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ABSTRACT 

We report the first successful high-pressure synthesis and comprehensive characterization of A-site-ordered quadruple perovskite 
HgCu3 Ti4 O12 . The compound crystallizes in the cubic Im -3 structure with Hg2 + Cu2 + 3 Ti4 + 4 O2 − 

12 valence configuration. A 

remarkable structural feature is the observation of a perfectly regular and undistorted HgO12 icosahedron, representing the highest 
and most symmetric oxygen coordination environment reported for Hg2 + in any oxide material. Magnetic and specific heat 
measurements reveal the antiferromagnetic ordering at TN = 31 K, driven by indirect super-exchange interaction via the Cu2 + - 
O2 − -Ti4 + - O2 − - Cu2 + pathway. The dielectric properties of HgCu3 Ti4 O12 display a significantly lower, more intrinsic permittivity 
( ∼ 102 ) with two distinct Debye-type relaxation processes: a high-temperature process related to oxygen vacancy–defect dipole 
reorientation, and a low-temperature process attributed to low-energy local lattice vibrations of the TiO6 or CuO4 units. Crucially, a 
dielectric anomaly around TN suggests the presence of magnetodielectric coupling, likely mediated by the aforementioned indirect 
super-exchange interaction pathway. This work elucidates the structure–property relationships in HgCu3 Ti4 O12 , highlights the 
critical role of cation chemistry in tailoring functional properties, and demonstrates the potential of A-site-ordered quadruple 
perovskites as a versatile platform for exploring coupled electronic, magnetic, and dielectric phenomena. 
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 Introduction 

erovskites and their derivatives show many interesting perfor-
ances [ 1, 2 ]. Especially, A-site-ordered quadruple perovskites
ith the general chemical formula AA ′3 B4 O12 have emerged as a
ighly prominent class of materials in condensed matter physics
nd materials science, drawing significant and widespread atten-
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tion due to their extraordinary structural architecture and the
remarkably diverse spectrum of fascinating physical properties
they exhibit [ 3 ]. These compounds usually crystallize in a cubic
structure with the space group Im -3 (No.204), wherein the
conventional single 12-coordinated A-site of the simple ABO3 
perovskite is reconfigured into a 1:3 ordered arrangement. Specif-
ically, the A-site, typically occupied by rare-earth, alkaline-earth,
se, which permits use, distribution and reproduction in any medium, provided the 

1 of 12

http://www.advelectronicmat.de
https://doi.org/10.1002/aelm.70450
https://orcid.org/0009-0006-5563-1178
https://orcid.org/0000-0002-7507-9441
https://orcid.org/0000-0003-2420-8079
https://orcid.org/0000-0003-0324-2227
https://orcid.org/0000-0002-9980-9074
https://orcid.org/0000-0003-3921-1721
https://orcid.org/0000-0003-1968-8020
https://orcid.org/0000-0002-8587-7818
https://orcid.org/0000-0001-9889-0299
https://orcid.org/0000-0003-2362-9939
mailto:zhaojf@iphy.ac.cn
mailto:jun.deng@hpstar.ac.cn
mailto:cjxiao@haut.edu.cn
mailto:jin@iphy.ac.cn
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/aelm.70450
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.70450&domain=pdf&date_stamp=2026-06-08


o  

e  

i  

a  

t  

f  

s  

u  

o  

w  

B  

d  

t  

c  

i  

s  

m  

m  

p  

t  

p  

a  

f  

a
 

q  

p  

g  

f  

f

O  

p  

a  

d  

p  

a  

r  

e  

a
1  

s  

s  

t  

u  

p  

p  

o  

t  

p  

t  

d  

P  

T  

r  

c  

d

I  

s  

a  

H  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 2199160x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.70450 by Institute O
f Physics C

hinese A
cadem

y O
f Sciences, W

iley O
nline L

ibrary on [11/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

rea
r alkali-metal ions, forms an icosahedral AO12 coordination
nvironment, while the A ′ -site is occupied by transition-metal
ons with a smaller ionic radius, most commonly Jahn–Teller
ctive ions such as Cu2 + and Mn3 + , which reside in a dis-
inctive square-planar A ′ O4 coordination. The B-site is also
illed by transition-metal ions, forming a network of corner-
haring BO6 octahedra. A critical structural consequence of this
nique cation ordering is the substitution of three-quarters of the
riginal perovskite A-sites with smaller transition-metal cations,
hich forces a significant tilting of the BO6 octahedra (with
 ─O ─B bond angles typically around 140◦) [ 4 ]. This pronounced
istortion often necessitates high-pressure synthesis conditions
o stabilize the overall AA ′3 B4 O12 perovskite framework. The
ore scientific interest in these materials stems from the coex-
stence of transition-metal ions at both the A ′ and B lattice
ites. This configuration enables a rich interplay of multiple
agnetic and electronic interactions—including A ′ -A ′ , B-B, and,
ost notably, A ′ -B interactions—that are absent in conventional
erovskites [ 5 ]. This complex interaction landscape gives rise
o an exceptional array of emergent phenomena. Documented
roperties include giant dielectric constants over wide temper-
ture ranges [ 6 ], various magnetic transitions (ferromagnetic,
errimagnetic, and antiferromagnetic) [ 7, 8 ], multiferroicity [ 9 ],
nd large ferroelectric polarization [ 10 ]. Therefore, AA ′3 B4 O12
uadruple perovskites represent a versatile and unparalleled
latform for investigating the profound effects of coordination
eometry, cation ordering, and complex inter-site correlations on
undamental material properties, driving continuous exploration
or novel quantum states and functional applications. 

