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We describe a mechanism by which both ferroelectric polarization and magnetization can be
created in nonpolar, nonmagnetic materials. Using a combination of phenomenological modeling
and first-principles calculations, we demonstrate that ferroelectric polarization, magnetization, or
both simultaneously can be transiently induced by an ultrashort laser pulse upon linearly, circularly,
or elliptically polarized excitation of phonon modes in γ-LiBO2. The direction and magnitude of the
multiferroic polarization can be controlled by the chirality of the laser pulse and the phonon modes,
offering a pathway for controlling multiferroicity and magnetoelectricity on ultrafast timescales.

I. INTRODUCTION

Light-induced control of magnetism and ferroelectric-
ity promises applications in future data processing and
storage devices that operate on ultrafast timescales of
femto- and picoseconds, orders of magnitude faster than
state-of-the-art technology [1–3]. A key challenge lies in
finding new mechanisms of switching and generating fer-
roic polarizations. A particularly intriguing way of con-
trolling ferroic order involves driving lattice vibrations
into the nonlinear regime with ultrashort laser pulses,
which modifies the geometry of the crystal lattice and
therefore the electronic correlations in the solid. In re-
cent years, a broad variety of theoretical and experimen-
tal studies have demonstrated controlling and inducing
of ferroelectricity [4–30] and magnetism [31–59] through
coherent and nonlinear phonon driving. Despite these
successes, the simultaneous generation of multiple ferroic
orders on demand has yet remained elusive.

Here, we theoretically demonstrate the transient gen-
eration of both ferroelectric polarization, P , and mag-
netization, M , in a nonpolar, nonmagnetic material
through nonlinear phonon excitation by an ultrashort
mid-infrared (mid-IR) pulse. We show that the chirality
of the pulse and therefore the coherently excited phonon
modes can be used to selectively generate each polariza-
tion individually or both simultaneously, see Fig. 1. The
directions of P and M can be switched by changing the
orientation and handedness of the laser pulse. We use
phenomenological modeling and first-principles calcula-
tions to simulate the polarization and magnetization dy-
namics in γ-LiBO2, which we show can be described by
second-order nonlinear electric and magnetoelectric re-
sponses to the incident laser pulse. The mechanism can
be measured in ultrafast pump-probe experiments and
provides a route towards controlling multiferroicity and
magnetoelectricity on ultrafast timescales.
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II. THEORY

A. Properties of LiBO2

γ-LiBO2 is a nonpolar, nonmagnetic material, crystal-
lizing in the noncentrosymmetric tetragonal space group
I 4̄2d. Its primitive unit cell consists of 8 atoms and hosts
24 phonon modes, characterized by the irreducible rep-
resentations A1, A2, B1, B2, and E. The degenerate
IR-active E modes are polarized in the ab-plane of the
crystal, whereas the B2 modes are polarized along the c-
axis. γ-LiBO2 has a band gap of 10 eV [60], making it an
excellent candidate for phonon pumping in the mid-IR,
far from electronic resonances. A previous group-theory
analysis by Radaelli suggested that the point group of γ-
LiBO2 enables light-induced ferroelectricity, connected
to its piezoelectric properties [34], see Appendix. This
symmetry allows for a ferroelectric polarization along the
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FIG. 1. Chirality-dependent ferroic polarizations. (a) Ionic
motions along the eigenvectors of a linearly, elliptically, and
circularly excited E mode in one of the borate rings of γ-
LiBO2. (b) Linear excitation induces only a ferroelectric po-
larization, P , elliptical excitation induces both a ferroelectric
polarization and a magnetization, M , and circular excitation
induces only a magnetization.

ar
X

iv
:2

40
4.

16
23

4v
1 

 [
co

nd
-m

at
.m

tr
l-

sc
i]

  2
4 

A
pr

 2
02

4

mailto:paiva@mail.tau.ac.il
mailto:djuraschek@tauex.tau.ac.il


2

c-axis of the crystal upon displacements of the atoms
along the eigenvectors of the B2 modes, which changes
the point group from 4̄2m to the polar mm2 group. We
combine this feature with light-induced magnetization
following the coherent excitation of chiral phonon modes
[47, 49, 51] to generate multiferroic polarization.

