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CONDENSED MATTER PHYSICS

Light-induced magnetization from

magnonic rectification

Tom Kahana't, Daniel A. Bustamante Lopezz1', Dominik M. Juraschek'*

Rectification describes the conversion of an oscillating field or current into a quasi-static one and the most basic
example of a rectifier is an AC/DC converter in electronics. This principle can be translated to nonlinear light-matter
interactions, where optical rectification converts the oscillating electric field component of light into a quasi-static
polarization and phononic rectification converts a lattice vibration into a quasi-static structural distortion. Here,
we present a rectification mechanism for magnetism that we call magnonic rectification, where a spin precession
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is converted into a quasi-static magnetization through the force exerted by a coupled chiral phonon mode. The
transiently induced magnetic state resembles that of a canted antiferromagnet, opening an avenue toward creat-
ing dynamical spin configurations that are not accessible in equilibrium.

INTRODUCTION

Rectification conventionally describes the process of converting a
time-dependent, alternating current (AC) into a quasi-static, direct
current (DC). While rectifiers are ubiquitous in modern electronic
devices, the concept of AC/DC conversion can be extended to col-
lective excitations induced by light in a nonlinear medium. In non-
linear optics, optical rectification describes the conversion of the
oscillating electric field component of light into a quasi-static polar-
ization in the material, which has become one of the most important
mechanisms for the generation of terahertz radiation today (1). In
nonlinear phononics, phononic rectification describes the conver-
sion of a coherent lattice vibration into a quasi-static structural dis-
tortion (2, 3). The latter has led to astonishing discoveries in recent
years, including light-induced and enhanced superconductivity
(4-7), ferroelectricity (8-14), and magnetism (15-23). With these
developments as a background, our present study asks the question:
Does an analog mechanism also exist for magnons, which are col-
lective spin precessions in magnetic materials? Here, we theoreti-
cally demonstrate magnonic rectification in an antiferromagnetic
material, in which a spin precession is converted into a transient
spin canting, generating a quasi-static magnetization in the process
(see Fig. 1). The rectification is achieved through the effective mag-
netic field produced by a laser-excited chiral phonon mode, which
has recently been predicted and measured in various materials (24-35).
The resulting nonequilibrium magnetic state resembles a canted an-
tiferromagnet or weak ferromagnet (36), whose direction of magne-
tization can be reversed by changing the helicity of the laser pulse.

RESULTS

We begin by introducing the physical basis of magnonic rectifica-
tion by chiral phonons. The microscopic interaction underlying the
rectification process is given by angular momentum coupling be-
tween a chiral phonon mode and the spins of the magnetic material,
Lyp - S. The interaction can be written in terms of an effective mag-
netic field produced by the chiral phonon mode that couples to the
magnetic moment of a magnon mode, Lyj, - S ~ By, - m. When the
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chiral phonon mode is excited coherently by an ultrashort laser
pulse, it exerts a force on the spins, canting them and tilting the axis
of spin precession along the eigenvectors of the magnon mode. This
induces a magnetization proportional to the angular momentum of
the chiral phonon mode, (M) o Ly, in a fundamentally nonequilib-
rium and nonthermal process.

Model for chiral phonon-spin dynamics

We next derive a model for the coupled phonon-magnon dynamics.
We investigate the general example of an antiferromagnetic Heisenberg
model with easy-plane anisotropy, which provides a common repre-
sentation of many antiferromagnetic materials, such as nickel oxide
or manganese oxide (37). For two sublattice spins aligned along the
z direction, S, with s € {1,2}, the Hamiltonian reads

Hy=JS, S+ Y, <stix+DySiy)
s=1.2

1

where J is the antiferromagnetic exchange interaction and D, and D,
are the anisotropy energies. The relative orientation of the easy plane
within the crystal is dependent on the material. In general, for D, < D,,
these systems host low- and high-frequency magnon modes with ei-

genfrequencies of 7282 = 24/ (]+Dy)Dx and AQ =24/ (I+Dx)Dy.

