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Giant effective magnetic fields from optically driven chiral phonons in 4 f paramagnets
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We present a mechanism by which optically driven chiral phonon modes in rare-earth trihalides generate giant
effective magnetic fields acting on the paramagnetic 4 f spins. With cerium trichloride (CeCl;) as our example
system, we calculate the coherent phonon dynamics in response to the excitation by an ultrashort terahertz

pulse using a combination of phenomenological modeling and first-principles calculations. We find that effective
magnetic fields of over 100 T can possibly be generated that polarize the spins for experimentally accessible
pulse energies. The direction of induced magnetization can be reversed by changing the handedness of circular
polarization of the laser pulse. The underlying process is a phonon analog of the inverse Faraday effect in optics

that has been described recently, and which enables novel ways of achieving control over and switching of

magnetic order at terahertz frequencies.
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I. INTRODUCTION

Ultrashort laser pulses are able to change the magnetic
order of materials within pico- or femtoseconds, orders of
magnitude faster than conventional spin-based devices [1,2].
Usually, the electromagnetic field components of a laser pulse
couple to electronic degrees of freedom of the magnetic ions,
leading to the notion of ultrafast optomagnetism [3—7]. Recent
studies have demonstrated that light can also couple to the
spins indirectly by exciting coherent vibrations of the crys-
tal lattice (phonons) that transfer angular momentum to the
magnetic ions [8§—17] or modulate the crystal structure into
a transient state of modified magnetic order [18-28]. These
phonomagnetic methods promise higher selectivity and lower
dissipation than techniques based on optomagnetic effects due
to the lower energy of the excitation.

Particularly interesting are circularly polarized, or chiral,
phonons, where the ions in a solid move on closed elliptical
or circular orbits, generating angular momentum that can be
transferred to the spins [29-34]. Previously, nondegenerate
chiral phonons have been described at the Brillouin zone
edges of materials with hexagonal symmetries [35—40], but
their direct excitation with an ultrashort laser pulse is prohib-
ited due to the large momentum mismatch between photons
and phonons. In contrast, degenerate chiral phonons consist
of superpositions of two orthogonal components of doubly
or triply degenerate phonon modes that can be found at the
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Brillouin zone center of materials with uniaxial or cubic sym-
metries and can therefore be resonantly excited with light. In
recent years, a number of studies have shown or predicted
effective magnetic fields arising from coherent chiral phonon
driving that reach the millitesla range [8,9,12-14,41,42].

Here, we propose that optically driven chiral phonons in
rare-earth trihalides produce giant effective magnetic fields
that exceed those previously seen by several orders of mag-
nitude. We predict, at the example of CeCls, that effective
magnetic fields of over 100 T should be achievable, which
polarize the paramagnetically disordered spins, for laser en-
ergies well within the damage threshold of the crystal. The
mechanism allows for bidirectional control of the induced
magnetization through phonon chirality that in turn can be
controlled by the polarization of the laser pulse.

II. PROPERTIES OF CERIUM TRICHLORIDE

Rare-earth trihalides are a class of 4f paramagnets with
formula unit RH3. CeCls (R = Ce, H = Cl) is a representative
of this class of materials that crystallizes in the hexagonal
P63 /m structure [43] with an electronic band gap of 4.2 eV
[44]. Its Ce(4 f') valence-electron configuration remains para-
magnetic for all temperature ranges relevant here, as spin
ordering only occurs at very small temperatures of <0.1 K
[45]. We chose CeCls as our model system, because the prim-
itive unit cell consists of only eight atoms [Fig. 1(a)], resulting
in a small number of 21 optical phonon modes characterized
by the irreducible representations 24, + 1A, + 2B, + 2B, +
1E (g + 3E>, + 2Ey, + 1E, in its 6/m point group. Early
Raman studies have shown that the polarization of the 4f
electrons in an external magnetic field leads to a splitting
of the doubly degenerate Ei, and E,, phonon modes into
left- and right-handed circular polarization [46,47], therefore
obtaining chirality, see Fig. 1(b). It has been suggested that
also the infrared-active E}, phonon modes split in the same
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FIG. 1. Structure and properties of CeCl;. (a) Hexagonal P6;/m
structure of paramagnetic CeCls. (b) Schematic splitting of a dou-
bly degenerate phonon mode with frequency €2y into right- and
left-handed circularly polarized (chiral) components in an external
magnetic field, saturating at frequencies 2, and €2_. At higher
temperatures, the phonon splitting saturates at higher magnetic fields.

