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Order–Disorder Phase Stabilization by Pressure-Induced
Charge Transfer Enhances the Ferroelectric Photovoltaic
Effect in Multiferroic BaFe4O7

Jiayi Guan, Bihan Wang, Nana Li, Shang Peng, Ganghua Zhang,* Limin Yan,
Xuqiang Liu, Kai Zhang, Mingtao Li, Adama N-Diaye, Qingyu Kong, Dongzhou Zhang,
Xu Zhao, Ting Liu, Kejun Bu, Yuhong Mao, Gui Wang, Xujie Lü, Xiang Li, Tao Zeng,*
and Wenge Yang*

Multiferroic ferroelectric photovoltaic (FPV) materials, combining magnetic
and ferroelectric properties, are of paramount importance for optoelectronic
and photovoltaic applications. However, optimizing both the remanent
polarization and the optical bandgap—key factors for enhanced FPV
performance—presents a significant challenge due to their trade-off. This
work shows that pressure-induced charge transfer between different metal
sites can break this trade-off. Above ≈20 GPa, charge transfer between
different trivalent iron (Fe) sites in the multiferroic material BaFe4O7 leads to
Fe valence disproportionation, FeO4 tetrahedra disorder, and Jahn–Teller
distortion of FeO6 octahedra. These changes reduce the bandgap, lower
resistivity, and enhance ferroelectric polarization, resulting in a 2.5-fold
increase in photocurrent. Upon decompression, BaFe4O7 retains an
order–disorder structure, optimal ferroelectric and optical properties at
ambient conditions. This work provides a novel pathway to simultaneously
optimizing ferroelectricity and bandgap via pressure-induced charge transfer,
overcoming the traditional trade-off in FPV materials, and offers a promising
approach for developing high polarization performance, narrow-bandgap FPV
materials.
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1. Introduction

Multiferroic materials have garnered signif-
icant attention due to their coupled elec-
tric, magnetic, and structural order param-
eters, making them ideal for multifunc-
tional devices. Among them, the ferroelec-
tric photovoltaics (FPV) effect offers an
alternative method for solar energy con-
version, surpassing the Shockley–Queisser
limit through intrinsic polarization-driven
charge separation.[1,2] However, practical ef-
ficiency is limited by weak light absorp-
tion, poor charge mobility, and insuffi-
cient control over the internal polarization
field. Traditional FPV materials often suf-
fer from large bandgaps and low conduc-
tivity, hindering their broad application.[3–5]

To enhance FPV performance, two key
strategies are critical: boosting ferroelec-
tric polarization to improve the separation
of photogenerated carriers and optimiz-
ing the bandgap to increase light absorp-
tion to increase the photogenerated carriers.
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Extensive studies have been focused on reducing the bandgap
of ferroelectric materials using various physical and chem-
ical methods such as doping,[6,7] strain,[8,9] and thickness
adjustments.[10,11] However, these approaches often lead to
high leakage currents, which affect the screening charges
and potentially eliminate the separation field, thereby weak-
ening the intrinsic ferroelectric polarity.[12] For instance,
(1 − x)K0.5Na0.5NbO3-xSr(In0.5Ta0.5)O3 transparent ferro-
electric ceramics exhibit improved optical properties as the
Sr(In0.5Ta0.5)O3 content increases, but their ferroelectric prop-
erties degrade.[13] As a result, achieving simultaneous improve-
ments in both polarization and bandgap has become a key
focus for optimizing the FPV performance. To improve pho-
tocurrent, it is crucial to effectively separate the photogenerated
carriers in FPV. In the ballistic and shift current mechanism of
FPV,[14,15] carrier separation is driven by the coherent evolution
of electron and hole wavefunctions, rather than by the built-in
electric field. Photocurrents can be generated in bulk when
scattering sites or absorption centers exhibit some degree of
asymmetry. The ballistic current reflects asymmetric electron
excitation in momentum space and is influenced by the de-
polarization field. Thus, a promising approach to enhancing
photocurrent should incorporate two key elements: increasing
lattice distortion or symmetrical breaking to enhance ferro-
electric properties and optimizing the bandgap for better light
absorption and efficient transport of photogenerated carriers to
enhance photocurrent. Given the above insights, there is a strong
impetus to develop new strategies that effectively combine the
benefits of narrow-bandgap semiconductors with ferroelectric
materials.
Pressure, as a precise tuning tool, can significantly in-

fluence the interplay between lattice, charge, spin, and or-
bital interactions in multiferroic materials.[16–18] Over the
last decades, pressure-induced structural and electronic
evolutions have boosted profound research attention, in-
cluding but not limited to lattice distortion, intermetallic
charge transfer, spin-crossover, etc. These changes can sig-
nificantly influence ferroelectric polarization,[19] electrical
properties,[20] and magnetic properties.[21] For instance, in
LaCu3Fe4O12, pressure-induced charge transfer from Cu to Fe
(LaCu3+3Fe

3+
4O12 to LaCu2+3Fe

3.75+
4O12 at 3.6 GPa) results in

transitions from insulator-to-metal and antiferromagnetism-to-
paramagnetism.[22] Similarly, pressure-induced charge transfer
between Ag and Ru in AgRuO3 reveals successive insulator—
metal–insulator transitions.[23] In the PbCoO3 system, charge
transfer between Pb4+ and Co2+ under high pressure induces a
series of transitions in PbCoO3, including a spin state transition
of Co2+, a metal-insulator transition, and reentrant insulating
behavior.[21] The mixed valence resulting from intermetallic
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charge transfer under pressure in Ba3BiM2O9 (M = Ru, Ir)
and Cu2IrO3 highlights the role of d-orbital spatial distribu-
tion in shaping their electronic properties.[24,25] Furthermore,
pressure-induced changes from a charge disproportionated
state (Bi3+0.5Bi

5+
0.5Ni

2+O3) to a metallic charge melting state
(Bi3+Ni3+O3) in BiNiO3, with notable charge transfer from
Ni to Bi and a broad temperature invar behavior.20 These
examples underscore the sensitivity of transition metal ox-
ide electrical properties to internal metallic charge exchange.
Thus, pressure-induced intermetallic charge transfer in mul-
tiferroic materials offers promising potential for reducing
the bandgap and enhancing electrical conductivity. However,
semiconductor-to-metal transitions are frequently observed in
materials undergoing pressure-induced charge transfer, which
can impair the ability of ferroelectric materials to maintain high
polarization.
In ordered–disordered systems, the disordered regions help

sustain semiconducting behavior by introducing scattering cen-
ters that impede electron transport, thereby increasing resis-
tance. Simultaneously, the ordered regions contribute to the
structure stability and overall material properties. In this work,
we investigate BaFe4O7,

[31] a multiferroic material featuring
dual-site high-valence Fe3+ ions, to induce charge transfer un-
der applied pressure, resulting in Fe valence disproportiona-
tion. Fe ions with oxidation states greater than +3 are inher-
ently metastable; and this metastability mitigates long-range
atomic disorder caused by electronic instability, thereby preserv-
ing semiconducting properties. Conversely, Fe–O polyhedra with
oxidation states lower than +3 experience an increased elec-
tron density, potentially triggering Jahn–Teller distortions that
further enhance the material’s ferroelectric polarization.[26–28]

(See Figure 1c for a schematic diagram). BaFe4O7 exhibits in-
triguing ferroelectric photovoltaic, ferrimagnetic, and medium
bandgap semiconducting properties at ambient pressure.[29]