B. Nonlinear phonon dynamics

We model the coherent nonlinear phonon dynamics of
the E and B2 modes with the equations of motion [61–63]

Q̈α + καQ̇α + ∂QαV = Zα ·E(t), (1)

where Qα is the amplitude of phonon mode α ∈ {a, b, c},
κα is its linewidth, and V is the phonon potential energy.
Zα =

∑
n Z

∗
nqn,α/

√
Mn is the mode effective charge,

where Z∗
n is the Born effective charge tensor, qn,α the

phonon eigenvector, and Mn the atomic mass of atom n,
and the sum runs over all atoms in the unit cell. E is the
electric field component of the laser pulse in the material.
The anharmonic phonon potential can be written as

V =
Ω2

0

2
Q2

a +
Ω2

0

2
Q2

b +
Ω2

c

2
Q2

c + cQaQbQc + Ṽ . (2)

where Ωa = Ωb ≡ Ω0 is the eigenfrequency of the E mode
and Ωc that of the B2 mode. The coefficient c denotes
the trilinear phonon coupling primarily of interest here.
In Ṽ = daQ

4
a + dbQ

4
b + dcQ

4
c + dabQ

2
aQ

2
b + dacQ

2
aQ

2
c +

dbcQ
2
bQ

2
c + gaQ

6
a + gbQ

6
b + gcQ

6
c , we include single-mode

anharmonicities up to sixth order and nonlinear phonon
couplings up to quartic order, denoted by dα, dαβ , and
gα respectively. Cubic- and fifth-order anharmonicities,
Q3

α and Q5
α, and quadratic-linear couplings, Q2

αQβ , are
symmetry-forbidden, α ̸= β ∈ {a, b, c}.
The electric field component of the laser pulse lies

in the ab-plane, E(t) = E(t)(cos(ω0t), cos(ω0t + ϕ), 0).

E(t) = ϵ−1
∞ E0 exp[−t2/(τ

√
8 ln 2)2] is the carrier enve-

lope, ϵ∞ is the optical dielectric constant of the mate-
rial, E0 is the peak electric field in free space, τ is the
full width at half maximum pulse duration, and ω0 is the
center frequency. ϕ is the carrier envelope phase deter-
mining the polarization (linear, elliptical, circular) of the
pulse. The equations of motion then read

Q̈a + κ0Q̇a +Ω2
0Qa = Za,xEx(t)− cQbQc − ∂Qa Ṽ , (3)

Q̈b + κ0Q̇b +Ω2
0Qb = Zb,yEy(t)− cQaQc − ∂Qb

Ṽ , (4)

Q̈c + κcQ̇c +Ω2
cQc = −cQaQb − ∂Qc

Ṽ , (5)

where we set κa = κb ≡ κ0. The main driving force for
the two components of the E mode is the electric field
component of the pulse. For the B2 mode, the driving
force is proportional to QaQb. The back-action of the B2

mode on the E modes, contained in the Qa/bQc and in

the higher-order terms in the equations of motion is much
weaker than the driving force of the laser pulse itself.
Solving the equations in the frequency domain yields

analytical expressions to first order in the electric field
for Qa and Qb and to second order for Qc [64, 65],

Qa(ω) = Za,x
Ex(ω)

∆0(ω)
, Qb(ω) = Zb,y

Ey(ω)

∆0(ω)
, (6)

Qc(ω) = −cZa,xZb,y

∆c(ω)

(
Ex(ω)

∆0(ω)
⊛

Ey(ω)

∆0(ω)

)
, (7)

Here, ∆α(ω) = Ω2
α − ω2 + iωκα and ⊛ denotes the con-

volution operator. Please see Appendix for details of the
derivations. In the following, we will show how the non-
linear phonon dynamics lead to dynamically induced fer-
roelectric polarization and magnetization.

