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Evolution from a heavy-fermion metal to an antiferromagnetic insulator in the A-site ordered
perovskite PbCu3Ru4-xTixO12
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Materials tunable between heavy-fermion metals and antiferromagnetic insulators near quantum criticality are
promising candidates for exploring unconventional superconductivity, yet such a behavior is rare in transition
metal oxides. Here, we report the high-pressure synthesis and characterization of two Pb-based A-site ordered
perovskites, PbCu3Ru4O12 and PbCu3Ti4O12, which are characterized as a heavy-fermion metal and an anti-
ferromagnetic insulator, respectively. Systematic B-site substitution in PbCu3Ru4−xTixO12 (x = 0−4) reveals a
continuous evolution of electronic and magnetic properties, with intermediate compositions exhibiting divergent
low-temperature specific heat, indicative of proximity to a quantum critical point. The experimental observation
supported by density functional theory calculations reveal that PbCu3Ru4O12 exhibits more enhanced effective
mass than CaCu3Ru4O12, attributed to its enhanced Fermi-level density of states and narrower bandwidth, driven
by the elongated Ru-O bonds and the covalent character of Pb2+. These results establish PbCu3Ru4−xTixO12 as
a rare platform to study quantum criticality and strong correlations in transition-metal oxides and demonstrate
that combine A-site and B-site tuning provides an effective route to tailor electronic and magnetic properties.

DOI: 10.1103/hdnd-sd52

I. INTRODUCTION

The quest to understand unconventional superconductiv-
ity has made heavy-fermion systems a key area of materials
science and condensed-matter physics, inspiring the explo-
ration of new compounds that host heavy-fermion behavior.
The physics of heavy-fermion behavior has been extensively
studied in rare-earth and actinide intermetallics, where the
hybridization between localized f electrons and conduc-
tion bands generates heavy quasiparticles. Rare-earth-based
heavy-fermion metals have enabled experimental access to
quantum critical points (QCPs), particularly antiferromag-
netic QCPs, as demonstrated in CeCu6−xAux and YbRh2Si2

[1–3]. These discoveries provide an essential platform for
understanding both Landau Fermi-liquid behavior and de-
viations leading to non-Fermi-liquid states. Furthermore,
proximity to QCP often gives rise to emergent quantum
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phases, offering a potential route to unconventional supercon-
ductivity [4].

Theoretical studies predict that heavy-fermion behavior
can also emerge in transition-metal oxides near a metal-
insulator transition, however, experimental realizations re-
main scarce [5]. To date, only a few compounds, such as
LiV2O4 and Pr2Ir2O7, have been reported to exhibit heavy-
fermion properties [6,7]. The dual nature of d-electrons in
LiV2O4, acting simultaneously as localized moments and con-
duction carriers, makes it difficult to disentangle the origin
of mass enhancement. A-site ordered perovskites with the
formula AA

′
3B4O12 offer a unique platform, as they enable the

simultaneous incorporation of transition-metal ions at the A,
A′, and B sites. Notably, compounds such as CaCu3Ru4O12

and CaCu3Ir4O12, in which the B site hosts 4d or 5d tran-
sition metals, display signatures of heavy-fermion behavior
[8,9]. However, it remains unclear whether the underlying
mechanism is analogous to that of conventional f -electron
heavy-fermion systems. Moreover, access to a QCP in these
A-site ordered perovskite heavy-fermion metals has not yet
been demonstrated.

The metallic compound CaCu3Ru4O12 has been proposed
as a heavy-fermion system due to its striking resemblance to
4 f -electron systems. Its magnetic susceptibility is two orders
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of magnitude higher than that of free electrons, exhibits a
broad maximum as a function of temperature, and its Som-
merfeld coefficient is enhanced by a factor of 20–30 compared
with a conventional metal [10]. Subsequent studies by Tanaka
et al. revealed that NaCu3Ru4O12 and LaCu3Ru4O12 also dis-
play enhanced Sommerfeld coefficients, with LaCu3Ru4O12

exceeding that of CaCu3Ru4O12 [11]. Resonant X-ray emis-
sion spectroscopy further demonstrated a systematic increase
in the number of O 2p holes from La to Ca to Na, and
suggested that the hole doping suppresses the enhancement
of specific heat [12]. More recently, the presence of localized
Cu2+ moments hybridized with itinerant electrons was de-
duced from hard and soft X-ray spectroscopy measurements,
supporting a Kondo-lattice interpretation for CaCu3Ru4O12

[13]. However, nuclear magnetic resonance (NMR) measure-
ments detected no local moment up to 700 K, posing a serious
challenge to the Kondo scenario [14]. To date, no decisive
conclusions have been reached regarding the unusual prop-
erties of CaCu3Ru4O12. While the microscopic origin of its
unconventional heavy-fermion behavior remains debated, the
interplay between Ru 4d and Cu 3d orbitals clearly plays a
central role.

