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Selective tuning of order parameters of multiferroic BiFeO3 in picoseconds
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Selectively tuning the properties of a material with multiple order parameters, such as polarization and
magnetization, requires precise control of the crystal structure. Recently developed midinfrared THz laser
techniques provide an efficient way to manipulate the structure of materials at an ultrafast rate. This paper
presents a methodology to evaluate the possibility of picosecond multiple switching of order parameters in
perovskite structure oxides using first-principles calculations. With multiferroic BiFeO3 as a model system, we
demonstrate that the desired property can be tuned by an external laser pulse’s perturbation with frequency
15.2 THz. The dynamics of phonon modes are illustrated, revealing that lasers enable switching of polarization
and magnetization within 1 ps. The switching mechanisms can be attributed to the nonlinear coupling of the
pumped infrared-active mode with the ferroelectric and antiferrodistortive modes. Our work provides an initiative
for more detailed experimental investigations to explore light control orders and dynamic material design.
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I. INTRODUCTION

Strongly correlated oxides exhibit a wide variety of
functional properties with coupled electric, magnetic, and
structural degrees of freedom that are now being developed for
use in multiple state memory devices [1,2]. Perovskite struc-
ture oxide material ABO3 provides a wide range of structural
distortions with lattice instabilities of high-symmetry Pm3̄m
structure [3,4]. For example, structural distortions, such as
off-centering displacements of the A and B cations or a con-
certed rotation of the oxygen octahedra, result in a switchable
ferroelectric polarization or magnetization [3]. Manipulation
of their properties through the coupling between properties,
order parameters, and crystal structures is extremely signifi-
cant for applications.

However, the usual duration of the tuning process via
strain, electric, or magnetic fields is limited above hun-
dreds of picoseconds [5,6]. Therefore, a rising interest is
vested in developing a technique to control and modify the
order parameters of these materials within pico- or fem-
toseconds, aiming to accelerate the related applications on
ultrafast memory devices. The availability of intense THz
laser pulses provides an efficient way to meet this chal-
lenge, which has been demonstrated experimentally [7–9]
and theoretically [10–12]. In particular, previous studies have
demonstrated that the THz laser pulses in the midinfrared
spectral range can coherently excite the phonon modes as-
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sociated with the order parameters indirectly by externally
pumping an infrared (IR) -active phonon mode at a higher
frequency, to modulate the equilibrium of the structure into
a transient state of modified orders [13]. It has also been
used to drive switching of ferroelectric order in PbTiO3

and LiNbO3 [14,15], inducing ferroelectricity in strained
KTaO3 and SrTiO3 [16,17], enhancement of superconduc-
tivity in YBa2Cu3O6.5 [18,19], insulator-metal transitions in
Pr1−xCaxMn O3 and NdNiO3 [20–23], orbital order transi-
tion in La0.5Sr1.5MnO3 [24,25], modulation of magnetic order
in NdNiO3 and Cr2O3 [26,27], excitation of a magnon in
ErFeO3 [28,29], and ferromagnetism in DyFeO3 and LaTiO3

[30,31]. Of the perovskites identified, the room-temperature
multiferroic BiFeO3 (BFO) [32] is highly tunable because
the ferroelectric and antiferromagnetic vectors lock to each
other, exhibiting the coexistence of multiple order parame-
ters accompanied by different types of structural distortions.
There is thus a strong incentive to put forth the idea using a
midinfrared laser to modulate ferroelectricity and magnetiza-
tion selectively. Recently, many efforts have been devoted to
dynamic manipulation of the phonons and magnons in BFO
[33–35]. The electric-field-driven ultrafast switching of polar-
ization and magnetic chirality vector has been theoretically
predicted in bulk BFO [36]. The ultrafast polarization dynam-
ics over a 1 ps timescale upon excitation of ultrafast band-gap
laser pulses has been shown in BFO thin film [37]. The
photostriction effect generated by THz pulsed excitation has
been found experimentally and theoretically [38,39]. Based
on the photovoltaic effects, the fully optical control of the
ferroelectric polarization has been observed in the BFO-based
heterostructure [40]. The phase transition from the rhombo-
hedral to tetragonal phase and ferroelectric domain structures
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FIG. 1. Schematic for selective transition paths for polarization
(red curve) and magnetization (dark blue curve) switching in BiFeO3

under the illumination of a pulsed laser. The blue and orange arrows
denote polarization and magnetization vectors, respectively. The dark
purple balls correspond to the position of the potential energy min-
imum before and after laser illumination. The crystal distortions
introduced by the laser illumination are labeled along the transition
curves.

in mixed-phase BFO thin films have been experimentally
modulated on a nanosecond timescale using extremely short
laser pulses [41,42].