The spin configuration is illustrated in Fig. 2. At the same time, the
full phonon-dependent potential energy is given by

Vph = VO + Vs—ph + Vl—m (2)

The first term, V, = Q; (Q; + Qﬁ) /2, is the potential energy of a
doubly degenerate phonon mode in the yz plane, where Q is the
eigenfrequency and Q, and Q, are the phonon amplitudes of the two
orthogonal components. A circular superposition of these compo-
nents results in a chiral phonon mode, as shown in Fig. 2. These
degenerate chiral phonon modes live near the center of the Brillouin
zone, where they can be excited with light. Nondegenerate chiral
phonon modes, such as in hexagonal two-dimensional materials or
chiral crystals (38-41), are not considered here.

The second term, Vy_p, = =B,y - m, describes the interaction of the
effective phono-magnetic field, By, with the magnetic moment of the
magnon mode, m. By, = poyphLpn/ Ve, where ypy, is the gyromagnetic
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Fig. 1. Magnonic rectification by chiral phonons. Dynamical responses of the two
orthogonal components of a laser-excited chiral phonon mode, Q,(t) and Q,(t), and
the average magnetization component of a magnon mode coupled to it, (my(t)).
The axis of spin precession is transiently tilted, leading to a light-induced canted
antiferromagnetic state, producing a quasi-static magnetization in the system.
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Fig. 2. Schematic of an antiferromagnetic system hosting a chiral phonon mode.
We show the circular motions of the magnetic ions along the eigenvectors of the
two components of the chiral phonon mode, Q, and Q,, in the yz plane. The pho-
non angular momentum, Ly, x, accordingly points along the x axis. We further show
the spin precession along the eigenvectors of the high-frequency magnon mode,
with the magnetization, M, pointing in the x direction and the Neél vector, L,
pointing in the y direction.

M), Lonx(t) L

ratio of the chiral phonon, p is the vacuum permeability, and V. is the
unit-cell volume. L, = Q X Q is the phonon angular momentum,
where Q = (0, Q), Q,). The magnetic moment of the magnon mode is
given by m = ya/(S; + S5), where y is the gyromagnetic ratio of the
electron. Using these relations, the potential can equivalently be written as an
angular momentum coupling, V_pn = kLpy - S, where k = —poyphyeh/ Ve
is the coupling coefficient. The effective phono-magnetic field depends
on the microscopic origin of yp, and, therefore, k and can generally
stem from a variety of not only electron-phonon, spin-phonon, and
orbit-phonon interactions (29, 32, 42-51) but also phonon-magnon
coupling (27, 52). The direct and real magnetic field induced by the
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chiral phonon mode due to ionic charge currents is usually negligible
compared to the effective magnetic fields (25, 26, 28, 31, 35, 53). Our
formalism is independent of the type of interaction as long as it takes
the form of the chiral phonon-magnon coupling specified by V,_pp.
Without loss of generality, we choose the chiral phonon mode to be
circularly polarized in the yz plane (L, ||X), coupling to the magnetic
moment of the high-frequency magnon mode, m = (,,0,0), as illus-
trated in Fig. 2. To couple to the low-frequency magnon mode, the
circular polarization would need to be in the xz plane (L, [| .

The third term, Vi_, = —(p, + p2) - E(t), describes the light-
matter interaction of the chiral phonon mode with the laser pulse
and is given by electric-dipole coupling. p, = Z,Q, is the electric
dipole moment of the phonon component n € {y, z}, Z,, is the mode
effective charge, and E(¢) is the electric field component of the laser
pulse. We use the Einstein sum convention for summing over spatial
indices. Z,; is nonzero if the driven phonon mode is infrared-active
and the coordinate system can be chosen such that n = i.

The coherent spin dynamics in the macrospin approximation are
described by the Landau-Lifshitz-Gilbert equations (37, 54)

dSs Yel ff Kel fF
— = S, XB& — —8 X (S, xB¢
dt 1+K§1 s s |SS| S ( S s )

3)

where k¢ is the Gilbert damping (55, 56) and the spin vectors are
normalized, |S,| = 1. B:{:f =- (yelh)_ldssH is the effective magnetic
field acting on the spins of sublattice s, with the full spin-dependent
Hamiltonian given by H = Hy + V_pp. The effective phono-magnetic
field By enters the Landau-Lifshitz-Gilbert equations as a part of
Bjﬂ. Coherent phonon dynamics can be described by a phenomeno-
logical oscillator model (3, 6, 15, 57, 58), and we capture the coupled
equations using the damped Euler-Lagrange equations

d9Z o2 _ oG
dt 0Q 9Q aQ

Here, & = (Qi + Qj) /2 =V, is the phonon Lagrangian, and

(4)

G=x, <Qi + QZ) /2 is the Rayleigh dissipation function with k, =
Kz = Ko as the phonon linewidth (see the Supplementary Materials
for details of the equations.)