Substitution at the B site in A-site ordered perovskite leads
to dramatically different physical properties. CaCu3Fe4O12

undergoes a metal-insulator transition that is coupled with
a paramagnetic-to-ferrimagnetic transition, involving charge
disproportionation from Fe4+ to Fe3+ and Fe5+. Neutron
diffraction and X-ray magnetic circular dichroism measure-
ments reveal that ferromagnetic Cu2+ spins antiferromag-
netically coupled with Fe3+ and Fe5+, giving rise to a
ferrimagnetic spin structure [15]. CaCu3Mn4O12 is a semicon-
ductor with a ferromagnetic transition at 355 K and exhibits
colossal magnetoresistance without mixed Mn valency [16].
CaCu3Co4O12 and CaCu3Cr4O12 host Zhang-Rice singlets,
reflecting strong Cu–O hybridization that is tuned by the B-
site cation [17]. When B-site ions are nonmagnetic p-block
elements such as Ge or Sn, CaCu3Ge4O12 and CaCu3Sn4O12

exhibit ferromagnetic ordering via direct Cu2+ exchange [18].
In contrast, Ti 3d orbitals in CaCu3Ti4O12 enable antifer-
romagnetic superexchange interactions, resulting in G-type
antiferromagnetic order confirmed by neutron scattering [19].
As discussed above, a wide range of A-site ordered perovskite
oxides with different B-site cations have been synthesized and
studied. However, the choice of A-site ions has been largely
limited to Ca2+ and Cu2+. As widely observed in simple per-
ovskites, the A-site ion also plays a crucial role in determining
both the structure and the physical properties.

In this study, we synthesized two new Pb-based A-site
ordered perovskites, PbCu3Ru4O12 and PbCu3Ti4O12. De-
tailed structural and physical characterizations, supported by
density functional theory (DFT) calculations, reveal Stoner
enhancement in heavy-fermion metal PbCu3Ru4O12 and an-
tiferromagnetic insulating behavior in PbCu3Ti4O12. Solid
solutions PbCu3Ru4−xTixO12 (x = 1.2, 2.0, 2.8, 3.6) were
synthesized successfully, among which the x = 1.2 and 2.0
compositions exhibit a low-temperature upturn in specific
heat and unusual electron-transport properties, suggesting
proximity to a QCP. These findings demonstrate a B-site-
substitution-driven transition from a heavy-fermion metal to
an antiferromagnetic insulator in an A-site ordered perovskite,

establishing this system as a rare platform for exploring
quantum criticality and electron correlations in 3d-4d hybrid
transition-metal oxides.

II. MATERIALS AND METHODS

The starting materials of PbO(99.999%, Aladdin,
Shanghai, China), CuO(99.9%, Aladdin, Shanghai, China),
RuO2(99.95%, Aladdin, Shanghai, China) and TiO2(99.99%,
Aladdin, Shanghai, China) powders were weighed in a
stoichiometric ratio and then thoroughly mixed and ground.
Polycrystalline PbCu3Ru4O12 and PbCu3Ru4−xTixO12

(x = 1.2, 2.0, 2.8, and 3.6) were synthesized at 12 GPa
and 1200 ◦C with a Walker-type multianvil high-pressure
apparatus (LPR-1000, Max Voggenreiter, Germany).
PbCu3Ti4O12 was obtained at 8 GPa and 850 ◦C with the
same apparatus. During high-pressure synthesis, the samples
were maintained at the target pressure and temperature for
30 minutes before being quenched to room temperature,
followed by pressure release.

Samples obtained from high-pressure synthesis were char-
acterized by laboratory x-ray powder diffraction using a
Bruker D2 Phaser diffractometer with Cu Kα radiation, as well
as by synchrotron XRD at beamline BL17UM of the Shang-
hai Synchrotron Radiation Facility (λ = 0.688 Å). Rietveld
refinements were performed using the FULLPROF software
package. The grain size of pristine polycrystalline samples
were determined using a Jeol JSM-IT700HR scanning elec-
tron microscope (SEM).

Samples were characterized by x-ray absorption spec-
troscopy (XAS). Cu K-edge XAS measurements were con-
ducted at beamline BL17B1 of the Shanghai Synchrotron
Radiation Facility. Pb L3-edge XAS data were collected at
beamline BL12B2 of SPring-8, Japan.

The field-cooling (FC) and zero-field-cooling (ZFC) of the
samples were collected using a Magnetic Properties Mea-
surement System (MPMS, Quantum Design Inc.) over the
temperature range 1.8 � T � 300 K under applied fields of
0.1 and 1 T, respectively. The isothermal magnetization (M-H)
curves were collected with a sweeping field from –7 to +7 T
at 2 K. The temperature dependence of electrical resistivity,
specific heat, and thermoelectric power were measured using
a Physical Property Measurement System (PPMS, Quantum
Design Inc.). Resistivity was measured using the standard
four-probe method in the range 1.8 � T � 300 K. Specific
heat measurements were performed using Apiezon-N grease
for thermal contact between the polycrystal and the sample
stage in the range 1.8 � T � 300 K.

DFT calculations with on-site Coulomb interactions
(DFT+U) were performed using Vienna ab initio simulation
package (VASP) [20–22], with the projector augmented-wave
(PAW) method employed to describe the pseudopotentials.
Electronic correlations were treated within the generalized
gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE) exchange potential [23]. A k-point mesh of
10 × 10 × 10 was used for Brillouin zone sampling, and the
plane-wave cutoff energy was set to 550 eV.