This work presents a scheme to realize the ultrafast switch-
ing of double option states with polarization or magnetization
in perovskite structure oxides, i.e., multiferroic BFO in this
study, by illuminating with a midinfrared laser pulse (shown
in Fig. 1). In our case, comprehending the double-well shape
of the energy surface as a function of amplitudes of the crystal
distortions is the main motivation. The two stable minima cor-
respond to the ground-state structures with opposite directions
of polarization or magnetization. At equilibrium, the system
is present in one of the two minima. During the transition,
the system follows the transition path of structural distortions
and achieves the transition of polarization and magnetiza-
tion. The structural distortions will correspond to normal
modes of the two ground-state structures, and that with the
most substantial associated property will be selected. These
modes can be large-amplitude coherently excited by a pumped
higher-frequency IR lattice vibration mode through nonlinear
coupling. Therefore, the strongest coupled IR mode needs to
be identified, and the dynamic evolutions of these coupled
phonons in response to the external perturbations should be
discussed. This approach is introduced in detail in Sec. II. Our
calculations reveal that the reversal of polarization and mag-
netization in BFO can occur within 1 ps, despite a relatively
high external excitation. The switching mechanisms can be at-
tributed to the nonlinear coupling of the pumped IR mode with
the ferroelectric and antiferrodistortive modes. These methods
and results could facilitate the dynamic material design and
development of ultrahigh-speed memory storage devices.

II. METHODOLOGY

A. Obtaining distortion modes that are sensitive to property

Physical properties with different orders, polarization, and
magnetization, for example, are dependent upon the cor-

responding structural modifications in perovskite materials
(e.g., SrTiO3, PbTiO3, BiFeO3, LiNbO3). The local atomic
distortion is one of the critical aspects in understanding
structure-property relationships. These properties related to
the distortion of crystals can be decomposed into several
eigendistortion modes, which resemble natural Raman- or IR-
active modes of crystals. Therefore, we are able to use these
phonon modes to modify the structure order by coherently
displacing the lattice along the phonon coordinates of the
order parameter. The direct excitation of the modes of interest
only limits us to IR-active modes. This limitation can be lifted
by means of nonlinear coupling, in which these modes can be
indirectly excited by a high-frequency IR mode. A sufficiently
strong resonant excitation of these modes can significantly af-
fect the macroscopic properties of materials on the picosecond
timescale due to the changes in the bond angles and lengths
[13]. Therefore, it is vital to obtain phonon modes that are
most relevant to the desired physical properties. In particu-
lar, it is practical to proceed from the initial- and final-state
configurations with the desired physical property changes,
and to explore the possible phase-transition pathways between
the two different order states using the nudged elastic band
(NEB) method [43]. Subsequently, distortion modes with dif-
ferent origins and amplitudes are obtained by symmetrical
analysis using programs such as ISODISTORT [44], thus de-
composing the structural deviation of the end-point structures
from the highest energy (saddle) point structure. To probe the
microscopic mechanism of phase transition further, a set of
structures are obtained through a linear interpolation of the
atomic positions, while keeping the value of the amplitudes
of these distortion modes constant. The fractional evolution
of the structures along the path varies from −100% to 100%.
Due to the second-order property of these phase transitions,
a symmetric double-well potential energy profile is obtained
for a different order. Note that some of the desired distortion
phonon modes of the saddle structure will appear at the �

point in the Brillouin zone of the initial/final-state structure
[3,45] due to folding of the Brillouin zone for the distorted
structures with a bigger unit cell.

The atomic displacements along the eigenvectors of a
phonon mode for a set {q, j} with an amplitude Qq j are given
by uk = Qq j√

mk
W k

q j [20], where q is the wave vector, j is the
band index, uk is the displacement of the kth atom in Cartesian
coordinates, and mk is the atomic mass of this atom. W k

q j is the
corresponding eigenvector of the dynamical matrix D(q) [46],
given by

∑
k′β

Dkk′
αβ (q)W βk′

q j = ω2
q jW

αk
q j . (1)

The corresponding eigenvalue ωq j provides the mode fre-
quency, and the elements of the dynamical matrix are [46]

Dkk′
αβ (q) =

∑
l ′

�αβ (0k, l ′k′)√
mkmk′

eiq·[r(l ′k′ )−r(0k)], (2)

where αβ are the Cartesian indices, �αβ are the second-order
force constants, and r(lk) is the equilibrium position of the kth
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atom in the lth unit cell. Wq j is normalized and dimension-
less, and mode amplitudes are given in Å

√
amu. Therefore,

the eigenvector of every distortion mode can be obtained
based on the displacements of all atoms in each transition
structure.