Quasi-static magnetization and nonlinear

magnetoelectric susceptibility

We now derive an expression for the average magnetization of
the magnon mode that obtains a nonzero value in the presence of
a coherent chiral phonon, (M,) # 0. We minimize the full spin-
dependent Hamiltonian, H = Hy 4+ V,_pp, for spin canting along the
magnon eigenvectors and use (M) = (m,)/V, to obtain

yelh k
V. J+D, "

The spins are canted by a mean tilt angle (0) # 0, and the average
value of the induced magnetization is proportional to the phonon
angular momentum, (M) « Lyp,x. Equation 5 is a quasi-static snap-
shot of the time-dependent system and valid for small-angle devia-
tions, © <« 90°, which holds for all physical values of Ly, x.

We obtain the full spin-dynamical response to the coherent chiral
phonon excitation by solving the Landau-Lifshitz-Gilbert equations
for the high-frequency magnon mode in frequency space to linear

(M) =~ (5)
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order in the effective phono-magnetic field (see the Supplementary
Materials for details of the derivations), yielding

o
1 @) ’ ’ ’
M, (0) = — J Xxjk(m,m )Ej(m—w )Ek(w )do
V2an
—00
The magnetization takes the form of a second-order nonlinear
magneto-optical response, where Xf;i is the nonlinear magnetoelec-

(6)

tric susceptibility given by

ek (ixg0+2D, /h)ic/

(7)
AL (@A (0—0)Aj(0')

K (@) =Cx

Here, A, (@) = Q’ — ? + ik, is the Fourier transform of the time
propagator, d* / df* +x,d /df + Qi, and ey is the Levi-Civita tensor.
The prefactor C contains the phonon and electron gyromagnetic ratios,
dampings, and mode effective charges, and Ay, contains the magnon
frequency and damping. The biggest contribution comes from the res-
onant driving of the chiral phonon mode at ®" = €. In the purely dis-
placive limit, the nonlinear magnetization and susceptibility in Egs. 6
and 7, arising from magnon-chiral phonon coupling, can be written as
a rectification process analogously to the formalism of the nonlinear
polarization in optical rectification (59, 60) and the nonlinear displace-
ment in phononic rectification (see the Supplementary Materials)

M,(0) = XZ,)((@ g, — ) E; (@) Ey (@)

®)

This magnetization directly corresponds to a quasi-static tilting
of the spins along the eigenvectors of the magnon mode. In a similar
fashion, a quasi-static displacement of atoms along the eigenvectors
of a phonon mode is induced in phononic rectification (61, 62). The
process can therefore be considered as magnonic rectification medi-
ated by chiral phonons.

Simulation of magnonic rectification

We now evaluate the coupled spin-lattice dynamics that follow the co-
herent excitation of the chiral phonon mode, described by Eqgs. 3 and 4
and the setup in Fig. 2. We use common values for the parameters of the
spin Hamiltonian and phonon potential (26, 28, 37, 54) and of the pho-
non gyromagnetic ratio (29, 31-34, 43-46, 51, 52), shown in Table 1.
The circularly polarized electric field component of the ultrashort laser

pulse is given by E(t) = (E(t)cos(coot),E(t)sin(u)ot),0) / \/E, with
2
E(t)=E,exp {— t2/ [2(10/\/ 81n 2) ] } We use a central frequency

of wy = Q, a peak electric field of E; / \/E =10 MV/cm, and a full
width at half maximum duration of T = 250 fs, parameters that lie well
within experimentally achievable pulse intensities (7, 63).

