chen, X,; Zhao, L.; Zhou, B.; Guo, J.; Yu, X,; Chai, Y.; Weng, H,;
Long, Y. Physical realization of topological Roman surface by spin-
induced ferroelectric polarization in cubic lattice. Nat. Commun. 2022,
13 (1), No. 2373.

(23) Liu, Z.; Zhang, S.; Wang, X; Ye, X;; Qin, S.; Shen, X; Lu, D.;
Daij, J; Cao, Y,; Chen, K; Radu, F; Wu, W. B;; Chen, C. T;
Francoual, S.; Mardegan, J. R. L.; Leupold, O.; Tjeng, L. H,; Hu, Z,;
Yang, Y.; Long, Y. Realization of a half metal with a record-high Curie
temperature in perovskite oxides. Adv. Mater. 2022, 34 (17),
No. 2200626.

(24) Ye, X; Song, S.; Li, L.; Chang, Y.-C; Qin, S.; Liu, Z.; Huang,
Y.-C; Zhou, J; Zhang, L.-j.; Dong, C.-L,; Pao, C.-W,; Lin, H.-J;
Chen, C.-T.; Hu, Z.; Wang, J.-Q; Long, Y. A'—B intersite
cooperation-enhanced water splitting in quadruple perovskite oxide
CaCu,lIr,O4,. Chem. Mater. 2021, 33 (23), 9295—9305.

(25) Zhao, J.; Gao, J.; Li, W.; Qian, Y.; Shen, X.; Wang, X; Shen, X;
Hu, Z.; Dong, C,; Huang, Q.; Cao, L; Li, Z,; Zhang, J; Ren, C,;
Duan, L,; Liu, Q;; Yu, R;; Weng, S.-C.; Lin, H.-J,; Chen, C.-T.; Tjeng,
L.-H; Long, Y.; Deng, Z.; Wang, X,; Weng, H.; Yu, R;; Greenblatt,
M, Jin, C,; et al. A combinatory ferroelectric compound bridging
simple ABO; and A-site-ordered quadruple perovskite. Nat. Commun.
2021, 12 (1), No. 747.

(26) Sakai, Y.; Yang, J.; Yu, R; Hojo, H.; Yamada, I; Miao, P.; Lee,
S.; Torii, S.; Kamiyama, T.; Lezaic, M.; Bihlmayer, G.; Mizumaki, M.;
Komiyama, J.; Mizokawa, T.; Yamamoto, H.; Nishikubo, T.; Hattori,
Y.; Oka, K;; Yin, Y,; Daj, J; Li, W,; Ueda, S.; Aimi, A.;; Mori, D.;
Inaguma, Y.; Hu, Z.; Uozumi, T; Jin, C.; Long, Y.; Azuma, M. A-site
and B-Site charge orderings in an s—d level controlled perovskite
oxide PbCoO;. J. Am. Chem. Soc. 2017, 139 (12), 4574—4581.

(27) Rietveld, H. M. A profile refinement method for nuclear and
magnetic structures. J. Appl. Crystallogr. 1969, 2 (2), 65—71.

(28) Toby, B. H. EXPGUIJ, a graphical user interface for GSAS. J.
Appl. Crystallogr. 2001, 34 (2), 210—213.

(29) Alonso, J. A.; Sanchez-Benitez, J.; Falcon, H.; Martinez-Lope,
M. J.; Munoz, A. Moderate-pressure synthesis and neutron diffraction
study of new metastable oxides. Z. Naturforsch. B 2006, 61 (12),
1507—1514.

(30) Zhou, J.-S.; Goodenough, J. Unusual evolution of the magnetic
interactions versus structural distortions in RMnOj perovskites. Phys.
Rev. Lett. 2006, 96 (24), No. 247202.

(31) Chmaissem, O.; Dabrowski, B.; Kolesnik, S.; Mais, J.; Brown,
D.; Kruk, R,; Prior, P.; Pyles, B.; Jorgensen, J. Relationship between
structural parameters and the Neel temperature in Sr;_,Ca,MnO; (0<
x < 1) and Sr;_,Ba,MnO; (y < 0.2). Phys. Rev. B: Condens. Matter
Mater. Phys. 2001, 64 (13), No. 134412.

(32) Zhao, J.; Wang, X; Shen, X,; Sahle, C. J.; Dong, C.; Hojo, H,;
Sakai, Y.; Zhang, J.; Li, W.; Duan, L.; Chan, T.-S.; Chen, C.-T.; Falke,
J.; Liu, C.-E.; Kuo, C.-Y.; Deng, Z.; Wang, X,; Yu, R;; Yu, R;; Hu, Z,;
Greenblatt, M.; Jin, C. Magnetic ordering and structural transition in
the ordered double-perovskite Pb,NiMoOg. Chem. Mater. 2022, 34
(1), 97—-106.