ver the past few decades, titanium-based A-site-ordered quadru-
le perovskites with the general formula AA ′3 B4 O12 have
ttracted significant research attention owing to their remarkable
ielectric and ferroelectric properties, which hold considerable
romise for applications in advanced electronic devices such
s supercapacitors and room-temperature ferroelectric memo-
ies [ 6, 11–14 ]. A prominent example is CaCu3 Ti4 O12 , which
xhibits an exceptionally high dielectric constant ( ε′ ∼ 104 –105 )
cross broad temperature (100–600 K) and frequency (1 Hz–
0 MHz) ranges [ 15–18 ]. These characteristics make it highly
uitable for use in microelectronic bypass capacitors and energy-
torage components [ 19 ]. More recently, another member of
his structural family, PbHg3 Ti4 O12 , was successfully synthesized
nder high-pressure conditions [ 3 ]. This compound undergoes a
hase transition from a high-temperature centrosymmetric cubic
araelectric state to a low-temperature non-centrosymmetric
rthorhombic ferroelectric phase, displaying a record high Curie
emperature ( Tc ∼ 250 K) among known A-site-ordered quadru-
le perovskites. Theoretical and experimental analyses indicate
hat the ferroelectric distortion in PbHg3 Ti4 O12 is primarily
riven by anomalies in Ti ─O phonon modes. The discovery of
bHg3 Ti4 O12 not only suggests a viable route for designing high-
c ferroelectric materials within this perovskite family but also
einforces the potential of such compounds for practical appli-
ations in capacitive energy storage and non-volatile memory
evices. 

nspired by these advances and recognizing the vast compo-
itional flexibility of the AA ′3 B4 O12 structure, we turned our
ttention to another promising yet unexplored combination:
gCu3 Ti4 O12 . In this work, we report the first successful synthesis
of 12
of polycrystalline HgCu3 Ti4 O12 under high-pressure and high-
temperature conditions. A comprehensive investigation of its
structural and physical properties was carried out to understand
how the substitution of A/A ′ site cations influences the material’s
behavior. X-ray diffraction and refinement were employed to
determine the crystal structure and phase purity. The charge
state and electronic environment of constituent ions were probed
using X-ray absorption spectroscopy. Magnetic susceptibility and
specific heat measurements were conducted to examine possible
magnetic ordering or interactions originating from the Cu2 + ions
at the A ′ -site. Finally, frequency- and temperature-dependent
dielectric spectroscopy was used to characterize the permittivity,
loss tangent, and possible ferroelectric responses. Through this
multi-faceted study, we aim to elucidate the structure–property
relationships in HgCu3 Ti4 O12 , assess its functional potential, and
contribute to the broader understanding of the role of cation
chemistry in tailoring the dielectric and ferroelectric performance
of A-site-ordered quadruple perovskites. 

2 Results and Discussion 

XRD patterns collected at room temperature and Rietveld struc-
tural refinement results for HgCu3 Ti4 O12 are shown in Figure 1a .
The refinement confirms that the compound crystallizes in the A-
site- ordered quadruple perovskite structure with the AA ′3 B4 O12 
stoichiometry and adopts the space group Im -3(No.204), making
it isostructural with CaCu3 Ti4 O12 . In this symmetry, Hg and Cu
atoms are arranged in a 1:3 order at the specific Wyckoff sites 2 a
(0, 0, 0) and 6 b (0, 0.5, 0.5), respectively. The B-site Ti atoms are
situated at the 8 c position (0.25, 0.25, 0.25), forming a network
of corner-sharing TiO6 octahedra, and the oxygen atoms reside
at the general 24 g site (0, y, z). A schematic representation of
the crystal structure is shown in Figure 1b . A notable feature is
the square-planar coordination of the A ′ -site Cu atoms (CuO4 ),
which arises from the Jahn–Teller distortion and contrasts
sharply with the 12-coordinate environment of the A-site Hg
atoms. The detailed refined structural parameters, including
lattice constants, atomic coordinates, selected bond lengths, and
bond angles, are summarized in Table 1 . Bond-valence-sum (BVS)
calculations [ 20 ], using the standard bond-valence relation Vi =
∑j Sij , yielded values of + 1.99 for Cu, and + 3.90 for Ti. These
results support a charge distribution of Hg2 + Cu2 + 3 Ti4 + 4 O12 , a con-
clusion further corroborated by subsequent s XAS measurements.
Figure 1c,d highlights the unique polyhedral geometry around
Hg in HgCu3 Ti4 O12 when compared to other mercury-containing
oxides such as HgTiO3 [ 21 ], monoclinic and rhombohedral
HgMnO3 [ 22 ], PbHg3 Ti4 O12 [ 3 ], and (Hg0.75 Pb0.25 )MnO3 [ 23 ]. In
most of these compounds, significant variation in the Hg ─O
bond lengths within a single coordination polyhedron leads to
pronounced distortion of the HgOx polyhedron. By contrast, in
HgCu3 Ti4 O12 , all twelve Hg ─O bonds are equivalent, resulting
in a perfectly regular, undistorted HgO12 polyhedron. This differ-
ence is quantified using the distortion parameter Δ, defined as

Δ= 

1 

x 

∑x 

i = 1 (
di −dav 
dav 

) 
2 

, where di are individual bond lengths, and dav 
is their average [ 23, 24 ]. As seen in Figure 1d , Δ for HgCu3 Ti4 O12 is
effectively zero, while values for typical mercury oxides are con-
siderably higher. Moreover, in representative reported Hg-based
oxides, such as HgTiO3 , monoclinic and rhombohedral HgMnO3 ,
PbHg3 Ti4 O12 , and (Hg0.75 Pb0.25 )MnO3 , Hg2 + usually adopts lower
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FIGURE 1 (a) XRD Rietveld structural refinement results for HgCu3 Ti4 O12 collected at room temperature. Observed (circle), calculated (red 
line), and difference (blue line) were shown, respectively. The vertical bar with magenta color indicates the allowed Bragg reflections; (b)The crystal 
structure of HgCu3 Ti4 O12 ; (c) Comparison of the A-site Hg ─O bond lengths for HgCu3 Ti4 O12 as well as HgTiO3 [ 21 ], M -HgMnO3 [ 22 ], R -HgMnO3 [ 22 ], 
PbHg3 Ti4 O12 [ 3 ], and (Hg0.75 Pb0.25 )MnO3 [ 23 ]; (d) Comparison of HgOx polyhedral distortion parameter ( Δd ) for the HgCu3 Ti4 O12 as well as HgTiO3 [ 21 ], 
M -HgMnO3 [ 22 ], R -HgMnO3 [ 22 ], PbHg3 Ti4 O12 [ 3 ], and (Hg0.75 Pb0.25 )MnO3 [ 23 ]. 
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r significantly distorted oxygen coordination environments,
ith effective coordination numbers typically not exceeding eight