C. Ferroelectric polarization from phononic
rectification

The central component for light-induced ferroelectric-
ity is the trilinear coupling term QaQbQc in the phonon
potential energy, Eq. (2). The IR-active B2 mode pro-
duces a polarization along the c-axis of the crystal, Pc,z =
Zc,zQc/Vc, where Vc is the unit-cell volume. A mere os-
cillatory excitation of the B2 mode, for example through
impulsive stimulated or ionic Raman scattering [66, 67],
would lead to an oscillating polarization. Therefore, the
driving force acting on the B2 mode in Eq. (5) needs a
unidirectional component, which causes the mean of the
B2 mode to follow the mean square of the E mode compo-
nents, ⟨Qc⟩ ∼ ⟨QaQb⟩ ̸= 0 [61, 68, 69]. This is known as
phononic rectification and in the case of γ-LiBO2 can be
achieved with linearly polarized excitation of the E mode
oriented at 45◦ in the ab-plane of the crystal (ϕ = 0).
For example, a simple linearly polarized oscillation,

Qa = Qb = sin(t), yields ⟨QaQb⟩ = 0.5, causing max-
imum rectification and therefore unidirectional displace-
ment of the B2 mode. Reorienting the polarization of
the laser pulse by 90◦ in the ab-plane (i.e. setting ϕ = π)
changes the sign of the force and therefore reverts the
direction of rectification [34, 69]. In contrast, a circu-
larly polarized excitation (ϕ = π/2) produces no net force
and therefore no rectification, as Qa = sin(t) and Qb =
sin(t + π/2) yields ⟨QaQb⟩ = 0. Finally, an elliptically
polarized excitation (ϕ = π/4) produces a reduced rec-
tification with respect to the linear case, as Qa = sin(t)

and Qb = sin(t+ π/4) yields ⟨QaQb⟩ = 0.5/
√
2. The de-

pendence of the ferroelectric polarization on the chirality
of the excitation is shown in Fig. 1.
Having obtained analytical expressions for the phonon

modes driven by the electric field component of the laser
pulse in Eqs. (6) and (7), we now turn our attention
to deriving the response of the ferroelectric polarization.
Substituting these results into Pc,z(ω) = Zc,zQc(ω)/Vc

and assuming monochromatic light (τ → ∞) we obtain
a second-order nonlinear polarization given by
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Pc,z(0) = ϵ0χ
(2)
e,xyz(0;ω0,−ω0)Ex(ω0)E

∗
y(ω0). (8)

Here, ϵ0 is the vacuum permittivity and χ
(2)
e,xyz = χ

(2)
e,yxz

is a second-order nonlinear electric susceptibility induced
by the nonlinear phonon coupling, given by

χ(2)
e,xyz(0;ω0,−ω0) =

−c√
2πϵ0Vc

Za,iZb,jZc,k

∆c(0)|∆0(ω0)|2
. (9)

χ
(2)
e characterizes the static (ferroelectric) polarization

generated by the B2 mode when the two components of
the E mode are driven by a laser with frequency ω0. For
the full frequency-dependent response, see Appendix.

D. Magnetization from chiral phonons

In addition to the ferroelectricity arising from phononic
rectification, an elliptically or circularly polarized mid-
IR pulse can induce a magnetization through the excita-
tion of a chiral phonon mode. The elliptical or circular
superposition of the two components of the E mode in
the ab-plane produces orbital motions of the ions around
their equilibrium positions, generating a magnetization
perpendicular to the plane [46–59, 64, 70–72]. The mag-
netization is given by Mz = µphLz/(ℏVc), where µph is

the phonon magnetic moment and L = Q × Q̇ is the
phonon angular momentum with Q = (Qa, Qb, 0). In the
ionic point-charge picture, the phonon magnetic moment
is given by µph = ℏ−1

∑
n Z

∗
n/(2Mn)qn,a × qn,b. If we

set Qa = sin(t) and Qb = sin(t + ϕ), the magnetization
becomes Mz = sin(ϕ). The magnetization is therefore
maximal for a circularly polarized excitation (ϕ = π/2),
Mz = 1, reduced for an elliptically polarized excitation
(ϕ = π/4), Mz = 1/

√
2, and vanishing for a linearly po-

larized excitation (ϕ = 0), Mz = 0. The dependence
of the magnetization on the chirality of the excitation is
illustrated in Fig. 1.

