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The magneto-optical and opto-magnetic effects describe the interaction of light with a magnetic
medium. The most prominent examples are the Faraday and Cotton-Mouton effects that modify the
transmission of light through a medium, and the inverse Faraday and inverse Cotton-Mouton effects
that produce effective magnetic fields for the spin in the material. Here, we introduce the phe-
nomenology of the analogous magneto-phononic and phono-magnetic effects, in which vibrational
quanta take the place of the light quanta. We show, using a combination of first-principles calcu-
lations and phenomenological modeling, that the effective magnetic fields exerted by the phonon
analogs of the inverse Faraday and inverse Cotton-Mouton effects on the spins of antiferromagnetic
nickel oxide yield magnitudes comparable to and potentially larger than those of the opto-magnetic
originals.

Antiferromagnets are a promising alternative to fer-
romagnets in spintronics applications, such as magnetic
recording and data storage, because of their orders-of-
magnitude faster terahertz operations compared to gi-
gahertz speeds for ferromagnets [1–3]. To achieve these
operation speeds, ultrashort light pulses are used to ma-
nipulate the magnetic order on timescales of less than a
picosecond [4–7]. One ingredient of ultrafast spin con-
trol is the excitation of coherent spin waves (magnons)
that can be achieved through opto-magnetic effects, in
which light couples to the spins directly [8, 9], or through
modulations of the dielectric function [10–15], exchange
interactions [16], and anisotropy [17, 18]. At the same
time, the coupling of vibrations of the crystal lattice
(phonons) to the spins has long been known to influence
the magnetic order by compensating the angular momen-
tum in spin relaxation [19–22] and demagnetization dy-
namics [23–26]. Recent experiments have shown that,
when coherently excited with a terahertz pulse, infrared-
active phonon modes transfer energy to the magnetic or-
der through the spin-phonon interaction. This leads to
coherent spin-wave excitations [27] and is capable of in-
ducing and reorienting magnetic order [28, 29]. Theoret-
ical explanations of these phenomena have so far taken
into account dynamical magnetic fields [30, 31] and tran-
sient distortions of the crystal lattice [32–38] produced
by the coherent phonon excitation. These developments
mark the emergence of a new field of phono-magnetism
that is complementary to the established opto-magnetism
approach to antiferromagnetic spintronics and requires
an equivalent theoretical foundation.

The purpose of this study is to develop a theoretical
framework for phono-magnetic phenomena that is based
on the analogy to opto-magnetic effects. We begin by
showing that the magneto-optical Faraday and Cotton-
Mouton and the opto-magnetic inverse effects have
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magneto-phononic and phono-magnetic analogs when we
replace photons by phonons in the interaction, as illus-
trated in Fig. 1. We next calculate the corresponding in-
teraction strengths for the paradigmatic antiferromagnet
nickel oxide (NiO) from first principles and estimate the
effective magnetic fields produced by the opto-magnetic
inverse Faraday and inverse Cotton-Mouton effects and
their phono-magnetic analogs as a result of coherent opti-
cal and phononic driving. The opto-magnetic effects that
we consider here are fundamentally impulsive stimulated
Raman scattering processes, in which the energy of light
is transferred to the magnetic system through intermedi-
ate virtual or real electronic states. The phono-magnetic
effects that we consider here are ionic Raman scattering
processes, in which the energy of light is transferred to
coherently excited optical phonons, which in turn trans-
fer their energy to the magnetic system through spin-
phonon coupling. Ionic Raman scattering was predicted
half a century ago [39–41] and has been demonstrated
recently for nonlinear phonon interactions [42–44]. The
approach presented here can be straightforwardly ex-
tended for non-Raman mechanisms, such as one-photon
and one-phonon [34, 45–54], as well as two-magnon pro-
cesses [55, 56], which will be the matter of future work.
Our results pave the way for future experiments utilizing
phono-magnetic effects in the ultrafast control of mag-
netic order.