 3, 21–23 ]. The observation of 12-coordinate Hg in HgCu3 Ti4 O12 ,
oupled with its complete absence of polyhedral distortion, is
herefore exceptional. To our knowledge, this represents the
irst report of such a high and symmetric oxygen coordination
nvironment for mercury in any oxide material, underscoring the
istinctive structural chemistry stabilized within this quadruple
erovskite framework. 

he energy position and multiplet spectral features of s XAS at the
 d elements L2,3 -edges are highly sensitive to the valence states
nd local environment of cations [ 25–28 ]. To precisely determine
he oxidation states of Cu and Ti ions in HgCu3 Ti4 O12 , the Cu L2,3
nd Ti L2,3 -edges sXAS spectra were measured. Figure 2a shows
he sXAS spectra at the Ti L2,3 -edges of HgCu3 Ti4 O12 together
dvanced Electronic Materials, 2026
with CaCu3 Ti4 + 4 O12 and SrTi4 + O3 as Ti4 + reference. The same
energy position and very similar multiplet spectral feature (four
main peaks and two weak pre-edge peaks) for HgCu3 Ti4 O12 ,
CaCu3 Ti4 O12, and SrTiO3 indicate the same Ti4 + valence state in
those compounds [ 26, 29 ]. The detailed multiplet spectral shape of
HgCu3 Ti4 O12 is similar to that of CaCu3 Ti4 O12, as compared with
that of SrTiO3 , indicating a very similar local environment for the
former two. (In fact, there are seven transitions for the 3 d0 ground
state in octahedral coordination. A line located between t2g peak
and eg peak at the L3 -edge is not solved, resulting in an asymmetry
peak at the L3 -edge) [ 26 ]. Figure 2b shows the Cu L2, 3 -edge sXAS
of HgCu3 Ti4 O12 together with CaCu2 + 3 Ti4 O12 and Cu2 + O as Cu2 + 
reference [ 30 ]. One can find that the energy positions of the
single symmetry peak in HgCu3 Ti4 O12 closely resemble those of
CaCu2 + 3 Ti4 O12 and Cu2 + O, indicating the presence of Cu2 + in
HgCu3 Ti4 O12 [ 31 ]. The sXAS results confirm the oxidation states
3 of 12

tive C
om

m
ons L

icense



TABLE 1 Rietveld Refinement Results for HgCu3 Ti4 O12 at 300 K. 

HgCu3 Ti4 O12 

a(Å) 7.4052(9) 
Z 2 
Formula weight (g/mol) 774.73 
Calc. Density (g/cm3 ) 6.337 
V(Å3 ) 406.09(4) 
Ox 0 
Oy 0.6902(1) 
Oz 0.1795(0) 
Uiso (Hg)(100 ×Å2 ) 3.79(9) 
Uiso (Cu)(100 ×Å2 ) 4.07(9) 
Uiso (Ti)(100 ×Å2 ) 3.95(5) 
Uiso (O)(100 ×Å2 ) 4.18(0) 
Hg-O( ×12)(Å) 2.6513(8) 
Cu-O( ×4)(Å) 1.9367(6) 
Ti-O( ×6)(Å) 1.9738(2) 
∠ Ti-O-Ti (◦) 139.417(0) 
BVS(Hg) 1.91 
BVS(Cu) 1.99 
BVS(Ti) 3.90 
Rwp (%) 8.41 
Rp (%) 6.54 

Space group: Im- 3. Atomic sites: Hg 2 a (0, 0, 0), Cu 6 b (0, 0.5, 0.5), Ti 8 c 
(0.25, 0.25, 0.25), and O 24 g (0, y , z ). The BVS values ( Vi ) were calculated 
via the formula Vi = ∑j Sij , where Sij = exp[( r0 – rij )/ 0.37] using parameters 
r0 (Hg2 + ) = 1.972 Å, r0 (Cu2 + ) = 1.679 Å, and r0 (Ti4 + ) = 1.815 Å. 12-, 4-, and 6- 
coordinated oxygen atoms were utilized for the A-site Hg, A ′ -site Cu, and B-site 
Ti, respectively. 
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FIGURE 2 (a) sXAS spectra of Ti- L2,3 edges for HgCu3 Ti4 O12, along 
with CaCu3 Ti4 + 4 O12 and SrTi4 + O3 as the Ti4 + reference. (b) sXAS spectra 
of Cu- L2,3 edges for HgCu3 Ti4 O12 along with CaCu2 + 3 Ti4 O12 and Cu2 + O 

as the Cu2 + reference. 
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f Hg2 + Cu2 + 3 Ti4 + 4 O2 − 
12 , which is consistent with the BVS results

entioned above. 

