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Chirality



Static chirality

|L⟩ |R⟩

Motion-based chirality

|R⟩|L⟩

Chirality means no improper rotation symmetry



Coherent chiral phonons



Thermal phonons move atoms randomly

Thermal phonons



Coherent phonons

THz
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Coherent phonons move atoms in unison
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Chiral phonons act as atomic electromagnetic coils
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Juraschek et al., Phys. Rev. Materials 1, 014401 (2017)
Juraschek & Spaldin, Phys. Rev. Materials 3, 064405 (2019)

μph = γQ × ·Q

Chiral phonons act as atomic electromagnetic coils



ErFeO3 GdFeCo/Al2O3

Bph ~ 10s mT

SrTiO3

News & Views:
Romao, Juraschek, Nature 628, 505 (2024)

Nova et al., Nat. Phys. 13, 132 (2017) Davies et al., Nature 628, 540 (2024)Basini et al., Nature 628, 534 (2024)

Different experiments measure phono-magnetic fields



What makes phonon
magnetic moments large?



Degenerate
orbital transition

Chaudhary, Juraschek, Rodriguez-Vega, Fiete, Phys. Rev. B 110, 094401 (2024)

Degenerate
phonon mode

Swati
Chaudhary

Greg Fiete

A general mechanism can be found for magnetic systems
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orbital transition

Phonon Zeeman effect!

Chaudhary, Juraschek, Rodriguez-Vega, Fiete, Phys. Rev. B 110, 094401 (2024)
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A general mechanism can be found for magnetic systems
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Degenerate
orbital transition

Chaudhary, Juraschek, Rodriguez-Vega, Fiete, Phys. Rev. B 110, 094401 (2024)

Degenerate
phonon mode

Swati
Chaudhary

Greg Fiete
Phonon inverse Faraday effect!

A general mechanism can be found for magnetic systems



Giant phono-magnetic
fields in CeCl3, CeF3



Bph ∼ μph = γ Q × ∂tQ
CeCl3

1 T for 0.4 mJ/cm2 10 T for 4 mJ/cm2 
at 150 K, consistent with values obtained in
similar materials (59). With only these two
lifetimes and no free parameter to adjust the
magnitude, we reproduced the magnetization
throughout the temperature range (Fig. 3A and
figs. S13 and S14), which validates our model of
spin-phonon coupling (Eq. 1).
Finally, we verify that the effective magnetic

field scales linearly with the chiral phonon
population, in accordance with the symmetry
requirement of spin-phonon coupling (Fig. 4).
Under varying pump fluence, we measured
the corresponding peak magnetization and
calculated the chiral phonon population, and
the slope agrees with the theoretical expecta-
tion. The maximum field strength achieved in
our experiment is 0.93 T under a moderate
fluence of 0.44 mJ/cm2, corresponding to a
net absorbed fluence of <0.2mJ/cm2 andabond
deformation of 0.7% (fig. S12). The relatively
low fluence used in our experiment ensures that
the magnetization is unlikely to be caused by
nonlinear effects such as phonon anharmonicity
or lattice-induced phase transition (36, 60). The
linear trend suggests that the transient effective
magnetic field could approach 50 Twhen the

absorbed fluence is >10mJ/cm2 (39, 46), which
stays below the Lindemann melting criterion
and avoids significant anharmonicity (61).

Conclusions

We have experimentally observed the chiral
phonon–induced magnetization that corres-
ponds to effective magnetic fields on the order
of 1 T in CeF3. The magnetization of the mate-
rial is controlled by the helicity of incident THz
excitation and the phonons and is quantified
by time-resolved magneto-optic spectroscopy.
We firmly established the phononic origin of
the transientmagnetization by frequency- and
temperature-dependent measurements, which
correlate with the second-harmonic generation
from the phononic structural symmetry breaking.
We elucidated the pathway of angular momen-
tum transfer fromCPTHz light to spins through
chiral phonons and ruled out other alternative
mechanisms, including the photonic inverse
Faraday effects and the excitation of CEF levels.
These time-resolved spin dynamics are quanti-
tatively explained by a phenomenological spin-
phonon coupling Hamiltonian and the rate
equations of phonons and spins, with only two

free parameters of phonon and spin lifetimes.
The magnetic chiral phonons offer a new route
to coherent engineering of quantum materials
and THz spintronic devices.
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Fig. 4. Scaling of chiral phonon–induced
effective magnetic field. The experimental
peak field is proportional to the incident
fluence of THz excitation, as well as the peak
number of chiral phonons per unit cell,
as expected from theoretical Eq. 1. The
shadowed region indicates uncertainty from
the measurement of DW.