In Fig. 3, we present the results of the dynamical simulations.
Figure 3A shows the time evolution of the phonon amplitudes, Q,
and Q,, separated by a ¢ = n/2 phase shift, resulting in circular po-
larization. These amplitudes correspond to ionic motions of a few
percentage of the interatomic distance in typical transition-metal
oxide compounds and lie well within the Lindemann stability limit
(57). In Fig. 3B, we show the time evolution of the effective mag-
netic field generated by the chiral phonon mode, By, x, which reach-
es a maximum amplitude of 13.5 T before decaying quadratically as
a function of the phonon amplitudes and, therefore, the phonon
lifetime. The direction of the magnetic field can be reversed by
changing the helicity of the laser pulse and, therefore, of the chiral
phonon mode. In Fig. 3C, we show the time evolution of the magne-
tization induced by the spin precession of the high-frequency magnon
mode for left- and right-handed circular excitations. The quasi-static
shift away from the equilibrium position is clearly visible, reaching a
transient maximum of (M,) = 0.03 pp/ V.. This quasi-static compo-
nent leads to a net magnetization in the system after time averaging,
in contrast to regular coherent spin precession dynamics (54, 64).
The quasi-static component decays on the timescale of the effective
phono-magnetic field. In Fig. 3D, we show the normalized Fourier
transforms of the time traces in Fig. 3 (A to C). There is a sharp and
symmetric peak at the eigenfrequency of the chiral phonon mode,
which points toward the fact that the back action of the spin system
in the phonon equations of motion (4) is negligible. The effective
phono-magnetic field shows a broadened static component at zero
frequency, corresponding to the unidirectional force it exerts on the
spins. The Fourier transform of the magnon mode shows three con-
tributions: first, a sharp peak at its eigenfrequency, corresponding to
the oscillatory spin precession; second, a static component at zero
frequency, corresponding to the rectified, quasi-static shift; and,
third, a component at the double frequency of the chiral phonon
mode, 2€, corresponding to second-harmonic generation (SHG).
The latter feature is not resolved in the linear scaling of the Fourier
spectrum but can be seen in Fig. 3E, where we show the absolute
value of the nonlinear magnetoelectric susceptibility for resonant
driving conditions of the chiral phonon mode, | Xg»)z (0,0"=Q)l, 0n
a logarithmic scale. The three features of rectification (Rect.), oscil-
lation (Osc.), and SHG are clearly visible. In principle, resonant con-
ditions for coherent magnon excitation are achieved when the
phonon frequency is half of the magnon frequency, which moves
the oscillation and SHG peaks on top of each other. Because the
SHG component of the circular excitation is orders of magnitude
smaller than the difference-frequency component, the overall effi-
ciency for this process is rather low. Last, in Fig. 3F, we show the
trajectories of the sublattice spin precessions, S; and S,, for the first
precession period. The spin arrows indicate the quasi-static spin
canting and tilt of the axis of spin precession, amounting to an
angle of (8) = 0.5° at its maximum, comparable to the spin canting

Table 1. Parameters used in the dynamical simulations. e is the elementary charge, and u is the atomic mass unit.

J D, D, Qu/(27) Yel Ve
106 meV 160 peV 3.5 peV 2THz —22x10" (Ts)™" 35 A3
Kel Qo/(zn) Ko Z,,,,' 'th

24x107* 10 THz 0.5THz Te/+u 10" (Ts) ™!
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Fig. 3. Simulations of magnonic rectification. (A) Time-dependent phonon amplitudes of the two components of the chiral phonon mode, Q, and Q,, excited by a cir-
cularly polarized laser pulse at t = 0. (B) Time evolution of the effective magnetic field generated by the chiral phonon mode, By, .. The direction of the phono-magnetic
field depends on the helicity of the chiral phonon mode. (C) Time-dependent magnetization, My, induced by the spin precession of the high-frequency magnon mode,
dependent on the helicity of the excitation. The dashed line marks the quasi-static DC component of the magnetization. (D) Normalized Fourier transforms of the time
traces in (A) to (C). a.u., arbitrary units; FFT, fast Fourier transform. (E) Absolute value of the nonlinear magnetoelectric susceptibility under resonant driving conditions of
the chiral phonon mode, | xi?z(w o= Qo)l. (F) Spin precession along the eigenvectors of the high-frequency magnon mode. Red and blue arrows show the transient tilt-
ing of the axis of spin precession by an angle (6). The trajectories on the Bloch sphere cover the first full precession period. The green arrow shows the quasi-static com-

ponent of magnetization, (M, ) = (M,)V, / (o), exaggerated by a factor of 50.

commonly found in weak ferromagnets (65). This quasi-static
canting does not appear in regular coherent magnon excitations,
in which the spins precess around their respective equilibrium
positions. Again, the direction of spin canting and, therefore, of
the tilt angle can be reversed by changing the helicity of the chiral-
phonon excitation.