he temperature dependence of magnetic susceptibility (M–T)
or HgCu3 Ti4 O12 is shown in Figure 3a . The antiferromagnetic
AFM) order is observed with Neel temperature ( TN ) of 31 K
or HgCu3 Ti4 O12 , which is similar to the homologous com-
ounds ACu3 Ti4 O12 (A = Ca, Sr, Cd). Figure 3b shows the
ield dependence of magnetization (M–H) measured at different
emperatures. The magnetization is linearly dependent on the
pplied magnetic field, and no open magnetic hysteresis loop was
bserved in HgCu3 Ti4 O12 below TN , indicating a simple G -type
ollinear AFM structure similar to that of CaCu3 Ti4 O12 [ 32, 33 ].
he magnetic susceptibility above the transition temperature can
e well fitted with the Curie-Weiss law, χ( T ) = C/( T - θw ), where
 is the Curie constant and θw is the Weiss temperature. The
btained Curie constant is C = 1.50 emu K mol− 1 Oe− 1, and the
eiss temperature is θw = − 40.2 K for HgCu3 Ti4 O12 , confirming
he AFM interactions. Since the valence state of HgCu3 Ti4 O12 is
g2 + Cu2 + 3 Ti4 + 4 O12 , only the Cu2 + ions with 3 d9 configuration
arry a local moment. Ti4 + and Hg2 + , respectively, have 3 d0
nd 5 d10 configurations and thus exhibit no magnetic moment.
ccording to the Curie constant, the effective magnetic moment
of 12
( µeff ) was estimated using µeff = (8 C /3)1/2 µB and was calculated to
be 2.00 µB / Cu2 + for HgCu3 Ti4 O12 . This µeff value is slightly higher
than the spin-only theoretical value (1.73 µB ) for the Cu2 + ion
with S = 1/2, and it corresponds to the enhanced g -value of 2.31.
The similar deviations were also observed in CaCu3 Ti4 O12 ( µeff =
1.9 µB /Cu) [ 33, 34 ] and SrCu3 Ti4 O12 ( µeff = 1.95–2.09 µB /Cu) [ 12,
32 ]. One reasonable explanation is that the spin-orbital coupling
effect contributes to the AFM interaction between the Cu ions in
ACu3 Ti4 O12 (A = Ca, Sr, Cd, Hg) system [ 14 ]. 

According to the previous study, the magnetic structure of the
CaCu3 Ti4 O12 was described as the Cu2 + ordered collinearly along
the crystallographic [111] direction [ 35 ]. The first and third nearest
neighbor Cu2 + are antiferromagnetically correlated, while the
interaction between the second neighbor Cu2 + is FM. Any direct
exchange between Cu2 + ions is negligibly small due to the large
distances between these ions. The indirect exchange interaction
between the Cu2 + ions via Cu2 + -O2 − -Ti4 + -O2 − -Cu2 + pathway is
believed to be most important [ 12 ]. Therefore, the intensity of
super-exchange interaction between the Cu2 + in ACu3 Ti4 O12 
(A = Ca, Sr, Cd, Hg) system is dependent on Cu/Ti ─O bond
length and Cu ─O ─Ti angle. Table 2 summarizes ionic radius
rA , structural parameters, and TN for the ACu3 Ti4 O12 (A = Ca,
Sr, Cd, Hg) system. The ionic radii rA with 12-coordinated take
Advanced Electronic Materials, 2026
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FIGURE 3 (a) Temperature-dependent magnetic susceptibility χmeasured under the field of 0.1 T using ZFC and FC modes, along with the inverse 
magnetic susceptibility, for HgCu3 Ti4 O12 . The green line indicates the Curie–Weiss fitting between 50 and 300 K; (b) Field-dependent magnetization for 
HgCu3 Ti4 O12 collected at 10, 100, 200, and 300 K; (c) Temperature dependence of specific heat for HgCu3 Ti4 O12 . The blue curve shows the fit of lattice 
specific heat; (d) Cp /T vs. T and the numerical integration of the entropy S after subtracting the lattice specific heat around TN for HgCu3 Ti4 O12 . 

TABLE 2 Ionic radius of A-site rA , lattice constant a , A ─O, Cu ─O, Ti ─O bond length, ∠ Ti ─O ─Ti, ∠ Cu ─O ─Ti, and TN for ACu3 Ti4 O12 (A = Ca, 
Sr, Cd, Hg) perovskite compounds [ 12, 37–39 ]. 

CaCu3 Ti4 O12 SrCu3 Ti4 O12 CdCu3 Ti4 O12 HgCu3 Ti4 O12 

rA (Å) 1.34 1.44 1.31 —
a (Å) 7.4037 7.4278 7.3913 7.4052(9) 
A-O (Å) 2.608(1) 2.6303 2.59465 2.6514 
Cu-O (Å) 1.978(1) 1.9884 1.99195 1.93679 
Ti-O (Å) 1.9625(4) 1.9653 1.95248 1.97381 
∠ Ti-O-Ti (◦) 141.33(6) 141.77 142.3112 139.4184 
∠ Cu-O-Ti (◦) 108.9774 108.8657 108.4625 110.1607 
TN (K) 25 24.5 29 31 
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rom Shannon’s Table [ 36 ]. Unfortunately, we could not obtain
ny value of Hg2 + with 12-coordinated oxygen since there is
ever observed such a high coordination number of Hg2 + has
ever been observed before. Nevertheless, it is noteworthy that
lthough the A-site ionic radii rA change significantly, eg, Sr2 +
s 7.4% larger than Ca2 + , the structural changes do not follow
 simple rigid-sphere ionic model. As shown in Table 2 , the
 ─O and Cu ─O bond lengths show noticeable variations with
ifferent A-site cations, whereas the lattice constants, Ti ─O bond
dvanced Electronic Materials, 2026

a

lengths, and ∠ Ti ─O ─Ti/Cu ─O ─Ti bond angles remain within
a relatively limited range. Correspondingly, the AFM transition
temperatures remain close, ranging from 24.5 to 31 K. These
results suggest that the A -site cage can accommodate cations of
different sizes without inducing a drastic reconstruction of the
CuO4 − TiO6 framework or a pronounced change in the magnetic
transition temperature. A similar phenomenon was also observed
in the A Cu3 Sn4 O12 ( A = Ca, Sr, Pb) series, where the difference in
the size of the A -site ions has little effect on the ferromagnetic
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FIGURE 4 (a) UV–vis–NIR diffuse reflectance spectrum of 
HgCu3 Ti4 O12 measured at room temperature. (b) the Tauc plot obtained 
on the basis of the equation ( f ( R ) h ν)1/2 = A ( h ν- Eg ) for band gap 
estimation, where f ( R ), A , and Eg represent the Kubelka-Munk function, 
proportional constant, and band gap. 
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ransition temperatures [ 8 ]. All these observations imply that the
ize effect at the A -site cannot be explained by a simple rigid-
phere ionic model and that the cage structure at the A- site can
ccommodate ions of different sizes without significant structural
nd magnetic change [ 8 ]. 