Subsequently, it is necessary to obtain the possible reso-
nant phonon modes which demonstrate similarities with the
property-sensitive distortion modes. The phonon frequencies
and eigenvectors in the initial-state phase are obtained using
the frozen-phonon method as implemented in PHONOPY [46].
The similarity S overlaps between the normalized eigenvec-
tors of the distortion modes W k (d ), and the normal modes
W k ( j) of the initial structure are defined as their dot product
[31],

S( j, d ) =
∣∣∣∣∣
∑

k

W k ( j) · W k (d )

∣∣∣∣∣, (3)

where k is the atom index, and j is the index number of the
one-phonon mode. Thus, the normal mode that most resem-
bles the distortion mode is identified.

B. Introducing relative IR mode

Only IR-active phonons, which possess an electric-dipole
moment, are directly excited by coupling to the electric field
component of a laser pulse to yield large vibrational ampli-
tudes [11,12]. Therefore, one crucial aspect of manipulating
the order states is discovering the IR phonon modes that are
responsible for the nonlinear coupling interactions. In most
previous studies, the total energies as a function of all mode
coordinates are fit with a polynomial to extract the nonlinear
coupling coefficients [19]. Here, we consider these coupling
coefficients to be physically the same as the scattering coeffi-
cients in phonon transport theory. Therefore, we first obtained
the third-order force constants using the SHENGBTE software
[47], which is frequently used in phonon transport analysis,
and we extracted several potential IR modes that interacted
with the distortion mode from their interaction strength using
the PHONO3PY software [48].

The phonon-phonon interaction strength φq j,q′ j′,q′′ j′′ among
the three phonons {q, j} involved in the scattering is calcu-
lated from second- and third-order force constants, which can
be expressed as [48]

φq j,q′ j′,q′′ j′′ = 1√
N

1

3!

∑
kk′k′′

∑
αβγ

W αk
q j W βk′

q′ j′ W
γ k′′

q′′ j′′

√
h̄3

8mkmk′mk′′ωq jωq′ j′ωq′′ j′′

×
∑
l ′l ′′

�αβγ (0k, l ′k′, l ′′k′′)eiq′ ·[r(l ′k′)−r(0k)]eiq′′ ·[r(l ′′k′′ )−r(0k)]ei(q+q′+q′′ )·r(0k)δ(q + q′ + q′′), (4)

where δ = 1 (= 0) if q + q′ + q′′ is (is not) a reciprocal-
lattice vector. �αβγ denote the cubic force constants. N is the
number of unit cells, h̄ is the reduced Planck constant, and ωq j

is the harmonic frequency.

C. Obtaining the energy surface

As discussed above, the displacements along the normal
modes can be generated to modulate the structure. After ob-
taining the desired distortion and IR phonon modes, it is
essential to express the amplitudes of the two-phonon mode
dependence of the Hamiltonian of the system. Therefore, we
carried out a series of calculations with different modulations
of the amplitude of the distortion and IR modes. The X - and
Y -axis correspond to the modulation of the distortion modes
and the system’s energy. Different branches of curves are
obtained for various IR modulations. Since every structure
is a superposition of displacements caused by all relevant
distortion modes, we consider that all distortion modes are
combined in the form of a full mode. Its amplitudes are com-
puted for normalized eigenvectors obtained from the above
displacement-amplitude function. We calculated the energy
surface of the system E (QIR, QP) around the equilibrium po-
sition with the perturbation of IR and distortion modes. In this
notation, QIR is the driving IR-mode amplitude, while QP cor-
responds to the full distortion-mode amplitude. Simulations
in related works revealed that the E (QIR, QP) function is ex-
panded to third-order in the centrosymmetric crystals, and the
contributions of higher-order interaction terms are included in

noncentrosymmetric crystals [13]. By performing the least-
mean-square fitting of the above energy surface E (QIR, QP)
using polynomials, the coupling coefficients are obtained. It
should be noted that different behaviors are demonstrated for
different classifications of phonons. The appearance of the
asymmetric double-well potential energy surface is favorable,
indicating that the corresponding IR mode is likely to repre-
sent the pumped mode that drives the order state transition.