(33) Ye, X; Zhao, J.; Das, H; Sheptyakov, D.; Yang, J.; Sakai, Y.;
Hojo, H,; Liu, Z,; Zhou, L.; Cao, L.; Nishikubo, T.; Wakazaki, S.;
Dong, C,; Wang, X; Hu, Z; Lin, H.-J; Chen, C.-T.; Sahle, C;
Efiminko, A.; Cao, H.; Calder, S.; Mibu, K,; Kenzelmann, M.; Tjeng,
L.-H; Yu, R; Azuma, M, Jin, C.; Long, Y. Observation of novel
charge ordering and spin reorientation in perovskite oxide PbFeOj.
Nat. Commun. 2021, 12 (1), No. 1917.

(34) Chen, K.; Mijiti, Y.; Agrestini, S.; Liao, S. C.; Li, X; Zhou, J;
Cicco, A. D.; Baudelet, F.; Tjeng, L.-H.; Hu, Z. Valence state of Pb in
transition metal perovskites PbTMO; (TM = Ti, Ni) determined
from X-ray absorption near-edge spectroscopy. Phys. Status Solidi B
2018, 255 (6), No. 1800014.

(35) Liu, Z.; Sakai, Y.; Yang, J.; Li, W.; Liu, Y.; Ye, X;; Qin, S.; Chen,
J.; Agrestini, S.; Chen, K;; Liao, S.-C.; Haw, S.-C.; Baudelet, F.; Ishii,
H.; Nishikubo, T.; Ishizaki, H.; Yamamoto, T.; Pan, Z.; Fukada, M;
Ohashi, K.; Matsuno, K.; Machida, A.; Watanuki, T.; Kawaguchi, S. L;
Arevalo-Lopez, A. M,; Jin, C.; Hu, Z,; Attfield, J. P.; Azuma, M.; Long,
Y. Sequential spin state transition and intermetallic charge transfer in
PbCoO;. J. Am. Chem. Soc. 2020, 142 (12), 5731—5741.

(36) Burnus, T.; Hu, Z.; Hsieh, H. H; Joly, V. L. J.; Joy, P. A;
Haverkort, M. W.; Wu, H.; Tanaka, A.; Lin, H.-J.; Chen, C.-T.; Tjeng,
L.-H. Local electronic structure and magnetic properties of
LaMn,sCo,5O; studied by X-ray absorption and magnetic circular
dichroism spectroscopy. Phys. Rev. B: Condens. Matter 2008, 77 (12),
No. 125124.

(37) Lu, D.; Xu, G.; Hu, Z.; Cui, Z.; Wang, X; Li, J.; Huang, L.; Dy,
X.; Wang, Y;; Mg, J,; Lu, X;; Lin, H.-J.; Chen, C.-T.; Nugroho, A. A;;
Tjeng, L. H.; Cui, G. Deciphering the interface of a high-voltage (5 V-
class) Li-ion battery containing additive-assisted sulfolane-based
electrolyte. Small Methods 2019, 3 (10), No. 1900546.

(38) Nemrava, S.; Vinnik, D. A.; Hu, Z.; Valldor, M.; Kuo, C. Y.;
Zherebtsov, D. A.; Gudkova, S. A.; Chen, C.-T.; Tjeng, L. H.; Niewa,
R. Three oxidation states of manganese in the barium hexaferrite
BaFe;, ,Mn,O,,. Inorg. Chem. 2017, 56 (7), 3861—3866.

(39) Yin, Y. Y,; Liu, M,; Dai, J. H; Wang, X,; Zhou, L.; Cao, H,;
Cruz, Cd.; Chen, C.-T.; Xu, Y.; Shen, X,; Yu, R.; Alonso, J. A.; Mufioz,
A,; Yang, Y.-f; Jin, C; Hu, Z,; Long, Y. LaMn;Ni,Mn,0,: An A-and
B-site ordered quadruple perovskite with A-site tuning orthogonal
spin ordering. Chem. Mater. 2016, 28 (24), 8988—8996.

(40) Zhou, B.; Qin, S.; Ma, T.; Ye, X,; Guo, J.; Yu, X; Lin, H.-J,;
Chen, C.-T.; Hu, Z,; Tjeng, L.-H.; Zhou, G.; Dong, C,; Long, Y.
High-pressure synthesis of two polymorphic HgMnO; phases and
distinct magnetism from 2D to 3D. Inorg. Chem. 2020, 59 (6), 3887—
3893.

(41) Wang, K. F,; Wang, Y.,; Wang, L.; Dong, S.; Li, D.; Zhang, Z,;
Yu, H,; Li, Q; Liu, J.-M. Cluster-glass state in manganites induced by
A-site cation-size disorder. Phys. Rev. B: Condens. Matter 2006, 73
(13), No. 134411.