Fig. 3. The matching dynamics of magnetization and chiral phonons. (A) Comparing the time-resolved magnetization at 150 K, the much larger magnetization at
10 K agrees with paramagnetic relaxation in a phononic effective magnetic field and rules out direct spin excitation. (B) Time-dependent effective magnetic field
derived from measured magnetization dynamics at 10 K aligns with that derived from phonon dynamics, using spin and phonon lifetimes as the only fitting
parameters. The shadowed region indicates uncertainty from the measurement of DW. (C) Spin and phonon lifetimes obtained at 10 to 150 K, which reproduce the
magnetization dynamics in (A) with the models of Eqs. 1 and 3.

RESEARCH | RESEARCH ARTICLE

Luo et al., Science 382, 698–702 (2023) 10 November 2023 4 of 5

D
ow

nloaded from
 https://w

w
w

.science.org at Eth Zurich on M
arch 12, 2024

JURASCHEK, NEUMAN, AND NARANG PHYSICAL REVIEW RESEARCH 4, 013129 (2022)

E1u (5.9) 
E1u (4.8)

Pulse

(a) (b) (c)

FIG. 3. Coherent phonon dynamics and effective magnetic fields. (a) Time evolutions of the infrared-active 5.9 and 4.8 THz E1u phonon
amplitudes, Qa, in response to the excitation by a circularly polarized terahertz pulse with a full width at half maximum duration of τ = 350 fs
and a fluence of 10 mJ/cm2. The phases of the Qb components (not shown) are shifted by a quarter period, respectively. The carrier envelope of
the terahertz pulse is shown schematically. (b) Time evolutions of the phonon-induced effective magnetic fields B acting on the paramagnetic
spins. (c) Linear scaling of the effective magnetic fields with the fluence F of the terahertz pulse. The shaded area marks the range of magnetic
fields that can be achieved for a range of commonly found spin-phonon coupling strengths.

In Fig. 3(b), we show the evolutions of the effective magnetic
fields produced by the two chiral phonon modes according
to Eq. (5). We obtain a maximum effective magnetic field of
B = 2.9 T for the E1u(5.9) mode and 27 T for the E1u(4.8)
mode. This order-of-magnitude difference comes from the
quadratic scaling of the effective magnetic field with the
phonon amplitudes. The direction of the effective magnetic
field is determined by the handedness of the phonon chirality,
which can straightforwardly be controlled by the handedness
of circular polarization of the pulse.

We now vary the strength of the excitation. We show the
maximum amplitudes of the effective magnetic fields for a
range of experimentally accessible fluences of the terahertz
pulse [93] in Fig. 3(c), where we fix the pulse duration at
τ = 350 fs. The effective magnetic fields depend linearly
on the fluence and reach 11.4 T for the E1u(5.9) mode and
107 T for the E1u(4.8) mode at a fluence of 40 mJ/cm2.
In order to ensure experimental feasibility, we evaluate the
atomic displacements along the eigenvectors of the phonon
modes. The Lindemann stability criterion predicts melting of
the crystal lattice when the root mean square displacements
reach between 10% and 20% of the interatomic distance [94].
We extract the maximum root mean square displacements
as d = maxn|dn/

√
2|, where dn = qnQa(t )/

√
Mn is the dis-

placement of ion n. Even at fluences of 40 mJ/cm2, the
largest root mean square displacements of the chloride ions
reach only 1.3% of the interatomic distance of 2.97 Å for the
E1u(5.9) mode and 3.8% for the E1u(4.8) mode, well below
the vibrational damage threshold. Note that other effects may
occur, e.g., Zener tunneling, that are not accounted for here.
At these high fields, nonlinear couplings between coherently
excited infrared-active modes and other vibrational degrees
of freedoms come into play [73,95]. These modes do not
contribute directly to the spin-phonon coupling however, and
we therefore neglect the effect of nonlinear phonon-phonon
coupling in this context. Furthermore, the centrosymmetry
of CeCl3 prevents nonlinear optical effects, such as second-
harmonic generation, to occur at high fluences.

Next, we look at the magnetization, M = m/Vc, that can
be induced in CeCl3 according to Eqs. (2) and (6). In Fig. 4,
we show the evolution of the magnetization in response to
the effective magnetic field generated by the E1u(4.8) mode
when excited with a resonant terahertz pulse with a duration of

350 fs and a fluence of 10 mJ/cm2, as well as the dependence
of the magnetization on the fluence of the laser pulse. In
Figs. 4(a) and 4(b), we vary the decay rate, γ0, while keep-
ing the temperature fixed at 4 K, and in Figs. 4(c) and 4(d)
we vary the temperature, while keeping γ0 = 0.1 THz. For
fast decay rates and at low temperatures, even small fluences
of <10 mJ/cm2 are sufficient to fully polarize the spins of
the material, yielding a transient saturation magnetization of
M = 4 µB/Vc. The slower the decay rate and the higher the
temperature, the higher the fluence of the laser pulse has
to be in order to induce a significant magnetization. The
influence of the decay rate on the achievable magnetization
is hereby much larger than that of temperature. The slowest
decay rate of γ0 = 0.1 MHz that we look at here corresponds
to the nanosecond timescale, on which the thermodynamic

10.

