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Large effective magnetic fields from chiral phonons
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Jiaming Luo?, Tong Lin*, Junjie Zhang, Xiaotong Chen’, Elizabeth R. Blackert!, Rui Xu?,

Boris I. Yakobson', Hanyu Zhu'*

Time-reversal symmetry (TRS) is pivotal for materials’ optical, magnetic, topological, and

transport properties. Chiral phonons, characterized by atoms rotating unidirectionally around their
equilibrium positions, generate dynamic lattice structures that break TRS. Here, we report that
coherent chiral phonons, driven by circularly polarized terahertz light pulses, polarize the
paramagnetic spins in cerium fluoride in a manner similar to that of a quasi-static magnetic field on
the order of 1 tesla. Through time-resolved Faraday rotation and Kerr ellipticity, we found that the
transient magnetization is only excited by pulses resonant with phonons, proportional to the angular
momentum of the phonons, and growing with magnetic susceptibility at cryogenic temperatures. The
observation quantitatively agrees with our spin-phonon coupling model and may enable new routes
to investigating ultrafast magnetism, energy-efficient spintronics, and nonequilibrium phases of

matter with broken TRS.

he term “chiral” most commonly refers
to structural chirality without any mirror
symmetry in three-dimensional space.
Meanwhile, in condensed matter physics,
“chiral” sometimes implies a lack of both
mirror lines within a two-dimensional plane
and time-reversal symmetry (TRS) (7-5). Chiral
wave functions with broken TRS and nonzero
angular momenta may have topologically pro-
tected properties, such as lossless transport
of the chiral edge states in the quantum Hall
effect and robust vortices in chiral supercon-
ductors. Symmetry breaking is either sponta-
neous or externally stimulated by magnetic
fields, optical excitations, and mechanical mo-
tion, which are typically implemented global-
ly on a macroscopic scale (6, 7). The breaking
of mechanical TRS may also be implemented
at the atomic level and femtosecond time frame,
when atoms are displaced away from the equi-
librium position inside the lattice and rotate
unidirectionally in elliptical trajectories with
nonzero angular momenta (8-12). Such vi-
brational modes are termed chiral phonons,
providing a distinctive approach to controlling
the TRS of electronic and magnetic properties.
Phononic TRS breaking is a correction to the
standard Born-Oppenheimer approximation,
which assumes frozen lattices and preserves
TRS in solving electronic states. Such correc-
tion has been theoretically demonstrated by
considering the ionic current (13, 14), electronic
Berry phase accumulation (75-18), and non-
adiabatic dynamics (19).
Chiral phonons carrying angular momentum
have been experimentally validated across
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multiple material systems and physical pro-
cesses, including Raman scattering, ultrafast
demagnetization, and the thermal Hall effect
(20-26). These phonons have been found to
effectively exchange angular momentum with
the spin and orbital degrees of freedom (27).
Occasionally, in materials with strong spin-
phonon coupling, the observed phononic
effective magnetic moments are orders of mag-
nitude larger than those expected from the
ionic loop current (28-30). Several mecha-
nisms have been proposed to explain such an
extraordinary enhancement, including bond-
dependent exchange interaction, spin-orbit
tilting, hybridization with orbital excitations,
and ferroelectric instability (19, 31-34). Recip-
rocal to the field-induced shifts in phonon fre-
quencies, the same mechanism theoretically
allows coherent chiral phonons to generate
substantial effective magnetic fields inside the
materials (14, 35).

However, quantitative studies of phononic
magnetism remain elusive because of the
challenges in manipulating coherent chiral pho-
nons. Recent advances in nonlinear phononic
spectroscopy enabled mode-selective optical
excitations of linearly polarized phonons, which
have been shown to significantly modulate
the structural, electronic, magnetic, and topo-
logical properties in many quantum mate-
rials (36-40). In particular, phonon-induced
magnetic dynamics have been found by driv-
ing one or two linear phonon modes (40-42).
These phonons are not chiral eigenmodes and
result in either periodic or impulsive modu-
lation to the interatomic distances, orbital
symmetry, and exchange interactions, as op-
posed to quasi-static breaking of TRS on de-
mand (43). Chiral phonons can be excited
by strong, narrowband, and circularly po-
larized (CP) light in the terahertz (THz) fre-
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and free-electron lasers. These excitations -
portedly produced ionic Kerr effect and fer-
romagnetic switching, but the magnetic fields
are rather small, estimated to be on the order
of millitesla (44, 45).

