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The interplay of charge, spin, lattice, and orbital degrees of freedom in correlated
materials often leads to rich and exotic properties. Recent studies have brought new
perspectives to bosonic collective excitations in correlated materials. For example,
inelastic neutron scattering experiments revealed non-trivial band topology for
magnons and spin-orbit excitons (SOEs) in a quantum magnet CoTiO3; (CTO).
Here, we report phonon properties resulting from a combination of strong spin—orbit
coupling, large crystal field splitting, and trigonal distortion in CTO. Specifically, the
interaction between SOEs and phonons endows chirality to two E, phonon modes and
leads to large phonon magnetic moments observed in magneto-Raman spectra. The
remarkably strong magneto-phononic effect originates from the hybridization of SOEs
and phonons due to their close energy proximity. While chiral phonons have been
associated with electronic topology in some materials, our work suggests opportunities
may arise by exploring chiral phonons coupled to topological bosons.

chirality | topology | correlated materials | Raman spectroscopy | phonons

Chiral phonons refer to circular ionic motions that lead to a non-zero phonon angular
momentum. Following this simple picture, chiral phonons should only respond to an
applied magnetic field very weakly and feature a phonon magnetic moment on the order
of a few nuclear magnetons. This simple estimate is, however, three orders of magnitude
smaller than that observed in several classes of materials (1-6). Thus, to correctly describe
the phonon magnetic moment, the coupling between phonons and electronic degrees of
freedom must be taken into account. Electrons can endow chiral phonons with a magnetic
moment through two possible mechanisms: i) phonon-induced adiabatic evolution of
electronic states (7, 8) and ii) phonon-induced mixing of different electronic energy
levels (9-12).

When electronic and lattice vibration energies are very different, the first mechanism is
in effect. Phonon modes induce adiabatic evolution of electronic states, typically described
within the Born—-Oppenheimer approximation. This phonon-mediated electronic
magnetization has both spin and orbital components. For the orbital component, both
topologically trivial and non-trivial electronic states should contribute to the phonon
magnetic moment (7). A significant electronic topology contribution to chiral phonons
has only been identified very recently in topological semimetals (e.g., Cd3As;) (13) and
insulating thin films (e.g., Pbj—.Sn,Te) (6). On the other hand, when the electronic
excitations are in close proximity to the phonon energy, the second mechanism of
electronic hybridization applies. In magnetic materials, low-energy electronic excitations
energetically close to phonons can originate from crystal-electric field (CEF) and spin—
orbit effects from the magnetic ions. Such spin and orbital degrees of freedom respond
strongly to magnetic fields, and their hybridization with phonons can result in a
substantial phonon magnetic moment (1, 14-18).

Here, we report the observation of large magnetic moments associated with two £,
phonons in the 3D quantum magnet CTO via helicity-resolved spontaneous Raman
scattering. The superposition of two degenerate linearly polarized components of
an E, mode with a /2 phase difference leads to a chiral mode. The degeneracy
of an E, mode is lifted by a magnetic field applied in a direction perpendicular
to the plane of circular ionic motions. From the field-dependent energy splitting
(AE;, = 2g,,upB) of two E, modes, we extract their g, factors to be 1.11 & 0.01
and 0.29 =+ 0.01, respectively, at 12 K. We attribute the origin of the phonon chirality to
hybridization with spin—orbit excitons (SOEs) mediated by orbital-lattice interactions.
Our model explains the different gy, factors of two chiral phonon modes and the
persistence of phonon Zeeman splitting above the magnetic transition temperature.
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Significance

Phonons are known as an
important energy carrier and
their interaction with electrons is
critical for understanding exotic
properties in correlated
materials. They typically do not
carry angular momentum or
respond to an external magnetic
field. Chiral phonons arising from
circular ionic motions alone
would only exhibit a small
magnetic moment. In contrast,
chiral phonons reported recently
in several classes of materials
including the pseudogap phase
of cuprates and topological
semimetals exhibit surprisingly
large moments. Here, we report
studies of chiral phonons in
CoTiOs, a quantum magnet that
hosts interesting bosonic
excitations such as topological
magnons and spin-orbit excitons
(SOEs). The observed phonon
chirality is attributed to phonon
and SOE hybridization.
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Structures, electronic states, and phonon modes of CoTiO3 (CTO). (A) Rhombohedral crystal structure of CTO with an inset of trigonally distorted oxygen

atoms surrounding the cobalt atom. (B) Superposition of two linear vibrational modes in CTO resulting in two different chiral phonons. (C) (Left) Schematic
energy-level diagram of the single-ion model taking into account spin-orbit coupling (SOC) and crystal field splitting (A7,;). Details of the ground-state and first
excited-state Kramers doublets are shown in the enclosed box. Below the Néel temperature, an exchange mean field splits lift the degeneracy of the Kramers
doublets. Transitions between the ground- and first excited states give rise to multiple SOEs. (Middle) In the absence of an external magnetic field, the coupling
between Eg phonons and SOEs (w1 & ;) induces phonon chirality but the phonon modes remain degenerate. (Right) An external magnetic field further lifts

the degeneracy of the Eg phonons and separates the energies of four SOEs (u/1+, w;’, vy wz’).