1.
0.1

0.01

4 K 
20 K 
77 K 
295 K

1 THz 
0.1 THz

10 MHz 
1 MHz 
0.1 MHz

(a) (b)

(c) (d)

FIG. 4. Magnetization, M = m/Vc, induced by the E1u(4.8)
mode when excited by a circularly polarized terahertz pulse with a
duration of 350 fs. (a) Time evolution of M, varying with the decay
rate, γ0, for a fluence of 10 mJ/cm2 at 4 K. The dashed line marks the
saturation magnetization. (b) Fluence dependence of M, varying with
γ0. (c) Time evolution of M varying with temperature for a fluence
of 10 mJ/cm2 for γ0 = 1 THz. Shown are graphs for the boiling
temperatures of helium (4 K), hydrogen (20 K), and nitrogen (77 K),
as well as for room temperature (295 K). (d) Fluence dependence of
M, varying with temperature.
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Chiral phonons produce giant effective magnetic fields



Magnetizing antiferromagnets



Easy-plane Heisenberg AFM

S1

S2

Chiral phonon Magnon mode

k | |Bph, Mmag

Dynamics: coupled Landau-Lifshitz-Gilbert + oscillator model

Tom Kahana Daniel
B.-Lopez

V = − Mmag ⋅ Bph

Kahana, Bustamante-Lopez, Juraschek, Science Advances, 10, eado0722 (2024)

Phonomagnetic field couples to magnon in AFM
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Magnetization gets rectified by phonomagnetic field



z

x

y

⟨S1⟩

⟨S2⟩

⟨θ⟩

Q ∼ E

M(0) = χ(2)
mag(0; ω, − ω)E(ω)E*(−ω)

⟨M⟩ ×50

Kahana, Bustamante-Lopez, Juraschek, Science Advances, 10, eado0722 (2024)

⟨M⟩ ∼ ⟨Q × ∂tQ⟩ ≠ 0

Rectification leads to light-induced weak ferromagnetism



Beyond circular polarization



Multicolor Floquet driving promises advanced control
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Phononic Lissajous figures require frequency matching

Sample

Cavity

THz pulse

Yaniv, Juraschek, arXiv:2504.03323 (2025)

Omer Yaniv



BaTiO3

Eu 6.5 THz
Eu 14.1 THz

Cavity phonon-polariton branches match in BaTiO3
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Cavities can engineer phononic Lissajous figures
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Yaniv, Juraschek, arXiv:2504.03323 (2025)
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Pulse shaping can control phononic symmetry breaking

Yaniv, Juraschek, arXiv:2504.03323 (2025)



Possible applications involve Floquet driving

Selective symmetry breaking

S1 S2B(r2)B(r1)

A

B

A A

B

B

Staggered magnetic fields

Yaniv, Juraschek, arXiv:2504.03323 (2025)



Can phonons make 
achiral materials chiral?



Chirality means no improper rotation symmetry

Static chirality

|L⟩ |R⟩

Motion-based chirality

|R⟩|L⟩



Nonlinear dynamics create metastable oscillator states

Nonlinear drive

Inverted pendulum

Pendulum

Caruso, …, Juraschek et al., arXiv:2501.06752 (2025)



Motion 1-10% of interatomic distance

Ionic material

THz pulse

Harmonic

Anharmonic

Large amplitude vibrations produce nonlinear phononic effects



Phononic rectification induces structural distortions

Först et al., Nat. Phys. 7, 854 (2011)
Subedi et al., Phys. Rev. B 89, 220301(R) (2014)

Juraschek et al., Phys. Rev. Lett. 118, 054101 (2017)

⟨Qc⟩ ~ ⟨Qd2⟩ ≠ 0⟨Q⟩ = 0

Qd2Qc



Carl Romao

D4h (achiral)

D4 (chiral)D4 (chiral)

+A1u mode —A1u mode

Geometric chiral phonons break all improper rotations

Romao & Juraschek, ACS Nano 18, 29550 (2024)
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A2 mode

44.3 THz

Pna21 P21 Pna21

V = QB1
QB2

QA2

QA2
(0) = χ(2)

ph (0; ω, − ω)E(ω)E*(−ω)

