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ABSTRACT: PbHg3Ti4O12 (PHTO) represents the first example
of ferroelectricity in quadruple A-site-ordered perovskites
AA′3B4O12, which features Hg2+ ions in an unusual 8-fold
coordination at the A′-site, forming a structural bridge between
simple perovskites and conventional A-site-ordered perovskites.
Here, we engineer the A-site charge and lone-pair activity by
substituting La3+ for Pb2+, and synthesize a new A-site-ordered
perovskite LaHg3Ti4O12+δ (LHTO) under high-pressure and high-
temperature conditions. LHTO crystallizes in the centrosymmetric
Im3̅ structure at room temperature and is isostructural with PHTO,
retaining the 8-fold coordination of the Hg2+ ions. Structural and
dielectric characterizations, and first-principles calculations, show a
structural instability around 90 K driven by phonon soft modes
dominated by Ti−O vibration and the weakening of lone pair, which prevents the development of long-range ferroelectric order.
Our results establish a dual A-site design strategy�tuning both lone-pair activity and electron doping�for controlling
ferroelectricity in A-site-ordered quadruple perovskites and uncover a competing instability characteristic of this intermediate-
coordination regime.

■ INTRODUCTION
Perovskite oxides and their derivatives have emerged as a
pivotal system in functional materials research due to their
tunable crystal structures and diverse physical properties, such
as dielectric, piezoelectric, magnetic, ferroelectricity, and
superconductivity.1−18 This diversity stems from tunable A-
and B-site chemistry. A particularly remarkable subclass is the
A-site-ordered AA′3B4O12 structure, where two distinct A-site
cations adopt a 1:3 rock-salt ordering. This unique framework
enables transition metals to coexist at both A′- and B-sites,
creating direct ∠A′−O−B pathways that couple spin, orbital,
and charge degrees of freedom. Such interactions give rise to
exotic phenomena�such as magnetoelectric coupling
(ME),19−23 colossal magnetoresistance,24,25 charge transfer,
and strongly correlated metal−insulator transitions, etc.26−39

However, the square-planar coordination of the A′-site
strongly favors Jahn−Teller ions like Cu2+ or Mn3+,19,20,27−30

which has historically restricted material diversity. Overcoming
this A′-site constraint is key to expanding this family and
discovering new physical properties.
Recent discovery of PbHg3Ti4O12 (PHTO) has introduced a

novel dimension to this material class.40 A key structural
feature of PHTO is the presence of Hg2+ ions at the A′-site, in
contrast to the Cu2+ or Mn3+ ions typically found in
conventional quadruple A-site-ordered perovskites. In addition,

PHTO undergoes a phase transition from a high-temperature
centrosymmetric structure to a low-temperature noncentro-
symmetric one, accompanied by a paraelectric-to-ferroelectric
phase transition as high as 250 K. This is the first example of
the observation of ferroelectricity in A-site-ordered quadruple
perovskites. Owing to the large ionic radius of Hg2+ (∼1.1 Å)
in PHTO, the characteristic tilting of BO6 octahedra is
markedly reduced. The reduction of octahedral tilting, in turn,
distorts the coordination environment of the Hg2+ cation.
Instead of the typical square-planar coordination (coordination
number, CN = 4) found in most quadruple A-site-ordered
perovskites, the Hg2+ ion in PHTO adopts an approximately 8-
fold coordination. Therefore, PHTO exhibits coordination
numbers intermediate between 4 and 12, so it can be viewed as
structurally bridging these two classical archetypes. From a
coordination perspective, PHTO suggests the existence of a
potential transitional region between simple perovskites
(where the A-site is 12-coordinated) and quadruple perov-
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skites (where the A′-site is typically 4-coordinated). However,
PHTO is currently the only known representative of this
intermediate-coordination regime, and the microscopic origin
and tunability of its ferroelectricity with respect to A-site
chemistry and charge carriers remain unclear.
In this work, we designed and synthesized a novel

perovskite, LaHg3Ti4O12+δ, by substituting La3+ for Pb2+ in
PHTO.45 This compound is isostructural with PHTO with
eight coordination numbers in Hg2+. We systematically
investigated the impact of lanthanide incorporation on
structural distortion and ferroelectric behavior through
structural, electronic configuration, magnetism, dielectric, and
ferroelectric characterizations combined with first-principles
calculations. We found a structural instability around 90 K and
established a relationship between structural evolution and A-
site regulation.