To account for electron correlations, on-site Coulomb
interaction parameters were applied with U = 4.0 eV for
the Cu 3d orbitals and U = 3.0 eV for the Ti 3d or-
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FIG. 1. The powder synchrotron XRD patterns (λ = 0.688 Å) collected at room temperature and their refinement results for
(a) PbCu3Ru4O12 and (b) PbCu3Ru2Ti2O12. Expected Bragg reflections are marked by ticks for the Im-3 structure (top) and PbO (bottom).
The XAS spectra of PbCu3Ru4−xTixO12 (x = 0, 2.0, 2.8, 3.6, 4.0) at the (c) Pb L3 edge and (d) Cu K edge with enlarged views of the pre-edge
region. (e) Structural model for PbCu3B4O12 (B = Ru, Ti).

bitals. Band structure calculations were performed using
experimentally determined crystal structures and lattice pa-
rameters. For PbCu3Ti4O12, a G-type antiferromagnetic
ordering was considered, while non-magnetic calculations
were employed for PbCu3Ru4O12 and CaCu3Ru4O12.

In the calculations of the γ and χ0 based on DFT results,
we use the DOS at the Fermi level excluding the contribution
from Cu. This is because the Cu-derived band, which would
nominally cross the Fermi level, is expected to split into two
bands under strong electronic correlations–one located below
and the other above the Fermi level [24,25]. However, this
characteristic band splitting cannot be accurately captured
by DFT+U, which tends to underestimate strong correlation
effects. Therefore, in evaluating γ and χ0, we use the N (EF),
after excluding Cu contributions.

III. RESULTS

The Pb-based A-site ordered perovskite PbCu3B4O12 (B =
Ru, Ti) and the solid solutions PbCu3Ru4−xTixO12 (x =
1.2, 2.0, 2.8, 3.6) were synthesized under high-pressure and
high-temperature conditions, as described in the Experimen-
tal section. To assess phase purity, powder x-ray diffraction
(XRD) was initially performed on all the samples using Cu Kα

radiation. For more detailed structural characterization, syn-
chrotron XRD measurements were conducted at BL17UM
of the Shanghai Synchrotron Radiation Facility with an in-
cident wavelength of λ = 0.688 Å. Rietveld refinements of
the synchrotron XRD patterns were carried out using the Full-
prof suite. Like other A-site ordered perovskites CaCu3B4O12

(B = Ti, V, Cr, Mn, Co, Ru, and Ir), a cubic structural model
with space group Im-3 (No. 204) was adopted for Rietveld
refinement. Figures 1(a) and 1(b) present the representative
refinement results, with additional patterns of all the samples
shown in Fig. S1 [26]. The corresponding refined structural
parameters are summarized in Table S1 [26]. To determine the
oxidation states of the cations, x-ray absorption spectroscopy

(XAS) measurements were carried out, as shown in Figs. 1(c)
and 1(d). By comparison with reference spectra, the valence
states of both Pb and Cu were identified as +2. Considering
the similar Ru-O bond length (1.996 Å) in PbCu3Ru4O12 to
those observed in CaRuO3 (1.993 Å) and SrRuO3 (1.986 Å)
[27], along with the confirmed divalent states of Pb and Cu
from XAS, the Ru ions in PbCu3Ru4O12 are inferred to be +4.
The divalent nature of Pb2+ and Cu2+ was further confirmed
in PbCu3Ti4O12 and in the solid solutions PbCu3Ru4−xTixO12

(x = 2.0, 2.8, 3.6) via XAS measurements.
The temperature dependence of resistivity ρ(T), shown

in Fig. 2(a), indicates that PbCu3Ru4O12 remains metallic
down to 2 K. The magnitude and temperature dependence
of thermoelectric power (S) also support the metallic nature
of this compound, as shown in Fig. 2(b). At low tempera-
tures, the resistivity exhibits a linear dependence on T 2 at
T < 70 K, typical for the Fermi-liquid behavior, as illus-
trated in the inset of Fig. 2(a). Fitting the data to the formula
ρ = ρ0 + A × T 2, yields ρ0 = 2.70 m� cm and A = 4.30 ×
10−7 � cm K−2. Similar Fermi-liquid behavior has been re-
ported for CaCu3Ru4O12, in which ρ is linear with T 2 over the
2–25 K range [8]. Notably, the A coefficient for CaCu3Ru4O12

is 6 × 10−9 � cm K−2, nearly two orders of magnitude
smaller than that of PbCu3Ru4O12. This significant enhance-
ment in A coefficient may suggest stronger electron correla-
tions in PbCu3Ru4O12, possibly associated with a larger effec-
tive mass. It should be noted, however, that the resistivity mea-
surements were performed on polycrystalline PbCu3Ru4O12

and CaCu3Ru4O12 samples, and grain-boundary effects inher-
ent to polycrystalline materials may influence the extracted
A coefficient. Therefore a definitive assessment of mass en-
hancement requires an analysis of the Sommerfeld coefficient
(γ ) derived from specific heat measurements.