⟨QA2
⟩ ∼ ⟨QB1

QB2
⟩ ≠ 0

A2 modes induce chirality in LiB3O5

Romao & Juraschek, ACS Nano 18, 29550 (2024)

QB1/2
∼ E



Table 1: Geometric chiral phonons in noncentrosymmetric-achiral point groups. We
show the 10 noncentrosymmetric-achiral point groups, in which geometric chiral phonons can couple
to two IR-active phonon modes, which makes their excitation through nonlinear phononic rectifi-
cation feasible. For each point group, we list the irreducible representations of the geometric chiral
phonons (GCP), the chiral subgroups that their displacement leads to, as well as the IR-active
phonon modes they couple to and their coupling terms. We further show example materials for
each of the cases, specifically, example materials which can be produced as optical single crystals.
For doubly and triply degenerate modes, the induced subgroup depends on the chosen basis of
eigenvectors, which may also lead to achiral subgroups.

Point group GCP Subgroup IR-active modes Coupling Example materials

Cs(m) A00 C1(1) A0(x, y), A00(z) A00A00A0 KH2PO4, BaGa4Se7
C2v(mm2) A2 C2(2) B1(x), B2(y) A2B1B2 LiB3O5, CdTiO3,

GaFeO3

S4(4̄) B C2(2) iE(x, y) BiEiE BPO4, Na2ZnSnS4
iE C1(1) iE(x, y), B(z) iEiEB

C4v(4mm) A2 C4(4) E(x, y) A2EE SrBaNb2O6

E C1(1), Cs(m)⇤ E(x, y), A1(z) EEA1

D2d(4̄2m) A2 S4(4̄)⇤ E(x, y) A2EE ZnGeP2, AgGaS2
B1 D2(222) E(x, y) B1EE
E C1(1), C2(2), Cs(m)⇤ E(x, y), B2(z) EEB2

C3v(3m) A2 C3(3) E(x, y) A2EE LiNbO3, BiFeO3

E C1(1), Cs(m)⇤ E(x, y), A1(z) EEA1, EEE
C3h(6̄) iE00 C1(1) iE0(x, y), A00(z) iE00jE0A00 LiCdBO3,

BaZnBO3F
C6v(6mm) A2 C6(6) E1(x, y) A2E1E1 GaBO3,

E1 C1(1), Cs(m)⇤ E1(x, y), A1(z) E1E1A1 Ba3YbB3O9

E2 C2(2), C2v(mm2)⇤ E1(x, y) E2E1E1

D3h(6̄m2) E00 C1(1), C2(2), Cs(m)⇤ E0(x, y), A00
2(z) E00E0A00

2 Na3La9B8O27

Td(4̄3m) E D2(222), D2d(4̄2m)⇤ T2(x, y, z) ET2T2 CsNbMoO6,
T1 P1(1), Cs(m),⇤ S4(4̄),⇤ T2(x, y, z) T1T2T2 Zn4B6O13

C3(3)
⇤Subgroup is not chiral — i, j = 1, 2

atomic mass unit. The light-matter coupling of the laser pulse to the IR-active phonons

can be described as Vl-m = �p↵ · E(t) = �Z↵,iQ↵Ei(t), where p↵ = Z↵Q↵ is the electric

dipole moment of phonon mode ↵ and E(t) is the electric field component of the laser

pulse. Z↵ =
P

n Z
⇤
nq↵,n/

p
Mn is the mode e↵ective charge vector, where Z⇤

n is the Born

e↵ective charge tensor of atom n, q↵,n is its unitless phonon eigenvector, and Mn is its

atomic mass. The electric field component of the laser pulse can be expressed as E(t) =

(E(t) sin(�), E(t) cos(�), 0), where � is an angle defining the orientation of linear polarization.

E(t) = E0 exp[�t2/(⌧
p
8ln(2))2] cos(!0t), where E0 is the peak electric field, ⌧ is the full

width at half maximum pulse duration, and !0 is the center frequency. We use the Einstein

7

Group theory reveals promising materials
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UED: Measure point group

tr-XCD: Distinguish enantiomers

Optical probe: Measure optical activity

Possible experiments involve pump-probe studies



𝑥
𝑦

𝑥
𝑦

Geometric chiral phonon amplitude

First experiment measures optical activity

Romao & Juraschek, ACS Nano 18, 29550 (2024)
Zeng et al., Science 387, 431 (2025)
Romao, Juraschek, Science 387, 361 (2025)



• Chiral soft modes and displacive phase transitions?

• Order parameter for chirality?

• Modern theory of chiralization?

Outlook
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