way [48], yet no experimental infrared spectroscopy measure-
ments had been performed at that time. The infrared-active
E1, modes map into the same E’ representation at the local 6
symmetry of the cerium ions as the Raman-active E;, modes,
for which phonon splittings have been measured, and should
therefore have the same effect on the paramagnetic spins.
Infrared-active phonon modes possess an electric dipole mo-
ment and can therefore be resonantly excited by the electric
field component of a laser pulse to yield large vibrational
amplitudes. We will explore in this work how optically driven
chiral £}, phonons act on the spins through the inverse of the
spin-phonon coupling.

III. SPIN-PHONON COUPLING AND COHERENT
PHONON DYNAMICS

We begin by reviewing the theory of spin-phonon coupling
in 4f paramagnets. Motions of the ions along the eigenvec-
tors of doubly degenerate phonon modes modify the crystal
electric field around the paramagnetic ions and induce virtual
transitions between the ground-state energy levels and higher-
lying states, see Fig. 2. The spin states in 4 f paramagnets are
close to those of the free ions and the total angular momentum
(isospin), J, is a good quantum number. In CeCls, the lowest
energy level has J = 5/2, which splits into three Kramers
doublets, of which m; = £5/2 is the ground state. the inter-
action of chiral phonons with the isospin can be written as an
effective “spin-orbit” type Hamiltonian [29,49-54]

H" P = Km-L, (D)

where K is the coupling coefficient and L = Q x Q is the
phonon angular momentum, with Q = (Q,, O,, 0) containing
the normal mode coordinates of the two orthogonal compo-
nents of a doubly degenerate phonon mode, Q, and Qp, in the
ab plane of the crystal. m is the magnetic moment per unit
cell, which, for components perpendicular to the ab phonon
polarizations, is given by

m = 2g;upy/J(J + e ((n—;) — (ny)), @

where g, is the Landé factor, e, is a unit vector along the
c axis of the crystal and (n4;) are Fermi-Dirac distributions
describing the occupation of the ground-state doublet. The
theoretical value of the prefactor in Eq. (2) for the my = £5/2
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FIG. 2. Spin-phonon coupling. (a) Cl ligands around the mag-
netic cerium ion. (b) Displacements of the Ce (left) and Cl ions
(right) along the eigenvectors of the chiral £, modes in the ab plane
of the crystal. The equilibrium positions of the ions are set to the cen-
ter of each plot, respectively. (c) Circularly polarized phonons induce
transitions between the m; = 5/2 ground-state Kramers doublet and
higher crystal electric field levels [47,55].

ground-state doublet, gis5, = gs4/J(J + 1) =2.54, is rea-
sonably close to the experimental value of 2.02 [55], showing
that most of the orbital angular momentum is unquenched.
Please see Appendix A for detailed derivations.

We now look at the influence of the interaction on the
phonons. The spin-phonon coupling modifies the off-diagonal
terms of the dynamical matrix as D(m) = DO + ;DD (m),
where m = |m| [9,13,46,47,56-61]. As a result, the frequen-
cies of right- and left-handed circular polarizations, 2, of the
doubly degenerate phonon mode split,

2Km
Qi(m) = Q. |1 x

~ Qo+ Km, 3)
0

where €2y is the eigenfrequency of the doubly degenerate
phonon mode. Without an external magnetic field, the energy
levels of the ground-state doublet are degenerate, there is
no net magnetic moment per unit cell, and the phonon fre-
quencies in Eq. (3) remain degenerate. Applying a magnetic
field, B || ¢, to the paramagnet splits the ground-state dou-
blet, AE = E_5/2 — E5/2 = ZgiS/QMBB, and, using Eq. 2),
induces a splitting of the form

2kgT

The prefactor in Eq. (4) directly corresponds to the saturation
splitting, A, = 4Kgys,/up, and we can reciprocally ex-
tract the spin-phonon coupling from experimentally measured
phonon splittings, K = AQ/(4g+5/21u8).