The temperature dependence of specific heat (Cp) for
PbCu3Ru4O12 is shown in Fig. 2(c). In the low-temperature
region, the data were fitted with an approximated Debye
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FIG. 2. Temperature dependence of (a) resistivity ρ(T) at H = 0 T with ρ(T 2) shown in the inset, (b) thermopower S(T), (c) specific heat
Cp(T) with Cp/T versus T 2 shown in the inset, (d) thermal conductivity κ(T) with an SEM image of polycrystalline PbCu3Ru4O12 shown in
the inset, (e) magnetic susceptibility χ (T) measured under H = 0.1 T, and (f) χ (T) measured under H = 1 T. The χ (T) data for CaCu3Ru4O12

are reproduced from Ref. [10].

model, Cp/T = γ + β0T 2, yielding a Sommerfeld coefficient
of γ = 98.05 mJ/mol K2 and β0 = 1.37 mJ mol−1 K−4. The
obtained γ value is larger than that of CaCu3Ru4O12, pre-
viously reported as 84 [8] and 92 mJ/mol K2 [10]. The
Kadowaki-Woods ratio, A/γ 2, for PbCu3Ru4O12 is estimated
to be 44.8 µ� cm mol2 K2 J−2, which is comparable to the
characteristic value of ∼ 10 µ� cm mol2 K2 J−2 observed in
the heavy-fermion systems [28]. The thermal conductivity (κ)
of PbCu3Ru4O12, as shown in Fig. 2(d), exhibits a glasslike
behavior similar to that of CaCu3Ir4O12 [9]. To estimate the
electronic contribution, the Wiedemann-Franz law, κE =LσT,
where L is the Lorenz number, was applied. The calculated
κE is negligible compared with the total thermal conductiv-
ity (κtotal). The average grain size of the pristine sample is
about 5–10 µm [Fig. 2(d)], revealed by scanning electron
microscope (SEM), much larger than the phonon mean free
path, ruling out grain-boundary scattering as the origin of the
glass-like behavior. The negligible κE appears to be consistent
with the heavy-fermion scenario. In such systems, strong cou-
pling between conduction electrons and localized magnetic
moments substantially reduces electron mobility. Strong inter-
actions between the heavy conducting electrons and the lattice
vibrations further suppress κlattice.

Figures 2(e) and 2(f) present the magnetic susceptibil-
ity (χ ) of PbCu3Ru4O12, together with CaCu3Ru4O12 for
comparison. A broad maximum is clearly observed above
100 K, peaking around 275 K. This feature resembles

that of CaCu3Ru4O12, with the peak in PbCu3Ru4O12 oc-
curring at higher temperature. The broad maximum was
initially attributed to Kondo screening, where itinerant d
electrons of Ru begin to interact with localized Cu2+ mo-
ments [10]. However, the Kondo scenario for CaCu3Ru4O12

remains controversial. The absence of local moment signa-
ture remains up to 700 K, revealed by NMR measurements
[14]. Angle-resolved photoemission spectroscopy combined
with theoretical simulations suggests that 3d electrons of
Cu remains itinerant even at high temperature [29]. The
LDA+DMFT calculations reproduce the local spin suscep-
tibility at the Cu site of CaCu3Ru4O12, indicating that the
Kondo screening could occur in the 500–1000 K range [13].
Thus both experimental and theoretical studies provide no
definitive explanation for the broad maximum in the χ (T)
curve.

Alternatively, the model developed by Misawa successfully
reproduces the magnetic susceptibility maximum in variety
of metals near to the ferromagnetic transition [30,31]. We
attempted to apply Misawa’s model, χ = χ0 − AT 2 ln( T

T ∗ ), to
fit the χ (T) data. As shown in Fig. S2, the model captures
the broad maximum very well. To account for the upturn at
low temperature, likely due to magnetic impurities, we added
a Curie term, giving χ = χ0 − AT 2 ln( T

T ∗ ) + C
T . The fitting

result, overlaid in Fig. 2(e), gives χ0 = 4.161(2) × 10−3

emu/mol, A = 3.8(2) × 10−9 emu/mol K2, and T ∗ = 434(8)
K. The maximum temperature Tmax = T ∗/

√
e (∼ 263 K),
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TABLE I. Comparison of physical properties of PbCu3Ru4O12 and CaCu3Ru4O12.

PbCu3Ru4O12 CaCu3Ru4O12

Space group Im-3

Lattice parameter (Å) 7.47222(7) 7.4098 [8]
ρ = ρ0 + AT n A = 4.30 × 10−4 m� cm/K2, n = 2 A = 2.95 × 10−5 m� cm/K2, n = 2 [8]
χ0(emu/mol) EXP 4.16 × 10−3 EXP 3.20 × 10−3 [32]

DFT 3.4 × 10−4 DFT 2.3 × 10−4

γ (mJ K−2 mol−1) EXP 98.05 EXP 80 [32]
DFT 25 DFT 16.85

TFL (K) 70 25
Rkw = A/γ 2 44.8 3.5

Rw = π2k2
Bχ

3μ2
Bμ0γ

3.1 2.8

agrees well with the experimental observation. This analysis
suggests that the susceptibility maximum in PbCu3Ru4O12

arises from strong electron correlations and proximity to a
ferromagnetic instability. We applied the same fitting to the
χ (T) data of CaCu3Ru4O12, which also reproduces the broad
maximum, as shown in Fig. S3. The study by Kao et al.
attributed the broad maximum in χ (T) of CaCu3Ru4O12 to
strong spin fluctuations, which can be revealed from its band
structure [32].