igure 3c shows the temperature dependence of specific heat
or HgCu3 Ti4 O12 without an external magnetic field, respectively.
he sharp λ-type anomalies at 31 K support the transitions of long-
ange magnetic ordering in HgCu3 Ti4 O12 [ 13 ]. In order to estimate
he entropy release associated with AFM ordering, the lattice
ontribution has been calculated and subtracted from the total
pecific heat [ 40 ]. For this purpose, we fitted the lattice contri-

ution with the Debye model, 𝐶𝑙𝑎𝑡 ( 𝑇) = 9 𝑛 𝑅(
𝑇 

Θ𝐷 
) 
3 Θ𝐷 ∕𝑇 

∫
0 

𝑥4 𝑒𝑥 

(𝑒𝑥 − 1 ) 2 
𝑑𝑥,

here n is the number of atoms per formula unit, R is the
as constant, and ΘD is the Debye temperature (blue curve in
igure 3c ). Figure 3d shows Cp /T vs. T and the magnetic entropy

mag = 

𝑇2 

∫
𝑇1 
(𝐶𝑚𝑎𝑔 ∕𝑇 ) 𝑑𝑇 for HgCu3 Ti4 O12 [ 40 ]. Magnetic entropy

ncreases with temperature and nearly saturates just above TN
ith the value of 12.06 J mol− 1 K− 1 . In HgCu3 Ti4 O12 , the Cu2 +
ons carry a hole with spin S = 1/2 in the 3 d shell. Therefore,
he value of magnetic entropy is expected to be 3 R *ln(2 S + 1) =
7.28 J mol− 1 K− 1 . The experimental value is approximately 70% of
he theoretical value, which is smaller than the full spin entropy
xpected for three Cu2 + ions. This reduced entropy may be
ttributed to partial magnetic entropy release above TN associated
ith short-range magnetic correlations, as well as uncertainty in
he lattice-background subtraction. Nevertheless, the clear λ-type
nomaly in the specific heat supports the bulk nature of the AFM
rder in HgCu3 Ti4 O12 . 

iven the brown color of polycrystalline HgCu3 Ti4 O12 , its
ptical properties were evaluated by UV–vis–NIR absorption
pectroscopy (Figure 4a ). Aside from a small vapor absorption
eature at 1390 nm, the spectrum showed a steep decline as
avelength increased—a behavior typical of semiconductors. The
ptical band gap was estimated using the equation (f(R)h ν)n =
(h ν-Eg ) , where f(R) , h , ν, A , and Eg represent the Kubelka–
unk function, Planck’s constant, light frequency, proportional
onstant, and band gap, and n = 2 or 1/2 depending on whether
he transition is direct or indirect. Here, we chose n = 1/2
ecause the DFT band structure indicates an indirect band gap,
s shown in Figure 7a . The corresponding Tauc plot (Figure 4b )
ielded an indirect band gap of 0.91 eV for HgCu3 Ti4 O12 . In
omparison, CaCu3 Ti4 O12 shows two absorption edges in the
isible region corresponding to band gaps of approximately
.21 and 1.39 eV, which enable its activity as a visible-light
hotocatalyst for the degradation of water pollutants via photo-
ensitized oxidation [ 42 ]. Notably, the band gap of HgCu3 Ti4 O12
s further red-shifted by 0.47 eV relative to the lower band gap
1.39 eV) of CaCu3 Ti4 O12 . This significant reduction suggests
hat HgCu3 Ti4 O12 may exhibit enhanced light absorption in
he visible to near-infrared range, potentially leading to higher
hotocatalytic efficiency under solar irradiation compared to
aCu3 Ti4 O12 . 

igure 5a,b present the temperature dependences of the dielectric
onstant εr (T) and dielectric loss δ(T) for HgCu3 Ti4 O12 measured
t selected frequencies over the range of 10 to 300 K. The
of 12
overall shape and trend of the εr (T) and tan δ(T) curves for
HgCu3 Ti4 O12 are broadly similar to those of CaCu3 Ti4 O12 , with
both materials exhibiting a rapid rise in dielectric constant as
temperature increases and a pronounced dielectric loss peak
with strong frequency dispersion between 100 and 200 K.
Nevertheless, several distinct features that clearly differ from
CaCu3 Ti4 O12 are observed in HgCu3 Ti4 O12 . First, the magnitude
of the dielectric constant εr (T) for HgCu3 Ti4 O12 is only about
102 across the entire temperature range, which is far lower than
those of the homologous compounds CdCu3 Ti4 O12 ( εr ∼ 103 –104 )
[ 43 ] and CaCu3 Ti4 O12 ( εr ∼ 104 –105 ) [ 6, 16 ]. Correspondingly, the
dielectric loss of HgCu3 Ti4 O12 ( δ∼ 0.1) is markedly lower than that
of CaCu3 Ti4 O12 ( δ∼ 2) [ 34 ]. CaCu3 Ti4 O12 is well known for exhibit-
ing a colossal dielectric constant over a broad frequency and
temperature range, and the origin of its giant dielectric response
has been extensively investigated. The most widely accepted
mechanism for CaCu3 Ti4 O12 is the extrinsic internal barrier layer
capacitor (IBLC) effect [ 44 ]. Previous studies have shown that
doping Fe or Mn into CaCu3 Ti4 O12 can transform it from an
extrinsic colossal dielectric with relatively high dielectric loss ( δ∼