I. THEORETICAL FORMALISM

We treat the coupling of coherent light or phonons with
the spins in the effective magnetic field picture that pro-
vides an intuitive description of the physics and has com-
monly been applied to the opto-magnetic effects in the lit-
erature [5, 6, 57]. The description is valid in the regime of
excitations in which no photo- or phonon-induced melt-
ing of magnetic order occurs [58–63]. We will comment
on the limitations of this formalism in the discussion sec-
tion.
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FIG. 1. Opto-magnetic and phono-magnetic effects mediated
by circularly and linearly polarized photons and phonons.
The difference between two frequency components of an ul-
trashort laser pulse, ω1 and ω2, or two coherently excited
phonons, Ω1 and Ω2, are resonant with one or two magnons
with frequency Ωm. The fundamental process for photons is
impulsive stimulated Raman scattering; for phonons it is ionic
Raman scattering. (a) Inverse Faraday effect, (b) phonon in-
verse Faraday effect, (c) inverse Cotton-Mouton effect, (d)
phonon inverse Cotton-Mouton effect.

A. Opto-magnetism

We begin by reviewing the classical interaction of light
with magnetic matter, whose Hamiltonian, Hphot, can be
written as [6, 15]

Hphot = ε̃ij(M,L)EiE
∗
j , (1)

where ε̃ij = −εijVc, εij is the frequency-dependent di-
electric tensor, Vc is the volume of the unit cell, Ei and
E∗j are the complex electric-field components of light, and
the indices i and j denote spatial coordinates. (We use
the Einstein notation for summing indices.) In a gen-
eral antiferromagnet with two magnetic sublattices, the
dielectric tensor is a complex function of the ferro and an-
tiferromagnetic vectors M = M1+M2 and L = M1−M2

that consist of the sum and the difference of the sublattice
magnetizations M1 and M2, respectively. An expansion
of ε̃ij up to second order in M and L yields [6, 13, 15]:

ε̃ij = ε̃
(0)
ij + iα̃ijkMk + iα̃′ijkLk

+ β̃ijklMkMl + +β̃′ijklLkLl + β̃′′ijklMkLl, (2)

where α̃(′) and β̃(′,′′) are the first and second-order
magneto-optical coefficients with α̃(′) = α(′)Vc and
β̃(′,′′) = β(′,′′)Vc. The different magneto-optical and
opto-magnetic effects can be classified according to their

role in the expansion of the dielectric tensor, and we show
three examples that are relevant for our study in Table I,
adapted from Ref. [6].

Magneto-optical effects occur as a result of the mod-
ulation of the dielectric function by magnetic order or
fluctuations in the material and lead to circular bire-
fringence, as described by the Faraday effect (first or-
der in the magnetizations), and linear birefringence, as
described by the Cotton-Mouton effect (second order in
the magnetizations).

In the inverse opto-magnetic effects, the electric-field
component of light acts as an effective magnetic field
for the spins in the material, which is given by Beff =
−V −1

c ∂Hphot/(∂M) or −V −1
c ∂Hphot/(∂L). We look at

the case of a coherent electric-field component that is
provided by an ultrashort laser pulse, for which the ef-
fective magnetic field coherently excites magnons via im-
pulsive stimulated Raman scattering involving two pho-
tons and one magnon [6, 10–12, 14, 15, 64–67]. To
first order in the magnetizations, αijk = −αjik, and
we obtain the well-known form for the z-component of
the effective magnetic field in the inverse Faraday effect,
Beff

z = iαxyz(ExE
∗
y − EyE

∗
x) = iαxyz(E × E∗)z [57, 68].

Beff
z Mz then describes the coupling of spin angular mo-

mentum of circularly polarized light to the magnetization
of the material, see Fig. 1(a). In the inverse Cotton-
Mouton effect (second order in the magnetizations), the
light can be linearly polarized, as in Fig. 1(c).

B. Phono-magnetism

We now introduce an analogous description for the
interaction of spins with lattice vibrations, in which
phonons take the place of photons. The normal coor-
dinate (or amplitude) Q of the phonon mode then takes
the place of the electric-field component of the photon,
and the interaction Hamiltonian, Hphon, can be written
as

Hphon = Dij(M,L)QiQ
∗
j . (3)

Here, the projected dynamical matrix Dij takes the place
of the dielectric tensor as the coefficient. It is given by
Dij = qT

i Dqj , where D is the dynamical matrix and
qi/j are the phonon eigenvectors, with indices i and j
denoting the band number of the phonon mode. The
case i = j returns the eigenfrequency of phonon mode i,
Dii = Ω2

i . Q is given in units of Å
√

amu, where amu is
the atomic mass unit. The projected dynamical matrix
can, analogously to the dielectric tensor, be expanded as
a complex function of M and L:

Dij = D
(0)
ij + iãijkMk + iã′ijkLk

+ b̃ijklMkMl + b̃′ijklLkLl + b̃′′ijklMkLl, (4)

where ã(′) and b̃(′,′′) are the first and second-order
magneto-phononic coefficients with ã(′) = a(′)Vc and
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TABLE I. Classification of magneto-optical and opto-magnetic effects, adapted from Ref. [6]. Shown are the contributions
to the interaction Hamiltonian Hphot, the components of the expansion of the volume dielectric tensor ε̃ij = −εijVc, and the
effective magnetic fields Beff . Indices i, j, k, and l denote spatial coordinates.