DISCUSSION

We have considered the example of an antiferromagnetic Heisenberg
model with easy-plane anisotropy in our study, for which nickel
oxide (NiO) and manganese oxide (MnO) are promising candidates
to realize magnonic rectification. NiO follows precisely the symme-
try requirements of Fig. 2 and has a tiny monoclinic distortion (64),
slightly breaking the degeneracy of the chiral phonon mode. Mag-
nonic rectification can nevertheless be achieved as long as the de-
phasing time of the two components is longer than the phonon
lifetime, 27(Q, —Qz)_l > K;/lz, which is the case for NiO. Our re-
sults are further readily extendable and generalizable to all antifer-
romagnetic materials that have degenerate or nearly degenerate
chiral phonon modes with the required symmetry to couple to a
corresponding magnon mode. This includes compounds in the cu-
bic, tetragonal, hexagonal, and trigonal crystal systems (degener-
ate), as well as orthorhombic, monoclinic, and triclinic crystal
systems (nearly degenerate). A particularly interesting candidate is
antiferromagnetic CoTiO3, which hosts infrared-active chiral pho-
non modes and antiferromagnetic spins in the geometry shown in
Fig. 2 and which has very recently been shown to have large phonon
magnetic moments and, therefore, strong coupling to spin degrees
of freedom (51, 66).

As circularly polarized terahertz pulses with high electric field
strengths have become feasible lately (31, 33), we expect that mag-
nonic rectification can be realized in state-of-the-art pump-probe
setups. As the mechanism is based on nonlinear chiral phonon-
magnon coupling, it requires exciting the chiral phonon mode with
sufficiently large amplitudes, which is possible with ultrashort and

Kahana et al., Sci. Adv. 10, eado0722 (2024) 25 September 2024

highly intense laser pulses. The magnitude of the effect is ultimately
limited by the damage threshold of the crystal, given by the net en-
ergy deposited by the laser pulse.

We distinguish the mechanism from other forms of spin dynam-
ics. A direct excitation of the magnon mode through the magnetic
field component of light (54, 67) can be excluded because our ul-
trashort pulses are far off resonance from the magnon eigenfrequen-
cies. Furthermore, the laser pulse can excite the magnon modes
through the inverse Faraday or Cotton-Mouton effects (64, 68),
which will always occur in parallel to the proposed mechanism here,
if the selection rules of the magnetic Raman tensor allow for it. In
general, optomagnetic effects produce effective magnetic fields
that induce low-frequency spin dynamics (69, 70) and contribute
to the amplitude of the spin precession but do not induce quasi-
static tilting of the axis of precession. Magnetization can be tran-
siently generated in antiferromagnets through piezomagnetically
active phonon modes (18, 20). Here, the magnetization is induced
through phononic rectification, however, with no magnon mode
and spin precession involved. Furthermore, magnons by themselves
can induce a magnetization along the equilibrium axis of the
spins when the spin-precession amplitudes of the two sublattices
differ, as for example in easy-axis antiferromagnets (37). The ratio
of induced net magnetization to precession amplitude is, however,
orders of magnitude smaller compared to the mechanism we de-
scribe. Last, there have been reports of nonlinear magnon dynamics
by direct excitation with the magnetic field component of light; how-
ever, this mechanism also does not involve rectification of spin pre-
cession (71-74).

The mechanism of chiral-phonon-mediated magnonic rectifica-
tion proposed here enables the generation of a quasi-static spin
canting from spin precession and represents a third fundamental
rectification process besides optical and phononic rectification. Our
example of light-induced magnetization can be seen in the same
light as the light-induced generation and control of magnetic order
mediated by chiral phonons demonstrated in recent experiments
(31, 33, 34).
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