We now look at the inverse effect the interaction has on
the magnetization, when phonons of one type of chirality
are driven with an ultrashort laser pulse. The phonon angular
momentum acts as an effective magnetic field, B,

B = 9H* P /(dm) = KL. ®)

B
AQ(B) = 2Km = 4K g5 o115 tanh <M> (4)

Phenomenologically, this type of interaction has recently been
described as a phonon analog of the inverse Faraday effect
in optics [13], which is known to induce magnetizations in
paramagnets [62—65]. A first experiment demonstrating this
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effect with elliptically polarized phonons has induced spin
and magnetization dynamics in a complex oxide in recent
years [8]. If the spins reacted instantaneously to the effective
magnetic field, the magnetization could be described statically
as in Eq. (4). Experiments on the optical inverse Faraday effect
have shown that this static limit of spin response holds for
driving pulses on the order of nanoseconds [62,63]. For fem-
tosecond pulse durations, additional diamagnetic effects from
the unquenching of electronic orbital moments come into play
[64-67], which cannot be described in the thermodynamic
limit. Coherently driven phonons evolve over several picosec-
onds, which is also the timescale that spins and phonons have
been shown to equilibrate through effective magnetic fields
[11]. We therefore apply a rate-equation model to describe the
dynamics of the spin population of the m; = +5/2 ground-
state doublet, ny; [68,69],

Ohty = —y+)(AE)nL; + yz/(AE)n<y, (6)

where the decay rates of spins in the respective states are
described by y_; = ngAEN(AE) and y; = ngAE(N(AE) +
1), where N(AE) is the Bose-Einstein distribution, 1y =
o/ (kgT), and yy is the decay rate for zero level splitting,
y+/(AE — 0) = yp.

An ultrashort terahertz pulse can resonantly excite
infrared-active phonons into a coherent quantum state, which
allows us to treat the normal mode coordinate, Q, as semi-
classical field amplitude [70-75]. We obtain Q by solving the
equation of motion

Q +2¢Q + Q3Q = ZE(). o)

Here, « is the linewidth of the phonon mode, €2, is its
eigenfrequency, and Z = )", Z*q,,/~/M,, is its mode ef-
fective charge, where Z is the Born effective charge
tensor, q, is the eigenvector, and M, is the atomic
mass of ion m. The sum runs over all ions in the unit
cell. We model the circularly polarized terahertz pulse
as E(t) = (E(t), E(t — 27 /(49)), 0)/+/2, where E(t)=
Eoexp(—t?/(2(t /+/81n2)?)) cos(wot), Ey is the peak electric
field, wy is the center frequency, and t is the full width at
half maximum duration of the pulse. Here, the two perpen-
dicular components of the doubly degenerate phonon mode
are excited with a quarter-period difference, resulting in cir-
cular polarization and therefore chirality. As light couples to
phonon modes close to the center of the Brillouin zone, we
may neglect any wave-vector dependence in Eq. (7).