Substituting Eq. (6) into Mz(ω) = µphLz(ω)/(ℏVc),
we obtain a second-order nonlinear magnetization,

Mz(0) = χ
(2)
me,ijk(0;ω0,−ω0)Ei(ω0)E

∗
j (ω0), (10)

where χ
(2)
me,ijz = −χ

(2)
me,jiz is a second-order nonlinear

magnetoelectric susceptibility induced by the phonon
magnetic moment and given by

χ
(2)
me,ijk(0;ω0,−ω0) = ϵijk

µph√
2πℏVc

iω0Za,iZb,j

|∆0(ω0)|2
, (11)

where ϵijk is the Levi-Civita tensor. χ
(2)
me character-

izes the static magnetization generated by the E modes
when driven by a laser with frequency ω0. For the full
frequency-dependent response, see Appendix.

TABLE I. Calculated eigenfrequencies in THz, single-
mode anharmonicities and nonlinear phonon couplings in
meV/(Å

√
u)n, n being the order of the phonon amplitude

and u the atomic mass unit, and mode effective charges in
e/
√
u, where e is the elementary charge.

c da db dc dab dac dbc ga gb gc Zc,z

E(26.2) 211 211 -4 22 22 1
B2(9.05) 179 -13 48 48 0.7 0.7
B2(19.8) 772 3 -63 -63 -0.3 0.5
B2(25.7) -2157 11 1315 1315 -0.2 -1.2

III. NUMERICAL EVALUATION

A. First-principles calculations

We calculate the phonon eigenfrequencies, eigenvectors
and Born effective charges of γ-LiBO2 using the den-
sity functional theory formalism as implemented in vasp
[73, 74], as well as the frozen-phonon method as imple-
mented in phonopy [75]. We used the default PAW pseu-
dopotentials with valence electron configurations Li(2s1),
B(2s22p1), and O(2s22p4). We used the PBEsol form
of the generalized gradient approximation (GGA) for
the exchange-correlation functional [76]. No Hubbard or
Hund’s exchange correction was added. We converged
the Hellmann-Feynman forces to 10−5 eV/Å using a
plane-wave energy cutoff of 600 eV and a 12 × 12 × 12
k-point mesh. The lattice constants of our fully relaxed
structure, a = 4.19 Å and c = 6.53 Å (Vc = 57 Å3), fit
reasonably well to experimental values [77] and to previ-
ous calculations [60]. To obtain the single-mode anhar-
monicities and nonlinear phonon couplings, we computed
the total energy of the system on a 11 × 11 × 11 grid of
atomic displacements along the eigenvectors of each of
the phonon modes, parametrized by the phonon ampli-
tudes Qa, Qb, and Qc, and fitted the resulting potential
energy landscape to the phonon potential energy, V .

We show the calculated phonon parameters in Table I.
Phonon frequencies of all IR-active modes are shown in
the Appendix. The coefficients c and dac = dbc for the
B2(25.7) mode are −2.2 eV/(Å

√
u)3 and 1.3 eV/(Å

√
u)4,

respectively. To our knowledge, these are the largest non-
linear phonon couplings reported in literature, more than
three times larger than the leading coefficients in YBCO
[62]. The product of the trilinear phonon couplings and
mode effective charges, cZc,z, has the same sign for all
three B2 modes in the system and therefore leads to a
cooperative ferroelectric polarization response according
to Eq. (9). We further obtain an optical dielectric con-
stant in the ab-plane of ϵ∞ = 2.9 and a phonon mag-
netic moment of µph = 0.14 µN , where µN is the nuclear
magneton. For the phonon linewidths, we assume phe-
nomenological values of κα = 0.1Ωα/(2π).
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FIG. 2. Ferroelectric polarization and magnetization dynamics in response to the resonant excitation of the E mode at
26.2 THz with linearly, elliptically, and circularly polarized mid-IR pulses. (a–c) Time evolution of the phonon amplitudes,
Qc, of the nonlinearly coupled B2 modes at 9.05, 19.8, and 25.7 THz for the different polarized excitations of the E mode.
The different curves are offset by 0.1 Å

√
u for visibility. (d–f) Time evolution of the ferroelectric polarization, ⟨Pz⟩, arising

from a rectification of the three B2 modes, and magnetization, Mz, arising from the phonon magnetic moment of the E mode.
We plot two different orientations and helicities of the polarization of the laser pulse that reverse the direction of the induced
ferroelectric polarization (±45◦) and magnetization (left- and right-handed helicity).