■ EXPERIMENTAL SECTION
The polycrystalline LaHg3Ti4O12+δ (δ denotes the extra oxygen and
will be discussed later) sample was fabricated under high-pressure and
high-temperature conditions. The precursors of La2O3 (Alfa, 99.9%,
precalcined in air at 1173 K for 12 h to remove adsorbed moisture
and carbonates), HgO (Alfa, 99.7%), and TiO2 (Alfa, 99.9%+) were
finely mixed with a molar ratio of 1:6:8 (nominal composition is
LaHg3Ti4O12.5) and pressed into pellets with a diameter of 6 mm.
Then, the pellets were sealed in a platinum (Pt) crucible. The Pt
capsule was treated in a cubic anvil-type high-pressure apparatus
(GY460) under the conditions of 5 GPa and 1273 K for 30 min.
Single-phase samples were obtained after the quenching of temper-
ature and the release of pressure.

Room-temperature synchrotron X-ray powder diffraction (SXRD)
pattern was collected using a large Debye−Scherrer camera installed
at the BL02B2 beamline (λ = 0.4201 Å) of SPring-8. The obtained
SXRD pattern was refined using the GSAS/EXPGUI package.41

Atomic-scale microstructure and electronic structure were analyzed by
scanning transmission electron microscopy (STEM) using a JEOL
ARM200F instrument equipped with a spherical aberration corrector
(Cs-corrector) for the condenser lens, operated at 300 kV. The
magnetic susceptibility and magnetization were measured with a
SQUID magnetometer. Dielectric constant measurements were
conducted using an impedance analyzer (e.g., Agilent 4294A) over
a frequency range of 1000 Hz−1 MHz. Samples were polished into
0.28-mm-thick plates with sputtered gold electrodes, and data were
acquired during cooling/warming cycles (10−300 K) in a cryostat.
Temperature-dependent X-ray diffraction experiment was carried out
employing a Rigaku Ultima IV multipurpose X-ray diffraction system
that utilized Cu Kα1 radiation (λ = 1.540598 Å) at a power setting of
40 kV and 30 mA. For the SHG measurements, the sample was
excited by a collinear optical parametric amplifier (240−4500 nm)
(TOPAS-PRIME-HE). The incident laser was generated using a
Chameleon Ti: Sapphire oscillator (≈100 fs, 1 kHz) with a central
wavelength of 1000 nm. The resulting signal was collected by the
WITec alpha 300RS+ Raman system with a 50× objective.

The first-principles calculations were carried out using density
functional theory (DFT) implemented in the Vienna ab initio
simulation package (VASP).42 Generalized gradient approximation
(GGA) in the form of the Perdew−Burke−Ernzerhof (PBE)
functional was adopted for the exchange-correlation potentials.43

Projector-augmented-wave (PAW) pseudopotentials were used with a
plane wave energy of 700 eV.44 A Γ-centered Monkhorst−Pack
Brillouin zone sampling grid with a resolution of 0.02 × 2π Å−1 for
structural optimization and self-consistent calculations,45 and 0.01 ×
2π Å−1 for density of states were applied. Atomic positions were
relaxed until all forces on the ions were less than 10−4 eV/Å. The self-
consistent field procedure was considered converged when the energy
difference between two consecutive cycles was lower than 10−8 eV.
Phonon spectra were calculated on 2 × 2 × 2 supercells using the
finite displacement method implemented in the PHONOPY code.46