D. Solving the equation of motion

Based on the above perturbated energy surface of the
system, the equation of motion can be obtained by the first
derivative of energy with respect to the modulation of each
phonon branch. The number of equations depends on the
types of variable of the phonon branches. Thus, the cor-
responding evolutions of the nonlinearly coupled IR and
distortion modes are obtained by solving the equation of
motion numerically. Unlike the distortion modes, the IR
mode is pumped externally under a forcing term of the form
F (t ) = F sin(ωt )e−t2/(2τ 2 ), where F, τ , and ω are the am-
plitude, width, and frequency of the laser pulse [14]. In this
manner, we investigated the light-induced dynamics by con-
sidering the distortion and IR modes as two coupled classical
oscillators under a pumped pulse at time t = 0. Solving the
damped second-order differential equation with initial condi-
tions, for a given finite pump amplitude F , the QIR is driven to
oscillation around its equilibrium position, and the distortion
mode oscillates about a displaced position. Therefore, it can
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be observed whether the averaged QP displacement has an op-
posite sign with respect to the initial condition. The behavior
represents a change of the crystal structure and, as such, a
change in the order parameter of the material.

E. Computational details on BFO

Density functional calculations were performed as imple-
mented in the Vienna Ab Initio Simulation Package (VASP)
based on the projector augmented wave (PAW) method
[49–51]. The Perdew-Burke-Ernzerhof of spin-polarized gen-
eralized gradient approximation was employed [52]. PAW
pseudopotentials with Bi(5d106s26p3), Fe(3p63d64s2), and
O(2s22p4) valence electrons were used. All calculations were
performed using an effective on-site Coulomb interaction with
Ueff = 4 eV for the localized Fe d orbitals. The Brillouin
zone was sampled on a 9 × 9 × 9 k-point mesh grid. The
plane-wave cutoff energy was set to 500 eV, and the energy
convergence was 10–5 eV. The 2 × 2 × 2 supercells and a
3 × 3 × 3 k-point mesh were used for the calculations of the
second-and third-order force constants. For the NEB calcu-
lation, the force was converged to less than 0.02 eV/Å. The
polarizations of initial- and final-state configurations were
calculated using the modern theory of polarization [53], and
the R3̄c symmetry was used as the centrosymmetric reference
structure [54]. Noncollinear self-consistent calculations were
performed by taking spin-orbit coupling effects [55] into ac-
count to determine the easy axis for the energetically favorable
spontaneous magnetization. The energy convergence criterion
was increased to 10–8 eV to ensure accurate calculations of the
energy differences between different magnetization directions
on the order of meV.

III. RESULTS AND DISCUSSION

In this section, we report on the polarization and magneti-
zation switching behaviors of perovskite BFO, which has been
identified as a room-temperature multiferroic and which crys-
tallizes in the rhombohedral R3c structure. The ground-state
structure can be visualized as an elongation of the ideal cubic
perovskite structure (Pm3̄m) along the [111] direction with
the movement of cations relative to the anions along the [111]
direction as well as the antiphase rotations of the adjacent
FeO6 octahedra around the cubic [111] axis [56]. It is ob-
served that it exhibits the (111) plane as an easy magnetization
plane and has no in-plane magnetization direction, consis-
tent with previous reports [57]. Following the procedures in
Sec. II A, we managed to detect the essential distortion modes
associated with the switching of polarization P and magne-
tization M. Considering R3c structures with polarizations of
opposite signs as initial- and final-state configurations, we car-
ried out NEB calculations and found two transition paths. The
initial, saddle point, and final-state configurations for the two
cases are shown in Fig. 2. The difference between these two
paths is whether the oxygen octahedral rotations are switched
or not in final-state configurations. Reversing the octahedral
rotations will cause the reversal of the Dzyaloshinskii-Moriya
vector, and subsequently M will reverse [58]. Therefore,
these two pathways correspond to transitions with polarization
switching only and the transition of both polarization and

FIG. 2. Configurations of the ferroelectric switching pathways in
BiFeO3 with and without the reversal of the net magnetization for the
initial state (right panel), saddle point (middle panel), and final state
(left panel). FeO6 and BiO6 octahedra are shown in gray and light
green, respectively. Two FeO6 octahedra at different sites are shown
with numbers for clarity.