B. Dynamical multiferroic polarization

We now compute the phonon-induced ferroelectric po-
larization and magnetization for a resonant excitation of
the E mode at 26.2 THz, which has the largest mode
effective charge of all E modes in the system and hence
the largest coupling to the mid-IR pulse. We numeri-
cally solve the equations of motion, Eqs. (3)–(5), from
which we extract the time-dependent phonon amplitudes
of the E mode and the three B2 modes at 9.05, 19.8,
and 25.7 THz. The total polarization is a sum of the
three B2-mode contributions, Pz =

∑
α∈B2

Zα,zQα/Vc,
and the moving average yields the induced ferroelectric
polarization, ⟨Pz⟩. The magnetization in turn arises di-
rectly from the E mode.

In Fig. 2, we present the results of the dynamical
simulations for a mid-IR pulse with ω0 = 26.2 THz,
E0 = 25 MV/cm and τ = 0.2 ps. Figs. 2(a–c) display the
time evolutions of the phonon amplitudes of the three
B2 modes for linear, elliptical, and circular excitations
of the E mode. For all three excitations, an oscillatory
response of the B2 modes is visible. For linear and el-
liptical excitations, the oscillation is around a quasistatic
offset, corresponding to a rectification of the atomic dis-
placements from their equilibrium positions that decays
quadratically with the amplitude of the E-mode compo-
nents. In all calculations, the maximum mean-squared
atomic displacements well below 10% of the interatomic
distance, in accordance with the Lindemann stability cri-
terion [78]. The amplitudes of the E-mode components

are shown in the Appendix.
Figs. 2(d–f) display the time evolutions of the ferroelec-

tric polarization induced by the B2 modes, ⟨Pz⟩, as well
as the magnetization induced by the E mode, Mz. For
a linear excitation, the magnetization is zero, Mz = 0,
whereas the ferroelectric polarization is maximal, reach-
ing ⟨Pz⟩ = 2 µC/cm2, which is comparable to typical
ferroelectric perovskite oxides [79]. In contrast, for a
circular excitation, the ferroelectric polarization is zero,
⟨Pz⟩ = 0, whereas the magnetization is maximal, reach-
ing Mz = 0.3 µN/Vc, comparable to previous predictions
[49, 51]. For an elliptical excitation, both ferroelectric po-
larization and magnetization are nonzero and reduced by
a factor of

√
2 with respect to their maximum values. An

elliptical excitation therefore transiently generates mul-
tiferroic polarization in the nonpolar, nonmagnetic ma-
terial. By changing the orientation or handedness of the
polarization of the pulse, both the ferroelectric polariza-
tion and magnetization are reversed. Intriguingly, the
elliptical excitation leads to an unequal coupling of the
two E-mode components to the B2 modes, resulting in
a splitting of their frequencies (see Appendix) and there-
fore to an overshoot of the magnetization upon decay.
This means that the magnetization changes in the pres-
ence of the ferroelectric polarization.

IV. DISCUSSION

We performed calculations for the example of γ-LiBO2,
however the symmetry requirements for the dynamical
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generation of multiferroic polarization presented here are
general to all semiconductors and insulators in the 4̄ and
4̄2m point groups, such as BPO4 [34]. The calculated
ferroelectric polarization reaches the magnitude of typ-
ical ferroelectrics, whereas the magnetization calculated
in the ionic point-charge current picture is rather small.
Recent studies have shown however that this picture un-
derestimates the phonon magnetic moment by up to four
orders of magnitude due to the neglect of electron-phonon
coupling [53, 54, 80–84]. We therefore expect that the
possible induced magnetization can be much larger than
predicted here, and our calculations should be seen as
a lower boundary. We further compute unprecedented
strengths of the nonlinear phonon couplings and single-
mode anharmonicities that pose the question of whether
a perturbative treatment of the phonon dynamics is still
valid. This and questions addressing the origin of the
large nonlinearities call for comprehensive first-principles
and experimental studies in the future.