These findings also create venues for exploring the interplay of
chiral phonons and topological bosons in correlated materials.

We first describe the lattice and spin structures of CTO and the
phonon eigenvectors of interest. The Co®™ ions are arranged in
slightly buckled two-dimensional honeycomb lattices. Along the
c-axis, these honeycomb lattices are stacked in an ABC sequence
with neighboring planes displaced diagonally by one third of
the unit cell. Below the Néel temperature, 7y = 38K, the
magnetic moments order ferromagnetically within the 26 planes
and are coupled antiferromagnetically along the c-axis (19-21).
CTO crystallizes in an ilmenite structure with a trigonal space
group R3. The Co?™ ions are surrounded by a trigonal distorted
octahedral O~ ions, as shown in Fig. 14, leading to a crystal
field splitting of ~45 meV (20). Because the thombohedral unit
cell contains 10 ions, group theory predicts 10 Raman-active
phonons at the I" point of the Brillouin zone with 5 4, modes
and 5 E, modes (22). The superposition of the two components
of an E, mode with a z/2 phase shift leads to a chiral mode
that carriers angular momentum along the c-axis as illustrated
in Fig. 1B.

Recent neutron scattering experiments on CTO have revealed
SOEs (19-21) that are energetically close to some £, phonon
modes. Our study indicates that SOEs can hybridize with E,
phonon modes to impart chirality and a large magnetic moment.
To describe this SOE-phonon coupling, we propose a model that
focuses only on the two low-lying Kramers-doublets that are dou-
bly degenerate in the absence of a magnetic field, as shown in the
Left panel of Fig. 1 C. The ground state manifold is predominantly
composed of [1,2) = |/ = 1/2,mj = £1/2) and the excited
states can be represented by [3,4) = |/ = 3/2,m; = £3/2).
A SOE corresponds to a hole in the ground state manifold
bound to an electron in the excited state manifolds. Below the
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Néel temperature, the exchange mean field lifts the Kramers
ground and first excited state degeneracy such that two SOEs
(w1 and y») with energies of 25 meV (201 cm™1) and 24.3
meV (196 cm™!) can be observed. SOEs w; and w, correspond
to transitions from the [1) ground state to the |4) and |3)
excited states, respectively. In the absence of a magnetic field,
the SOE-phonon hybridization leads to chiral £, phonon modes
as depicted in the Middle panel of Fig. 1C. The SOEs couple
to £, phonons but the phonon degeneracy is not lifted. When
an external magnetic field is applied, both the degeneracy of the
Kramers excited states and E, phonons are lifted as illustrated
in the Right panel of Fig. 1C, leading to four SOE states. The
superscript + (—) describes the blue (red) shift from the original

transition.

Results

We performed temperature-dependent Raman measurements
to identify the relevant phonons and SOEs. Fig. 2 shows
representative Raman spectra taken with the circular polarization
combination of 6_ and o for incident and scattered photons.
Raman active phonons, including 4 A, and 5 E, modes, predicted

from group theory are identified in the spectra. The A‘y) mode
is too weak to be observed in the crossed-circular channel but
detected in the co-circular channel (included in S7 Appendix,
Fig. S4). Because of the coupling between different degrees of
freedom (i.e., electrons and phonons), the Raman selection rules
of phonons in CTO do not follow simple rules determined by
the crystal symmetry alone. Below 7, two SOE modes y
at 201 cm™! (25 meV) and w; at 195 cm™' (24 meV) are
observed. The splitting between these excitations results from
the in-plane exchange mean-field that lifts the degeneracy of
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Fig. 2. Temperature dependent Raman spectra. (A) Raman spectra from 12 to 300K in the o /o polarization channel taken from a CTO sample with surface
normal along the crystalline c-axis. Raman spectra at 12K,120K, and 300K highlight the evolution of both phonons and SOEs. (B) The central frequency of E1
E2 and SOEs (1, 2, w) as a function of temperature in the _ /o polarization channel. The solid lines for Em and E(Z) correspond to fitting to the anharmonlc

model applicable to T > Ty. Error bars are smaller than the displayed data points.