IV. COMPUTATIONAL DETAILS

We calculate the phonon eigenfrequencies and eigenvec-
tors, and Born effective charges from first principles, using
the density functional perturbation theory formalism [76,77]
as implemented in the Vienna ab-initio simulation package
(VASP) [78,79] and the frozen-phonon method as implemented
in the PHONOPY package [80]. We use the VASP projector aug-
mented wave (PAW) pseudopotentials with valence electron
configurations Ce (6s>55*5p%5d'4f') and Cl (3p°3s?) and
converge the Hellmann-Feynman forces to 25 ueV/A. For
the eight-atom unit cell, we use a plane-wave energy cutoff
of 600 eV, and a 4 x 4 x 7 gamma-centered k-point mesh
to sample the Brillouin zone. For the exchange-correlation

functional, we choose the Perdew-Burke-Ernzerhof revised
for solids (PBEsol) form of the generalized gradient approx-
imation (GGA) [81]. We perform nonmagnetic calculations
to obtain the structural and dynamical properties of CeCls. A
fully ab initio treatment of paramagnetism in CeCls would
require supercell calculations and a description of 4f electron
magnetism, which would make the computation of dynamical
properties intractable for our purposes. Within the nonmag-
netic treatment, the lattice constants of our fully relaxed
hexagonal structure (space group P63/m, point group 6/m)
of a =421 A and ¢ =7.38 A with a unit-cell volume of
V. = 199 A3 agree reasonably well with experimental values
[43]. Furthermore, our calculated phonon eigenfrequencies
match the experimental values reasonably well [47,48], with
a maximum deviation of ~10%. Crystal structures are visual-
ized using VESTA [82].

V. PHONON-INDUCED EFFECTIVE MAGNETIC FIELDS
AND MAGNETIZATIONS

We extract the magnitude of the spin-phonon coupling
from experimental data of the phonon-frequency splitting
according to Eq. (4), K = AQ/(48+5/214p). In rare-earth tri-
halides, splittings of the Raman-active modes range between
0.3 and 0.75 THz [46,47]. Because the infrared-active modes
change the local symmetry of the magnetic cerium ion in the
same way, we expect a similar strength of the spin-phonon
coupling as for the Raman-active modes and use an average
of the experimentally found values of AQ;/(27) = 0.5 THz.
This splitting is several orders of magnitude larger than the
one induced by the magnetic moments of phonons in the
phonon Zeeman effect [9,12,83,84], which we can therefore
neglect here. Note that there are further microscopic origins
of phonon angular momentum and magnetic moments, such
as topological band features in semimetals [85-90] or thermal
gradients [91,92], which however do not play a role here
either.

In the following, we evaluate the effective magnetic fields
produced by the two doubly degenerate infrared-active E|,
modes in CeCl; with eigenfrequencies of 5.9 and 4.8 THz. We
find the mode effective charges of these modes to be 0.24e
and 0.66e, respectively, where e is the elementary charge.
For the phonon linewidth, x, we assume a phenomenological
value of 5% of the phonon frequency that matches those
typically found in rare-earth trihalides [46,47]. Figure 3 shows
the coherent phonon dynamics following the excitation by a
circularly polarized terahertz pulse with a duration of t = 350
fs and a fluence of 10 mJ/cm?, as described by Eq. (7). The
fluence F is connected to the peak electric field and the dura-
tion of the pulse through F = 7/+/81n2coe/m /2EZ, where
co and € are the speed of light and the vacuum permittivity.
The center frequency, wyp, is chosen to be resonant with the
eigenfrequencies of the respective phonon modes. In Fig. 3(a),
we show the evolution of the phonon amplitudes Q, according
to Eq. (7). The phases of the Q; components are shifted by a
quarter period, respectively. The maximum amplitude of the
E1,(5.9) mode of Q, =0.33 A,/amu, where amu denotes
the atomic mass unit, is roughly three times smaller than
that of the E;,(4.8) mode of Q, = 1.1 A /amu due to the
smaller mode effective charge and higher phonon frequency.
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FIG. 3. Coherent phonon dynamics and effective magnetic fields. (a) Time evolutions of the infrared-active 5.9 and 4.8 THz E;, phonon
amplitudes, Q,, in response to the excitation by a circularly polarized terahertz pulse with a full width at half maximum duration of T = 350 fs
and a fluence of 10 mJ/cm?. The phases of the Q, 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 =29 T for the E1,(5.9) mode and 27 T for the E;,(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
T =350 fs. The effective magnetic fields depend linearly
on the fluence and reach 11.4 T for the E1,(5.9) mode and
107 T for the E;,(4.8) mode at a fluence of 40 mJ/cm?.
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/ﬁ|, where d,, = q,Q,(t)/+~/ M, is the dis-
placement of ion n. Even at fluences of 40 mJ/cm?, the
largest root mean square displacements of the chloride ions
reach only 1.3% of the interatomic distance of 2.97 A for the
E,(5.9) mode and 3.8% for the E;,(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 CeCls prevents nonlinear optical effects, such as second-
harmonic generation, to occur at high fluences.