Finally, we propose possible experiments to confirm
the mechanism presented here. The induced ferroelectric
polarization could be measured with time-resolved SHG,
whereas the induced magnetization could be measured
with time-resolved Faraday or magnetooptic Kerr effect
(MOKE) experiments. Both are achievable with state-
of-the-art tabletop mid-IR pump/visible probe setups.
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APPENDIX: DERIVATIONS OF THE
NONLINEAR SUSCEPTIBILITIES

Piezoelectric properties of γ-LiBO2

We will revisit the general theory of phononic rectifi-
cation by nonlinearly driven phonon modes and how this
phenomenon can induce a transient ferroelectric polar-
ization in nonpolar materials. First, however, a comment
about the piezoelectricity of γ-LiBO2. Ref. [34] suggested
that γ-LiBO2, due to its piezoelectric response, possesses
the right symmetry requirements for light-induced ferro-
electricity. The piezoelectric tensor relates the electric
displacement in a crystal, and hence polarization, to an
applied stress, which in this case is caused by the ultra-
fast laser pulse that couples to an optical phonon mode.
Ref. [34] argues that an emergent ferroelectric polariza-
tion along the c axis of the crystal requires nonzero piezo-
electric tensor components in the third row. The piezo-
electric tensor for point group 4̄2m has the form

D4̄2m =

0 0 0 d14 0 0
0 0 0 0 d14 0
0 0 0 0 0 d36

 . (12)

Since d36 is nonzero, a ferroelectric polarization may
emerge along the c-axis from a pump in the ab-plane.

Derivation of the equations of motion

Our model consists of the two components of a degen-
erate IR-active E mode, denoted as Qa and Qb, that are
driven resonantly by a mid-IR pulse in the ab-plane of
the crystal, along with a third mode with B2 symme-
try, Qc, that nonlinearly couples to them through three-
phonon coupling. The potential energy associated with
these phonon modes can be expressed as

Vph =
Ω2

0

2
Q2

a +
Ω2

0

2
Q2

b +
Ω2

c

2
Q2

c + cQaQbQc + Ṽ , (13)

where Ωa = Ωb ≡ Ω0 is the eigenfrequency of the E mode
and Ωc that of the B2 mode. The coefficient c denotes
the trilinear, cubic-order, phonon coupling primarily of
interest here. The expansion can be continued with

Ṽ = daQ
4
a + dbQ

4
b + dcQ

4
c

+ dabQ
2
aQ

2
b + dacQ

2
aQ

2
c + dbcQ

2
bQ

2
c

+ gaQ
6
a + gbQ

6
b + gcQ

6
c , (14)

which contains the quartic- and sixth-order single-mode
anharmonicities and quartic-order nonlinear phonon cou-
pling coefficients, denoted by dα, gα, and dαβ respec-
tively. Cubic-order single-mode anharmonicities of the
type Q3

α, as well as quadratic-linear coupling terms of
the type Q2

a/bQc are symmetry-forbidden.

The light-matter interaction of the E modes with the
ultrashort mid-IR pulse can be written as

Vl−m = −pa/b ·E(t), (15)

where p = Za/bQa/b is the electric dipole moment of

the driven phonon modes. Za/b =
∑

n Z
∗
nqn,a/b/

√
Mn is

the mode effective charge vector with Z∗
n being the Born

effective charge tensor, qn,a/b the phonon eigenvector,
and Mn the atomic mass of atom n. The sum runs over
all atoms in the unit cell. Since we consider the electric
field component of light to be polarized in the ab-plane
of the crystal, the light-matter coupling of the B2 mode
vanishes. The electric field component of the pulse in the
material, E(t), is given by:

E(t) = E(t)(cos(ω0t), cos(ω0t+ ϕ), 0), (16)

where E(t) = ϵ−1
∞ E0e

−t2/(τ
√

8 ln(2))2 is the carrier enve-
lope, ϵ∞ is the optical dielectric constant of the material,
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E0 is the peak electric field in free space, τ is the full
width at half maximum pulse duration and ω0 is the cen-
ter frequency. ϕ is the carrier envelope phase that here
determines the polarization (linear, elliptical, circular) of
the laser pulse.

