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Abstract
The design of perovskite structures with multiferroic magnetoelectric coupling effects opens up new opportunities in
fields such as the creation of next-generation spin-dependent multistate information storage technologies. In this
work, we prepared a transition metal-implanted perovskite with multiferroic magnetoelectric coupling, in which both
magnetoelectric coupling and a blueshift of photoluminescence were observed. The introduction of transition metal-
generated polarized spin interacts with the electronic orbit through spin–orbital coupling to lead to a pronounced
octahedron distortion, where the temperature dependence of the dielectric constant undergoes a ferroelectric
polarization transition. An external magnetic field could enhance the strength of spin polarization to further affect the
magnitude of electric polarization. Moreover, applying an electric field tunes the distortion of the octahedron
dependence of electric polarization to feed back to the change in spin polarization. Overall, the spin polarization-
induced electric polarization in perovskites provides a unique approach to realizing the room-temperature
magnetoelectric coupling of multiferroic materials.

Introduction
The presence of several ferroic parameters in multi-

ferroic materials1–3 leads to a series of novel physical
phenomena and new physical mechanisms4,5. The inter-
action between magnetism and electricity attracted
widespread attention after Oersted accidentally dis-
covered that the electric current produces a force acting
on a magnetic needle6. The magnetoelectric coupling
effect refers to the ability of an applied magnetic field to
control the electrical polarization of materials or of an
applied electric field to control the magnetization of
materials2,7–9, which effectively promotes the develop-
ment of spintronics10–12, multistate information storage
devices13,14, sensing15,16, and other fields17.

The discovery of multiferroic BiFeO3 has led to exten-
sive research on the design of multiferroics and magne-
toelectric couplings18,19. Recently, some inorganic
perovskite oxide materials and organic‒inorganic hybrid
molecular materials have exhibited magnetoelectric cou-
pling effects18,20–27. Moreover, many multiferroic struc-
tures have been designed to improve performance in the
coefficient of magnetoelectric coupling. Ferroelectric/
magnetic double perovskite heterojunctions, such as
BiFeO3/PbTiO3

28,29, BiFeO3–BiMnO3
30, and Bi2FeCrO6/

SrTiO3
31, have been designed, where room-temperature

magnetoelectric coupling is obtained by means of field-
driven phase changes and lattice softening32,33. By doping
Ni into ferroelectric PbZrO3, both large electric polar-
ization and ferromagnetism are generated, leading to
strong magnetoelectric coupling with a coefficient of
11.7 mV/(cm Oe)34, where the local sublattice interactions
among the spin moments and the ferroelectric dipole play
a key role in the origin of magnetoelectric coupling.
Moreover, in addition to the excellent optoelectronic
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performance of organic–inorganic hybrid per-
ovskites35–40, the ferroelectric41–43 and spin dependence
of their properties have attracted interest37,44–46. The
ferroelectric polarization of organic–inorganic hybrid
perovskites contains two parts: the organic dipole
moment and the distortion of the octahedron dependence
on the dipole moment. Thus, it is expected that if ferro-
magnetism is involved in organic–inorganic hybrid per-
ovskites, both ferromagnetic and ferroelectric phase-
generated spin–dipole interactions will improve the per-
formance of magnetoelectric coupling.
Recently, organic–inorganic hybrid perovskites have

been successfully used in the area of photovoltaics due to
their fast dissociation and broad absorption47. In addition
to photovoltaics, perovskites present enormous potential
in photodetecting40 and light-emitting diodes48. More-
over, detecting hard X-rays and γ-rays with high energy
resolution is critical for medical and industrial applica-
tions and homeland security. Organic–inorganic hybrid
perovskites have attracted enormous interest for X-ray
and γ-ray detection49,50. Their valuable role in developing
ferroelectricity is still waiting for further exploration51. In
addition, they contain a chiral cation and exhibit the
highest circular dichroism and circularly polarized lumi-
nescence intensities52. Furthermore, the low leakage
current, high mobility, and environmental stability of
perovskites have driven the development of next-
generation radiation detection and imaging applications53.
Herein, we propose a method of transition metal

implantation into organic–inorganic hybrid perovskites,
which has achieved a pronounced multiferroic magneto-
electric coupling effect at room temperature. The intro-
duction of transition metal-generated spontaneous spin
polarization will interact with the electronic orbit through
spin–orbital coupling to lead to octahedron distortion,
and the temperature dependence of the dielectric con-
stant is studied to confirm the ferroelectricity. Because a
magnetic field can decrease the dielectric constant, the
recombination rate of electrons and holes increases,
resulting in a positive response of photoluminescence to
the magnetic field. Furthermore, an external magnetic
field could enhance the strength of spin polarization to
affect the magnitude of electric polarization, where pro-
nounced magnetoelectric coupling is generated. More-
over, applying an electric field also tunes the distortion of
the octahedron dependence of electric polarization to feed
back to the change in spin polarization.