The χ0 estimated from Misawa fitting and from the fit-
ting formula χ = χ0(1−aT 2) for a paramagnetic metal are
consistent, show in Table I. The magnetic susceptibility χ0 is
strongly enhanced relative to the Pauli paramagnetic suscep-
tibility derived from the DOS at Fermi energy N (EF ). Our
DFT calculations yield N (EF ) = 10.58 states/eV/f.u./spin,
giving χ0(DFT) = 3.4 × 10−4 emu/mol. If the enhancement
of χ0 were solely due to mass enhancement, the ratio
χ0/χ0(DFT) should be comparable to γ /γ (DFT). Using γ =
π2

3 k2
BN (EF ), we obtain γ (DFT) = 24.94 mJ/mol K2. The ra-

tios χ0/χ0(DFT) and γ /γ (DFT) are 12 and 4, respectively,
indicating that the enhancement of χ0 exceeds that of γ .
This suggests an additional mechanism specifically enhancing
the magnetic susceptibility. The susceptibility enhancement
can be understood as arising from two contributions. The
first is mass renormalization, which intrinsically enhances
χ0. The second arises from electronic correlations that fur-
ther amplify the susceptibility via the Stoner mechanism,
described within the random-phase approximation (RPA).
The Stoner-enhanced susceptibility can be expressed as χ =
χ0(1−aT 2)K−2

0 , where the Stoner factor K2
0 = 1−S and S =

N (EF )�Ueff . As S approaches unity, the Stoner enhancement
becomes pronounced and χ increases sharply. Coexistence of
electron-electron correlations and ferromagnetic spin fluctua-
tions is previously observed in narrow-band system LaNiO3,
where the ratios χ0/χ0(DFT) and γ /γ (DFT) are 10.3 and 4.2,
respectively [33].

As indicated in the DOS of Fig. 3(a) from DFT cal-
culation, the electrons in Ru t2g orbitals play a crucial
role to determine the transport and magnetic properties in
PbCu3Ru4O12. Substituting Ru provides a means to tune these
correlations and the associated physical properties. To explore
this, we synthesized a series of Ti-substituted compounds,
PbCu3Ru4−xTixO12 (x = 1.2, 2.0, 2.8, 3.6), together with the

end member PbCu3Ti4O12. The structural and physical prop-
erties of these materials were systematically characterized,
as discussed below. All compounds retain the same structure
with space group Im-3 (No. 204) as that of PbCu3Ru4O12. The
results of Rietveld refinement are summarized in Fig. S1 and
Tables S2–S7 [26]. This structural consistency provides an
ideal platform to examine the influence of B-site substitution
on the evolution of physical properties in PbCu3Ru4−xTixO12

(x = 0, 1.2, 2.0, 2.8, 3.6, 4.0) series.
PbCu3Ti4O12 is identified as an antiferromagnetic (AFM)

insulator, with a Néel temperature (TN) of 27 K, as shown in
Fig. 4(a). The insulating state is successfully reproduced by
DFT calculations assuming G-type AFM ordering [Fig. 3(b)],
consistent with the G-type AFM structure previously de-
termined by neutron scattering in CaCu3Ti4O12 [19]. The
χ (T) above TN follows the Curie-Weiss (C-W) law, 1/χ =
(T − θW)/C, as shown in Fig. 4(b), yielding a Curie constant
(C) of 1.51 and a Weiss temperature (θW) of –26.6 K. The
effective moment (μeff ), calculated from C, is 1.16 μB/Cu.
This value is smaller than the theoretical spin-only moment of
Cu2+ (S = 1/2, 1.73 μB), but is comparable to that reported
for CaCu3Ti4O12 (μeff = 1.3 μB/Cu) [10]. The negative θW

indicates antiferromagnetic interactions in PbCu3Ti4O12, with
|θW| nearly equal to TN. Antiferromagnetic ordering persists
in the Ti-rich region (x = 4.0, 3.6, 2.8), with the TN grad-
ually suppressed from 27 K to 6.5 K as the Ru content
increases. The insulating behavior remains at low tempera-
tures for samples with x = 2.8, 3.6, 4.0, as shown in Fig. 4(c).
The activation energy (Ea), obtained from Arrhenius fits of
ρ(T) at high temperatures, as shown in Fig. 4(d), decreases
significantly with increasing Ru content [inset of Fig. 4(d)],
suggesting that the band gap energy (≈ 2Ea) is strongly modi-
fied by B-site substitution. The nonlinear behavior observed at
low temperatures suggests that the electron transport is gov-
erned by variable-range hopping (VRH) conduction arising
from localized states. The log ρ versus T −1/4 plot is shown
in Fig. S4. Over the entire measured temperature range, the
resistivity follows the T −1/4 scaling very well, indicating that
three-dimensional Mott VRH dominates the electron transport
in samples with x = 2.8, 3.6, 4.0.