The BaFe4O7 compound features a unique noncentrosymmet-
rical P31c structure, characterized by the interlacing of FeO4
tetrahedra and FeO6 octahedra with the transition metal ions
(Fe3+) in different coordination environments, resulting in a
medium bandgap of 2.12 eV at ambient conditions (as shown
in Figure 1a,b). Under compression, distinct responses from
iron ions at different sites are expected, providing signifi-
cant tuning space for both the crystal and electronic struc-
tures. To this end, we explored charger transfer using high
energy resolution X-ray absorption spectroscopy (XAS), charge
transfer induced order–disorder structural and FeO6 distor-
tion using powder and single crystal X-ray diffraction (P-XRD
and SC-XRD) under high pressure. Additionally, in situ high-
pressure UV–vis–NIR absorption spectra, polarization–electric
field (P–E) hysteresis loops, photocurrent measurements, low-
temperature resistance, and electrochemical impedance spec-
troscopy (EIS) are utilized to characterize the performances
of electrical transport, optical absorption properties, ferroelec-
tricity, and ferroelectric photovoltaic behavior under high pres-
sure. Remarkably, upon decompression to ambient conditions,
we were able to preserve the order–disorder structure and en-
hanced properties, offering an effective route to optimize the
FPV properties for practical applications at ambient condi-
tions.
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Figure 1. Crystal structure at ambient conditions, optimized ferroelectric photovoltaic mechanism, and detection method of BaFe4O7. a,b)The unique
FeO4 tetrahedral and FeO6 octahedral interleaving arrangement of BaFe4O7 at ambient condition. Feoct. refers to the Fe atom at the octahedral site, and
Fetet. refers to the Fe atom at the tetrahedral site. c) Schematic diagram of the optimized ferroelectric photovoltaic mechanism in this work.

2. Results

2.1. Pressure-Induced Fe(III) Charge Transfer

To probe the effect of pressure on the electronic configuration of
BaFe4O7, we conducted the high-energy resolution X-ray absorp-
tion spectroscopy (XAS) at Fe K-edge at pressure up to 34.6 GPa,
as shown inFigure 2a. The pre-edge peak features the 1s→3d elec-
tronic transition, while the shift of the absorption edge (the max-
imum value of the first derivative of XAS) typically shifts due to
changes in the oxidation state.[30,31] Figure 2b illustrates the pre-
edge feature of XAS at various pressures. A shift of 2–3 eV of
the pre-edge and absorption edge to higher energy at the Fe K-
edge is generally associated with one valence increase of Fe.[32,33]

The Fe2+ pre-edge is centered ≈7112 eV, while the Fe3+ pre-edge
is ≈7114 eV. In BaFe4O7, Fe

3+ ions are located in both tetrahe-
dral and octahedral coordination environments, which results in
a strong pre-edge peak ≈7114 eV. The pre-edge feature of tetra-
hedral Fe3+ is nearly seven times stronger than that of octahedral
Fe3+ due to 3d-4p orbital hybridization and 3d-ligand 2p-orbital
overlap in a noncentrosymmetric coordination, which relaxes the
forbidden character of the electric dipole transition and is further
enhanced by site distortion.[34] When pressure exceeds 20 GPa,
the intensity of the pre-edge peak significantly reduces, indicat-

ing the destruction of the Fe─O tetrahedra. Simultaneously, a
small shoulder peak appears≈7117 eV, indicating the emergence
of a small portion of Fe3+Δ oxidation state. The first-order deriva-
tives of XASs are plotted in Figure 2c. At 0.5 GPa, the peak value
E1 of the first derivative corresponds to the Fe3+ absorption edge.
At 21.5 GPa, this peak clearly splits into three peaks with a no-
table decrease in the intensity of E1, indicating the presence of
mixed valence states. The newly emerging peaks are labeled as
E2 and E3. The energies E1, E2, and E3 as a function of pres-
sure are plotted together in Figure 2d. The energy of the E1 peak
increases slightly with pressure below 21.5 GPa, which can be at-
tributed to the contraction of the Fe─O bonds with pressure.[35]

The energy of the E2 peak that appears at 21 GPa has≈2 eV lower
than that of E1, while E3 has ≈3 eV notably higher than E1. This
suggests that, above 21.5 GPa, Fe in BaFe4O7 adopts both lower
and higher oxidation states than Fe3+, and these mixed states
persist throughout the pressure range from 21.5 to 34.6 GPa
and during the subsequent decompression. This provides direct
evidence of intermetallic charge transfer occurring in BaFe4O7
above≈20 GPa. In Figure 2e, we compare the high-pressure XAS
spectra of BaFe4O7 with those of several representative model
minerals with sixfold and fourfold coordinated Fe3+ and Fe2+ (Ae-
girine with sixfold coordination Fe3+, Leucite with fourfold coor-
dination Fe3+, Fayalite with sixfold coordination Fe2+)[36] to fur-
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Figure 2. FeK-edge X-ray absorption spectra (XAS) of BaFe4O7 under pressure. a) Fe K-edge XAS at selected pressures. b) The pre-edge signals at selected
pressures. c) The derivative of XAS under various pressures. d) Pressure dependence of the absorption edge energy. e) The relationship between model
mineral and BaFe4O7 under high pressure. f) The EXAFS-WT (wavelet transformation) maps of BaFe4O7 at selected pressures.

ther elucidate intermetallic charge transfer phenomena through
the characteristic fingerprint effect of X-ray absorption near-edge
structure (XANES). Since, under low pressure (below ≈20 GPa),
the ratio of sixfold coordinate Fe3+ to fourfold coordinate Fe3+

in BaFe4O7 is 1:1, the XAS shape of BaFe4O7 resembles a su-
perposed XANES spectrum of Aegirine and Leucite. Under high
pressure (above 20 GPa), due to the disruption of the fourfold co-
ordinate Fe3+, the XANES of BaFe4O7 under 23.4 GPa exhibits
a shape similar to Aegirine due to the presence of only sixfold
coordinate Fe3+. At the highest pressure, 34.6 GPa in this work,
the overall XANES shape of BaFe4O7 becomes more like Fay-
alite, significantly different from the marked region in Aegirine
as shown in Figure 2e, indicating the presence of sixfold coordi-
nation Fe2+. To probe the local bonding environment of Fe ions,
we performed extended X-ray absorption fine structure (EXAFS)
analysis at the Fe K-edge using a wavelet transform (WT),[37,38] as
shown in Figure 2f. WT-EXAFS analysis provides insight into the
local bonding configuration in the 2D K- and R-space, an ideal
tool for discriminating atomic pair distribution function with
substantial overlapping in R-space. Based on the bond length list
from the BaFe4O7 crystal structure in Table S1 (Supporting Infor-
mation), we can easily assign the peaks to various bond lengths
as shown in Figure 2f. Notably, above 24.3 GPa, the peak for Bond
Fetet.─Fe disappears, while the peak for Bond Feoct.─Feoct. per-
sists, indicating Fe atoms at the tetrahedral site become disor-
der under high pressure, whereas the Fe atoms at the octahedral
site remain still in order status. After decompression to ambient

pressure, the Fe─O bonds are distinctly categorized into Feoct.─O
andFetet.─O. The average bond length of Fetet.─O is≈1.4 Å,much
smaller than the 2 Å observed at the first measurement pressure
0.5 GPa, while the bond length of Feoct.─O is ≈2.1 Å, exceeding
the 2 Å at 0.5 GPa. Given that the ionic radius of Fe decreases with
oxidation state increasing, this observation strongly supports the
conclusion that the valence state of Fe at the octahedral site af-
ter decompression is less than +3, while the valence state of Fe at
the tetrahedral sites is higher than+3. This suggests that a charge
transfer between the Fe at tetrahedral and octahedral sites occurs
upon decompression to ambient pressure.