magnetization. These two pathways of polarization switching
for BFO are the same as the ones found by Munro et al.
[59]. In the first case, the polarization direction changes from
the [1,1,1] toward the [1̄, 1̄, 1̄] direction of the pseudocubic
unit cell of BFO, while the net magnetization persists along
the [1, 1, 2̄] direction and does not reverse sign. The second
path is the transition in the form of P[1, 1, 1] + M[1, 1, 2̄] →
P[1̄, 1̄, 1̄] + M[1̄, 1̄, 2], i.e., switching magnetization in the
presence of polarization switching. For convenience, we name
the former case “PR” and the latter case “PMR” in the
following discussion. The saddle point structures along the
two paths possess the paraelectric-antiferromagnetic R3̄c and
paraelectric-paramagnetic Pm3̄m symmetry, respectively, and
they are both possible high-temperature paraelectric phases
[54]. Therefore, it is essential to decompose the distortion
modes of the two transition states.

The eigendistortion with a specifically permitted wave vec-
tor and an irreducible representation and the mode amplitude
were obtained, comparing the parent saddle point structures
with the R3c structures of the end points. The main distortion
modes for the two cases are illustrated in Fig. 3. First, for
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FIG. 3. Schematic of the most important distortion modes of the R3̄c, and cubic BiFeO3 structures with arbitrary amplitude, labeled with
the irreducible representation of their unit cells.

the case with only polarization switching, the lattice deviates
from the paraelectric R3̄c structure mainly in the following
way, namely the ferroelectric-type distortions (labeled �2−),
the strain, and the oxygen octahedral rotations distortions
(labeled �1+). The �2− involves the displacement of Bi and
Fe atoms along the pseudocubic [111] direction. The strain
mode describes the isotropic lattice expansion or contrac-
tion. The amplitude of the oxygen octahedral rotations of
�1+ is negligible relative to that of R4+, and the data are
not demonstrated. On the other hand, the R3c structure is
the result of irrep distortions of the ideal cubic Pm3̄m struc-
ture associated with four different irrep modes: �1+, �5+,
�4−, and R4+. The �5+ mode is related to a shear strain of
the lattice. The zone center �4− mode, which allows off-
center ionic shifts along the pseudocubic [111] direction,
contributes mainly to the spontaneous ferroelectric polar-
ization. The zone boundary R4+ mode corresponds to an
antiphase rotation of the FeO6 octahedra around the pseudocu-
bic [111] direction. These distortion mode driven ferroelectric
and antiferrodistortive phase transitions are termed the FE
and AFD modes. These distortion modes change their sign
during the transition from initial to final state through saddle
points, while the strain modes �1+ and �5+ only vary in
amplitude.

To detect possible IR modes, the normal modes from the
primitive magnetic unit cell of the initial state configura-
tion were analyzed, comprising ten atoms, giving rise to 27
zone-center optical phonon modes with the decomposition
4A1 + 5A2 + 9E . In these modes, A1 and doubly degenerate
E modes, which correspond to the dipole moments pointing
along the z and in the x-y plane, respectively, are both Raman-
and IR-active. In contrast, the A2 modes are silent. The cal-
culated zone-center phonon frequencies and their symmetries
are given in Table I. The wave vectors of the Pm3̄m Brillouin
zone are folded onto the smaller Brillouin zone of the low
symmetric R3c structure following the lattice reconstruction
from these distortion modes. Therefore, the FE and AFD dis-
tortion modes will appear at the � point of the folded Brillouin
zone, similar to what is observed for the perovskite oxide
PbZrO3 [3]. We identified the similarity of the modes (see
Sec. II A) and found that the A1(9) [A1(12)] mode eigenvector
exhibits the most substantial overlap of 0.42 (0.49) with the
FE (AFD) mode, i.e., A1(9) [A1(12)] corresponds to the FE
(AFD) distortion mode, consistent with previous calculations
[60,61]. Therefore, it is reasonable to pump the IR modes

of the R3c phase to study the switching behaviors and their
coupling strength.