λ-shaped anomalies in Cp(T ) are clearly observed at
TN for PbCu3Ru4−xTixO12 (x = 2.8, 3.6, 4.0), becoming
broader and shifting to lower temperatures with decreasing Ti
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FIG. 3. The band structure (left) and DOS (right) for (a) PbCu3Ru4O12 and (b) PbCu3Ti4O12.

content [Fig. 4(e)]. Moreover, Ru4+ is likely to contribute to
the magnetic properties of PbCu3Ru4−xTixO12 (x = 2.8, 3.6).
For comparison, the simple perovskite SrRuO3 with Ru4+ ex-
hibits a saturation moment of 1.10 μB/Ru along the easy axis
[34]. As previously proposed for CaCu3Ti4O12, hybridization
involving Ti 3d orbitals enables antiferromagnetic superex-
change interactions. This mechanism is responsible for the

AFM ordering observed in PbCu3Ti4O12 and also dominates
in the PbCu3Ru4−xTixO12 (x = 2.8, 3.6) [19].

Figure 4(f) shows the temperature dependence of
thermal conductivity for the insulating compositions
PbCu3Ru4−xTixO12 (x = 2.8, 3.6, 4.0). Owing to the
insulating nature of these compounds, the thermal
conductivity is dominated by phonon transport. Near room

FIG. 4. Temperature dependence of (a) magnetic susceptibility χ (T) measured under H = 0.1 T for PbCu3Ru4−xTixO12 (x = 1.2, 2.0, 2.8,
3.6, 4.0), (b) inverse susceptibility χ−1(T ) for PbCu3Ru4−xTixO12 (x = 2.8, 3.6, 4.0), (c) resistivity ρ(T) for PbCu3Ru4−xTixO12 (x = 2.8, 3.6,
4.0) at H = 0 T, (d) Arrhenius plots of ρ vs T −1 with activation energy (Ea) deduced from the linear fits shown in inset, (e) specific heat Cp(T)
with Cp/T vs T 2 shown in the inset, and (f) thermal conductivity κ(T).
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FIG. 5. Temperature dependence of (a) resistivity ρ(T) at H = 0 T, (b) magnetic susceptibility χ (T) measured under H = 0.1 T, (c) specific
heat Cp(T ) with Cp/T versus T 2 shown in the inset, and (d) Cp/T as a function of log(T). The dashed lines in (a) are provided as guides for
the eye.

temperature, the κ values of these polycrystalline samples
are comparable to those reported for disordered crystals
and approach the minimum thermal conductivity defined by
David G. Cahill et al. [35]. This observation indicates that
phonon scattering is within the interatomic level, suggesting
that grain size is not the primary factor governing κ in
these compounds. On the other hand, κ remains highly
sensitive to microstructural features. In particular, a small
difference in sample density or porosity can significantly
modify the strength of phonon scattering at grain boundaries
[36–38]. Although PbCu3Ru4−xTixO12 (x = 2.8, 3.6, 4.0)
exhibits comparable κ values over the measured temperature
range, slight differences are still observed. These variations
are most likely associated with composition-dependent
differences in densification during sample synthesis. This
conclusion is further supported by the fact that the pristine
PbCu3Ti4O12 sample is markedly denser than the other
compositions. Furthermore, SEM images reveal a clear
difference in grain-boundary morphology and porosity
among the PbCu3Ru4−xTixO12 (x = 2.8, 3.6, 4.0) samples
(Fig. S5 [26]), supporting the microstructural origin of the
observed κ variations.

With further decreasing Ti content, both the antiferromag-
netism and insulating behavior are progressively suppressed.
The compound PbCu3Ru4−xTixO12 (x = 2.0) exhibits a

metal-insulator-like transition upon cooling, with the re-
sistivity reaching a minimum at approximately 100 K, as
shown in Fig. 5(a). However, in contrast to insulators
PbCu3Ru4−xTixO12 (x = 2.8, 3.6, 4.0), the subsequent rise
in resistivity for x = 2.0 below the minimum is weakly
temperature-dependent. Specifically, the resistivity increases
by only 19% between 100 and 1.8 K, while in more Ti-rich
samples it rises by several orders of magnitude. The esti-
mated residual-resistivity ratio (RRR) between 300 and 100
K for x = 2.0 is merely 1.06, significantly smaller than that of
PbCu3Ru4O12 (RRR = 5.82). These transport properties indi-
cate that PbCu3Ru4−xTixO12 (x = 2.0) remains conductive.