2) into an intrinsic, very-low dielectric loss ( δ ∼ 0.05), yielding an
intrinsic εr (T) value of about 75–100 at low temperatures [ 33, 34 ].
Advanced Electronic Materials, 2026
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FIGURE 5 Temperature dependence of (a) relative dielectric constant εr (T) , and (b) dielectric loss δ(T) collected at 1 kHz, 10 kHz, 100 kHz, and 
1 M Hz for HgCu3 Ti4 O12 from 10 to 300 K; (c) and (d) show the enlarged εr (T) and δ(T) at low temperature range between 10 and 50 K. 
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n HgCu3 Ti4 O12 , the dielectric loss is strongly suppressed below
0 K, indicating that dissipative processes are largely frozen out
nd the measured response approaches the intrinsic dielectric
ehavior of the material. At 10 K, εr reaches approximately 150
ith δ(T) falling below 0.01 (Figure 5d )—values comparable
o those reported for Fe- or Mn-doped CaCu3 Ti4 O12 [ 33 ]. This
imilarity suggests that the dielectric properties of HgCu3 Ti4 O12
re intrinsically governed rather than extrinsically dominated.
he second characteristic of HgCu3 Ti4 O12 is a distinct Debye-type
elaxation process, labeled as “A” in Figure 5b . The temperature-
ependent dielectric loss curve, particularly in the low-frequency
egion, displays a nearly symmetric, bell-shaped peak. Especially,
he position of this peak aligns precisely with the inflection point
f the steepest descent in the εr (T) curve, as indicated by the dif-
erently colored arrows. This correspondence reflects the critical
requency at which polarization lag is fully synchronized with the
xternal field—a hallmark of the Debye model characterized by
 single relaxation process [ 34 ]. Therefore, HgCu3 Ti4 O12 offers
n ideal platform for investigating Debye-type relaxation. This
esult was further confirmed by our Arrhenius kinetics analysis
s described later. In contrast, previous studies have shown that
he dielectric loss peak in CaCu3 Ti4 O12 does not coincide with the
nflection point of the steepest descent in εr (T) but rather exhibits
 notable temperature shift ( ΔT ) [ 34 ]. Such deviation suggests
hat CaCu3 Ti4 O12 does not follow Debye relaxation behavior. In
hort, it should be noted that, in doped CaCu3 Ti4 O12 , the reduced
ielectric constant and dielectric loss mainly originate from the
uppression of extrinsic IBLC or interfacial polarization effects. In
ontrast, HgCu3 Ti4 O12 exhibits a much lower dielectric constant
nd low dielectric loss without additional doping, suggesting that
ts dielectric response is less dominated by extrinsic interfacial
dvanced Electronic Materials, 2026
polarization and is closer to the intrinsic lattice and dipolar
responses of the material. 

Figure 5c shows enlarged views of εr (T) for HgCu3 Ti4 O12 below 50
K. As the temperature decreases, the dielectric constant initially
increases gradually, then exhibits a distinct turning point near the
AFM transition temperature. Upon further cooling, the dielectric
constant begins to decline. This dielectric anomaly is closely
associated with the onset of AFM order, suggesting a coupling
between the dielectric response and magnetic ordering, which is
consistent with a magnetodielectric effect. Such a feature is also
observed in Fe, Nb, and Mn-doped CaCu3 Ti4 O12 [ 33, 34 ]. The ori-
gin of the magnetodielectric effect in HgCu3 Ti4 O12 may be traced
to its distinctive exchange pathway. As mentioned above, direct
exchange between Cu2 + ions is negligible in this compound, while
indirect super-exchange proceeds along the Cu2 + -O2 − -Ti4 + -O2 − -
Cu2 + route dominates the magnetic property [ 12 ]. This indirect
super-exchange coupling, mediated through Ti4 + ions, is note-
worthy because Ti4 + also governs the electric polarizability within
the TiO6 octahedra. This interpretation is further supported by
the dielectric loss behavior. Figure 5d shows enlarged views of
the dielectric loss δ(T) for HgCu3 Ti4 O12 below 50 K, where two
additional weak but discernible relaxation processes—labeled
“B” and “C”—ar e observed. Such featur es wer e not even observed
in CaCu3 Ti4 O12 , which we attribute primarily to the dominance
of its extrinsic colossal dielectric response, likely masking any
weak relaxation process contribution. As will be discussed below,
relaxation process B, occurring near the AFM transition, exhibits
a relatively small activation energy and an attempt frequency
comparable to the lattice vibration frequency. These features pro-
vide a reasonable basis for associating relaxation process B with
7 of 12
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FIGURE 6 Arrhenius plots for the observed relaxations region A 

(60–200 K) and B (20–40 K) for HgCu3 Ti4 O12 . 
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 collective tilting or “breathing” mode of the TiO6 octahedron
r CuO4 square plane. Consequently, the Ti4 + -mediated magnetic
xchange directly couples to the electrical degrees of freedom,
ffering a credible mechanism for the magnetodielectric coupling
bserved in HgCu3 Ti4 O12 . 

rrhenius kinetics provides a foundational framework for analyz-
ng thermally activated dielectric relaxation processes, enabling
he quantitative assessment of their temperature-dependent
ehavior and the extraction of key microscopic activation param-
ters [ 34, 45 ]. Therefore, we employ the Arrhenius law to sys-
ematically characterize the distinct relaxation modes identified
n HgCu3 Ti4 O12 , thereby elucidating their underlying physical
rigins and dynamic signatures. The standard form of the Arrhe-
ius law is given by τ = τ0 exp ( Ea / kB T ), where τ0 represents
he relaxation time at infinite temperature, kB is the Boltzmann
onstant, and Ea denotes the activation energy—corresponding
o the energy barrier that must be overcome to reorient each
olar region. In the present analysis, we employ the equivalent
ransformed Arrhenius relation, 1/ τ = ω = ω0 exp (- Ea / kB T ), to
escribe the temperature dependence of the relaxation processes.
igure 6 shows the Arrhenius fitting by using the least-squares
ethod for the two observed relaxation regions A (60–200 K)
nd B (20–40 K) in HgCu3 Ti4 O12 . Both processes display excellent
inearity with goodness-of-fit ( R -factor) values exceeding 0.99.
his strong linear correlation indicates that each relaxation
rocess is dominated by a single, well-defined thermally activated
echanism, and the temperature dependence of the relaxation
imes follows the classical thermal activation law. Consequently,
elaxation processes A and B can be regarded as single Debye-type
elaxation processes, whose dynamics are governed by distinct
nergy barriers. 