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

350 fs and a fluence of 10 mJ/ cm?, 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, )y, while keep-
ing the temperature fixed at 4 K, and in Figs. 4(c) and 4(d)
we vary the temperature, while keeping yy = 0.1 THz. For
fast decay rates and at low temperatures, even small fluences
of <10 mJ/cm? are sufficient to fully polarize the spins of
the material, yielding a transient saturation magnetization of
M =4 ug/V.. 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 yp = 0.1 MHz that we look at here corresponds
to the nanosecond timescale, on which the thermodynamic
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FIG. 4. Magnetization, M = m/V,, induced by the E;,(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, yy, for a fluence of 10 mJ/cm? at 4 K. The dashed line marks the
saturation magnetization. (b) Fluence dependence of M, varying with
¥o- (¢) Time evolution of M varying with temperature for a fluence
of 10 mJ/cm? for yy = 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.

013129-4



GIANT EFFECTIVE MAGNETIC FIELDS FROM ...

PHYSICAL REVIEW RESEARCH 4, 013129 (2022)

picture of spin polarization is known to hold [62,63]. There-
fore the corresponding values of induced magnetization for
yo = 0.1 MHz in Fig. 4(b) can be regarded as lower boundary.

VI. DISCUSSION

Our predictions can be experimentally realized in state-
of-the-art tabletop setups that provide terahertz pulses in the
required frequency range [93,96], where the phonon-induced
magnetization of the material can be probed by Faraday ro-
tation measurements. Tuning the frequency of the terahertz
pulse in and out of resonance with the phonon modes can dis-
tinguish a possible contribution of the optical inverse Faraday
effect to the magnetization from the phonon-induced mech-
anism. The effective magnetic fields calculated here reach
11.4 T for the Ey,(5.9) mode and 107 T for the E;,(4.8)
mode for terahertz pulses with a fluence of 40 mJ/cm?. We
further predict that the subsequent spin polarization of the
paramagnetic cerium ions can possibly reach full saturation
at low temperatures. These magnetic fields and moments are
several orders of magnitude larger than those demonstrated in
previous experiments and calculations of the phonon inverse
Faraday effect, where fields can be found around micro to
millitesla and magnetic moments around the order of nuclear
magnetons [8,9,13,41]. Furthermore, the fields we predict are
orders of magnitude larger than well-established experiments
on the optical inverse Faraday effect, where fields of fractions
of tesla have been reported for comparable fluences in the
visible spectrum for different insulating and semiconducting
systems [64,97]. We display a detailed comparison in Table I
in the Appendix A.

A direct quantitative comparison of the optical and phonon
inverse Faraday effects remains difficult, as no practical and
general ab-initio theory of the mechanisms exists to date, and
phonon-pumping experiments have only become feasible in
very recent years. This comparison is further complicated by
the breakdown of the effective magnetic field picture for pulse
durations on the order of tens of femtoseconds [64—67]. In
the future, explicit calculations of spin-phonon decay rates
[98] and coupling strengths will therefore be necessary to
further quantify the timescale and magnitude of the optical
and phonon inverse Faraday effects and to make predictions
for a broad range of materials. First steps have been made
over the course of the last decade [66,67,99-101], and first
quantitative results for the optical inverse Faraday effect have
been achieved in metals [102,103].