Contribution to
Hamiltonian

Magneto-optical effect Opto-magnetic effect

iα̃ijkEiE
∗
jMk ε̃ij = iα̃ijkMk Faraday effect Beff

k = iαijkEiE
∗
j

Inverse
Faraday effect

β̃ijklEiE
∗
jMkMl ε̃ij = β̃ijklMkMl

Cotton-Mouton
effect

Beff
l = βijklEiE

∗
jMk

Inverse
Cotton-Mouton

effectβ̃′ijklEiE
∗
jLkLl ε̃ij = β̃′ijklLkLl Beff

l = β′ijklEiE
∗
jLk

b̃(′,′′) = b(′,′′)Vc. We classify the different magneto-
phononic and phono-magnetic effects according to their
role in the expansion of the projected dynamical matrix,
and we show three examples that are relevant for our
study in Table II.

Magneto-phononic effects occur as a result of the mod-
ulation of the interatomic forces, and therefore the dy-
namical matrix, by the magnetic order and magnetic
fluctuations in the material through various types of
spin-phonon interactions. Different manifestations of the
magneto-phononic effects have been described in the lit-
erature throughout the past century: The most well-
known first-order magneto-phononic effect is the Raman
process in spin relaxation, in which a spin relaxes under
the absorption and emission of two incoherent (thermal)
phonons [19, 69]. More recently identified first-order ef-
fects are the splitting of phonon modes in paramagnets
in an external magnetic field [70, 71], the phonon Hall
[72–74] and phonon Einstein-de Haas [23] effects in para-
magnetic dielectrics, as well as for the phonon Zeeman
effect in nonmagnetic dielectrics [30, 31]. A manifesta-
tion of the second-order effect in the phenomenology can
be found in the ionic contribution to the known mag-
netodielectric effect [75, 76], in which the ionic part of
the dielectric function, and therefore the dynamical ma-
trix, is modulated by the magnetic order. Because of
the analogy to the magneto-optical effects, these effects
have been discussed as the Faraday and Cotton-Mouton
effects of phonons in early studies [77, 78].

We now propose that in the inverse phono-magnetic
effects the phonon modes act as an effective magnetic
field on the spins in the material, which is given by
Beff = −V −1

c ∂Hphon/(∂M) or −V −1
c ∂Hphon/(∂L). We

look at the case of phonon modes that are coherently
excited by an ultrashort pulse in the terahertz or mid-
infrared spectral range, which in turn coherently excite
magnons via ionic Raman scattering. The mechanism to
first order of the magnetizations is the phonon analog to
the inverse Faraday effect, and we therefore call it phonon
inverse Faraday effect. Here, aijk = −ajik, and we ob-
tain for the z-component of the effective magnetic field
for the two components, i and j, of a circularly polarized

phonon in the xy-plane, Beff
z = iaijz(QiQ

∗
j − QjQ

∗
i ) =

iaijz(Q × Q∗)z. Beff
z Mz then describes the coupling of

phonon angular momentum with the magnetization of
the material, see Fig. 1(b). In the time domain, we obtain
the more common form of this type of spin-phonon cou-
pling, Beff

z Mz = āijz(Q × Q̇)zMz, where āijz = aijz/Ω
[23, 30, 31, 73, 79–81]. The mechanism in second order
in the magnetizations is the phonon analog to the inverse
Cotton-Mouton effect, which we analogously call phonon
inverse Cotton-Mouton effect, and in which the phonons
can be linearly polarized as in Fig. 1(d).

II. RESULTS FOR NICKEL OXIDE

We turn to evaluating and estimating the strength of
the opto-magnetic and proposed phono-magnetic effects
for the example of NiO, in which coherent magnons have
recently been generated via the inverse Faraday and in-
verse Cotton-Mouton effects [14, 15].