he relaxation process A exhibits an activation energy Ea =
01 meV and ω0 = 6.39 × 108 Hz. Here, ω0 is the attempt frequency,
hich represents the number of times per second that a dipole
scillating near its equilibrium position tries to overcome the
nergy barrier for a transition. The relatively high activation
of 12
energy, together with an attempt frequency that is orders of
magnitude lower than the typical lattice vibrational frequency
( ∼ 1012 –1013 Hz), indicates a reorientation process involving coop-
erative lattice adjustments rather than a simple localized ion hop.
In light of the structural analogy to CaCu3 Ti4 O12 and the com-
mon occurrence of oxygen vacancies in such perovskite-related
oxides, this relaxation can be attributed to the reorientation of
oxygen-vacancy–transition-metal defect dipoles [ 34 ]. Specifically,
oxygen vacancies, which are easily formed during high-pressure
synthesis, couple electronically with adjacent reduced cations—
most likely Ti3 + in TiO6 octahedra—to form localized electric
dipoles. Under an ac electric field, these dipoles reorient among
symmetry-equivalent directions, overcoming an energy barrier
that arises from elastic distortion and electrostatic interactions
with the surrounding lattice. The suppressed ω0 reflects the
cooperative nature of the process: the dipole flip is accompanied
by a small but coordinated distortion of neighboring TiO6 units,
a characteristic feature of defect-mediated polarization. The
relaxation process B is characterized by a much lower activation
energy ( Ea = 46 meV) and a relatively high attempt frequency
( ω0 = 1.99 × 1012 Hz), the latter falling within the typical range
of optical-phonon frequencies. The very low energy barrier and
the lattice-scale attempt frequency point to a highly localized,
fast dynamic mode that requires minimal thermal activation.
This process can be assigned to low-energy local lattice vibrations
of the TiO6 octahedra or CuO4 square planes. Especially, in
perovskite-type frameworks, TiO6 octahedra often exhibit collec-
tive tilting or breathing modes, some of which may soften under
certain temperature and frequency conditions, giving rise to low-
energy excitations. The observed activation energy corresponds
to the small restoring forces associated with these localized vibra-
tional modes, while the attempt frequency ω0 directly reflects
the intrinsic vibrational frequency of the octahedral units. This
relaxation thus represents an intrinsic lattice-dynamic response,
essentially decoupled from defect-related polarization. In sum-
mary, the dielectric response of HgCu3 Ti4 O12 is governed by
two different mechanisms: a defect-controlled, slow reorientation
process originating from oxygen-vacancy-associated dipoles, and
an intrinsic, fast lattice-vibrational mode linked to soft dynamics
of TiO6 octahedra or CuO4 square-planar. The clear separation of
these processes in HgCu3 Ti4 O12 —unlike the case of CaCu3 Ti4 O12 ,
where extrinsic interfacial polarization masks such intrinsic
dynamics—highlights the material’s more intrinsic dielectric
character. These findings provide a coherent microscopic picture
of the dielectric relaxation in HgCu3 Ti4 O12 and underscore
the importance of distinguishing between defect-mediated and
lattice-inherent contributions in the design and interpretation of
high-permittivity oxides. 

Finally, density functional theory (DFT) calculations were per-
formed to understand the physical properties of HgCu3 Ti4 O12 .
Figure 7a presents the calculated electronic structure, which
exhibits an insulating ground state with a band gap of 0.9 eV,
in good agreement with the optical measurements. The valence
and conduction bands are mostly contributed by Cu-3 d and O-2 p
orbitals. As illustrated in Figure 7b , under the CuO4 square-planar
crystal field, the Cu-3 d orbitals split into four groups. For the Cu2 +
(3 d9 ) electronic configuration, one unpaired electron occupies a
spin channel of the 𝑑𝑥2 − 𝑦2 orbital, giving rise to a local magnetic
moment of 1 µ per Cu ion. The magnetic interactions between
Advanced Electronic Materials, 2026
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FIGURE 7 (a) Electronic structure (left panel) and density of states (right panel) of HgCu3 Ti4 O12 . (b) Square planar geometry of CuO4 crystal field 
(upper panel) and the splitting of d orbitals (bottom panel). (c) Magnetic structure alongside nearest neighboring interactions and specific heat capacity 
by Monte Carlo simulations based on the Heisenberg model. (d) Calculated dielectric constant in the antiferromagnetic (AFM) and ferromagnetic (FM) 
configuration. 
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u atoms can be described by a Heisenberg Hamiltonian: 

𝐻 = −
∑

𝑖𝑗 

𝐽1 ⋅
→

𝑆 𝑖 ⋅
→

𝑆 𝑗 −
∑

𝑖𝑗 

𝐽2 ⋅
→

𝑆 𝑖 ⋅
→

𝑆 𝑗 −
∑

𝑖𝑗 

𝐽3 ⋅
→

𝑆 𝑖 ⋅
→

𝑆 𝑗 

here Ji ( i = 1/2/3) denotes the i th-nearest-neighbor (NN)
xchange interaction between spins 

→

𝑆 𝑖 and 
→

𝑆 𝑗 [left panel of
igure 7c ]. The extracted exchange parameters with S = 1/2 are
1 = − 0.71 meV, J2 = 0.47 meV, and J3 = − 4.48 meV, indicating anti-
erromagnetic coupling for the first- and third-nearest neighbors
nd ferromagnetic coupling for the second-nearest neighbors.
sing these exchange parameters, Monte Carlo simulations based
n the Heisenberg model yield an antiferromagnetic transition
emperature TN = 34 K, which is in good agreement with the
xperimental value shown in Figure 7c . To further prove the
dvanced Electronic Materials, 2026
coupling between magnetism and dielectric response, we calcu-
lated the static dielectric constant ε for both antiferromagnetic
and ferromagnetic configurations shown in Figure 7d . The results
show that εAFM 

is approximately 30% larger than εFM 

, providing
evidence for magnetodielectric coupling in HgCu3 Ti4 O12 . 