Pumped by IR modes, distortion modes in the system will
respond to these excitations with different strengths. To eval-
uate the phonon-phonon interaction strength and determine
which IR mode can couple firmly to the distortion mode,
we calculated the anharmonic coupling constants following
Sec. II B, and we were primarily interested in the quadratic-
linear coupling. According to the theory of ionic Raman
scattering, the more significant the frequency difference be-
tween the driven Raman mode and the pumped IR mode is, the
larger is the amplitude of the driven Raman mode [10,31,62].
The computed results between several highest-frequency IR
modes and the A1(9)/A1(12) modes are given in Table II.
We detect the double-degenerate modes with an identical
coupling strength, and the E (22), E (24), E (27), and A1(29)
IR modes with a coupling strength of 10–9–10–8 eV. We note
that the A1(29) mode strongly couples to the FE A1(9) and
AFD A1(12) modes. The A1(9) also couples to E (22), E (24),
and E (27), but the coupling strength is around one order of

TABLE I. Calculated phonon eigenfrequencies in THz and their
irreducible representation and optical activity of R3c BiFeO3. The
mode index is given in the parentheses.

Irrep Frequency (THz) Optical activity

A1(9) 4.67 (FE) IR+Raman
A1(12) 7.39 (AFD) IR+Raman
A1(18) 8.69 IR+Raman
A1(29) 15.21 (IR) IR+Raman
A2(6) 3.09 Silent
A2(15) 7.94 Silent
A2(19) 9.45 Silent
A2(26) 13.23 Silent
A2(30) 18.25 Silent
E (4,5) 2.10 IR+Raman
E (7,8) 3.85 IR+Raman
E (10,11) 6.84 IR+Raman
E (13,14) 7.81 IR+Raman
E (16,17) 8.12 IR+Raman
E (20,21) 9.84 IR+Raman
E (22,23) 10.87 IR+Raman
E (24,25) 12.17 IR+Raman
E (27,28) 14.40 IR+Raman
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TABLE II. For selected IR modes, the phonon-phonon coupling
strength (10–9 eV) for the FE and AFD mode is listed. The mode
index is given in the parentheses.

FE AFD

IR A1(9) A1(12)

A1(9) 6.77 1.33
E (22) 1.28 1.92
E (23) 1.28 1.92
E (24) 5.04 75.16
E (25) 5.04 75.16
E (27) 1.43 22.62
E (28) 1.43 22.62
A1(29) 14.4 58.19

magnitude smaller than the coupling to the A1(29) mode. We
also notice that the coupling strength between the A1(29) and
A1(12) modes is of the same order of magnitude (in fact,
slightly larger) as that of the coupling to the A1(9) mode. The
coupling strength of E (24) with the A1(12) mode is the most
dominant and strongest, closely followed by the A1(29) and
E (27) modes; in contrast, the interaction associated with the
A1(9) mode is smaller.

Meanwhile, the effect of the IR modes is demonstrated in
Fig. 4, where the potential energy profiles for PR and PMR

with varying amplitudes of E (22), E (24), E (27), and A1(29)
are shown from panels (a) to (d), respectively. With the chosen
IR modes (Fig. 4, top row), we compared the potential energy
profiles following Sec. II C for the structures by combining
the amplitudes of the IR modes and the full distortion modes
associated with PR and PMR, obtained from the previous
investigation with more detail from centrosymmetric positions
(0% distortion) to the nonequilibrium noncentrosymmetric
positions (−150% and 150% distortion), shown in Fig. 4, mid-
dle and bottom rows, respectively. Hereafter, the amplitudes
of the full distortion modes are referred to as QP in order
to be consistent with the definition introduced above, and the
amplitudes of the IR-active modes QIR are referred to as QE

or QA1 according to their irreducible representations. In the
absence of the IR mode, we found that the potential profile
manifested a double-well shape exhibiting two stable minima,
corresponding to the R3c structure with opposite directions of
polarization or magnetization. The E (QIR, QP) indicates the
phase transition barrier calculated for Pm3̄m → R3c, which
is 1.91 eV, and it is higher than the R3̄c to R3c transition
of 0.53 eV, which points to more difficulty in reversing the
magnetization. For both cases, under a given value of the E -
mode amplitude, the energy minimum of the distortion modes
is displaced towards the opposite well and independent on the
sign of QIR, which is required to drive the polarization and
magnetization transition due to the breaking of the threefold
rotational symmetry. The slight asymmetry of the IR mode

FIG. 4. (a)–(d) Comparison of the energy profiles for E (22), E (24), E (27), and A1(29) mode amplitudes. (Top row) The corresponding
atomic displacement patterns of IR-active modes associated with energy profiles for the nonlinear coupling of IR-active modes with the
distortion modes for (middle row) polarization reversal (PR) as well as (bottom row) for polarization and magnetization reversal (PMR). We
plot �E = E (QIR, QP )−E (0, 0) for visual purposes.
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FIG. 5. Calculated total energy as a function of the distortion
mode amplitudes for several values of the A1(29) mode amplitudes
and the time evolutions for PR (a),(b) and PRM (c),(d). We plot
�E = E (QIR, QP )−E (0, 0) for visual purposes.