■ RESULTS AND DISCUSSION

Crystal Structure
Figure 1a shows the Rietveld refinement results of the SXRD
pattern of LaHg3Ti4O12+δ collected at room temperature. (The

inset on the upper right is a magnified view of the low-angle
area.) The refinement reveals that LaHg3Ti4O12+δ crystallized
in a cubic structure with space group Im3̅ (No. 204). The
refined structural parameters for LHTO are given in Table 1.
No anomalies were observed in the site occupancy factors for
all atomic sites, including the oxygen sites, indicating that
LHTO possesses a stoichiometric composition. Aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) shown in Figure 1c
further confirmed the cubic crystal structure of the LHTO
sample. The lattice fringes in the top-right inset, with a
measured spacing of 0.268 nm, correspond to the (220) or
(200) planes of the cubic LaHg3Ti4O12+δ phase. Furthermore,
selected-area electron diffraction (SAED) patterns (Figure 1d)
confirmed the good crystallinity and the single-phase nature of
the structure. Elemental mapping confirms homogeneous
distributions of La, Hg, Ti, and O (Figure S1a-b).
The bond valence sum (BVS) values calculated from the

structure refined against the SXRD data are +2.93 for La, +2.06
for Hg, and +3.86 for Ti (see Table 1). Notably, similar to the
case in PHTO, the BVS for the Hg ion at the A′-site is only
+1.66 when considering only the four nearest neighbor oxygen
atoms (Hg−O(×4) = 2.295(5) Å). However, when four next-
nearest-neighbor oxygen atoms (Hg−O(×4) = 2.831(0) Å)
are additionally included, the BVS result for Hg increases to
+2.06. This indicates that the Hg ion at the A′-site adopts an 8-
coordination configuration, which contrasts sharply with the
typical 4-coordination characteristic for the A′ site in standard
A-site-ordered perovskites. Thus, the electronic configuration
should be La3+Hg2+3Ti4+4O12+δ, which coincides with the

Figure 1. Crystal structure of LHTO. a Synchrotron X-ray powder
diffraction pattern and Rietveld refinement results of LHTO at room
temperature. Observed (red cross), calculated (purple line), and their
difference profiles (blue line) are shown. The green ticks indicate the
allowed Bragg reflections with space group Im3̅. b Crystal structure of
LHTO. c HAADF images of LHTO. The top right corner shows its
Fourier-transformed image. Enlarged atomic phase is presented in the
upper left corner, with measured and indexed crystal plane spacing
(Scale bar: 2 nm). d shows SAED images for ribbon axes.
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magnetic result discussed later. If we consider the charge
balance, the δ value should be 0.5. Actually, it is very difficult
to determine the accurate oxygen composition, so here, we use
δ to denote the extra oxygen concentration.
Taken together, these results establish LHTO as another A-

site-ordered quadruple perovskite with an 8-fold-coordinated
A′ site, which can also be viewed as a structural bridge between
simple ABO3 perovskites and conventional A′-site-ordered
quadruple perovskites. Consequently, the structure exhibits a
larger lattice constant (7.7177 Å), which is similar to PHTO
(7.7234 Å) but substantially exceeds that of conventional
analogues (7.3−7.5 Å; see Table 2). Meanwhile, as shown in
Table 2, the ∠A′−O−Ti bond angle of 154.43° also differs
from that in conventional A-site-ordered perovskites.47 It is
slightly larger than that observed in PHTO (154.22°),
indicating a lower degree of octahedral tilting. The distinctive
8-coordination of the A′-site in this Hg-ordered structure is
unambiguously displayed in the crystal diagram in Figure 1b.
Magnetic Properties
The temperature dependence of the magnetic susceptibility
measured in an applied field of 1000 Oe is shown in Figure 2a.
The sample exhibits paramagnetic behavior over the temper-