Chiral phonon-spin coupling in CeF3

In this study, we quantitatively measured
the quasi-static effective magnetic fields that
result from chiral phonons in the paramag-
netic rare-earth trihalide CeF;. We found a
field strength of >0.9 T from the infrared-active
optical phonons centered around 10.5 THz,
driven by CP THz pulses with a moderate
incident fluence of ~0.4 mJ/cm?. The effec-
tive magnetic field of the phonons polarizes
the paramagnetic spin of the Ce®* ions and is
quantified by time-resolved Kerr ellipticity.
The spin polarization is proportional to the
angular momentum of the driving pulses
and the phonons, showing the signature of a
TRS-breaking dynamic structure. We proved
that the sharply increasing magnetization in
cryogenic temperatures correlates with the
diverging paramagnetic susceptibility, along
with the appearance of resonant atomic dis-
placement that is evidenced by time-dependent
second-harmonic generation, ruling out the
mechanism of a pure transition between the
crystal electric field (CEF) levels. From the rate
equation of paramagnetic relaxation, we de-
duced the transient effective magnetic field
that quantitatively agrees with the modeled
phonon dynamics and the spin-phonon cou-
pling Hamiltonian throughout the temper-
ature range of 10 to 150 K. The strength of
the effective magnetic field is proportional
to the number of phonons and can poten-
tially reach 50 T under experimentally feasible
conditions (46). Our method of coherently
manipulating magnetic chiral phonons may
apply to a broad range of quantum materials
to unravel TRS-breaking processes that in-
volve lattice dynamics (15-19, 31-33).

The magneto-phonon properties of CeF; are
unusual (fig. S6): The doubly degenerate E,
(391 cm™) and E,, (~350 cm™) phonons split in
energy when the paramagnetic spins are polar-
ized. At low temperatures, the magnetic sus-
ceptibility y diverges, which enhances the
effective Zeeman splitting of these phonons
under magnetic fields to >3 cm™ /T, equivalent
to alarge phononic magnetic moment of >7 g
(Bohr magneton) at 1.9 K (47-49). This moment
is about five orders of magnitude larger than
what would be expected from ionic current
(13). It does not saturate at lower tempera-
tures and can exceed the magnetic moments of
CEF levels (<2.5113), meaning that the observed
splitting is not simply caused by the hybridiza-
tion of phonons and CEF levels at different
frequencies (50-52). Rather, a more plausi-
ble mechanism might be the spin-dependent
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Fig. 1. Ultrafast magnetization induced by chiral phonons in CeFs.

(A) lllustration of part of the unit cell centered around a Ce>* ion and the atomic
displacement of E, chiral phonon mode centered around 10.5 THz according

to DFT calculations. The F~ ions are denoted in red and purple according to their
difference in effective charge tensor. (B) Electric field of the CP THz pump pulse
(with a helicity of 88%) as a function of time measured by electro-optic
sampling. The peak field incident on the material is ~5.6 x 10’ V/m, and the
pulse duration is ~0.45 ps. (C) In the frequency domain, the pulse is centered
at 10.8 THz with 1-THz bandwidth. (D) Schematic of the time-resolved Kerr
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ellipticity and Faraday rotation process. The CP THz pump pulses are incident
from the left and exponentially decay inside the crystal, which generate an effective
magnetic field perpendicular to the surface and a layer of transient magnetization
(green shade) on the order of 1 um in thickness. The linearly polarized probe
with a wavelength centered at 800 nm and a duration of 0.5 ps comes from
the back of the sample, experiencing twice the Faraday rotation from the magnetization
layer, as well as the Kerr ellipticity from reflectance at the interface. (E) Faraday
rotation as a function of delay time is opposite under left CP and right CP

THz excitation, evidencing TRS breaking.

renormalization of phonon frequencies by
nonresonant CEF (53), which has reproduced
the order of magnitude of spin-phonon cou-
pling in CeCl; using a simple point-charge
model (34). Without knowing the micro-
scopic theories, a simple phenomenological
Hamiltonian under the symmetry constraint
is sufficient to connect the observed phonon
magnetic moment with the phonon-induced
effective magnetic field: H = Kp - L, wherep
and L are the spin magnetic moment and the
net angular momentum of phonons, respec-
tively, and K is proportional to the phononic
magnetic moment (35). When the spins are
fully polarized to the saturation magnetic
moment pg by external fields, the frequency of
a chiral phonon mode shifts by a saturation
value AQ = 0.3 £ 0.1 THz. Conversely, when
chiral phonons are present, the energy of the
spins shifts as if influenced by an effective
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magnetic field [i.e., a phononic inverse Faraday
effect (54)]:
_ hAQ