2.2. Charge-Transfer-Induced Stabilized Ordered–Disordered
Structure and Jahn–Teller Distortion

At pressure exceeding 20 GPa, the tetrahedral Fe undergoes
charge transfer, resulting in oxidation states greater than +3.
In certain oxides, higher valence states of Fe beyond Fe3+ can
be stabilized, particularly when synthesized under highly oxida-
tive conditions.[39–41] These unusually high oxidation states of
Fe are inherently metastable, contributing to long-range atomic
disorder, which helps alleviate electronic instabilities. The struc-
tural evolution of BaFe4O7 upon compression and decompres-
sion was investigated using in situ high-pressure powder and
single-crystal X-ray diffraction (XRD) measurements (Figure
3a,b). Since this work involves the measurement of ferroelectric
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Figure 3. Structural evolution of BaFe4O7 under high pressure. a) Synchrotron P-XRD patterns of BaFe4O7 under various pressures at room temperature.
The red dashed box indicates the peaks that disappear with pressure beyond 28.1 GPa. The grey asterisk represents the peak of rhenium. The pressure
transmitting medium (PTM) is mineral oil. b) Single crystal X-ray diffraction patterns under various pressures. c) Structure schematic diagram of the
crystal planes (1 0 1) (2 0 3) (1 0 3) and (1 0 7) which disappear under high pressure d) Pressure dependence of Pr and FeO6 octahedron distortion
index 𝛿. The pressure error bars are obtained from the pressure gradient shown in Figure S15 (Supporting Information).

Adv. Sci. 2025, 12, e11022 e11022 (5 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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properties, a high-insulation pressure-transmitting medium is
required. To ensure consistency across measurements without
compromising the experimental results, mineral oil was primar-
ily used as the pressure medium. In addition, the pressure gra-
dient within the sample chamber was calibrated and indicated
in the figures as pressure error bars. To further validate the re-
liability of the results, Neon was also employed as a compara-
tive pressure-transmitting medium when necessary. Detailed ex-
perimental procedures can be found in the Supporting Infor-
mation. Below 28.1 GPa, all diffraction peaks of BaFe4O7 can
be indexed to the trigonal P31c structure, identical to the am-
bient pressure crystal structure, indicating no significant struc-
tural changes. A typical Rietveld refinement result at 1.4 GPa is
shown in Figure S1 (Supporting Information). The shifting of
Bragg peaks to higher angles with increasing pressure suggests
lattice shrinkage. Above 28.1 GPa, several diffraction peaks be-
come quite broad and weak. The most notable feature is the dis-
appearance of (1 0 1) (2 0 3) (1 0 3) and (1 0 7) reflections. Sin-
gle crystal XRD measurements at pressures above 29.5 GPa also
show the disappearance of these diffraction spots (Figure 3b), fur-
ther confirming partial structural disorder. Upon further com-
pression to 55.5 GPa, the structure becomes more disordered,
as evidenced by a broad background with several weak yet sharp
diffraction peaks, indicating that the sample remains a mixed
structure of ordered and disordered regions under high pressure.
To eliminate the possibility that the partial structural disorder
observed under high pressure was influenced by the PTM, we
conducted the second round of powder XRD experiments using
Neon as the PTM. (Figure S2, Supporting Information) The re-
sults were consistent with those obtained with mineral oil. After
decompression to 0.05 GPa, the XRD profile was quite different
from the pristine one, indicating an irreversible structure tran-
sition. The unit cell volume and axis c/a ratio of BaFe4O7 below
25GPa were determined through powder Rietveld refinement, as
shown in Figure S3 (Supporting Information). The unit cell vol-
ume as a function of pressure was plotted and fitted by the sec-
ondBirch–Murnaghan (B–M) Equation of State (EoS).[42,43] Three
discontinuities are observed at ≈6, ≈12, and ≈20 GPa, which are
probably attributed by structure distortion. Three EoS curves are
fitted with the data 1.4–5.4, 6.5–11.6, and 12.8–19.9 GPa, respec-
tively. Likewise, the lattice constant ratio c/a shows a minimum
at ≈20 GPa. To further visualize the lattice structure related to
the disappeared diffraction peaks after 28.1 GPa, the correspond-
ing crystal planes are marked on the unit cell in Figure 3c. It is
evident that the crystal planes associated with the disappearing
peaks are all contributed by Fe atoms in the tetrahedral sites,
which refers that the FeO4 tetrahedra become disordered after
28.1 GPa. As a result of pressure-induced charge transfer, Fe ions
at the octahedral sites shift from+3 oxidation state to+3−Δ state.
This change, coupled with partial degeneracy and occupancy of
the d-orbital energy levels, derives a spontaneous Jahn–Teller dis-
tortion in the FeO6 octahedra, which lowers the system’s total
energy. The increased distortion of the octahedra plays a cru-
cial role in enhancing of ferroelectric polarization of BaFe4O7.
To study the impact of octahedral distortion on ferroelectricity in
BaFe4O7, P31c space group is carried out Rietveld refinements for
the XRD data to obtain all bond lengths in the FeO6 octahedron
below 26GPa. Here, we define the FeO6 octahedron distortion in-
dex (𝛿) to quantitatively describe the degree of polyhedron distor-

tion as introduced by Zhao et al.[44] The indices are calculated as
follows:

𝛿 =
√

1
6
Σi=1,6

(
diFe−O − ⟨dFe −O⟩)2 (1)

In Equation (1), dFe-O represents the Fe─O bond length within
the octahedron. The distortion indices 𝛿 increase as the FeO6 oc-
tahedron undergo more distortion. In ferroelectric crystals, the
separation of positive and negative charge centers leads to spon-
taneous polarization. Using the point charge model,[45] we calcu-
lated the total polarization P (the sum of ionic and electronic con-
tributions) as P = 1

V
(−e

∑
Nizi),V is the unit cell volume, e is the

electron charge,Ni is the ionic valence state, zi is the projection of
the atomic position vector in a unit cell along the z direction. In
Figure 3d, the FeO6 octahedron distortion 𝛿 is plotted along with
the polarization P as a function of pressure. Below 20 GPa, 𝛿 first
increases (0–12 GPa) and then decreases (12–20 GPa), followed
by an abrupt increase between 20 and 25 GPa. Notably, P and 𝛿

follow almost identical trends, suggesting that the enhancement
of octahedral distortion plays a significant role in strengthening
the ferroelectric polarization of BaFe4O7.