While we have chosen CeCl; as our model system, the
mechanism described here should be general to the entire class
of rare-earth trihalides [46,47] and possibly to 4 f magnets
in general, as similar magnitudes of the spin-phonon cou-
pling have been found in ferromagnetic LiTbF, [104] and
materials exhibiting the phonon Hall effect, such as para-
magnetic Tb3GasOy, [29,52]. A future question to answer
is whether spin-phonon couplings in 3d magnets can reach
similar magnitudes to those in 4f magnets. Potential giant
phonon-induced effective magnetic fields in the paramag-
netic phases of 3d magnets would directly impact a large
variety of materials that are already being used in magneto-
electronic technologies [105,106]. Another future question is
whether coherent chiral phonon excitation could stabilize an

ordered spin phase above the equilibrium ordering temper-
ature in paramagnets, similar to phonon- and light-induced
superconductivity above the equilibrium critical temperature
in superconductors [107-110].
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APPENDIX: PHONON-FREQUENCY SPLITTING AND
MAGNETIZATION IN 4F PARAMAGNETS

In this section, we provide detailed derivations of the equa-
tions used in the spin-phonon coupling and coherent phonon
dynamics section of the main text. Motions of the ions along
the eigenvectors of doubly degenerate phonon modes modify
the crystal electric field (CEF) around the paramagnetic ions
and induce virtual transitions between the ground-state energy
levels and higher-lying CEF states, see Fig. 2 in the main
text. The spin states of rare-earth ions in compounds are close
to those of the free ions and the total angular momentum
(isospin) J is a good quantum number. In CeCls, the lowest
energy level has J = 5/2, which splits into three Kramers
doublets, of which m; = +5/2 is the ground state. the inter-
action of chiral phonons with the isospin can be written as an
effective “spin-orbit” type Hamiltonian [29,49-54],

Hs—ph = ZkanJa “ Lan,

on

(AD)

where J, is the total isospin of unit cell «, L, is the phonon
angular momentum generated by mode n, and k,, is the cou-
pling coefficient. The index o runs over all unit cells of the
crystal and n over all chiral phonon modes.

For optical phonons at the Brillouin zone center, the
phonon angular momentum is homogeneous across unit cells
and we can drop the index «. It is given by L, =Q, x
Q,., where Q,, = (Qya, Oup, 0) contains the normal mode co-
ordinates of the two orthogonal components of a doubly
degenerate phonon mode, Q,, and Q,;, in the ab plane of
the crystal. We can further treat the isospin in a mean-field
approximation and replace J, by the ensemble average, (J,).
Taking into account only isospin components perpendicular to
the doubly degenerate phonon modes, the ensemble average
of the isospin is (Jy) = 2|J|e,({n—;) — (ns)), where e, is a
unit vector along the ¢ axis of the crystal. J is the isospin of a
single cerium ion, of which there are two per unit cell. (ny;) is
the Fermi-Dirac distribution describing the occupation of the
ground-state Kramers doublet. The magnetic moment per unit
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TABLE 1. Comparison of effective magnetic fields (B.s) induced by the optical and phonon inverse Faraday effects (IFE) in different
materials. We further display the pulse fluences, durations, and spectral ranges. Previous theoretical work has most of the time displayed
induced magnetizations arising from phonon orbital magnetic moments in terms of nuclear magnetons per unit cell. We convert the effective
magnetic field as B = pom/V,, where i is the vacuum permeability and m is the magnetic moment per unit cell. Note that direct quantitative
comparisons between the mechanisms are complicated by the fact that the effective magnetic field picture breaks down for very short (tens of

femtoseconds) pulses.