In the paramagnetic phase, NiO crystallizes in the
rocksalt structure (point group m3̄m). Below the Néel
temperature of TN = 523 K, the spins couple ferro-
magnetically in the {111} planes of the crystal, with
neighbouring planes of opposite ferromagnetic orienta-
tion, yielding a rhombohedrally distorted antiferromag-

Ni
O

L0 || [11-2] y

M(t) || [111] z

L(t) || [1-10] x

FIG. 2. Antiferromagnetic order of NiO. The spins are
aligned along one of three equivalent [11-2] directions. The
in-plane magnon mode at 0.14 THz changes the antiferro-
magnetic vector, L(t), along the [1-10] and the ferromagnetic
vector, M(t), along the [111] direction. L0 is the equilibrium
antiferromagnetic vector along the [11-2] direction.
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TABLE II. Classification of magneto-phononic and phono-magnetic effects. Shown are the contributions to the interaction
Hamiltonian Hphon, the components of the expansion of the projected dynamical matrix Dij , and the effective magnetic fields
Beff . Indices i and j denote the band index of the phonon modes, indices k, l denote spatial coordinates.

Contribution to
Hamiltonian

Magneto-phononic effect Phono-magnetic effect

iãijkQiQ
∗
jMk Dij = iãijkMk

Phonon Faraday
effect

Beff
k = iaijkQiQ

∗
j

Phonon inverse
Faraday effect

b̃ijklQiQ
∗
jMkMl Dij = b̃ijklMkMl

Phonon
Cotton-Mouton

effect

Beff
l = bijklQiQ

∗
jMk

Phonon inverse
Cotton-Mouton

effectb̃′ijklQiQ
∗
jLkLl Dij = b̃′ijklLkLl Beff

l = b′ijklQiQ
∗
jLk

net with 3̄m point group [82]. Within the {111} planes,
the spins are aligned along one of three equivalent 〈11-2〉
directions, resulting in a further small monoclinic dis-
tortion with 2/m point group [83]. We label the [1-10],
[11-2], and [111] crystal directions in Fig. 2 as x, y, and z,
in order to make the indexing of the coefficients simpler.

A. Inverse Faraday and inverse Cotton-Mouton
effects

First, we evaluate the effective magnetic fields Beff pro-
duced by the opto-magnetic effects according to the ex-
pressions shown in Table I. We use the experimental ge-
ometry of Ref. [15], where pulses with full width at half
maximum durations of 90 fs at fluences of 80 mJ/cm2,
corresponding to a peak electric field of 25 MV/cm, were
sent onto a (111)-cut NiO crystal under nearly normal
incidence, as sketched in Fig. 2. The pulses with a pho-
ton energy of 0.98 eV (well below the ∼4.3 eV bandgap
[84]) excited the in-plane magnon mode with a frequency
of Ωm/(2π) = 0.14 THz through impulsive stimulated
Raman scattering.

In this geometry, an excitation of the in-plane magnon
mode via the inverse Faraday effect requires the pulse
to be circularly polarized in the xy plane, and the cor-
responding opto-magnetic coefficient is αxyz. The z-
component of the effective magnetic field is given by

BIFE
z = iαxyz(ExE

∗
y − EyE

∗
x). (5)

Here, the circularly polarized electric field of the pulse
can be written as E = E0(t)(eiω0t, ieiω0t, 0)/

√
2, with

E0(t) = E0exp(−t2/(2(τ/
√

8ln2)2)), where E0 is the
peak electric field, ω0 is the center frequency, and τ is
the full width at half maximum duration of the pulse
[85]. For an excitation via the inverse Cotton-Mouton
effect, the pulse has to be linearly polarized in the xy
plane, and the corresponding coefficient is β′xyyx. βxyyx
is zero by symmetry [15]. The z-component of the effec-
tive magnetic field is given by

BICME
z = β′xyyx(ExE

∗
y + EyE

∗
x), (6)

where the linearly polarized electric field is given by E =
E0(t)(eiω0t, eiω0t, 0)/

√
2.