2.3. Bandgap Engineering and Semiconductor Behavior
Improvement under Pressure

The projected density of states at ambient conditions (Figure S4,
Supporting Information) shows that the valence band (VB) con-
sists of O 2p orbitals while the conduction band (CB) is pre-
dominantly contributed by Fe 3d orbitals, resulting in an opti-
cal bandgap (Eg) of 2.2 eV. Previous studies have shown that the
splitting of 3d orbitals in transition metal ions can significantly
influence bandgaps. The Fe3+ cation has the 3d5 valence elec-
tronic configuration, and the d orbitals of Fe3+ evolve into triple-
degenerate t2g orbitals and double-degenerate eg orbitals in an oc-
tahedral crystal field. At ambient conditions, five electrons of Fe3+

occupy all five 3d orbitals with a high spin state S = 5/2 based on
the Hund’s rule and thereby result in the half-filled structure.
The Fe2+ in the sample at high pressure with one more electron
occupied t2g spin band with S = 2 appears above the VB and si-
multaneously hybridizes with the O 2p orbit. The maximum VB
raises, which is responsible for decreased Eg. Thus, the pressure-
induced intermetallic charge transfer directly will lead to the op-
timization of optical and electrical properties. The UV–vis–NIR
absorption spectroscopy and electric conductivity measurements
were employed to evaluate bandgap evolution and electric trans-
port properties under pressure (Figure 4a–c; Figures S5,S6, Sup-
porting Information). To determine the bandgap of BaFe4O7 un-
der pressure, the optical absorbance spectrum was analysed us-
ing the Tauc plot equation:[46,47]

(𝛼h𝜈)
1
n = A

(
h𝜈 − Eg

)
(2)

where, h is Planck’s constant, 𝜈 is the frequency, 𝛼 is the absorp-
tion coefficient, Eg is the bandgap, and A is the proportional con-
stant. The value of exponential n means that it varies with the
nature of the sample transition, and when calculating the direct
bandgap, n is 1/2, and when calculating the indirect bandgap,

Adv. Sci. 2025, 12, e11022 e11022 (6 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. Bandgap engineering and conductivity improvement of BaFe4O7 under pressure. a) The Tauc plots of UV–vis–NIR absorption spectra at
selected pressures. The low pressure (0–18.5 GPa) and high pressure (19.3–27 GPa) were fitted with the direct and indirect bandgapmethod, respectively.
The insets are optical images of the sample with consistent color following the bandgap change. b) Pressure dependence of Resistance along with the
bandgap change. During the decompression, an optimized bandgap value 1.42 eV was recovered at ambient pressure. The pressure error bars are
obtained from the pressure gradient shown in Figure S15 (Supporting Information). c) Resistance versus temperature curves at selected pressures.

n is 2 theoretically. The inset of Figure 4a shows optical photos
taken at selected pressures. At 0.5 GPa, the crystal is transparent
with a pale red color and exhibits a sharp absorption edge corre-
sponding to a bandgap of 2.12 eV (Figure S5, Supporting Infor-
mation). As the pressure increased to 18.5 GPa, the absorption
edge displayed a continuous but gradual red shift, indicating a
slight narrowing of the bandgap by≈0.16 eV. Above 18.5 GPa, the
absorption curve changes from a steep to a gradual slope, signal-
ing a transition from direct to indirect bandgap. The common ap-
proach is further used to distinguish between direct and indirect
band gaps by comparing the linearity of Tauc plots, where n= 1/2
for direct transitions and n = 2 for indirect transitions. The UV–
vis–NIR absorption spectrum at 21.7 GPa was selected as a rep-
resentative dataset. The spectrum was converted into Tauc plots
using both the direct and indirect transition models, as shown in
Figure S7 (Supporting Information). Linear fitting was applied to
the linear regions of both plots. The coefficient of determination
(R2) obtained from the indirect transition fit (0.999) was higher
than that from the direct transition fit (0.996), suggesting that
the band gap at pressures above 21.7 GPa is more likely to be an
indirect bandgap.
As shown in Figure 4a,b, the low-pressure region (0–18.5 GPa)

exhibits a direct bandgap absorption with minimal changes,
while the high-pressure region (19.33–27 GPa) shows character-
istics of indirect bandgap absorption, with a rapid reduction in
the bandgap. Simultaneously, conductivity measurements along
the normal direction of the crystal flake reveal nearly constant
resistance (≈109 Ω) below ≈20 GPa, followed by a dramatic de-
crease of five orders of magnitude to ≈104 Ω above 20 GPa.
(Figure 4b; Figure S6, Supporting Information). The large reduc-
tion in the absorption bandgap is favorable for enhancing ferro-
electric photovoltaic performance. The crystal color also changed
to dark brown, revealing the piezochromism phenomenon. The
bandgap undergoes a sharp drop, from 1.96 eV at 18.5 GPa to
0.53 eV at 27 GPa, followed by a partial recovery to 1.42 eV upon
pressure release to ambient. The bandgap of 1.42 eV is close

to the Shockly–Queissen limit, the ideal bandgap for harvest-
ing the most solar light spectrum. It is notably smaller than the
bandgaps of other ferroelectric oxides with small bandgaps under
ambient pressure, such as Bi2FeCrO6 (2 eV),

[48] Bi(Fe1-xMnx)O3
(2.2 eV),[49] Ho-doped Bi5Ti3FeO15 (2.47 eV)[50] and KBiFe2O5
(1.6 eV).[51] Electrical conductivity, which significantly impacts
the mobility of photogenerated carriers, is a key factor in FPV
performance. The resistance versus temperature R(T) curves un-
der pressure up to 100.4 GPa are shown as Figure 4c. BaFe4O7
maintains semiconducting behavior up to 89.5 GPa due to the
presence of disordered regions, which is a necessary condition
for applications in the photovoltaic field.

2.4. Pressure-Induced Enhancements of Ferroelectric
Polarization and Photocurrent

To explore the pressure effect on the FPV performance, we con-
ducted the in situmeasurements of ferroelectric polarization and
photocurrent on a single crystal BaFe4O7 under pressures up to
28.8 and 25.8 GPa. High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) is performed on
the surface of a planar sample on the specimen slice to orient the
sample and confirm that the normal direction of the specimen
slice corresponds to the c-axis direction (shown in Figure 5a,b).
The crystal was placed on the culet surface of a diamond anvil,
with two electric leads connected with the top and bottom sur-
faces to measure the photocurrent passing through the sample
thickness. The pressure was applied in aMao-type diamond anvil
cell (DAC), with mineral oil pressure medium, and the pressure
was monitored with the Ruby fluorescence method. Figure 5c
shows a schematic diagram of the electrode structure. We per-
formed the polarization-electric field (P–E) hysteresis loop mea-
surements with the same sample configuration to 25.8 GPa. Sev-
eral typical P–E loops during the compression process are plotted
in Figure 5d and Figure S8 (Supporting Information). At 2.6 GPa,
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Figure 5. Crystal structure at ambient conditions, ferroelectric photovoltaic effect, and ferroelectric polarization of BaFe4O7 under pressure. a) Schematic
diagram of the planar sample for crystal orientation. b)The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image of the planar sample from Figure 5a. c) Schematic diagram of the electrode structure for measuring ferroelectric polarization and photocurrent. d)
P--E hysteresis loops of a ferroelectric capacitor of Ag/BaFe4O7 (10 μmthickness)/Ag at selected pressures. e) The selected zero bias voltage photocurrent
intensity following on-off light, the dashed line represents the current background with the light off. f) Pressure dependence of remnant polarization
(Pr), ferroelectric photocurrent intensity for BaFe4O7. The inset is a schematic diagram of the sample chamber. The pressure error bars are obtained
from the pressure gradient shown in Figure S15 (Supporting Information).