Reference Excitation effect Material (magnetic state) Best Pulse fluence Pulse duration Spectral range
Experiment [97] Optical IFE DyFeO; (weak FM) 03T 30 mJ/cm? 200 fs 800 nm
Experiment [64] Optical IFE Dy;Al50,, (PM) 03T 200 mJ/cm? 50 fs 800 nm
Experiment [8] Phonon IFE ErFeO; (weak FM) 36 mT 20 mJ/cm? 130 fs THz/MIR
Theory [9,12] Phonon IFE Various, largest value shown 0.4 mT 1.5 mJ/cm? 1.5 ps THz/MIR
Theory [13] Phonon IFE NiO (AFM) 2.5mT 80 mJ/cm? 2.25 ps THz/MIR
Theory [41] Phonon IFE KTaO; (NM) S5uT A3 mJ/cm? ~2 ps THz
This work Phonon IFE CeCl; (PM) 107 T 40 mJ /cm? 350 fs THz

cell, m, is then given by

m = g;pup(Jn) = 28y J(J + De((n—y) — (ny)), (A2)

where g; is the Landé factor. Equation (A2) is the same
as (2) in the main text. The theoretical value of the pref-
actor in Eq. (A2) for the m; = +5/2 ground-state doublet
is gis;p = gy/J(J + 1) =2.54, which is reasonably close
to the experimental value of 2.02 [55], showing that the or-
bital angular momentum is mostly unquenched. We can now
rewrite Eq. (A1) in terms of the magnetic moment, yielding

HYPh — ZKnm -L,, (A3)

where we redefined the coupling as K,m = kg, (J,). If we
look at the interaction one mode at a time, we can drop the
index n, which yields Eq. (1) from the main text.

The phonon Lagrangian, £, including the interaction in
Eq. (A3), can be written as

i 1. 1. Q2 Q2
angy%iﬁ—fﬁ—fﬁ
—Km(0,0p — 0p00),

where Q, = Q, = Qp is the eigenfrequency of the dou-
bly degenerate phonon mode and m = |m|. In frequency
space, the Lagrangian can be transformed according to
Qu — Qaqexp(iQ), Qu — iQ0qa exp(iQ), and Q.0 —
iQ(08,00p — 0240%,)/2 to yield

L(Qq, 05) = QeDQy,

where Qq = (Qqq, Oap, 0), and D is the dynamical matrix.
The spin-phonon coupling modifies the dynamical matrix as
D(m) = DO + ;DD () [9,13,46,47,56-61]. In order to eval-
uate the effect of the interaction on the phonon frequencies,
we compute the determinant of the dynamical matrix, which
contains the spin-phonon coupling in its off-diagonal compo-
nents,

(A4)

(A5)

Q2 — Qé
2iQKm

—2iQKm

detD = .
Q—Q

(A6)

Solving the determinant close to the Brillouin zone center
(2 — ) yields Eq. (3) from the main text, describing a

splitting of the frequencies of right- and left-handed circular
polarizations, 24, of the doubly degenerate phonon mode,

Km

2
1+

Q(m) = Qo ~ Qo+ Km. (A7)

0

Without an external magnetic field, the energy levels of
the m; = £5/2 ground-state Kramers doublet are degener-
ate, there is no net magnetic moment per unit cell, and the
phonon frequencies in Eq. (A7) remain degenerate. Applying
a magnetic field, B || ¢, to the paramagnet splits the ground-
state doublet, AE = E_s5;5 — Es;» = 2g+5,2upB, and induces
a magnetization given by

m = 2gys5pup({n_sp) — (nsp))
1

exp (~EET) 4 1

= 2815/2MB|:

1
_exp(gﬁk/;—;BB) + 1:|

g+5,2148B
—2 tanh (—) A8
g+5/2/4p tan T (A8)
In the above equation, we have used the relation
1 X
- — tanh (—) (A9)
exp(—x)+1 exp(x)+1 2

Inserting Eq. (A8) into (A7) yields Eq. (4) of the main text,

B
AQ(B) = 2Km = 4K gusppup tanh | S22EEZ) (A10)
2UesT
B
= AQ, tanh [ S22 (A11)
s T

where A is the saturation phonon-frequency splitting be-
tween right- and left-handed chiral phonon modes. This equa-
tion allows us to extract the spin-phonon coupling from exper-
imentally measured phonon splittings, K = AS2/(4g+5,2/4B)-
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