Results and discussion
CH3NH3PbBr3 is an organic‒inorganic halide per-

ovskite which can be implanted with the transition metal
Fe2+. Details of the crystal fabrication and transition
metal implantation are presented in the experimental
section. Compared with Co and Ni, Fe has a larger

saturation magnetization to enhance the overall strength
of spin polarization. Moreover, because the coercivity of
Fe is smaller, magnetization can be easily changed by
changing the direction of the magnetic field. The archi-
tecture of Fe2+ ion-implanted CH3NH3PbBr3 is presented
in Fig. 1a. The elemental analysis of Fe2+ ion-implanted
CH3NH3PbBr3 was studied through high-resolution
transmission electron microscopy (HRTEM) and the
elemental mappings in Fig. 1b, Supplementary Figs. S1
and S2 show the distributions of Fe, Pb, and Br. As the Fe
ion implantation amount increases, the color becomes
darker (Supplementary Fig. S3), indicating that implan-
tation affects the electronic structure of perovskites.
Moreover, it should be noted that Fe ion implantation will
induce larger lattice parameters and unit cell volumes
(Fig. 1c and Supplementary Fig. S4). Based on the
HRTEM, the distance between neighboring Pb is 6.0 Å for
the perovskite without transition metal implantation.
Once implantation is finished, the dishcloth increases to
6.3 Å. However, although the site of implanted Fe ions
inside perovskites is very difficult to obtain experimen-
tally, theoretical simulation can effectively provide
detailed information. The changes in the lattice para-
meters of Fe ions replacing Pb atoms and interstitial
implantation in CH3NH3PbBr3 were simulated using DFT
calculations. The former makes the CH3NH3PbBr3 lattice
smaller, while the latter makes the lattice larger (Fig. 1c,
Supplementary Tables S1–S3). Therefore, the interstitial
implantation of Fe ions in perovskites should be the
dominant process.
Before Fe ion implantation, CH3NH3PbBr3 does not

show spontaneous spin polarization (Supplementary Figs.
S5 and S7a). Following the implantation of Fe ions with
different ratios, weak ferromagnetism is obtained (Fig. 1d).
Moreover, the ferromagnetic properties of CH3NH3PbBr3
with the same number of Fe ions implanted at different
temperatures also show a significant difference (inset of
Fig. 1d and Supplementary Fig. S6). Importantly, the
magnetization of the implanted perovskite can be regu-
lated by an external electric field, showing the magneto-
electric coupling effect at room temperature (Fig. 1e). As
described below, the origin of the magnetoelectric cou-
pling in Fe ion-implanted CH3NH3PbBr3 and the
mechanism behind the phenomena were studied.
The density of states (DOS) was calculated for the

interstitial implantation of Fe ions in perovskites, where
asymmetric spin-up and spin-down DOS lead to spin
polarization (Fig. 2a, b). Moreover, although the inter-
stitial positions of Fe ions in CH3NH3PbBr3 may be dif-
ferent, the spin-up and spin-down DOSs are always split
to generate spontaneous spin polarization (Fig. 2a, b and
Supplementary Fig. S7b). CH3NH3PbBr3 without Fe ion
implantation possesses a symmetric DOS with a large
band gap (Supplementary Fig. S7a). In addition to the
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generation of ferromagnetism by implanting Fe ions into
perovskites, the distortion of the octahedron and the
organic group dependence of the electric dipole moment
can also be affected remarkably by spin–orbital coupling
(SOC). The implantation of Fe ions generates a polarized
spin that will interact with the electronic orbit through
SOC to lead to octahedron distortion. The dipole
moments of the distorted octahedron were 2.4 D and 1.3
D when the implanted Fe ions were close to Pb and the
organic moiety, respectively, as shown in Fig. 2c–e and
Supplementary Fig. S8. Before Fe ion implantation, the
dipole moment of the perovskite octahedron is zero54.
However, the dipole moment of the organic part decrea-
ses by 0.5 D or 0.3 D with the implantation of Fe ions
close to Pb or the organic moiety, respectively. The
schematic view of the charge density distribution and
charge density differences of organic groups also confirms
the effect of Fe ion implantation on the charge distribu-
tion of organic groups (Fig. 2f–h; Supplementary Fig. S9).
However, it should be noted that Fe ions increase the
dipole moment of the octahedron significantly, while the
effect on the organic group is much weaker. Thus, based
on positive up negative down (PUND) studies, overall
electric polarization is enhanced with Fe ion implantation
in perovskite, where octahedron distortion could generate
spontaneous electric polarization (the inset of Fig. 3a and
Supplementary Fig. S10).
The change in electric dipole produced by the implan-