a clear saturated hysteresis loop is observed, and BaFe4O7 ex-
hibits a noteworthy ferroelectric behavior evidenced by the sat-
uration polarization (Ps) 1.88 μC cm−2, remnant polarization (Pr)
1.82 μC cm−2 and coercive field (Ec) 418.8 kV cm. As pressure
increases, the P–E loops undergo systematic changes, with a
rapid increase in Pr occurring ≈20 GPa. Surprisingly, upon de-
compression, the maximum Pr reached at 25.8 GPa is largely
retained at ambient pressure. The polarization in Figure 3d is
calculated from atomic positions using a point-charge model,
while Figure 5f shows experimentally measured Pr. The inflec-
tion at ≈12 GPa appears only in the calculated data, likely due
to a subtle structural distortion that does not significantly affect
the experimental polarization. Factors such as magnetoelectric
coupling may also contribute to this discrepancy. Nonetheless,
both results consistently show a clear increase in polarization
above 20 GPa, confirming the dominant role of structural dis-
tortion. To investigate the reason why the Pr remains at a level
comparable to the high polarization under high pressure (above
25 GPa) after decompression to ambient pressure (Figure 5d),
The P-XRD patterns of BaFe4O7 after pressurizing up to 25.6 GPa

and then releasing it to ambient pressure are measured (Figure
S9, Supporting Information). At the highest pressure 25.6 GPa,
during the compression, the ordered structure is still preserved,
although some structural disorder occurs. We previously con-
firmed that the ordered component consists of Fe atoms at octa-
hedral sites, while the Fe atoms at tetrahedral sites become disor-
dered under high pressure. During the decompression process,
the ordered octahedral iron atoms maintain their high-pressure
ordered state, while the tetrahedral iron atoms become more dis-
ordered. Since the polarization of BaFe4O7 ismainly driven by the
distortion of the FeO6 octahedra, the sample retains a relatively
high ferroelectric polarization even after pressure is released.
Figure 5e shows the photocurrent results under a zero-bias

voltage. The photocurrent is ≈80 pA at 3.3 GPa. Remarkably,
above 20.8GPa, the photocurrent hasmuch enhanced by 2.5-fold,
reaching ≈200 pA (Js ≈ 8 μA cm−2). The photocurrent decreases
significantly with pressure beyond 24.2 GPa and disappears com-
pletely at 28.8 GPa. The photocurrent suppression is primar-
ily attributed to increased structural disorder, particularly in the
FeO4 tetrahedral units, as revealed by pressure-dependent EX-

Adv. Sci. 2025, 12, e11022 e11022 (8 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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AFS data. Above 28.8GPa, this disorder becomes critical, strongly
scattering carriers and disrupting long-range charge transport,
leading to reduced photocurrent. This is further supported by
the resistivity increase beyond 28.8 GPa and the lack of signifi-
cant bandgap trend changes in optical absorptionmeasurements.
Thus, the degradation in photovoltaic performance at high pres-
sures is mainly due to disorder-induced hindrance of carrier
transport rather than bandgap variation. This abnormal enhance-
ment raises questions about how it relates to changes in the fer-
roelectric properties under pressure, we plot the pressure depen-
dence of both Pr and photocurrent (Ipc) in Figure 5f, where the
consistent trends between Pr and Ipc are clearly visible. Below
≈20 GPa, both Pr and Ipc remain almost constant at low levels.
Above≈20 GPa, Pr exhibits a rapid threefold increase at 25.8 GPa
and maintains this high level throughout the pressure release
process to ambient conditions. This enhanced polarization ef-
fectively separates electron–hole pairs and induces an enhanced
photovoltaic effect.[52] This is directly evidenced by the ferroelec-
tric photocurrent boosted to 200 pA at 24.2 GPa, a 2.5-folds gain
from 80 pA at 19.4 GPa. To evaluate the practical photovoltaic per-
formance of BaFe4O7 under high pressure, the incident photon-
to-current efficiency (IPCE) is calculated as shown in Figure S10
(Supporting Information). Although the absolute IPCE values
remain modest (0.04–0.11%) due to the inherently low conduc-
tivity of bulk ferroelectric materials—a significant enhancement
is observed with increasing pressure. Notably, when the applied
pressure exceeds 20 GPa, the IPCE increases by ≈2.5-fold com-
pared to the value at ambient conditions. The simultaneous en-
hancement of remanent polarization and carrier transport under
high pressure jointly boosts the FPV performance of BaFe4O7.
Specifically, pressure triggers Fe charge transfer and Jahn–Teller
distortion of FeO6 octahedra, enhancing resistivity (The resistiv-
ity drops by five orders of magnitude at high pressure) and fer-
roelectric polarization, respectively. These two effects work to-
gether: increased polarization enhances carrier separation, and
improved conductivity facilitates their transport, leading to a 2.5-
fold increase in photocurrent. Although polarization and con-
ductivity are usually in competition due to structural and elec-
tronic constraints, our results demonstrate that pressure-induced
charge transfer above ≈20 GPa effectively overcomes this trade-
off. In 2017, we also studied the simultaneous enhancement of
both photovoltaic and ferroelectric properties in KBiFe2O5 un-
der pressure-driven phase transitions.[53] Yao et al.[19] utilized a
piston-cylinder pressure cell to explore the pressure enhance-
ment of ferroelectric properties of CuInP2S6. These studies un-
derscore the significant potential of using pressure to tune the
ferroelectric and photovoltaic properties of materials, highlight-
ing the need for a deeper understanding of the underlying opti-
mization mechanisms.
Themagnetic behavior of themultiferroic BaFe4O7 under high

pressure is essential for a comprehensive understanding of its
multifunctional properties. At ambient pressure, the previously
reported polymorph of BaFe4O7 was described as an antiferro-
magnet with a TN 945 K.[54] To investigate the magnetic behav-
ior of BaFe4O7 under pressure, Fe K-edge X-ray magnetic circu-
lar dichroism (XMCD) spectra were measured at various pres-
sures up to 25.6 GPa (shown in Figure S11, Supporting Infor-
mation). From 0.2 to 19.4 GPa, the XMCD signal is strong, re-
flecting a well-defined magnetic moment on Fe. As pressure

increases further, the XMCD intensity becomes nearly unde-
tectable at 25.6 GPa, indicating a significant suppression or com-
plete loss of magnetic ordering. The observed disappearance of
the XMCD signal in the 20–25 GPa region suggests a pressure-
induced collapse of long-range magnetic ordering, likely associ-
ated with structural distortions and charge transfer-induced spin
crossover. This implies that a pronounced magnetoelectric inter-
action may emerge in the critical pressure range, motivating fur-
ther experimental and theoretical studies.