ature range of 5−300 K, as evidenced by the closely
overlapping field-cooled (FC) and zero-field-cooled (ZFC)
curves. The inset of Figure 2a displays the Curie−Weiss fit of
1/χ(T) from 5 to 300 K using χ(T) = χ0 + C/(T − θ), which
yields χ0 = 1.3 × 10−4 emu/mol, θ = −3.9 K, and C = 0.01
emu·K/mol. The effective magnetic moment extracted from
the Curie constant is μeff = 0.28 μB per formula unit. In fact, if
the magnetism is assumed to originate exclusively from Ti3+,
the observed low effective magnetic moment of 0.28 μB per
formula unit corresponds to only 0.026 Ti3+ ions per formula.
This suggests that Ti3+ occupies merely 0.65% of the titanium
sites in LaHg3Ti4O12+δ, with Ti4+ making up the remaining
majority (>99%). This interpretation aligns well with the BVS
calculation result and is further corroborated by the X-ray
absorption spectroscopy results. The energy position and
multiple spectral features of soft X-ray absorption spectra
(sXAS) at the 3d elements L2,3 edges are highly sensitive to the
valence states and local environment of cations. Figure 2b
shows the sXAS spectra at the Ti L2,3-edges of LaHg3Ti4O12+δ
and of SrTi4+O3 as a Ti4+ reference.48 The same energy
position and very similar multiple spectral features (four main
peaks and two weak pre-edge peaks) for both LaHg3Ti4O12+δ
and SrTiO3 indicate the same Ti4+ valence state in both
compounds.49−51 Considering that the initial oxygen content
in the raw materials was in excess and the sealed synthesis
environment prevented excess oxygen from escaping, the
oxygen is likely incorporated as interstitials, leading to a Ti4+
valence state instead of Ti3.75+ for stoichiometric LaHg3Ti4O12.
This mechanism is believed to be the primary cause of the
lower-than-expected Ti3+ content in LaHg3Ti4O12+δ. Moreover,
the XPS spectrum reveals a distinct lattice oxygen peak at
529.6 eV (see peak 1 of Figure S2), which is higher than the
binding energy typically observed for lattice oxygen in
perovskite oxides and is close to values reported for interstitial
oxygen in the literature.52 This feature indicates the presence
of interstitial oxygen species.53,54

Temperature-Dependent Dielectric Constant and Unit Cell
Parameters

As the ferroelectric (FE) property was successfully observed in
PHTO, it is natural to investigate the FE property of LHTO.
Figure 3a and Figure S3 show the temperature-dependent
dielectric constant and loss of LHTO. A broad dielectric peak
appears near 90 K and exhibits significant frequency dispersion,
characterizing the feature of relaxor-type ferroelectrics.55−57

However, there is no direct ferroelectric signal experimentally.
To gain deeper insight into this contradiction, we performed
temperature-dependent powder X-ray diffraction measure-
ments (Figure S4). There is no obvious phase transition
down to 10 K. However, a slope change occurs in the
temperature-dependent lattice parameters (Figure 3b), indicat-
ing the possibility of structural instability.21,58−61 Moreover,
the temperature region where the slope change occurs is the

Table 1. Refined Structural Parameters of LHTO Based on
SXRD Data Collected at 300 Ka

Lattice constant (Å) 7.71768(4)
Formula weight (g/mol) 1124.13
Cal. density (g/cm3) 8.1215
V (Å3) 459.685(6)
Oy 0.722662
Oz 0.200334
Uiso(La) (Å2) 0.0017
Uiso(Hg) (Å2) 0.0077
Uiso(Ti) (Å2) 0.0007
Uiso(O) (Å2) 0.00133
La−O(×12) (Å) 2.69416
Hg−O(×4) (Å) 2.29555
Hg−O(×4) (Å) 2.83103
Ti−O(×6) (Å) 1.97858
∠Ti−O−Ti (°) 154.44
BVS (La) 2.93
BVS (Hg) 2.06
BVS (Ti) 3.86
Rwp (%) 5.112
Rp (%) 1.35

aThe BVS values (Vi) were calculated using the formula Vi = ΣjSij, and
Sij = exp[(r0 − rij)/0.37]]. In LHTO, r0 = 2.172 for La, 1.972 for Hg,
and 1.815 for Ti. For the A-site La, 12-coordinated oxygen atoms
were used. For the A′-site Hg, 8-coordinated oxygen atoms were used.
For the B-site Ti, 6-coordinated oxygen atoms were used. B Space
group: Im3̅; Atomic sites: La 2a (0, 0, 0), Hg 6b (0, 0.5, 0.5), Ti 8c
(0.25, 0.25, 0.25), O 24 g (0, y, z).