tation of Fe ions will affect the dielectric constant.

As shown in Fig. 3b, with increasing Fe ion implantation,
the dielectric constant decreases. Fe ion implantation-
induced spin polarization will strongly interact with the
octahedron distortion-dependent dipole via SOC, where
the dipole bound by spin cannot present a quick response
with alternating electric fields. As a result, the dielectric
effect becomes weak in Fe ion-implanted perovskites
(Fig. 3b). By further increasing the ratio of implanted Fe
ions (Fig. 3b) or applying a magnetic field (Fig. 3c) to
enhance the increase in spin polarization, the dipole will
be further bound. The dielectric effect decreases to induce
a negative M-ε (Fig. 3c). In general, magnetization
decreases with increasing temperature55. As a result,
increasing the temperature decreased the spin polariza-
tion, leading to a decrease in the dielectric properties
(Supplementary Fig. S14). The inset of Fig. 3b shows the
C–f curves of CH3NH3PbBr3 with Fe ion implantation at
different temperatures, and the dielectric constant
decreases with decreasing temperature. By increasing the
ferromagnetism of the complexes (by increasing the Fe
ion ratio or decreasing the temperature), spin polarization
will be enhanced to increase the inflorescence on the orbit
dependence of dipolar polarization. Thus, as shown in
Fig. 3d, with decreasing temperature, a larger spin
polarization will strongly interact with dipolar polariza-
tion, which provides a channel for the magnetic field to
tune the dipolar polarization (Supplementary Fig. S17).
Magnetoelectric coupling can be clearly observed in
transition metal-implanted perovskites (Fig. 3a). Although

Fig. 1 Characterization of Fe2+ ion-implanted CH3NH3PbBr3. a Schematic diagram of Fe ion-implanted CH3NH3PbBr3. b High-resolution
transmission electron microscopy (HRTEM) of the Fe2+ ion-implanted CH3NH3PbBr3. c Changes in lattice parameters with and without Fe2+ ion
implantation. d M–H loops of CH3NH3PbBr3 for different Fe

2+ ion implantation amounts. The inset shows the M-H loop at different temperatures
with a Fe2+ ion implantation amount of 1´ 1013. e Electric field-dependent magnetization of CH3NH3PbBr3 with a Fe2+ ion implantation amount of
1´ 1014. ON (OFF) means that the external electric field is turned on (off).
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Fig. 3 Magnetic field-dependent dielectric constant. a Magnetic field dependence of saturation electric polarization. The applied electric field is
2 × 104 V/cm. The inset shows the PUND (positive up negative down) measurements of CH3NH3PbBr3 with and without Fe2+ ion implantation.
b Dielectric constant of CH3NH3PbBr3 for different Fe

2+ ion implantation amounts. The inset shows the dielectric constant at different temperatures
(Fe2+ ion implantation amount is 1 ´ 1014). c Magnetic field-dependent dielectric constant at different Fe2+ ion implantation amounts. d Magnetic
field dependence of the dielectric constant. The inset shows the temperature-dependent dielectric constant of Fe2+ ion-implanted CH3NH3PbBr3.

Fig. 2 Theoretical simulation. Simulation of Fe ion implantation in CH3NH3PbBr3. a Fe ions close to the Pb atom. b Fe2+ ions close to CH3NH3
+.