2.5. Stable Order–Disorder Structure upon Pressure Release

The broadening of the diffraction peaks in the powder XRD
patterns after pressure release, coupled with XAS data indicat-
ing that the disordering of tetrahedral Fe sites remains irre-
versible, reveals a previously unreported order–disorder struc-
ture in BaFe4O7 following decompression. In this state, Ba and Fe
atoms at octahedral sites maintain their ordered configuration,
while tetrahedral Fe sites remain disordered, suggesting that a
portion of the high-pressure-induced structure is retained. This
observation underscores a unique structural response to pressure
cycling and points to the stability of the order–disorder state un-
der ambient conditions.
To further investigate the nature and stability of the order–

disorder structure formed upon decompression, we performed
microstructural analysis using HAADF-STEM. The sample,
compressed to 40 GPa using neon as the pressure-transmitting
medium (PTM), was subsequently decompressed. Three days af-
ter pressure release, HAADF-STEM imaging was conducted on
the recovered sample in the (1 −1 0) crystallographic plane out-
side the DAC (Figure 6a). The HAADF-STEM image, along with
intensity line profiles taken from the (1 1 0) plane along [0 0 1] vec-
tor with Ba/Fe atom columns (Figure 6b), while Ba and Fe atoms
at octahedral sites return to an ordered arrangement, the tetra-
hedral Fe atoms deviate from their original positions and do not
revert to the initial structure. These observations provide com-
pelling evidence that the pressure-induced structural change is
irreversible, and that the order–disorder configuration persists
under ambient conditions.
In addition to the HAADF-STEM analysis, in situ Raman

spectroscopy was performed during both compression and de-
compression using neon as the PTM. Raman spectroscopy,
highly sensitive to local atomic order, showed that all ambient-
pressure vibrational modes disappeared abruptly between 27.5
and 28.1 GPa, indicating a collapse of long-range crystallographic
order at high pressure (Figure 6c). Notably, this pressure range
corresponds to the onset of partial disordering observed in our
XRD experiments with mineral oil as the PTM, confirming the
reliability of mineral oil in tracking structural transitions. Upon
decompression, several Raman modes partially reappeared but
did not fully recover, further supporting the irreversible nature of
the pressure-induced structural transition and the stability of the
recovered order–disorder structure at ambient conditions. The
Raman spectra after releasing from 36–40 GPa showed no sig-
nificant changes over nine days/2 years and remained consistent
with those obtained immediately after pressure release, indicat-
ing the long-time stability of the released structure at ambient
conditions (shown in Figure S12, Supporting Information).

Adv. Sci. 2025, 12, e11022 e11022 (9 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. a) The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of a pressure-quenched sample from
40 GPa, with neon as PTM, taken three days after pressure release, in the (1 −1 0) crystallographic plane. The structure model is the ordered structure
based on the ambient configuration. b) Intensity-scan profiles taken from the (1 1 0) plane along [0 0 1] vector across Ba/Fe atomic columns in the
pressure-quenched sample. c) Raman spectra of BaFe4O7 at selected pressures at room temperature with neon as PTM. d) Fe K-edge X-ray absorption
spectra (XASs) of the pristine sample at ambient conditions and the pressure-quenched sample from 40 GPa with different on-shelf times. The XAS of
the pressure-quenched sample is measured 3 days, 13 days, and 1 year after pressure release. The inset shows the first derivative of the XAS spectra.

The Fe K-edge XAS was collected on 3 days, 13 days, and 1 year
after pressure quenching at 40 GPa and compared to that of the
pristine sample (Figure 6d). The quenched sample exhibits a no-
tably smoother XAS profile and first-derivative curve, with a sig-
nificant reduction in fine structure features. These observations
suggest a substantial reduction in local structural order around
Fe atoms following high-pressure quenching and subsequent de-
compression to ambient conditions. Importantly, this pressure-
induced order–disorder transition remains long-time stable un-
der ambient conditions, indicating that the structural transfor-
mation is thermodynamically favored.

3. Conclusion

In this work, we present a comprehensive study of the pressure-
driven behavior of BaFe4O7 revealing a unique interaction be-
tween electronic structure, local coordination environment, and
ferroelectric–photovoltaic properties. Using high-resolution Fe
K-edge XANES and EXAFS analyses, we observe a pressure-
induced charge transfer beginning ≈20 GPa, which leads to
mixed Fe valence states and disordering of tetrahedral FeO4
units. These changes are accompanied by a spontaneous Jahn–
Teller distortion of the FeO6 octahedra between 20 and 25 GPa,
resulting in a pronounced enhancement of ferroelectric polar-
ization. High-pressure bandgap engineering reduces the optical
bandgap from 2.12 to 0.53 eV, with a partially recovered value
of 1.42 eV upon decompression — approaching the Shockley–
Queisser limit and significantly outperforming other known fer-
roelectric oxides. This modulation of the electronic structure,
combining with a five-order magnitude decrease in resistivity,
results in substantial improvements in semiconductor behavior
and photovoltaic performance. Upon pressure release, BaFe4O7
retains its optimized bandgap and maximum polarization Pr,

preserving its peak performance, in its ambient state. Notably,
the material undergoes a pressure-induced irreversible order–
disorder transition during decompression, when Fe atoms at
tetrahedral sites remain disordered, while Fe atoms at octahedral
sites retain their long-range ordered structure. This metastable
mixed state persists at ambient conditions. The simultaneous en-
hancement of light absorption and ferroelectric performance un-
der pressure leads to a 2.5-fold increase in ferroelectric photocur-
rent. Compared to thin film FPV materials, the bulk FPV boasts
superior mechanical strength, unparalleled chemical stability,
reduced production costs, and the ability to bypass substrate
growth, positioning them as a powerhouse with immense poten-
tial for groundbreaking advancements. In conclusion, we com-
pared the bandgap and polarization constants of these bulk FPVs
that have been studied with this work, as shown in Figure 7 and
Table S2 (Supporting Information). It can be observed that most
of the FPVs even those recognized as having application poten-
tial, suffer from the issue of incompatible narrow bandgaps and
high ferroelectricity. In the four quarters of bandgap-Polarization
Pr space, the BaFe4O7 system occupies the unique location with
the optimized bandgap for solar absorption and enhanced fer-
roelectric performance, which provides an effective route for
achieving better ferroelectric photovoltaic performance. While
this work focuses on hydrostatic pressure as a tuning parame-
ter, similar modulation of electronic structure and ferroelectric
properties can also be realized through other external stimuli,
including epitaxial strain, chemical substitution (chemical pres-
sure), and uniaxial stress. For example, epitaxial strain has been
shown to significantly increase the ferroelectric transition tem-
perature and enhance dielectric properties in SrTiO3.

[55] Simi-
larly, the combination of chemical doping and epitaxial stress im-
proves ferroelectric performance in La-doped HfO2 films.[56] Ad-
ditionally, uniaxial pressure can control domain structures and
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Figure 7. Summary of experimentally reported bandgaps and remanent polarization of FPV. Among the four quarters in bandgap-Pr space, our work
on BaFe4O7 demonstrates a unique location with the optimal bandgap for solar light absorption and a large ferroelectric Pr-value, which gives great
potential for practical applications. References are summarized in Table S2 (Supporting Information).

tune dielectric and piezoelectric responses in ErMnO3.
[57] Chem-

ical pressure effects have also been demonstrated in TbMnO3,
where magnetic field-assisted chemical substitution enhances
ferroelectric polarization under ambient pressure.[58] These find-
ings indicate that pressure-like effects can be achieved via multi-
ple alternative routes, broadening the applicability of the current
results.

4. Experimental Section
Sample Preparation and Characterizations: BaFe4O7 single crystals

were synthesized using a straightforward hydrothermal method, as re-
ported previously.[29] To begin, 10 mL of Ba(NO3)2 (0.2 mol L−1) and
40 mL of Fe(NO3)3 (0.2 mol L−1) were mixed in a beaker, followed by con-
tinuous stirring with a magnetic stirrer. Next, 60 g of KOH was added to
the beaker without interrupting the stirring process. After cooling the re-
action mixture to room temperature in air, it was transferred to a 100 mL
Teflon-lined stainless-steel autoclave, filling it to 80% of its capacity. The
autoclave was then heat-treated at 240 °C for 72 h. After cooling to room
temperature, the samples were collected, washed with deionized water,
and desiccated at 75 °C in air. Hexagonal single crystals, ranging in size
from 20 to 100 μm and exhibiting a reddish-brown color were obtained, as
shown in Figure S13 (Supporting Information). Figure S14 (Supporting In-
formation) displays the X-ray diffraction (XRD) pattern of the synthesized

BaFe4O7 sample at ambient pressure, which is in excellent agreement with
the pattern reported in ref. [29]. At ambient pressure, the XRD of the pre-
pared BaFe4O7 powder sample was measured using aMalvern Panalytical
X-ray diffractometer with Cu K𝛼 radiation (wavelength 1.5406 Å), operated
at 40 kV and 40 mA.