Table 2. Lattice Constant a, Ionic Radius of A-Site rA, Ionic Radius of A-Site rA′, Difference between Ionic Radii of A- and A′-
Site Ions ΔrA, Metal−Oxygen Bond Angles ∠A′−O−Ti and ∠Ti−O−Ti for Some AA′3Ti4O12-Type Perovskite
Compounds40,47

Compounds a/Å rA/Å rA′/Å ΔrA/Å ∠A′−O−Ti/deg ∠Ti−O−Ti/deg

LaHg3Ti4O12+δ 7.7176 1.36 0.96 0.40 102.06 154.43
PbHg3Ti4O12 7.7234 1.49 0.96 0.53 102.60 154.22
CaCu3Ti4O12 7.3730 1.34 0.57 0.77 108.98 141.33
CaFe3Ti4O12 7.4672 1.34 0.64 0.70 107.82 144.01
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same as the broad dielectric peak near 90 K, implying an
intrinsic connection between the structural phase transition
and the dielectric response. Thus, the relaxor-like dielectric
peak and the subtle kink in the lattice parameters point to a
low-temperature structural instability in LHTO. To gain
deeper insight into this structural instability, we performed
the SHG measurement at 80 K and room temperature. A clear
peak centered at 1000 nm was observed for the data collected
at 80 K when fundamental incident light with a wavelength of
2000 nm was directed onto the polished surface, confirming
the occurrence of the second-harmonic generation (SHG)
signal, as shown in Figure 3c. Meanwhile, a significant
enhancement of the SHG signal was observed with increasing
laser power (Figure 3c). Moreover, rotational anisotropic SHG

patterns of LHTO were observed as shown in Figure 3d, while
no such signal could be observed for the data collected at room
temperature (see Figure S5). These results suggest that there
might be short-range noncentrosymmetric polar structures
appearing in LHTO. Further experiments, such as pair
distribution function (PDF), need to be conducted to address
this issue.
Theoretical Analysis
Finally, we resort to density functional theory (DFT)
calculations to gain insight into the electronic structure and
lattice dynamics of LHTO. As shown in Figure 4a, the
electronic structure of LHTO resembles that of PHTO (Figure
S6). However, the Fermi level in LHTO lies within the
conduction band rather than in the band gap. This shift clearly

Figure 2. a Temperature dependence of magnetization under 0.1 T from 5 to 300 K. The inset shows the Curie−Weiss fitting in the range of 5−
300 K. b sXAS spectra of Ti-L2,3 edges for LHTO along with SrTi4+O3 as a Ti4+ reference.

Figure 3. Structural instability of LHTO. Temperature dependence of a dielectric constant. b Unit cell parameters from 5 to 300 K. c Second
harmonic generation (SHG) signal (1000 nm) and fundamental wavelength peak (2000 nm) of the spectroscopic data at room temperature. d
SHG rotational anisotropy patterns of LHTO signals (solid dots) and theoretical fits (solid lines) at 80 K.
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indicates an electron-doped character. The origin of this
doping can be attributed to the substitution of La3+ with Pb2+,
as each La atom contributes one additional electron to the
system. The states near the Fermi level are mostly dominated
by Ti-3d orbitals with minor O-2p hybridization, indicating
that the doped electrons lie in the Ti-d orbitals. The partial

charge density in Figure 4b also confirms that the doped
electrons introduced by La substitution are mainly localized on
Ti sites with the electron configuration 3d1. However, it should
be noted that the presence of interstitial oxygen atoms may
partially trap the doped electrons, resulting in an effective Ti-d
occupancy lower than one and a shifting of the Fermi level.

Figure 4. Electronic structure and lattice dynamical properties of LHTO. a Electronic structure (left) and projected density of states (right) for
LHTO. The Fermi level is set to 0 eV. b Partial charge density integrated over the energy range from −0.3 to 0 eV. c Phonon dispersion (left) and
phonon density of states (right) for LHTO. The arrow in the phonon dispersion shows the position of the soft modes. The inset shows an enlarged
view of the low-frequency region from −3 to 0 THz. d Soft phonon modes at the H point. The arrows indicate the directions of the eigenvector.
Three degenerate soft vibration modes are identified, with the remaining two shown in Figure S6.