Effect of Fe2+ ion implantation on the PbBr6 octahedral structure, c no Fe2+ ion implantation, d Fe2+ ions close to the Pb atom, and e Fe2+ ions close
to CH3NH3

+. Planar distribution maps of the charge density of f no Fe2+ ion implantation, g Fe2+ ions close to the Pb atom, and h Fe2+ ions close to
CH3NH3

+.
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both electric field control of magnetization and magnetic
field control of polarization are realized, the magneto-
electric transition temperature ranges from 5 K to tens of
K23,24,56,57, which presents the development of magneto-
electric perovskites. The implantation of transition metals
into perovskites could increase the transition temperature
to room temperature. By analyzing the valence states of Fe
in perovskite via X-ray photoelectron spectroscopy (XPS),
Fe3+ and Fe2+ states coexist (Supplementary Fig. S18). For
the ferromagnetic phase transition, magnetization-
temperature (M-T) is studied. When the temperature is
increased from 10 K to 500 K, the phase transition still
cannot be observed. It is expected that although Fe2+ is
implanted, some of the ions may become Fe3+ and enable
ferromagnetic coupling, where the phase temperature is
very high (Supplementary Fig. S19). Moreover, with the
implantation of Fe ions, the ferroelectric polarization
transition temperature is 365 K (inset of Fig. 3d).
Based on the above analysis, the implantation of Fe ions

decreases the dielectric constant of CH3NH3PbBr3. A
small dielectric constant will increase the recombination
rate58 to decrease the fluorescence lifetime. As shown in
Fig. 4a and Supplementary Fig. S17, increasing the ratio of
implanted Fe ions markedly decreases the fluorescence
lifetime. Moreover, a smaller dielectric constant could
also enlarge the capture distance between the electron
and hole, indicating that electrons and holes with larger

distances can easily combine to decrease the fluorescence
lifetime. On the other hand, as the distance between the
electron and hole increases with the implantation of Fe
ions, the energy of emitted photons becomes larger, which
causes the PL to blueshift (Fig. 4b). In addition, because a
magnetic field can decrease the dielectric constant
(Fig. 3c), the recombination rate of electrons and holes
increases, resulting in a positive M-PL response (Fig. 4c, d;
Supplementary Fig. S21). Furthermore, when the tem-
perature increases, the interaction between the electron
and hole becomes weaker, making the band gap of
CH3NH3PbBr3 larger, which leads to a blueshift of PL
(Supplementary Figs. S23–26).
In contrast, applying an external electric field increases the

dipole moment of CH3NH3PbBr3, which in turn increases
the spin polarization through SOC. Therefore, the magne-
tization of CH3NH3PbBr3 increases when an external elec-
tric field is applied (Fig. 5b, c; Supplementary Figs. S24 and
25). For intrinsic CH3NH3PbBr3, because there is no Fe2+

implantation, the whole system has no spin polarization.
Therefore, the electric field has no effect on the magneti-
zation (Fig. 5a; Supplementary Figs. S27 and 28). As shown
in Fig. 5d, the change in magnetization increases as the
applied electric field is increased. Furthermore, the magne-
toelectric coupling coefficient is defined as α=ΔM/ΔE,
where ΔM=M(E) − M(E= 0) is the electric field-induced
change in magnetization. For intrinsic CH3NH3PbBr3, the

Fig. 4 Excited state of different Fe2+ ion implantation amounts and magnetic field-dependent photoluminescence (PL). a Fluorescence
lifetimes of different amounts of Fe2+ ions implanted in CH3NH3PbBr3. The excitation light is linearly polarized. b Fluorescence spectra of different
amounts of Fe2+ ions implanted. Magnetic field-dependent PL of different Fe2+ ion implantation amounts of 1 ´ 1013 (c) and 1 ´ 1014 (d). ON (OFF)
means that the magnetic field is turned on (off).
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magnetoelectric coupling effect is negligible. For
CH3NH3PbBr3 with a Fe ion implantation amount of
1 × 1014, under an external electric field of 1 × 104V/cm, the
electric field-induced α= 0.18 × 10−9 emu cm/V is two
times larger than the magnetoelectric coupling coefficient
(0.08 × 10−9 emum/V) with an implantation amount of
1 × 1013. The magnetoelectric coupling effect is enhanced
with increasing Fe ion implantation. Overall, transition
metal-implanted perovskites are a good platform for
potential development in multiferroic magnetoelectric
devices.