may originate from that the distortion mode of the X -axis,
which is not identical to the corresponding mode of R3c as
described above. The energy surface is asymmetric for the
A1(29) mode and will be discussed in detail later. In the case
of PR (Fig. 4, middle row), we find that all of the considered
E modes have a similar coupling strength to the A1(9) mode,
one order of magnitude smaller than that of the A1(29) mode
(see Table II), resulting in the energy difference between two
double-wells of 0.27, 0.44, 0.37, and 0.22 eV for E (22),
E (24), E (27), and A1(29), respectively, whereas the depth of
the wells relative to the centrosymmetric reference structure
obtained for them is 0.62, 0.58, 0.98, and 0.56 eV. For PMR
(Fig. 4, bottom row), a smaller energy difference of the wells
appears in the case of the E (22) mode, although the depth
of the wells is shallower than at origin, under the weakest
coupling strength. The energy difference of the wells is largest
(0.66 eV) for E (24) and smallest (0.28 eV) for E (27), with
A1(29) intermediate (0.47 eV), and the depth of the wells
increases least (0.89 eV) for the E (24) mode, followed by
(1.15 eV) for A1(29) and (1.48 eV) for the E (27) mode, in
line with the coupling strength results with the AFD mode, in
competition with the FE mode.

As stated above, the interaction of the A1(29) mode with
distortion modes is intensive. Therefore, we only consider the
coupled dynamics of the A1(29) and distortion modes here.
We extracted all possible nonlinear coupling terms following
Sec. II C by fitting the comprehensive energy surfaces shown
in Fig. 5 with the following polynomial expression, which is
expanded up to fourth-order:

E (QIR, QP) = 1
2ω2

IRQ2
IR − 1

4ω2
PQ2

P + 1
3 a3Q3

P + 1
4 a4Q4

P

+ 1
3 b3Q3

IR + 1
4 b4Q4

IR + gQ2
IRQP + hQ2

PQIR

+ iQIRQ3
P + jQPQ3

IR + mQ2
IRQ2

P. (5)

TABLE III. The values of the coefficients of the polynomial
determined from a fit to the energy surfaces of amplitudes of A1(29)
and distortion modes for reversal of polarization (PR) as well as
polarization and magnetization (PMR).

Coefficients PR PMR

a3 (meV/amu3/2 Å−3) −5.24 × 10–3 0
a4 (meV/amu2 Å−4) 9.11 × 10–2 0.17
b3 (meV/amu3/2 Å−3) −24.61 −0.04
b4 (meV/amu2 Å−4) 25.33 70.01
g (meV/amu3/2 Å−3) 0.25 3.71 × 10–3

h (meV/amu3/2 Å−3) 0.02 −1.15 × 10–4

i (meV/amu2 Å−4) 0.14 0.12
j (meV/amu2 Å−4) −4.67 −5.71
m (meV/amu2 Å−4) 0.45 −0.78

Here, QP and QIR are the amplitudes of the distortion
and A1(29) modes, respectively. The obtained coefficients are
listed in Table III. For the PR case [Fig. 5(a)], it is worth
noting that the energy surface of the IR mode becomes asym-
metric due to the presence of odd-order terms of QIR. Since the
A1(29) mode does not exhibit any crystal symmetry breaking,
the atomic displacements result from the excitation of the
mode with both positive and negative amplitudes not being
related by symmetry, resulting in the terms with an odd order
of QIR. More obvious asymmetry for PR than PMR is due
to the presence of a larger b3Q3

IR term. Significantly, both
positive and negative values of QIR displace the minimum of
the QP toward the negative direction. A positive QIR displace-
ment shifts the potential minimum position to the negative QP

direction by a modest amount, while the negative value of QIR

generates an energy minimum at a significant negative value
of the QP coordinate. Meanwhile, the magnitude of QIR affects
the magnitude of the energy minimum shift. Larger QIR values
imply a more significant energy shift. These behaviors can be
attributed to the coupling constant j of the term Q3

IRQP hav-
ing the most considerable magnitude, and its sign determines
whether the minimum occurs at positive or negative distortion
mode amplitude. As a result, a state with reversed polarization
is lower in energy and energetically favored. In the PMR case
[Fig. 5(c)], the energy surface is antisymmetric with positive
and negative amplitudes of the A1(29) mode, corresponding to
a large b4Q4