We compute the opto-magnetic coefficients at the
frequency of the laser pulse ω0 from first principles
as described in the computational details section in
the appendix, and we show their values αxyz(ω0) and
β′xyyx(ω0) in Table III. The ratio of the two coefficients,
L0β

′
xyyx(ω0)/αxyz(ω0) = 0.02, is within the same or-

der of magnitude as the experimental estimate from
Ref. [15]. Here, L0 = 3.24 µB/Vc is the magnitude of
the equilibrium antiferromagnetic vector obtained from
our first-principles calculations. We show the time- and
frequency-dependent effective magnetic fields produced
by the opto-magnetic effects in Figs. 3(a) and (b). The
driving force of the magnon mode is the Fourier compo-
nent of the effective magnetic field that is resonant with
its eigenfrequency. We find the 0.14 THz components of
the effective magnetic fields to yield BIFE(Ωm) = 28 mT

TABLE III. Opto- and phono-magnetic coefficients, and ef-
fective magnetic fields calculated in this work. The opto-
magnetic coefficients are in units of ε0(Vc/µB)n, where ε0 is
the vacuum permittivity, Vc is the unit cell volume, and n is
the order of expansion of the dielectric tensor. The phono-
magnetic coefficients as displayed here are in units of THz/µB

(first order) and (THzVc/µB)2 (second order). The effective
magnetic fields Beff(Ωm) are the 0.14 THz components.

Excitation effect Coupling Mag. field

Inverse Faraday αxyz = 4× 10−3 28 mT

Inverse Cotton-Mouton βxyyx = 0 –

β′xyyx = 2.6× 10−5 0.6 mT

Phonon inverse Faraday

via phonon orb. mag. mom. āPOM
ijz = 1.6× 10−6 2.5 mT

via crystal electric field āCEF
ijz = 6× 10−3 ∗ 9.6 T

Phonon inverse Cott.-Mout. b̃ijzz = 170 –

b̃′ijxx = 0 –

∗ Estimate for Tb3Ga5O12 from Refs. [23, 73]
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FIG. 3. Time- and frequency-dependent effective magnetic fields induced by the opto-magnetic and phono-magnetic effects.
(a) B(t) and (b) B(ω) generated by the inverse Faraday effect (IFE) and inverse Cotton-Mouton effect (ICME) for excitation
with a pulse with a photon energy of ω0 ≡ 0.98 eV, a full width at half maximum duration of τ = 90 fs, and a peak electric
field of E0 = 25 MV/cm. (c) B(t) and (d) B(ω) generated by the phonon inverse Faraday effect and mediated through the
phonon orbital magnetic moments (POM) and crystal electric field modulations (CEF) for excitation with a pulse with center
frequency ω0 = 12 THz, a full width at half maximum duration of τ = 2.25 ps, and a peak electric field of E0 = 5 MV/cm.
Note that the top row is in milli tesla, while the bottom row is in tesla. The dashed lines in (b) and (d) mark the frequency of
the in-plane magnon mode, Ωm/(2π) = 0.14 THz.

and BICME(Ωm) = 0.6 mT, listed in Table III. Note that
the effective magnetic field determines the induced mag-
netization, which is larger for the inverse Faraday effect
than for the inverse Cotton-Mouton effect. This can how-
ever be overcompensated by the anisotropy of the sys-
tem, and the anisotropy factor in NiO is large enough so
that the inverse Cotton-Mouton effect ends up dominat-
ing over the inverse Faraday effect.

B. Phonon inverse Faraday and phonon inverse
Cotton-Mouton effects

Second, we evaluate the effective magnetic fields pro-
duced by the phono-magnetic effects according to the ex-
pressions shown in Table II, using the same geometry as
before. For the excitation of the in-plane magnon mode
via the phonon inverse Faraday effect, the infrared-active
Bu modes perpendicular to the [111] direction have to
be coherently excited with a circularly polarized mid-
infrared pulse. The corresponding phono-magnetic co-
efficient is āijz, where i and j now denote the nearly
degenerate Bu modes at 12.06 and 12.08 THz. The z-
component of the effective magnetic field is given by

BPIFE
z = āxyz(QiQ̇j −QjQ̇i). (7)

For an excitation via the phonon inverse Cotton-Mouton
effect, one of the Bu modes has to be excited with a lin-
early polarized mid-infrared pulse. The corresponding
phono-magnetic coefficients are biizz and b′iixx (equiva-
lently for j). As we will see, the phonon inverse Cotton-
Mouton effect is zero in NiO.