Figure 5. Charge density difference for samples. a PbHg3Ti4O12 and b LaHg3Ti4O12+δ at (100) slice. Here, Imm2 phase is adopted for
PbHg3Ti4O12 and Im3̅ for LaHg3Ti4O12+δ is used. The solid lines show iso-values of Δρ = 0.05 e/Å3 and 0.00 e/Å3, and dashed lines show −0.05 e/
Å3.
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This doped electron has much influence on lattice dynamics.
As shown in Figure 4c, only soft phonon modes around the H
point are observed, in contrast to substantial imaginary
frequencies for PHTO.40 These soft modes are primarily
contributed by Ti and O in the phonon density of states and
are further evidenced by vibration modes, as shown in Figure
4d and Figure S7. The presence of these soft modes suggests a
dynamic instability of the high-symmetry structure and implies
a potential low-temperature structural distortion. This behavior
is consistent with the experimentally observed anomaly near 90
K in both structure and dielectric constant, which possibly
originates from a phonon-driven phase transition. Further-
more, our simulations show that the Imm2 phase is stable only
for PHTO, whereas in LHTO it relaxes spontaneously to the
centrosymmetric Im3̅ structure, suggesting that electron
doping destabilizes the Imm2 ferroelectric phase.
Another key factor influencing the ferroelectric behavior is

the lone pair on the A-site cation. Among the studied
quadruple perovskites, PHTO exhibits the highest ferroelectric
transition temperature, which can be attributed to the presence
of the Pb2+ lone pair, as evidenced by the charge-density
difference in Figure 5a and the electron localization function
(ELF) in Figure S8a. In contrast, the substitution of Pb2+ with
La3+ weakens the lone pair and leads to the disappearance of
ferroelectricity (Figure S8b).40 Therefore, the weakened lone-
pair character in LHTO possibly contributes to its
destabilization of the ferroelectric phase.
To clarify the role of interstitial oxygen in LaHg3Ti4O12, we

performed additional calculations to explicitly examine its
influence on the electronic structure. Owing to the presence of
intrinsic voids within the [Ti2Hg2] tetrahedra, these sites are
considered as potential interstitial oxygen sites, as illustrated in
Figure 6a. The calculated electronic structure for LaHg3Ti4O12
with an interstitial oxygen atom is shown in Figure 6b. In
contrast to the metallic behavior observed in the stoichiometric
structure, the introduction of an interstitial oxygen drives the
system into a semiconducting state. This change indicates that
the doped electrons are effectively trapped by the interstitial
oxygen. Specifically, the Ti-3d orbitals remain largely
unoccupied, and the additional electrons occupy the O-2p
states associated with the interstitial oxygen, which become

fully occupied, as evident from the projected density of states
in Figure 6b. Moreover, the electronic states associated with
the interstitial oxygen are nearly dispersionless, suggesting
weak interaction with the host lattice and further supporting
their role as electron traps.

■ CONCLUSIONS

In this work, we successfully designed and synthesized a new
A-site La3+-substituted quadruple perovskite material,
LaHg3Ti4O12+δ. This compound can be viewed as another
example bridging the simple perovskite and the A-site-ordered
perovskite. Through temperature-dependent structural anal-
ysis, dielectric measurements, and first-principles calculation,
we found that aliovalent La3+ substitution injects electrons into
the B-site Ti ions, triggering a lattice instability, which in turn
induces a soft phonon mode in the high-symmetry phase, as
confirmed by theoretical calculation. Moreover, the A-site
substitution weakens the lone pair electron effect, thus
destabilizing the ferroelectric phase. Our results indicate that
it will be possible to achieve cross-coupling between
ferroelectricity and other electronic properties on this material
platform by synergistically tuning the strength of A-site lone
pair electrons and the concentration of B-site electron doping.
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Figure 6. a Intrinsic voids within the [Ti2Hg2] tetrahedra in LaHg3Ti4O12, considered as potential interstitial-oxygen sites. b Calculated electronic
structure (/PDOS) of LaHg3Ti4O12 with one interstitial oxygen atom: the interstitial oxygen drives the system from a metallic to a semiconducting
state, and the extra electrons mainly occupy the O-2p states associated with the interstitial oxygen.
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