In Situ High-Pressure Characterizations—Pressure-transmitting Medium
(PTM) Selection: In this study, ferroelectric polarization measurements
were carried out under high pressure, requiring the application of elec-
tric fields up to 500 kV cm−1 between the sample electrodes. To ensure
safe and stable operation under such high electric fields, the pressure-
transmittingmedium (PTM)must not only provide good hydrostatic prop-
erties but also excellent insulation. Mineral oil was chosen due to its fa-
vorable balance of properties: it offers better hydrostatic conditions than
silicone oil and exhibits comparable dielectric strength. While gas-based
PTMs provide superior hydrostaticity, their dielectric strength is approxi-
mately an order of magnitude lower than that of mineral oil, making them
unsuitable for high-field ferroelectric measurements as shown in Table S3
(Supporting Information). This choice ensured reliable pressure transmis-
sion while maintaining electrical insulation integrity throughout the exper-
iments.

To maintain consistency across all high pressure characterization
experiments, mineral oil was used as the PTM in all ferroelectric
(Figure 5d,f), photocurrent (Figure 5e,f), resistance (Figure 4b,c), UV–
vis–NIR absorption spectra (Figure 4a,c) and X-ray diffraction measure-
ments (Figure 3a,b,d). To demonstrate that mineral oil did not affect the
structural changes during pressurization and depressurization, powder

Adv. Sci. 2025, 12, e11022 e11022 (11 of 15) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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XRD (Figure S2, Supporting Information) and single-crystal Raman spec-
troscopy (Figure 6c) were conducted using neon as the PTM for compari-
son.

In the high-pressure experiments, the pressure within the sample
chamber was transmitted from both the center of the diamond culet and
the edge of the gasket. A smaller sample chamber led to a more uniform
pressure gradient distribution. For these measurements, diamond anvils
were consistently used with a 300 μm culet diameter and employed min-
eral oil as the PTM. The sample chamber, with a diameter of 100 μm, was
laser-drilled into a gasket that was pre-indented to a thickness of ≈35 μm.

To demonstrate that the pressure gradient within the carefully designed
sample chamber did not affect the experimental conclusions in the pres-
sure range (<30 GPa), a pressure standard deviation test was conducted
using a 100 μm-diameter sample chamber in a pre-indented gasket (35 μm
thickness) and pressurized up to 30 GPa. In this test, two tiny ruby spheres
were placed—one at the center of the sample chamber and the other 40 μm
away from the center. The pressure standard deviation (SD) between the
two points was calculated to evaluate the pressure uniformity.[59] The stan-
dard deviation formula is given by:

SD =

√√√√ 1
N

N∑
i=1

(
Pi − P̄

)2
(3)

where P̄ is the average pressure P̄ = 1
N

∑N
i =1 Pi. The results are shown

in Figure S15 (Supporting Information). At 30 GPa, the SD of the pres-
sure distribution within the sample chamber is only ≈0.8 GPa, and the
maximum pressure difference is ≈1.5 GPa, which was well within the ac-
ceptable range and did not affect the experimental results.

High-Pressure X-Ray Absorption Spectroscopy (XAS): The Fe K-edge XAS
(Energy = 7112 eV) was performed at the ODE beamline at synchrotron
SOLEIL. The ODE beamline was dedicated to energy-dispersive high-
pressure extended X-ray absorption fine structure (XAFS) experiments,
covering an energy range between 3.5 to 25 keV. The XAFS data were col-
lected with a typical energy step of 0.22 eV per pixel, following calibration
of a standard EXAFS spectrum of Fe foil. The beam spot size at ODE was
≈25 μm × 35 μm in FWHM with a tail extending to 70 μm (at 7 keV).

Fine powders of BaFe4O7 were freshly ground from single crystals and
compressed into a pre-indented Re sample chamber without PTM. Nano-
polycrystalline diamond anvils (NPDs) with a culet diameter of 300 μm
and a height of 1.2 mm were used for the high-pressure experiments at
the ODE beamline. The sample chamber has a diameter of ≈70 μm.

An iron foil standard was measured for energy calibration. In situ pres-
sure was controlled using a gas membrane and the PACE5000 (GE) pres-
sure controller. The pressure was calibrated via ruby luminescence.[60]

High-Pressure Synchrotron X-Ray Diffraction (XRD): In Figure 3a, in situ
high-pressure angle-dispersive powder XRD experiments were performed
at the 13-BM-C station of the Advanced Photon Source (APS), Argonne
National Laboratory (ANL) with a wavelength 0.434 Å. The beam size was
15 μm × 15 μm. Fine powders, freshly ground from single crystals, were
used for the measurement. Pressure was applied using a pair of diamond
anvils with a 300 μmculet size. A Re gasket was pre-indented to a thickness
of ≈40 μm, and a sample chamber with a diameter of 100 μm was drilled
at the center of the indentation using a laser. A powder sample, ≈30 μm
a diameter was loaded into the chamber. A small ruby sphere was placed
adjacent to the sample for pressure calibration,[60] and mineral oil was
used as the PTM.

In Figure 3b, in situ high-pressure single crystal XRD experiments were
carried out at the 13-BM-C station of the Advanced Photon Source (APS),
Argonne National Laboratory (ANL) with a wavelength 0.434 Å. The beam
size is 15 μm× 15 μm. Pressure was applied using a pair of diamond anvils
with a 300 μm culet size. A Re gasket was pre-indented to a thickness
of ≈40 μm. A sample chamber with a diameter of 100 μm was drilled at
the center of the indentation using a laser. A single crystal sample with a
diameter of≈20 μmwas loaded into the chamber. A small ruby sphere was
placed adjacent to the sample for pressure calibration,[59] and mineral oil
was used as the PTM.

In Figure S2 (Supporting Information), the in situ high-pressure angle-
dispersive powder XRD experiments were carried out at the P02.2 beam-
line of Deutsches Elektronen-Synchrotron (DESY) with a wavelength
0.2904 Å. The beam size is 2 μm × 2 μm. Pressure was applied using a pair
of diamond anvils with a 150 μm culet size. A Re gasket was pre-indented
to a thickness of ≈30 μm. A sample chamber with a diameter of 60 μm
was drilled at the center of the indentation using a laser. A powder sample
with a diameter of ≈30 μmwas loaded into the chamber. A small Au sheet
was placed adjacent to the sample for pressure calibration, and neon was
used as the PTM.

In Figure S9 (Supporting Information), the in situ high-pressure angle-
dispersive powder XRD experiments were carried out at the BL17UM sta-
tion of the Shanghai Synchrotron Radiation Facility (SSRF) with a wave-
length of 0.4838 Å. The beam size is 10 μm × 6 μm. Pressure was applied
using a pair of diamond anvils with a 300 μm culet size. A Re gasket was
pre-indented to a thickness of ≈40 μm. A sample chamber with a diam-
eter of 100 μm was drilled at the center of the indentation using a laser.
A powder sample with a diameter of ≈30 μm was loaded into the cham-
ber. A small ruby sphere was placed adjacent to the sample for pressure
calibration,[60] and mineral oil was used as the PTM.