3 Conclusion 

In summary, we have successfully synthesized HgCu3 Ti4 O12 
under high-pressure. The compound crystallizes in the cubic
Im -3 structure. Bond-valence-sum calculations and X-ray
absorption spectroscopy indicate a charge distribution of
Hg2 + Cu2 + 3 Ti4 + 4 O2 − 

12 . A key structural finding is the formation
of a perfectly regular and undistorted HgO12 icosahedron,
which represents the highest and most symmetric oxygen
9 of 12
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oordination environment reported for Hg2 + in mercury-based
xides. Magnetization measurements reveal that HgCu3 Ti4 O12
xhibits antiferromagnetic ordering at TN = 31 K, mediated by
ndirect super-exchange interaction along the Cu2 + -O2 − -Ti4 + -
2 − - Cu2 + pathway. HgCu3 Ti4 O12 exhibits a significantly lower
nd intrinsic permittivity ( ∼ 102 ), which is governed by two
istinct Debye-type relaxation processes: a high-temperature
rocess (activation energy Ea = 101 meV, attempt frequency
0 = 6.39 × 108 Hz) associated with the reorientation of oxygen
acancy–defect dipoles, and a low-temperature process ( Ea =
6 meV, ω0 = 1.99 × 1012 Hz) linked to low-energy local lattice
ibrations of the TiO6 octahedra or CuO4 square planes.
 dielectric anomaly around TN suggests the presence of
agnetodielectric coupling, likely by the same super-exchange
athway. Theoretical calculations provide robust support for the
xperimental findings. DFT calculations reveal that HgCu3 Ti4 O12
ossesses an insulating ground state with an indirect band gap of
.9 eV. Monte Carlo simulations based on the Heisenberg model
ccurately reproduce the antiferromagnetic order and predict
 TN theo. = 34 K, in excellent agreement with the experimental
alue. Crucially, the calculations show that the static dielectric
onstant in the antiferromagnetic state is approximately 30%
arger than that in a ferromagnetic configuration, thus providing
vidence for magnetodielectric coupling in HgCu3 Ti4 O12 .
his work not only experimentally clarifies the origin of the
agnetodielectric effect in this system but also expands the
amily of quadruple perovskites, demonstrating how targeted
ation chemistry can be employed to tune structural, magnetic,
nd dielectric functionalities. 

 Experimental Section 

gCu3 Ti4 O12 was prepared by solid-state reactions under high-
ressure and high-temperature conditions. The starting materials
gO (99.9% pure, Alfa Aesar), CuO (99.9% pure, Alfa Aesar),
nd TiO2 (99.99% pure, Alfa Aesar) were homogenously mixed
n the stoichiometric ratio of 1:3:4 and pressed into a pellet.
he nominal stoichiometric reaction can be expressed as: HgO
 3CuO + 4TiO2 → HgCu3 Ti4 O12 . The pre-pressed pellets were
rapped in a gold capsule and then calcined at 1373 K and
 GPa for 30 min using a cubic-anvil-type high-pressure apparatus
 46, 47 ]. The temperature was quenched to room temperature
efore pressure was released. After the high-pressure and high-
emperature process, the polycrystalline HgCu3 Ti4 O12 sample
ith brown color was obtained. 

or phase identification and structure analysis, HgCu3 Ti4 O12
as characterized by powder X-ray diffraction (XRD) using a
igaku diffractometer with a wavelength of 1.5406 Å (Cu Kα
adiation, 40 kV, 40 mA). Diffraction data were collected in the
ngle (2 θ) range from 5◦ to 100◦ with steps of 0.01◦at room
emperature. The GSAS program was used to refine the structural
arameters with the Rietveld method [ 48 ]. The oxidation states of
ransition metal ions were investigated by soft X-ray absorption
pectroscopy ( s XAS) at the BL11A beamline of the National
ynchrotron Radiation Research Center (NSRRC) in Taiwan
sing the total electron yield (TEY) model. SrTiO3 and CuO
ere measured simultaneously as a Ti4 + reference and a Cu2 +
eference, respectively. DC magnetic susceptibility was measured
y Quantum Design magnetic property measurement system
0 of 12
SQUID magnetometer with zero-field-cooling (ZFC) and field-
cooling (FC) mode from 2 to 300 K in an external magnetic field of
0.1 T. Hysteresis loops were measured from − 7 to 7 T at different
temperatures. Specific heat ( Cp ) data were collected by a pulse
relaxation method on a physical property measurement system
calorimeter (Quantum Design, PPMS-14 T). The permittivity was
measured with different frequencies by using an Agilent-4980A
LCR meter on a hard disk-shaped pellet with 4.0 mm in diameter
and 300 𝜇m in thickness [ 3, 9 ]. Silver paste was applied as
electrodes. Diffuse-reflectance spectra were measured at room
temperature using a UV–vis–NIR spectrophotometer. 

First-principles calculations were performed with the Vienna
ab-initio simulation package (VASP) [ 49, 50 ]. We adopted the
generalized gradient approximation (GGA) in the form of the
Perdew–Burke–Ernzerhof (PBE) for the exchange-correlation
potentials [ 51 ]. The projector augmented-wave (PAW) pseudopo-
tential was used with a plane-wave energy cutoff of 500 eV [ 52 ].
A k -mesh of 7 × 7 × 7 was used for sampling the first Brillouin
zone. Our simulation shows that the spin-orbit coupling effect
has a minor influence on the electronic structure, and thus was
not considered in the calculations. Atomic positions are relaxed
until all the forces on the ions are less than 10− 2 eV/Å. The
self-consistent field procedure was considered converged when
the energy difference between two consecutive cycles was lower
than 10− 6 eV. The GGA + U method with Dudarev’s approach
was applied for d orbitals of Cu atoms, where the effective U
parameter Ueff = U − J = 1.6 eV was chosen to get a consistent
band gap with experiment [ 53 ]. 
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