Beff——n 1
Hs @

THz phonon-induced magnetization

In our experiment, we excite chiral phonons in
c-cut CeF; by using normal-incident, resonant,
and CP THz pump pulses. The doubly de-
generate Raman- and infrared-active modes,
which are enabled by the trigonal P3C1 space
group of the lattice, can both be expressed in CP
basis along the ¢ axis with a pseudo-angular
momentum quantum number +1 (table S2).
Among the 12 possible pairs of chiral phonons,
we chose to measure the effective magnetic
field of the infrared-active, doubly degenerate
phonon pairs E, centered around 10.5 THz,
because of their large angular momentum ac-

10 November 2023

cording to density functional theory (DFT)
calculations and the most prominent magnetic
field-dependent infrared activity. The displace-
ments of all six Ce®* ions in the unit cell are
in phase for these modes, so for clarity, we
only plot a part of the unit cell in Fig. 1A. The F~
ions in the Ce®* plane exhibit the largest dis-
placement, modifying the local crystal field
and mixing the CEF levels under the constraint
of pseudo-angular momentum conservation.
The other F~ ions are in equivalent crystallo-
graphic positions and have small displacement.
The E; phonons are selectively and strongly
coupled with CP THz photons, which are created
by chirped-pulse difference frequency genera-
tion in nonlinear organic crystals and a var-
iable phase delay between two cross-linearly
polarized beams (fig. S1) (54). The maximum
helicity of the combined THz pulses reaches
~88% (Fig. 1B and fig. S10).
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Fig. 2. Correlation between the coherent chiral phonons and the magnetization. (A) Ratio between
the TEFISH spectra measured at 10 and 295 K. A Lorentzian fit reveals a resonant phonon peak
centered around 10.5 THz. The same resonance is observed for the Faraday rotation induced by THz
excitation at different frequencies, normalized by the pulse energy, confirming that the observed
magnetization has a phononic origin. (B) Calculated helicity of the TEFISH signal and the measured peak
Faraday rotation at 10 K as a function of retardation (in the unit of phononic period) between the
horizontally and vertically polarized THz pump pulses, demonstrating that the magnetization arises from

the angular momentum of phonons.

We then measure the phonon-induced mag-
netization by time-resolved magneto-optic
Kerr ellipticity and Faraday rotation (Fig. 1C)
(54). The linearly polarized near-infrared probe
pulses are tightly focused onto the center of
the THz pump pulses by an objective lens from
the back of the sample. The pulse duration is
~0.5 ps because of the dispersion of the op-
tics, which limits the temporal resolution, but
at the same time filters out irrelevant, fast-
oscillating field-induced polarization effects.
The penetration depth of the THz field and
the layer of magnetization is <1 um thick, so
group velocity mismatch between the pump
and probe fields is negligible. Because CeF;
is nearly lossless at the probe wavelength,
the Kerr ellipticity mainly comes from the
reflectance at the vacuum-sample interface,
and the Faraday rotation mainly comes from
transmitting through the entire layer of mag-
netization. The two effects happen to have
comparable magnitude in our experiment and
correspond to the same magnetization dy-
namics (figs. S4 and S8). Figure 1E shows the
Faraday rotation of CeF; at 10 K excited by
left CP, right CP, and linearly polarized THz
pulses near the phonon resonance. The spin
accumulation stage lasts a few picoseconds,
longer than the pulse duration, and cannot
be explained by the optical inverse Faraday ef-
fect or the direct optical excitation of the CEF
levels. Instead, additional degrees of freedom
must be present, such as phonons, magnons,
or metastable states, to mediate the light-spin
interaction (39). The magnetization switches
sign for pulses with opposite helicity and ap-
proaches zero when TRS is preserved under
linearly polarized excitation. The remnant sig-
nal comes from a small THz ellipticity caused
by the birefringence of the diamond window.
Such TRS dependence means that the mag-
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netization dynamics is not from thermal or
doping effects.