the Kramers ground and first excited state. In recent neutron
scattering experiments, only the splitting of the Kramers ground
state has been observed partially due to limited energy resolution
(20, 21). Above Ty, SOEs persist and broaden in spectral
width. Since the exchange mean-field is modified in the absence
of antiferromagnetic order, we use a different notation to

represent the SOEs. Both Eg(l)(orange) and Eg(z) (blue) modes
are energetically close to these SOEs and this proximity allows
for hybridization between these collective modes. Our model
predicts a strong Zeeman energy shift for both E, phonons, and

(1) @)

we expect Ly to exhibit a larger magnetic moment than Eg
based on their resonant energy difference.

To quantitatively evaluate spin-lattice coupling, we analyze the
temperature-dependent phonon frequencies in the absence of a
magnetic field (Fig. 2B). The deviation from the anharmonic

model for both Eg(l) and Eéz) mode is about 1.66 cm™! and
0.46 cm™!, respectively, and it serves to justify the spin-lattice
coupling. In contrast, an adjacent A, mode at 244 cm™! exhibits
no such frequency deviation from the anharmonic model (data
shown in SI Appendix, Fig. S3). Furthermore, the spin-lattice
coupling in £, modes is stronger as they become energetically
closer to the SOEs, as shown in Fig. 24. Above Ty, only one
SOE mode y is observable up to ~150 K (19). The higher spin-

lattice coupling of Eg(l) than that of Eg(z) results from its closer
energy to the SOE modes. This interplay of energy scales is also
reflected in the phonon magnetic moments as we present below.
Chiral phonon modes correspond to the superposition of two
components of an E, mode vibrating in a plane perpendicular
to the c-axis. Hence, a chiral £, phonon can carry angular
momentum along the c-axis but not along the a- or b-axis.
Our model predicts that the £, modes will only have a linear
magnetic response to an external magnetic field applied along
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the c-axis. The Raman spectra taken with an external magnetic
field applied along different crystal axes shown in Fig. 3 confirm
this prediction. Fig. 34 shows helicity-resolved Raman spectra
at a magnetic field of 7 T along the c-axis. The phonon energy
blue shifts in the o0_ /6 channel and red shifts in the opposite
04 /o_ channel, as illustrated in the energy diagram (Fig. 3B).
In contrast, when the field is applied along either the a- or 4-axis,

the Eg(z) degeneracy is not lifted (Fig. 3 C and D), validating
our model. Furthermore, in Raman spectra measured with an
external field along the c-axis but with linearly polarized incident

and scattered light, the Eg(z) modes do not split (S7 Appendix,
Fig. S5). In this case, the superposition between the two chiral
phonon modes cancels the energy shift from each mode as the
model predicts.

We analyze the angular momentum exchange in the 6_ /o

Stokes process associated with an Eg(2 mode as illustrated in
Fig. 3B. The modes that appear in the cross-circular channel
change the photon angular momentum by 2#. A phonon carrying
angular momentum 7 is created in the Stokes process. However,
the three-fold rotational symmetry of the 02
the Co2t ions remedies the conservation of angular momentum
(modulo 37): J,+/h + 5/ = 0 (Mod 3) (23-26). The phonons
created in 6_ /64 and 64 /o_ channel carry angular momentum,
Joh = h and J, = —h, respectively (27). When an out-
of-plane magnetic field is applied, the peaks corresponding to
opposite angular momenta shift to different energies, which can
be interpreted as the Zeeman splitting of the E, modes. In the
case of an in-plane field, there is no energy difference between
the two cross-circular channels, which indicates the absence of a
Zeeman effect for an in-plane poH field as shown in Fig. 3C.

ions surrounding

Finally, we investigate the Zeeman splitting of the Eél) and

Eg(z) modes in the presence of an external magnetic field along

https://doi.org/10.1073/pnas.2304360121
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Fig. 3. Raman spectra taken with a magnetic field applied along different crystalline axes. (A and C) Circularly polarized Raman spectra taken at 12K with a 7
T magnetic field applied to the surface normal along different crystalline axes [c-axis for panel (A) and a-axis for panel (C)]. The degeneracy of the £g modes
measured in o /o— and 6— /o channels is lifted (preserved) when a magnetic field is applied along c-axis (a-axes). Insets: lllustration of the 02~ ions’ motion
w.r.t. the applied magnetic field. (B and D) Angular momentum of incident, scattered photons and the phonon created in the Stokes process. The total angular
momentum change is calculated by adding photon angular momentum change and that of the created phonon. A change of £3 7 is equivalent to 0 due to the

three-fold rotational symmetry of the magnetic lattice. In (B) the Left (o4 /c—) and Right (c— /o) diagrams represent the different Eéz) phonon energies in the

presence of a magnetic field along the c-axis. In (D), the angular momentum change in the Stokes process is the same as in (B), but the Eéz) modes remain

doubly degenerate in the presence of a magnetic field along the a-axis.