The magnetic susceptibility of the x = 2.0 sample in-
creases gradually upon cooling down to ∼ 100 K, followed by
a more rapid increase at lower temperatures. This χ0 is smaller
than that of the antiferromagnetic samples (x = 2.8, 3.6, 4.0)
across the entire temperature range, and also smaller than that
of PbCu3Ru4O12, as shown in Figs. 4(a) and 5(b). Unlike
samples with x = 2.8, 3.6, and 4.0, the antiferromagnetic
transition is absent in χ (T) for PbCu3Ru4−xTixO12 (x = 2.0).
A bifurcation between the ZFC and FC curves appears below
3 K. The isothermal magnetization measured at 2 K exhibits
nonlinear behavior (Fig. S6 [26]), consistent with this bifur-
cation. A similar feature is observed in samples with x = 2.8
and 3.6, with the ZFC-FC bifurcation temperature decreasing
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FIG. 6. (a) Structural parameters of PbCu3Ru4−xTixO12 (x = 0, 1.2, 2.0, 2.8, 3.6, 4.0) plotted as a function of the average B-site ionic
radius. (b) Phase diagram of PbCu3Ru4−xTixO12 (x = 0, 1.2, 2.0, 2.8, 3.6, 4.0) as a function of Ru content.

systematically from ∼ 15 K (x = 3.6) to ∼ 6.6 K (x = 2.8)
and ∼ 3 K (x = 2.0). This systematic shift with increasing
B-site substitution suggests that the bifurcation is unlikely to
arise from a specific magnetic impurity, but may instead indi-
cate short-range magnetic ordering. CaCu3Ti4−xRuxO12 was
demonstrated to exhibit a spin-glass-like transition for 0.5 �
x � 2.5 at a constant temperature (∼ 8 K) [39]. In contrast,
for PbCu3Ru4−xTixO12, as reported in this study, the bifurca-
tion occurs in a B-site-substitution-dependent manner rather
than at a constant temperature, as in CaCu3Ti4−xRuxO12. The
nature of this bifurcation in PbCu3Ru4−xTixO12 requires fur-
ther investigation to clarify possible mechanisms, including
spin glass, cluster glass, or phase separation.

With further increasing Ru content, metallic behavior is
recovered in PbCu3Ru4−xTixO12 (x = 1.2), where the resis-
tivity exhibits an almost linear temperature dependence across
the entire temperature range, as shown in Fig. 5(a). The ρ(T)
data can be fitted with ρ = ρ0 + A×T, yielding ρ0 = 8.76
m� cm and A = 2.82 × 10−7 � cm K−2. A small deviation
from linearity appears below ∼ 47 K, where the data below
20 K can be described by Fermi-liquid behavior [Fig. 5(a),
inset]. Interestingly, the Cp/T − T 2 data for x = 1.2 and 2.0
display a clear upturn below 10 K, continuing to rise down
to 2 K, as shown in the inset of Fig. 5(c). This behavior is
in sharp contrast to that of PbCu3Ru4O12 and the antifer-
romagnetic samples (x = 2.8, 3.6, 4.0), which do not show
such an upturn. Similar phenomena have been observed in
LaCu3RuxTi4−xO12 with x = 2.5 and 3.0, where these compo-
sitions lie in a regime where both the coherent heavy-fermion
state and Fermi-liquid behavior break down [40]. Moreover,
Cp/T for the x = 1.2 and 2.0 samples is proportional to
log(T) (log10, the same below) below 10 K [Fig. 5(d)], a
hallmark of Fermi-liquid breakdown [41]. The coexistence
of the low-temperature upturn and the log(T) dependence
points to proximity to a QCP [9,41–43]. A logarithmic di-
vergence of the electronic specific heat coefficient γ at the
QCP has been observed in compounds such as YbRh2Si2

and CeCu5.9Au0.1 [1,3]. In the Fermi-liquid regime, γ at zero
temperature is directly related to the effective mass of Landau
quasiparticles. Therefore the divergence of γ near to zero

temperature indicates that the quasiparticle effective mass di-
verges as the system approaches the QCP [4]. Note that the
PbCu3Ru4−xTixO12 (x = 1.2) sample contains a minor RuO2

impurity phase, as identified by structure refinement (Fig.
S1 [26]). Cp (T) measurements are relatively insensitive to
small impurity fractions, whereas resistivity is more suscep-
tible. Thus the Cp (T) results for PbCu3Ru4−xTixO12 (x = 1.2
and 2.0) provide reliable evidence that the effective Fermi
temperature approaches zero (TF ∼ 0 K). Taken together, the
breakdown of Fermi-liquid behavior and nearly linear ρ(T)
demonstrate that PbCu3Ru4−xTixO12 (x = 1.2 and 2.0) are
located in close proximity to a QCP.