IR. For a positive (negative) amplitude of QIR, the
original energy minimum is destabilized, and QP is moved to
the negative (positive) direction due to the negative signs of
the Q2

IRQ2
P and the Q3

IRQP.
From the above energy expression, the equation of motion

can be obtained as follows, from which we can calculate
the corresponding time evolutions of both IR and distortion
modes following the Sec. II D, with a periodic midinfrared
laser pulse F (t) imposed on the system and resonant with the
IR mode:

Q̈IR+γIRQ̇IR+ω2
IRQIR =−b3Q2

IR−b4Q3
IR−2gQIRQP−hQ2

P

− iQ3
P−3 jQPQ2

IR−2mQIRQ2
P+F (t )

Q̈P + γPQ̇P − 1
2ω2

PQP = −a3Q2
P − a4Q3

P − gQ2
IR − 2hQIRQP

− 3iQ2
PQIR − jQ3

IR − 2mQPQ2
IR, (6)
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where γIR and γP are the damping constants of the
IR and distortion modes, respectively [63]. The function
F (t ) = F sin(ωt )e−t2/(2τ 2 ) is the driving pulse with am-
plitude F , frequency ω, and τ as the full width at a
half-maximum duration of a pulse. The pulse shape has a
symmetric Gaussian profile with a constant pulse duration
of τ = 250 fs and a pump frequency of ω = 1.03 ωIR as
used in previous midinfrared excitation simulations [14]. The
resulting evolutions of the amplitudes of the IR (red line)
and distortion (blue line) modes for both cases are shown in
Figs. 5(b) and 5(d).

The responses of QIR in two instances display similar
trends to the external excitation, which shows an oscillation
with time, as well as QP. In the absence of pulse and non-
linear coupling interactions, the initial position of the QP

oscillation is around its original equilibrium position, corre-
sponds to the initial state. In the beginning, the IR mode is
pumped by F (t) and is forced to oscillate periodically about
its equilibrium position. Upon excitation of the IR mode, the
nonlinear coupling increases QP toward higher values, and
the ferroelectric polarization and magnetization retain at all
times the same sign of the initial state. With the time evo-
lutions, the QP drops off rapidly, and its sign reorients from
the original positive arrangement to the negative direction
for a pump amplitude, corresponding to the reversal of the
polarization [Fig. 5(b)] and magnetization [Fig. 5(d)] with
the pulse amplitude reaching 9900 and 21 600 Å

√
amu/ps2,

respectively. The stronger external excitation needed for the
magnetization reversal than for polarization reversal is con-
sistent with the situation in which the energy barrier along
the transition path is higher for magnetization switching than
polarization switching. The maximum amplitude of the IR
mode induced by magnetization reversal is higher than the
amplitude caused by polarization switching, consistent with
a larger pulse amplitude and strength. Note that the strength
of the external pulse can be further reduced by decreasing the
transition barrier in the situation of the epitaxial thin films or
other types of design of fabricated structures [15,17,31,41].
The actual experimental switching path will be more complex,

and polarization and magnetization switching under an ap-
plied electric field is thought to occur via a two-step switching
process [58] or domain-wall motion [54,64]. In conclusion,
selective excitation of the IR mode using a midinfrared pulse
can switch the ferroelectric polarization and magnetization
directions of BFO on an ultrafast timescale of several picosec-
onds.

IV. CONCLUSION

In summary, we found a strong coupling between the
A1(29) IR phonon branch and the FE/AFD distortion modes,
and we highlighted a method of frequency-controlled ultrafast
selective switching of ferroelectric polarization or magneti-
zation in BFO, using first-principles calculations. Using our
processes, we predicted their dynamics when the IR branch
was externally pumped by midinfrared laser pulses and we
found that the switching of polarization or magnetization can
occur at around 1 ps. Furthermore, the external excitation
needed for the magnetization reversal is stronger than that of
polarization reversal, which can be attributed mainly to the
difference in transition barriers.

The approach presented here is a simple method for eval-
uating the possibility of ultrafast switching control of order
states by a midinfrared THz laser pulse. It is generally appli-
cable to a complex structural transition to further motivate the
exploration of the midinfrared pulse as an effective method
for manipulating functional material properties on ultrafast
timescales, and it is promising to accelerate memory materials
discovery.
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