For the phonon inverse Faraday effect, no straight-
forward first-principles implementation to calculate the
imaginary part of the dynamical matrix exists to date,
in contrast to the imaginary part of the dielectric ten-
sor that is necessary for the inverse Faraday effect. We
identified two different microscopic origins for the phono-
magnetic coefficient āijz, and we will evaluate them sepa-
rately, āijz = āPOM

ijz + āCEF
ijz . The first contribution āPOM

ijz

comes from the coupling of the orbital magnetic moment
produced by the coherently excited circularly polarized
phonon modes to the spin, which has previously been
described in the context of the dynamical multiferroic
effect, and we evaluate it according to the formalism de-
veloped in Refs. [30, 31], as outlined in the computational
details section. In the second contribution, āCEF

ijz , the co-
herently excited phonons couple to the spin through a
modulation of the crystal electric field around the mag-
netic ion. This modulation of the crystal field is also
at the origin of the Raman process of spin relaxation
[19, 69, 79, 81] and the phonon Hall effect [73, 74], in
which incoherent (thermal) phonons interact with the
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spin. āCEF
ijz can in principle be estimated using crys-

tal electric field theory with input parameters calculated
with quantum chemistry methods, which is beyond the
scope of this study. Experimental data on this type of
spin-phonon coupling is scarce, and we use the (to our
knowledge) only literature value for a transition metal
oxide, Tb3Ga5O12, from Refs. [23, 73].

The coefficients of the phonon inverse Cotton-Mouton
effect were computed analogously to the opto-magnetic
effects as described in the computational details section.
The spin-phonon coupling here includes all microscopic
contributions from modulations of exchange interactions
and anisotropies that are relevant to the ionic Raman
scattering process. We list the phono-magnetic coeffi-
cients āPOM

ijz , āCEF
ijz , b̃iizz, and b̃′iixx in Table III.

To obtain the coherent phonon amplitudes Qi and Qj ,
we numerically solve the equation of motion that models
the coherent excitation of theBu modes by a mid-infrared
pulse:

Q̈i + κiQ̇i + Ω2
iQi = ZiEi(t). (8)

Here, Ωi are the eigenfrequencies, κi the linewidths, and
Zi the mode effective charges of the Bu modes, and
Ei(t) is the electric-field component of the pulse [85].
(The equation for the j component is equivalent.) In
order to excite circularly polarized phonon modes, the
mid-infrared pulse has to be circularly polarized and of
the form (Ei(t), Ej(t)) = (E(t), E(t− 2π/(4ω0))), where

E(t) = E0exp(−t2/(2(τ/
√

8ln2)2)) cos(ω0t). We simu-
late a mid-infrared pulse that is resonant with the phonon
modes, ω0 = Ωi ≈ Ωj , with τ = 2.25 ps and E0 =
5 MV/cm. This pulse has the same energy as that used
to model the opto-magnetic effects. According to the Lin-
demann stability criterion, a material will melt when the
root-mean square displacements of the atoms exceed 10-
20% of the interatomic distance. For the pulse used here,
we expect a root-mean square displacement of the oxygen
ions of around 0.4Å, which corresponds to 20% of the in-
teratomic distance. Therefore, the values presented here
should be seen as an upper limit for the induced magnetic
fields. We show the time- and frequency-dependent effec-
tive magnetic fields produced by the phono-magnetic ef-
fects in Figs. 3(c) and (d). We find the effective magnetic
field components at the frequency of the magnon mode
to yield BPOM(Ωm) = 2.5 mT and BCEF(Ωm) = 9.6 T,
listed in Table III. The phonon inverse Faraday effect me-
diated through the orbital magnetic moments of phonons
has the same order of magnitude as the opto-magnetic ef-
fects for comparable pulse energies. Using the estimated
value for the crystal electric field modulation, we calcu-
late that the phonon inverse Faraday effect would yield
an effective magnetic field that is three orders of magni-
tude larger than the other effects. The coefficient of the
phonon inverse Cotton-Mouton effect for the expansion
in L2 is zero. In contrast, the coefficient for the expansion
in M2 is nonzero, but as the effective magnetic field scales
with the equilibrium ferromagnetic vector, M0 = 0, this
effect also vanishes. We therefore expect no second-order
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Phono-magnetic
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FIG. 4. Magnetic field components at the frequency of the
in-plane magnon mode, B(Ωm), for varying durations and
constant energies (peak electric field adjusted accordingly) of
the 0.98 eV and terahertz pulses. The values are normalized
to the respective values of the shortest pulses, B0. Arrows
mark the values of the pulse duration used for the calculations
of the effective magnetic fields in the main text.

phono-magnetic effect for the in-plane magnon mode in
NiO.