IV. DISCUSSION

Based on the crystal structure and physical properties of
PbCu3Ru4−xTixO12 (x = 0, 1.2, 2.0, 2.8, 3.6, 4.0) discussed
above, the structural evolution and phase diagram are shown
in Figs. 6(a) and 6(b). On the Ru-rich side, the system sta-
bilizes as a Pauli paramagnetic (PM) metal, whereas on the
Ti-rich side, it evolves into an antiferromagnetic insulator.
The compounds with x = 1.2 and 2.0 fall at the boundary
between these two regimes, where the resistivity exhibits only
weak temperature dependence and no long-range magnetic
order is observed down to 1.8 K. The low-temperature upturn
in Cp/T versus T indicates the absence of a gap opening in
PbCu3Ti4−xRuxO12 (x = 1.2 and 2.0). Moreover, the linear
Cp/T-log(T) relation resembles the behavior typically associ-
ated with a QCP. These results demonstrate that Ti substitution
drives the system toward a QCP between PbCu3Ru4O12 and
PbCu3Ti4O12, as illustrated in Fig. 6(b). The QCP is expected
to emerge near 0 K, where B-site substitution continuously
suppresses long-range antiferromagnetic order, thereby delin-
eating the boundary between the Fermi-liquid ground state
of PbCu3Ru4O12 and the antiferromagnetic insulating state
of PbCu3Ti4O12. LaCu3RuxTi4−xO12 was shown to exhibit
a similar physical scenario, in which dilution of Ru4+ by
nonmagnetic Ti4+ in the A-site-ordered perovskite lattice
gradually suppresses Kondo-type behavior across the metal-
insulator transition [40].
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To compare PbCu3Ru4O12 with its analogue CaCu3

Ru4O12, DFT calculations reveal that both compounds
share similar electronic structures and crystallize in the
cubic space group Im-3 (No. 204). The lattice parameter
of PbCu3Ru4O12 is larger, reflecting the larger ionic radius
of Pb2+. In perovskite oxides, A-O interactions compete
with B-site cations for O 2pπ electrons. A more ionic A-site
cation interacts weakly with O 2p orbitals, allowing stronger
covalent mixing between O 2p orbital and B-site d orbitals,
which broadens the B-O bandwidth. In contrast, the more
covalent Pb2+ competes effectively for O 2p electrons,
reducing the B-O bandwidth [44]. Additionally, longer
B-O bonds narrow the bandwidth further. In PbCu3Ru4O12,
the Ru-O bond length (1.996 Å) is longer than that in
CaCu3Ru4O12 (1.981 [8] and 1.966 Å [45]), so the combined
effect of stronger Pb2+ covalency and elongated Ru-O bonds
produces a narrower bandwidth and enhances the DOS at the
Fermi level. DFT calculations confirm this trend, with N (EF )
values of 10.58 states/eV/f.u./spin for PbCu3Ru4O12 and
7.15 states/eV/f.u./spin for CaCu3Ru4O12. The corresponding
γ (DFT) and χ0(DFT) values are summarized in Table I and
compared with experimental values. In both compounds, the
ratio χ0/χ0(DFT) is significantly larger than γ /γ (DFT),
indicating Stoner enhancement. The discovery and
investigation of PbCu3Ru4O12 underscores the importance
of Stoner enhancement in Pauli paramagnetic metals within
these two A-site ordered perovskite oxides, where electron
correlations and ferromagnetic spin fluctuations play key roles
in determining their physical properties. This aspect was not
addressed in previous reports. The Wilson ratio (RW) reflects
the relative magnitudes of χ0/χ0(DFT) and γ /γ (DFT). For
PbCu3Ru4O12, RW is slightly higher than in CaCu3Ru4O12

and comparable to LaCu3Ru4O12 (RW ∼ 3.15). In
Ca1−xLaxCu3Ru4O12, RW decreases from x = 0 to x = 0.25
(RW ∼ 2.63), then increases for x � 0.5, inferring a change in
electronic states within this compositional range [32]. Future
studies on A-site substitution in PbCu3Ru4O12 may similarly
provide a route to tune its electronic states. Furthermore, RW

values estimated for PbCu3Ru4−xTixO12 (x = 1.2 and 2.0)
are 1.9 and 1.4, respectively, in sharp contrast to ACu3Ru4O12

(A = Pb, Ca, La, and Na), further indicating a significant
difference in their electronic state.

V. CONCLUSIONS

In conclusion, we have successfully synthesized a new
series of the A-site ordered perovskites PbCu3Ru4−xTixO12

(x = 0, 1.2, 2.0, 2.8, 3.6, 4) under high-pressure conditions.
This system provides a rare platform to trace the evolution
from a heavy-fermion metallic state to a long-range antiferro-
magnetic insulating state. Increasing Ru content progressively
suppresses the antiferromagnetic order in PbCu3Ti4O12,
bringing compounds with x = 1.2 and 2.0 close to a QCP.
The susceptibility maximum in PbCu3Ru4O12 is well repro-
duced by the model proposed by Misawa, indicating strong
electron correlations and proximity to a magnetic transi-
tion toward ferromagnetism. Comparison with CaCu3Ru4O12,
shows that the more covalent nature of Pb2+ and longer
Ru-O bond length contribute to a narrower bandwidth and a
larger N (EF ). This demonstrates that Pb substitution in A-site-
ordered perovskites offers an effective pathway to tune the
electronic structure and, consequently, the physical proper-
ties for potential application. Overall, the PbCu3Ru4−xTixO12

series serves as a model system to investigate the interplay
between electron correlations, magnetic ordering, and lattice
effects in A-site ordered perovskite oxides. These materials,
along with the ability to tune their microscopic interactions,
offer promising opportunities for designing functional oxides
with controllable electronic and magnetic properties.
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