Rietveld refinements were conducted with the general structure analy-
sis system and graphical user interface EXPGUI package.[61] The ambient
pressure crystalline structural parameters were derived from the research
of Zhang et al.[29]

High-Pressure UV–Vis–NIR Absorption Spectroscopy: UV–vis–NIR ab-
sorption spectra were collected using a custom-built microprobe spec-
troscopy system (Gora-UVN-FL, manufactured by Ideaoptics, Shanghai,
China) which was equipped with a xenon light source with a wavelength
range of 200 to 1700 nm. Pressure was applied using a diamond anvil cell
with a 300 μm culet diamond. A Re gasket was pre-indented to a thickness
of ≈35 μm, and a sample chamber with a diameter of 100 μm was drilled
at the center of the indentation using a laser. A single crystal sample with a
diameter of≈60 μmwas loaded into the chamber. A small ruby sphere was
placed adjacent to the sample for pressure calibration,[60] and mineral oil
was used as the PTM.

High-Pressure Resistance Measurements: In Figure 4b, the resistance
measurements of the BaFe4O7 single crystal were performed in DAC with
culets of 300 μm. An 80 μm diameter BaFe4O7 single crystal was loaded
into the sample chamber ≈100 μm in the stainless steel gasket insulated
with cubic boron nitride (cBN), and contacted two gold wire electrodes
on each top and bottom side of sample along the c-axis. The mineral oil
was used as a PTM. The impedancemeter (Model CS353, Wuhan CorrTest
Instr. Corp., Ltd.; or Model Zahner, Zahner) was used to conduct the EIS
measurements in a frequency range from 0.01 Hz to 1 MHz (signal ampli-
tude 20 mV). The EIS data were fitted using an equivalent circuit with the
help of the Zview software.[62,63]

In Figure 4c, the low-temperature resistance measurements of the
BaFe4O7 single crystal were performed in DACwith culets of 150 μm. Load
a 40 μmdiameter BaFe4O7 single crystal into the sample chamber≈60 μm
in the Re gasket insulated with cubic boron nitride (cBN) and contact two
gold wire electrodes on each top and bottom side of the sample along the
c-axis. The mineral oil was used as a PTM. The resistances between the
two electrodes were determined using a Keithley 2182A nanovoltmeter;
a Keithley 6221 DC/AC source was used to provide the direct current for
the resistance measurements. The sample was initially cooled using liq-
uid nitrogen. Once the temperature reached ≈90 K, resistance measure-
ments were conducted during the subsequent warming process back to
room temperature. Pressure calibration was performed using the Raman
second-order peak located ≈1334 cm−1 under ambient pressure with a
diamond.

High-Pressure Ferroelectric Measurements: The P–E hysteresis loop of
BaFe4O7 single crystal was measured by a home-made system based on
the Sawyer–Tower circuit[63] with varying the amplitude of the applied volt-
age at 1 kHz. The circuit diagram for measuring the P–E hysteresis loop is
shown in Figure S16 (Supporting Information). Pressure was applied us-
ing a diamond anvil with a 300 μm culet. A Re gasket, electrically insulated
with cBN, was pre-indented to a thickness of 35 μm. A sample chamber
with a diameter of 100 μmwas drilled at the center of the indentation using
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a laser. A single-crystal sample with a diameter of 80 μm was loaded into
the chamber, with two gold wire electrodes with a width of 60 μm attached
to its top and bottom surfaces using silver paste. A small ruby sphere was
placed adjacent to the sample for pressure calibration,[60] and mineral oil
was used as the PTM.

High-Pressure Photocurrent: Pressure was applied using a diamond
anvil with a 300 μm culet. A Re gasket, electrically insulated with cBN),
was pre-indented to a thickness of 35 μm. A sample chamber with a diam-
eter of 100 μm was drilled at the center of the indentation using a laser. A
single-crystal sample with a diameter of 80 μm was loaded into the cham-
ber, with two gold wire electrodes attached to its top and bottom surfaces
using silver paste. A small ruby sphere was placed adjacent to the sam-
ple for pressure calibration,[59] and mineral oil was used as the PTM. The
light source used for the measurement was a 10 W LED lamp with a wave-
length range of 400 to 410 nm. A high resistance meter (Keithley 6517B, A
Tektronix Co., Ltd.) was used to monitor the photocurrent under zero-bias
voltage. The sample was repeatedly illuminated by 30 s pulsed light every
40 s.

The P–E hysteresis loop and ferroelectric photocurrent data were col-
lected in two separate high-pressure experiments. Due to setup limita-
tions, they could not be measured simultaneously, which led to slight dif-
ferences in the selected pressure points. However, both experiments fol-
lowed consistent procedures, and the trends were comparable.

High-Pressure Raman Spectroscopy: High-pressure Raman spec-
troscopy under high pressure was measured by a Raman spectrometer
belonging to HPSTAR using a 532 nm excitation laser. The laser size
is 2 μm × 2 μm. Pressure was applied using a diamond anvil with a
300 μm culet. A Re gasket was pre-indented to a thickness of ≈40 μm. A
sample chamber with a diameter of 100 μm was drilled at the center of
the indentation using a laser. A single crystal sample with a diameter of
≈30 μm was loaded into the chamber. A small Ruby was placed adjacent
to the sample for pressure calibration, and neon was used as the PTM.

IPCEMeasurement and Calculation: The incident photon-to-current ef-
ficiency (IPCE) was evaluated undermonochromatic illumination at a fixed
wavelength of 405 nm with an incident power density of 56 mW cm−2.

The IPCE was calculated using the following formula:

IPCE =
1240 × Jph
𝜆 × Pin

× 100% (4)

where Jph is themeasured photocurrent density (in mA cm−2), 𝜆= 405 nm
is the wavelength of the incident light, and Pin = 56 mW cm−2 is the inci-
dent power density. This approach allowed direct comparison of photore-
sponse performance under varying pressure conditions.

Characterization under Ambient Condition—High-Angle Annual Dark-
Field Scanning Transmission Electron Microscopy (HAADF-STEM):
HAADF-STEM of the ambient sample and pressure quenched sam-
ple were performed using a 200 kV JEM-ARM200F (JEOL NEOARM)
equipped with a spherical-aberration corrector (CEOS Gmbh). The con-
vergence angle was chosen of 30 mrad. The annular-dark field detector
inner and outer angles were 68 and 280 mrad, respectively.

First-Principles Calculation: The DFT calculations were performed us-
ing the Vienna ab initio simulation package) with generalized gradient
approximation (GGA) of the Perdew–Burke–Ernzerhof (PBE) exchange-
correlation functional and projector augmented wave potentials.[64–69] To
account for the possible effect of strongly correlated electrons, GGA + U
calculations[70,71] were performed for band structure and density of states
using the Coulomb interaction parameter (4 eV for Fe elements). The cut-
off energy was set to 600 eV and a 0.03 Å−1 Monkhorst–Pack k-points grid
was used for structural relaxations, in which the criterion for energy con-
vergence was 10−7 eV.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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[63] M.Moździerz, J. Dąbrowa, A. Stępień, M. Zajusz,M. Stygar, W. Zając,
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