Conclusion
In summary, we propose a method of Fe ion implan-

tation into organic–inorganic hybrid perovskites to realize
multiferroic magnetoelectric coupling. Combining theo-
retical simulation and experimental data shows that the
interstitial implantation of metal atoms does not destroy
the periodic structure, but the octahedron is distorted. Fe
ion implantation not only generates weak ferromagnetism
but also predominantly modifies the distortion of the
octahedron to enhance electric polarization through
spin–orbit coupling. Applying a magnetic field could
enhance the strength of spin polarization to further affect
the magnitude of electric polarization, where the mag-
netoelectric coupling is induced. Moreover, an electric
field could also tune the distortion of the octahedron
dependence of electric polarization and, in turn, effect the
change in spin polarization. This study provides a new

idea for realizing the room-temperature magnetoelectric
coupling of multiferroic materials by employing ion
implantation and paves the way for a new generation of
spin-dependent electronic devices.

Experimental method
Preparation of samples
Dimethylformamide (DMF, 99.8%), lead (II) bromide

(PbBr2, 99.999%), and methylammonium bromide (MABr,
99.999%) were purchased from Sigma Aldrich. The che-
micals were used as received without further purification.
The preparation of CH3NH3PbBr3 crystals adopts the
controlled antisolvent diffusion method proposed59.

Ion irradiation
Ion irradiation was performed at the 320 kV platform

for multidisciplinary research with highly charged ions at
the Institute of Modern Physics, Chinese Academy of
Sciences, in Lanzhou, China. The as-fabricated samples
were irradiated with 3.0MeV Fe ions to fluences of
1.0 × 1016, 4.0 × 1016, and 1.0 × 1017 ions/cm2 at room
temperature (RT) and 1.0 × 1017 ions/cm2 at 650 °C,
which were denoted as RT-1E16, RT-4E16, RT-1E17, and
650 °C-1E17, respectively. The Stopping and Range of
Ions in Matter (SRIM-2013) code with full-cascade
simulation mode was used to predict the projected
range and irradiation damage profile of the samples.
Threshold displacement energies of 0 eV for W atoms and
25 eV for C atoms were adopted.

Fig. 5 Electric field-dependent magnetization with different Fe2+ ion implantation amounts. a Intrinsic, b 1´ 1013, c 1 ´ 1014. The magnetic
field H= 1 kOe. ON and OFF indicate that the external electric field is turned on and off, respectively. d Electric field-dependent magnetization
change is defined as ΔM= 100 × M(E)−M(E= 0).
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Device structure
Cleaned ITO was chosen as the bottom electrode.

CH3NH3PbBr3 with/without Fe2+ ion implantation was
dissolved in dimethylformamide (DMF) to a total con-
centration of 300mg/ml. Then, the solution was spin-
coated on an ITO substrate at 2000 rpm for 120 s and
annealed at 80 °C for 20 min. Silver with a thickness of
100 nm was chosen as the top electrode through thermal
evaporation.

Measurements
Transmission electron microscopy (TEM) experiments

were performed on a Cs-corrected FEI Titan transmission
electron microscope at 300 kV. A direct-detection camera
(Gatan K2) was used to acquire high-resolution trans-
mission electron microscopy (HRTEM) images. The
dielectric constant measurements were performed with an
Agilent E4980A impedance instrument with a frequency
range from 20 Hz to 20MHz. The fluorescence lifetime
was measured using an Edinburgh Instruments FLS980
spectrometer with a 400 nm excitation wavelength. The
thickness of the material was measured with AFM. The
temperature dependence of the M-H loop was measured
through a vibrating sample magnetometer (Lakeshore
8604). The photoluminescence was measured with a
PG2000 Pro (Idea Optics Co. Ltd.) spectrometer. The
polarized state of light is achieved by a polarimeter
(PAX1000, Thorlabs) combined with quarter-wave plates
and linear polarizers. A magnetic field parallel to the
surface of the device is applied by an electromagnet. For
the electric field-dependent measurements, a Keithley
2400 (Keithley Instruments Inc., Cleveland, OH, USA)
was adopted.

Calculation details
The ab initio calculations described here were imple-

mented in the Quantum ESPRESSO program with a
pseudopotential plane-wave scheme. The projected aug-
mented wave (PAW) method is used to describe the
electron–ion interactions. The exchange-correlation
interaction is treated by the generalized gradient
approximation (GGA) in the form of the
Perdew–Burke–Ernzerhof (PBE) functional. The cutoff
energy of the plane wave was set to 500 eV. A k-grid of
5 × 4 × 5 was employed in electronic structure calcula-
tions. SOC was incorporated into the electronic structure
calculations. The convergence criteria for energy and
force were set to 1 × 10−5 eV and 0.01 eV/Å, respectively.
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