(42) Salamon, M. B.; Lin, P; Chun, S. H. (2002). Colossal
magnetoresistance is a Griffiths singularity. Phys. Rev. Lett. 2002, 88
(19), No. 197203.

(43) Ly, C. L; Dong, S.; Wang, K; Gao, F; Li, P,; Ly, L; Liu, J.-M.
Charge-order breaking and ferromagnetism in La,4Cay4sMnO;
nanoparticles. Appl. Phys. Lett. 2007, 91 (3), No. 032502.

(44) Ibrahim, N.; Yahya, A. K. Inducement of itinerant electron
transport in charge-ordered Pr,4Ca;,MnO; by Ba doping. J.
Supercond. Novel Magn. 2016, 29, 911-922.

https://doi.org/10.1021/jacs.5c00186
J. Am. Chem. Soc. 2025, 147, 12644—12651


https://doi.org/10.1039/b926757c
https://doi.org/10.1016/0022-4596(74)90102-9
https://doi.org/10.1016/0022-4596(74)90102-9
https://doi.org/10.1016/0022-4596(74)90102-9
https://doi.org/10.1016/0022-4596(75)90358-8
https://doi.org/10.1016/0022-4596(75)90358-8
https://doi.org/10.1016/0022-4596(75)90358-8
https://doi.org/10.1038/nature07816
https://doi.org/10.1038/nature07816
https://doi.org/10.1002/ange.200801482
https://doi.org/10.1002/ange.200801482
https://doi.org/10.1002/ange.200801482
https://doi.org/10.1103/PhysRevLett.115.087601
https://doi.org/10.1103/PhysRevLett.115.087601
https://doi.org/10.1103/PhysRevLett.115.087601
https://doi.org/10.1002/adma.201703435
https://doi.org/10.1002/adma.201703435
https://doi.org/10.1038/s41467-022-29764-w
https://doi.org/10.1038/s41467-022-29764-w
https://doi.org/10.1002/adma.202200626
https://doi.org/10.1002/adma.202200626
https://doi.org/10.1021/acs.chemmater.1c03015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c03015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c03015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-20833-6
https://doi.org/10.1038/s41467-020-20833-6
https://doi.org/10.1021/jacs.7b01851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.1107/S0021889801002242
https://doi.org/10.1515/znb-2006-1207
https://doi.org/10.1515/znb-2006-1207
https://doi.org/10.1103/PhysRevLett.96.247202
https://doi.org/10.1103/PhysRevLett.96.247202
https://doi.org/10.1103/PhysRevB.64.134412
https://doi.org/10.1103/PhysRevB.64.134412
https://doi.org/10.1103/PhysRevB.64.134412
https://doi.org/10.1021/acs.chemmater.1c02826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c02826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-22064-9
https://doi.org/10.1038/s41467-021-22064-9
https://doi.org/10.1002/pssb.201800014
https://doi.org/10.1002/pssb.201800014
https://doi.org/10.1002/pssb.201800014
https://doi.org/10.1021/jacs.9b13508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b13508?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.77.125124
https://doi.org/10.1103/PhysRevB.77.125124
https://doi.org/10.1103/PhysRevB.77.125124
https://doi.org/10.1002/smtd.201900546
https://doi.org/10.1002/smtd.201900546
https://doi.org/10.1002/smtd.201900546
https://doi.org/10.1021/acs.inorgchem.6b02688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b03785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b03785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b03785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b03551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b03551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.73.134411
https://doi.org/10.1103/PhysRevB.73.134411
https://doi.org/10.1103/PhysRevLett.88.197203
https://doi.org/10.1103/PhysRevLett.88.197203
https://doi.org/10.1063/1.2753749
https://doi.org/10.1063/1.2753749
https://doi.org/10.1007/s10948-015-3346-5
https://doi.org/10.1007/s10948-015-3346-5
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(4S) Asmira, N.; Ibrahim, N.; Mohamed, Z.; Yahya, A. K. Effect of
Cr*" substitution at Mn-site on electrical and magnetic properties of
charge ordered Bi, 3Pr, ;Cay ,MnO; manganites. Phys. B:Condens.
Matter 2018, 544, 34—46.

(46) Ibrahim, N.; Yahya, A. K.; Rajput, S. S.; Keshri, S.; Talari, M. K.
Double metal—insulator peaks and effect of Sm>* substitution on
magnetic and transport properties of hole-doped LaggsAg;sMnOs. J.
Magn. Magn. Mater. 2011, 323 (16), 2179—218S.