Next, we prove that coherent chiral pho-
nons are the source of the observed mag-
netization by heterodyne THz electric field-
induced second-harmonic generation (TEFISH)
(64, 55). Normally, TEFISH in thin films is
dominated by atomic displacement when the
THz field is resonant with the phonons (55).
Yet in bulk crystals, the contribution from
pure electric field effect is magnified by phase
matching and difficult to separate from the
atomic contribution at room temperature (fig.
S9). Fortunately, the atomic contribution grows
with the phononic coherence lifetime, which
increases at cryogenic temperatures, and thus
can be extracted from the temperature depen-
dence of TEFISH in bulk CeFs. Figure 2A shows
the ratio of frequency-domain TEFISH sig-
nals measured at 10 K and room temperature.
We found that the ratio is close to 1, suggesting
a temperature-independent field effect, in a
broad range of 8 to 14 THz except for a sharp
resonance centered around 10.5 THz, which
agrees with the E, phonons measured by el-
lipsometry (fig. S7). Therefore, we attribute
this resonant component to the atomic dis-
placement from coherent phonons. By varying
the center frequency of the THz excitation,
we found that the magnetization only occurs
near the phonon resonance and thus cannot
be attributed to the inverse Faraday effect
from the THz electric field. Furthermore, we
verified that the maximum magnetization
occurs at atomic displacements with almost
equal amplitude in the horizontal and verti-
cal directions but a 7/4 shift in time (i.e., when
the atoms are rotating), where 7' is the pe-
riod of the phonon mode (fig. S11). We con-
tinuously tuned this shift and measured
the peak magnetization in comparison with
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the helicity of the TEFISH signal (Fig. 2B).
The magnetization and helicity oscillate to-
gether, which confirms that the observed
magnetization is proportional to the pho-
non angular momentum. The loss of helic-
ity from the free-space THz pulses to the
TEFISH signal is largely caused by the phase
difference between the atomic and field con-
tributions (54).

Modeling the spin and phonon dynamics

In addition, a detailed analysis of the temperature-
dependent spin dynamics also validates the
mechanism of phonon-induced paramagnetic
relaxation. Direct pulsed THz excitation of spin-
orbit transition between CEF levels should
initiate constant spin polarization, but we found
that the magnetization is very weak at tempera-
tures >150 K compared with that measured
at 10 K (Fig. 3A). The magnetization M is con-
verted from the observed Kerr ellipticity with
temperature- and wavelength-dependent Verdet
constant (eq. S20) from literature (56-58). The
greatly enhanced magnetization at cryogenic
temperatures can be attributed to two factors.
First, a sharper phonon resonance and longer
phonon lifetime at lower temperatures lead to a
larger phonon population and a stronger, longer-
lasting effective magnetic field. Second, the
diverging magnetic susceptibility results in
more spin polarization, despite slower spin re-
sponse to the field. To quantify this process, we
derived the time-dependent effective magnetic
field from the measured paramagnetic relaxa-
tion (54):

dM  yBeit — M

7 (2)

Considering the effective magnetic field Beg
is short-lived, we fit T, by the relaxation of
magnetization and then calculate By from
M (t) and tspin. In parallel, we solved the co-
herent phonon field |Q) as a driven mechan-
ical oscillator by the THz field E inside the
material experienced by the phonons:

Tspin

2
s L 49, g

dt? Tphonon dt
Z Q- . -
i

where €; is the Born effective charge tensor of
the ¢th atom in the unit cell, and A4; is the
displacement in a single chiral phonon, both
calculated from DFT. The effective magnetic
field is then calculated from Eq. 1 by using
n= |Q|2 and considering the imperfect helicity
of the phonons (54). Comparing the measured
Begr with that from the phonon model (Fig. 3B),
we can fit the phonon lifetime. Figure 3C shows
the summary of the spin and phonon lifetimes
from 10 to 150 K. The spin lifetime drops from
39 ps at 10 K to 2 ps at 150 K, and the phonon
lifetime decreases from 0.6 ps at 10 K to ~0.1 ps

(3)
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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 AQ. (C) Spin and phonon lifetimes obtained at 10 to 150 K, which reproduce the
magnetization dynamics in (A) with the models of Egs. 1 and 3.

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 AQ.

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/cm?, corresponding to a
net absorbed fluence of <0.2 mJ/em? and a bond
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 T when the
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absorbed fluence is >10 mJ/cm? (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 1T 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 transient magnetization 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 from CP THz 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
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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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Editor’'s summary

The manipulation and control of the optoelectronic properties of a material finds application across a range of fields.
However, doing so by applying electric or magnetic fields can be slow and not always practical. Luo et al. have shown
that chiral phonons driven by ultrafast pulses of circularly polarized terahertz radiation can induce magnetic fields on
the order of one tesla in the rare earth trihalide cerium fluoride (see the Perspective by Kaindl). Such control of spin-
phonon coupling provides a route to on-demand ultrafast, large magnetic fields on an atomic scale that would be useful
for both fundamental materials science and the development of energy-efficient spintronic devices. —lan S. Osborne
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