C. Discussion

We have shown that for comparable pulse energies, the
phono-magnetic effects that are based on ionic Raman
scattering generate effective magnetic fields that are com-
parable to those generated by the opto-magnetic effects
that are based on impulsive stimulated Raman scatter-
ing. The pulse frequencies required to coherently excite
phonons for the phono-magnetic effects lie in the ter-
ahertz and mid-infrared region (∼tens of meV), where
parasitic electronic excitations are reduced compared to
the pulses commonly used to trigger opto-magnetic ef-
fects, which usually use visible light (∼eV). This makes
the phono-magnetic effects more selective than the opto-
magnetic effects and opens up the possibility of generat-
ing coherent magnons in the electronic ground state in
small band gap semiconductors. While in NiO, there is
only one pair of infrared-active phonon modes present
that is relevant for the coupling to the magnon, materi-
als like yttrium iron garnet host a large variety of differ-
ent phonon and magnon modes. Here, highly selective
phonon excitation, such as that recently demonstrated
in a high-temperature superconductor [86], may play a
prominent role in the phono-magnetic mechanisms.

To estimate the strength of the phonon inverse Fara-
day effect mediated through the crystal electric field,
we turned to literature values for the coupling. To our
knowledge, only a few values have been reported, specif-
ically for 4f paramagnetic Tb3Ga5O12 [23, 73] and some
rare-earth trihalides [23, 87–89]. We acknowledge, how-
ever, that the real coupling strength may strongly differ
for materials with 3d and 4f magnetism and realistic
values for NiO should be computed from first-principles
in future work. Nevertheless, this coupling mechanism
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yields the largest effective magnetic field for all mecha-
nisms. As an example, the spin-precessional amplitudes
induced by a circular phononic drive in the weak ferro-
magnet ErFeO3 [27] are larger by an order of magnitude
than that by a circular photonic drive [90] for comparable
total pulse energies. This comparison and our large cal-
culated value for the example coupling strength suggest
that crystal electric field modulation could be a signif-
icant and potentially the dominant microscopic mecha-
nism responsible for the magnon excitation in Ref. [27],
in addition to the originally proposed orbital magnetic
moments of phonons [27, 30]. Quantitative calculations
of the coupling will be necessary in the future in or-
der to confirm this statement and to predict materials
in which the effect can be maximized. In addition, it
should be noted that the opto-magnetic effects may ben-
efit from resonant enhancement when the photon energy
of the pulse is tuned to match electronic transitions in
the vicinity of the band gap [91], which will have to be
taken into account in a rigorous quantitative comparison
of opto- and phono-magnetic effects. We see no second-
order phono-magnetic effect for antiferromagnetic NiO,
in contrast to the well-known second-order opto-magnetic
inverse Cotton-Mouton effect, and despite the observa-
tion that the frequencies of some phonon modes depend
on the magnetic order [92, 93].

Finally, we discuss the effect of the pulse duration on
the effective magnetic field. We show B(Ωm) for different
values of the full width at half maximum pulse duration τ
in Fig. 4, where we adjust the peak electric field E0 such
that the pulse energy remains constant. The data sets for
the 0.98 eV and mid-infrared pulses are normalized to the
value of the shortest pulse. In the opto-magnetic effects,
the 0.14 THz component of the effective magnetic field
is nearly independent of τ for the 10 fs to 200 fs range
shown here, because Ωm � ω0 can be regarded as an
effectively static component of the difference-frequency
mixing of the electric-field components in the pulse. In
the phono-magnetic effects in contrast, the effective mag-
netic field depends strongly on the pulse duration, be-
cause the amplitude of the Bu modes increases for longer
resonant driving pulses. This dependence on the pulse
duration makes it possible to fine-tune the efficiency of
the phono-magnetic effects. For very short pulses, addi-
tional driving mechanisms for the spins come into play
that cannot be captured with the effective magnetic field
formalism presented here and require, in principle, a fully
quantum mechanical approach [66, 94, 95]. In addition
to the paramagnetic response of the spins to the effective
magnetic field, an unquenching of electronic orbital mag-
netic moments produces a diamagnetic response through
optically induced virtual transitions that may even dom-
inate the magnetic response on femtosecond timescales
[65, 96]. For the opto-magnetic inverse Faraday effect,
the effective magnetic field formalism has been shown to
hold on the timescale of nanoseconds [68]. The picosec-
ond timescale of the phono-magnetic effects lies right in
between these two limits. We therefore anticipate that

the effective magnetic field formalism is a reasonable ap-
proach, however additional effects should be expected in
an experiment. These will have to be taken into account
in order to make quantitatively accurate predictions in
the future.