The time evolution of the coupled phonon modes can
be described by a phenomenological oscillator model de-
rived from the damped Euler-Lagrange equations:

d

dt

∂L
∂Q̇

− ∂L
∂Q

= −∂G

∂Q̇
. (17)

Here, L = T − V is the phonon Lagrangian containing
the phonon kinetic energy, T = Q̇2

a/2+Q̇2
b/2+Q̇2

c/2, and
the total phonon-dependent potential, V = Vph + Vl−m,

V =
Ω2

0

2
Q2

a +
Ω2

0

2
Q2

b +
Ω2

c

2
Q2

c + cQaQbQc + Ṽ

−QaZa,xEx(t)−QbZb,yEy(t). (18)

G = κ0Q̇
2
a/2+ κ0Q̇

2
b/2+ κcQ̇

2
c/2 is the Rayleigh dissipa-

tion function and κα, where α ∈ {a, b, c}, is the phonon
linewidth, with κa = κb ≡ κ0. From Eq. (17) we obtain
the three coupled equations

Q̈a + κ0Q̇a +Ω2
0Qa = Za,xEx(t)− cQbQc − ∂Qa

Ṽ ,
(19)

Q̈b + κ0Q̇b +Ω2
0Qb = Zb,yEy(t)− cQaQc − ∂Qb

Ṽ ,
(20)

Q̈c + κcQ̇c +Ω2
cQc = −cQaQb − ∂Qc

Ṽ , (21)

These equations illustrate that the electric field compo-
nent of light acts as the primary driving force for the IR-
active E modes, while the E modes themselves, QaQb,
serve as the main driving force of the coupled B2 mode.
The higher order nonlinear coupling terms contained in
Ṽ are a weaker contribution to the driving force.

To solve these equations analytically, we perform a
Fourier transform to the frequency domain. The lowest-
order results forQa andQb are in first order in the electric
field, while the expression for Qc is in second order,

Qa = Za,i
Ei(ω)

∆0(ω)
, Qb = Zb,i

Ei(ω)

∆0(ω)
, (22)

Qc = − c

∆c(ω)
(Qa(ω)⊛Qb(ω))

= −cZa,iZb,j

∆c(ω)

(
Ei(ω)

∆0(ω)
⊛

Ej(ω)

∆0(ω)

)
, (23)

where ∆α(ω) = Ω2
α −ω2 + iωκα, α ∈ {0, c}, and ⊛ is the

convolution operator. We use the Einstein sum conven-
tion for indices denoting the spatial coordinates, i, j, k.

Derivation of the nonlinear electric susceptibility

We now direct our focus towards understanding the
induced ferroic polarizations and derive the second-order
nonlinear electric susceptibilities discussed in the main
text. For the purpose of the derivation, we neglect
quartic-order terms in the following, Ṽ = 0. Because
the B2 mode produces a polarization along the c-axis of
the crystal, we can write

Pc,z(ω) =
Zc,z

Vc
Qc(ω), (24)

where Vc is the unit-cell volume. Substituting Eq. (23) in
the equation above, the analytical expression for the fer-
roelectric polarization can generally be written in second
order of the electric field component of the laser pulse as

Pc,k(ω) = ϵ0

∫ ∞

−∞
χ
(2)
e,ijk(ω, ω

′)Ei(ω−ω′)Ej(ω
′)dω′, (25)

where χ
(2)
e,ijk is the second-order nonlinear electric suscep-

tibility induced by the nonlinear phonon coupling,

χ
(2)
e,ijk(ω, ω

′) =
−c√
2πϵ0Vc

Za,iZb,jZc,k

∆c(ω)∆0(ω − ω′)∆0(ω′)
. (26)

This function characterizes the system’s frequency re-
sponse of the polarization and is particularly strong in
the case of resonant driving of the IR-active E modes,
where ω′ = ω0 = Ω0. The ferroelectric polarization cor-
responds to the static component of the full frequency-
dependent polarization response, Pc,z(0).

Derivation of the nonlinear magnetoelectric
susceptibility

We now analogously derive the second-order nonlin-
ear magnetoelectric susceptibility. A circular or ellipti-
cal superposition of the two IR-active phonon modes Qa

and Qb in the ab-plane of the crystal produces orbital
motions of the ions around their equilibrium positions,
generating a magnetization perpendicular to the plane
[47, 49, 51, 70]. The magnetization can be written as

Mz =
µph

Vc

Lz

ℏ
, (27)

where µph is the phonon magnetic moment and L =

Q × Q̇ is the phonon angular momentum with Q =
(Qx, Qy, 0). In the point-charge current picture, µph =
ℏ−1

∑
n Z

∗
n/(2Mn)qn,a×qn,b, where qn,a/b is the phonon

eigenvector of atom n, Mn its atomic mass, and the sum
runs over all atoms in the unit cell. Substituting the an-
alytical expressions for the phonon amplitudes, Qa and
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FIG. 3. (a–c) Time-dependent amplitudes of the two orthogonal components of the doubly degenerate E(26.2) mode, Qa and
Qb, excited by linearly, elliptically and circularly polarized laser pulses. (d–f) Normalized Fourier transforms of the time traces
in (a–c). There is a small splitting in frequency between the two E-mode components for the elliptical excitation.