(47) Tokura, Y.; Urushibara, A.; Moritomo, Y.; Arima, T.; Asamitsu,
A,; Kido, G.; Furukawa, N. Giant magnetotransport phenomena in
filling-controlled kondo lattice system: La; ,Sr,MnOs. J. Phys. Soc. Jpn.
1994, 63 (11), 3931—3935.

(48) Zeng, Z.; Greenblatt, M.; Subramanian, M. A.; Croft, M. Large
low-field magnetoresistance in perovskite-type CaCu;Mn,O,, without
double exchange. Phys. Rev. Lett. 1999, 82 (15), 3164.

(49) Alonso, J. A.; Sinchez-Benitez, J.; De Andrés, A.; Martinez-
Lope, M. J.; Casais, M. T.; Martinez, J. L. Enhanced magneto-
resistance in the complex perovskite LaCu;Mn,O,,. Appl. Phys. Lett.
2003, 83 (13), 2623—2625.

(50) Takata, K,; Yamada, I.; Azuma, M.; Takano, M.; Shimakawa, Y.
Magnetoresistance and electronic structure of the half-metallic
ferrimagnet BiCusMn,O,,. Phys. Rev. B:Condens. Matter 2007, 76
(2), No. 024429.

(51) Chen, W.-T.; Wang, C.-W.; Cheng, C.-C.; Chuang, Y.-C;
Simonov, A.; Bristowe, N. C.; Senn, M. S. Striping of orbital-order
with charge-disorder in optimally doped manganites. Nat. Commun.
2021, 12 (1), No. 6319.

(52) Tragheim, B. R. M.; Simpson, S.; Liu, E.-P.; Senn, M. S.; Chen,
W.-T. Intrinsic electronic phase separation and competition between
G-type, C-type, and CE-type charge and orbital ordering modes in
Hg,_,Na,Mn,Mn,O,. Phys. Rev. B 2024, 110 (24), No. 245123.

(53) Harrison, W. A. Electronic Structure and the Properties of Solids:
the Physics of the Chemical Bond; Dover Publications, 1989.

(54) Sagdeo, P. R; Anwar, S.; Lalla, N. P. Powder X-ray diffraction
and Rietveld analysis of La,_,CaMnO; (0 < x < 1). Powder Diffr.
2006, 21 (1), 40—44.

(55) Miao, T.; Deng, L.; Yang, W.; Nj, J.; Zheng, C.; Etheridge, J.;
Wang, S.; Liu, H,; Lin, H; Yu, Y,; Shi, Q; Cai, P.; Zhu, Y; Yang, T;
Zhang, X,; Gao, X,; Xi, C,; Tian, M.; Wy, X,; Xiang, H.; Dagotta, E.;
Yin, L.; Shen, J. Direct experimental evidence of physical origin of
electronic phase separation in manganites. Proc. Nat. Acad. Sci. U.S.A.
2020, 117 (13), 7090—7094.

(56) Akahoshi, D.; Uchida, M.; Tomioka, Y.; Arima, T.; Matsui, Y;
Tokura, Y. Random potential effect near the bicritical region in
perovskite manganites as revealed by comparison with the ordered
perovskite analogs. Phys. Rev. Lett. 2003, 90 (17), No. 177203.

12651

https://doi.org/10.1021/jacs.5c00186
J. Am. Chem. Soc. 2025, 147, 12644—12651


https://doi.org/10.1016/j.physb.2018.05.020
https://doi.org/10.1016/j.physb.2018.05.020
https://doi.org/10.1016/j.physb.2018.05.020
https://doi.org/10.1016/j.jmmm.2011.03.027
https://doi.org/10.1016/j.jmmm.2011.03.027
https://doi.org/10.1143/JPSJ.63.3931
https://doi.org/10.1143/JPSJ.63.3931
https://doi.org/10.1103/PhysRevLett.82.3164
https://doi.org/10.1103/PhysRevLett.82.3164
https://doi.org/10.1103/PhysRevLett.82.3164
https://doi.org/10.1063/1.1611647
https://doi.org/10.1063/1.1611647
https://doi.org/10.1103/PhysRevB.76.024429
https://doi.org/10.1103/PhysRevB.76.024429
https://doi.org/10.1038/s41467-021-26625-w
https://doi.org/10.1038/s41467-021-26625-w
https://doi.org/10.1103/PhysRevB.110.245123
https://doi.org/10.1103/PhysRevB.110.245123
https://doi.org/10.1103/PhysRevB.110.245123
https://doi.org/10.1154/1.2104536
https://doi.org/10.1154/1.2104536
https://doi.org/10.1073/pnas.1920502117
https://doi.org/10.1073/pnas.1920502117
https://doi.org/10.1103/PhysRevLett.90.177203
https://doi.org/10.1103/PhysRevLett.90.177203
https://doi.org/10.1103/PhysRevLett.90.177203
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c00186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