As tabletop terahertz and mid-infrared sources are be-
coming widely available [97], we anticipate that an in-
creasing number of phono-magnetic phenomena will be
explored over the course of the next few years. The the-
ory presented here lays the foundation for this emerging
phononic approach to antiferromagnetic spintronics.
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APPENDIX: COMPUTATIONAL DETAILS

We calculate the opto- and phono-magnetic coeffi-
cients, phonon eigenvectors, and phonon eigenfrequen-
cies from first-principles using the density functional the-
ory formalism as implemented in the Vienna Ab ini-
tio Simulation Package (VASP) [98, 99] and the frozen-
phonon method as implemented in the Phonopy pack-
age [100]. We use the VASP projector-augmented wave
(PAW) pseudopotentials with valencies Ni 3p63d94s1 and
O 2s22p4 and converge the Hellmann-Feynman forces to
25 µeV/Å using a plane-wave energy cut-off of 800 eV
and a 8×8×8 gamma-centered k-point mesh to sample
the Brillouin zone. We take spin-orbit coupling into ac-
count for every calculation. For the exchange-correlation
functional, we choose the Perdew-Burke-Ernzerhof re-
vised for solids (PBEsol) form of the generalized gra-
dient approximation (GGA) [101]. We apply an on-
site Coulomb interaction of 4 eV on the Ni 3d states
that well reproduces both the G-type antiferromagnetic
ordering and lattice dynamical properties [102]. The
volume of the fully relaxed primitive unit cell is Vc =

35.59 Å
3

and the magnitude of the equilibrium antifer-
romagnetic vector projected into Wigner-Seitz spheres
L0 = 3.24 µB/Vc. We find the mode effective charges
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of the infrared-active Bu modes to be 0.84e, where e is
the elementary charge [103], and we use common values
for the phonon linewidths in oxides, κi ≈ 0.05×Ωi/(2π)
[32].

We vary the angle of the noncollinear spins of NiO
along the directions of the in-plane magnon mode co-
ordinates as displayed in Fig. 2 in increments of 5◦ be-
tween ±90◦ and calculate the frequency-dependent di-
electric function εij and the projected dynamical matrix
Dij for each step. We then fit the functions εij(M,L)
and Dij(M,L) to quadratic polynomials in M and L
as shown in Fig. 5 to obtain the magneto-optical and
magneto-phononic coefficients. A similar method has
been used to obtain nonlinear phonon-phonon couplings
in a recent study [36]. Note that the coefficients for the
phonon (inverse) Cotton-Mouton effects can, in principle,
also be obtained by calculating the phonon-amplitude de-
pendent exchange interactions and anisotropies instead,
see, e.g., Ref. [34]. The phono-magnetic coefficient,
āPOM
ijz , can be regarded as a gyromagnetic ratio of the

circularly polarized phonon modes i and j, which is given
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FIG. 5. Opto- and phono-magnetic coefficients from den-
sity functional theory. (a) Relevant real and imaginary parts
of the dielectric tensor as function of the ferro and antiferro-
magnetic vector components. The dielectric tensor is given in
units of the vacuum permittivity ε0 and evaluated at the fre-
quency of the laser pulse ~ω0 = 0.98 eV. We subtract the equi-
librium value. (b) Projected dynamical matrix for the for the
in-plane Bu phonon modes i and j perpendicular to the [111]
direction as function of the ferro and antiferromagnetic vec-
tors. The dynamical matrix is given in units of eV/(Å2amu).
We subtract the equilibrium value.

by aijz =
∑

n γnqni×qnj , where qni are the eigenvectors
of phonon mode i corresponding to ion n, and the sum
runs over all ions in the unit cell. γn = eZ∗n/(2Mn) is
the gyromagnetic ratio of ion n, where e is the elemen-
tary charge, Z∗n is the Born effective charge tensor and
Mn is the atomic mass. For āCEF

ijz , we use the literature
value for Tb3Ga5O12 provided in Refs. [23, 73].
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