Qb, derived according to Eq. (22), we obtain the magne-
tization in the frequency domain,

Mk(ω) =
µph

Vc

Lz(ω)

ℏ
=

µph

ℏVc
ϵabk(Qa(ω)⊛ iωQb(ω))

=
µphZa,iZb,j

ℏVc
ϵijk

(
Ei(ω)

∆0(ω)
⊛ iω

Ej(ω)

∆0(ω)

)
, (28)

where ϵijk is the Levi-Civita tensor. We can cast the
above expression into a second-order nonlinear magne-
toelectric response of the material to the electric field
component of the laser pulse, given by

Mk(ω) =

∫ ∞

−∞
χ
(2)
me,ijk(ω, ω

′)Ei(ω − ω′)Ej(ω
′)dω′, (29)

where χ
(2)
me,ijk is a second order nonlinear magnetoelectric

susceptibility induced by the phonon magnetic moment
and given by [65]

TABLE II. Calculated IR-active phonon eigenfrequencies in
THz for the B2 and E phonons in γ-LiBO2.

Symmetry Ωc/(2π) Symmetry Ω0/(2π)
B2 9.05

19.8
25.7

E 10.2
14.3
15.2
22.1
26.2
28.7

χ
(2)
me,ijk(ω, ω

′) = ϵijk
µph√
2πℏVc

i(2ω′ − ω)Za,iZb,j

2∆0(ω − ω′)∆0(ω′)
. (30)

This function characterizes the system’s frequency re-
sponse of the magnetization to the excitation by the laser
pulse and is particularly strong in the case of resonant
driving of the IR-active E modes, where ω′ = ω0 = Ω0.

E-mode amplitudes

In Figs. 3(a–c), we show the time evolution of the
amplitudes of the two orthogonal components, Qa and
Qb, of the E(26.2) mode. In Figs. 3(d–f), we show the
corresponding Fourier transforms for the time period of
−1.5 ps to 1.5 ps, during which the amplitudes are the
largest. The elliptical excitation in (e) shows a 0.3 THz
splitting of the E(26.2) mode, arising from a combination
of the trilinear coupling to the three B2 modes, QaQbQc,
and the quartic-order anharmonicity, Q4

a/b. The largest

atomic motion induced in the system reaches a maximum
of 3% of the interatomic distance, well below the Linde-
mann stability criterion of about 10%.

Frequency-dependent susceptibilities

In Figs. 4(a) and (b), we show the norms of the non-
linear electric and magnetoelectric susceptibilities from
Eqs. (26) and (30), which characterize the frequency re-

sponse of the polarization and magnetization. ||χ(2)
e ||

exhibits three peaks corresponding to a rectification,
oscillatory excitation, and second-harmonic generation
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FIG. 4. Phonon-induced susceptibilities. (a) Norm of the

nonlinear electric susceptibility, ||χ(2)
e,xyz(ω, ω0 = Ω0)||, aris-

ing from the couplings of the B2 modes to the E mode.
The three peaks correspond to rectification, oscillatory ex-
citation, and second-harmonic generation (SHG) of the B2

modes. (b) Norm of the nonlinear magnetoelectric suscepti-

bility, ||χ(2)
me,xyz(ω, ω0 = Ω0)||, arising from the phonon mag-

netic moment of the E mode. The peak at zero frequency
corresponds to the quasistatic component, whereas the dip
corresponds to the sum-frequency component.

(SHG) of the B2 modes. The SHG component is gen-
erally weaker than the former two and negligible in the

lattice dynamics. ||χ(2)
me|| exhibits a peak at zero fre-

quency and a dip at the sum frequency, consistent with
the frequency components of the circular driving force,
EiE

∗
j − EjE

∗
i .
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