the c-axis at different temperatures. The spectra in Fig. 44 are
taken at a magnetic field of 7 T and 12 K, where the Zeeman

splitting is AE\") = 7.14 % 0.04 cm™! and A = 2.03

0.03 cm™! for Eg(l) and Eg(z) mode, respectively. Magnetic
order and non-trivial magnon topology can also give rise to
phonon chirality and phonon-Zeeman splitting (28, 29). If the

degeneracy of the Eg(z) mode in CTO is mainly lifted by the
antiferromagnetic order, we would expect the phonon splitting
to persist in the absence of magnetic field for 77 < 7. The
absence of phonon splitting below 73 in zero magnetic field and

a significant Zeeman splitting (AEggl) = 4.68 £0.07 cm~! and
AE) =159 £ 0.01 cm™") observed at 7 T and 50 K (Fig. 45)

suggest the dominant electronic contribution to the magnetic

moments of both Eg(l) and Eg(z) modes. The Zeeman splitting

of both E, modes is no longer observable at room temperature
where both electronic states in lower Kramers doublet are almost
equally populated, and the effect of the magnetic field weakens
significantly. This observation further justifies our conclusion
that the phonon chirality is of electronic origin.

The splitting of both £, modes as a function of the magnetic
field along the c-axis (H,) follows a simple linear relation,
a);i = Q4 + gupH,. By fitting the slope, we extract g, =
L.11 = 0.01 (at 12K), g, = 0.68 & 0.01 (at 50K), and b

~ 0 (at 300 K), respectively, for Eg(l). A systematic study of

the temperature dependent g, for both Eggl) and Eg(z) modes is
summarized in Fig. 4E. For both £, modes, as the temperature is
lowered from 300 K, g, shows a sharp rise around 7y and

40of 6 https://doi.org/10.1073/pnas.2304360121

then saturates at low temperature. This qualitative behavior
is captured by our model calculation. We take into account
two temperature-dependent factors in the model: population-
difference of electronic states and the effective in-plane exchange
magnetic field arising from the magnetic order below 7. For
T > Ty, as T increases, the population difference between
two states in the lower Kramers doublet decreases, and thus the
magnetic moment of phonons also decreases. For T < T},
an additional effect from the temperature-dependent in-plane
exchange magnetic field leads to the saturation of the phonon
magnetic moment (S/ Appendix). In our model, the E, splitting is
predicted to be directly proportional to spin imbalance resulting
from the populated SOEs. While the theory agrees with the

observed temperature dependent g, factor of Eg(z), it fails to

(1)

reproduce the g, factor of the £y * quantitatively. Our model
omits several features including temperature-dependent lattice
distortions and SOE energies, SOE band topology, and more
importantly, SOEs’ energies arising from spin-phonon coupling.
The hybridization effect is stronger for a phonon mode closer
in energy to SOEs. We quantify the degree of hybridization

between phonons and SOEs in ST Appendix. Since Eg(z) is further
off-resonance with SOEs, these factors contribute less sensitively
to its gy, factor.

Discussion

We summarize the observations of chiral phonons in previ-
ous studies. As discussed earlier, two common mechanisms
responsible for chiral phonons are i) phonon-induced adiabatic
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Fig. 4. Magnetic field-dependent Raman spectra and phonon gp-factor. (A-C) Raman spectra at 12, 50, and 300K with an applied 7 T field along the c-axis.
The red and blue solid lines are the Lorentzian function fittings for 6. /o (red) and o /o (blue) circularly polarized channels, respectively. The vertical solid

lines label the central peak positions. AEg) (AEggz)) represents the energy shift for opposite cross-circularly polarized Raman channels for Eg) (Eé,z)) mode.

(D) Summary of the energy shift difference AESY as a function of magnetic field at three different temperatures. Solid lines are linear fits. (F) Temperature
dependence of the phonon gph—factors. The solid lines are numeric calculations from our theoretical model. For (D) and (E), error bars displayed are smaller

than the data points.

evolution of electronic states and ii) phonon-induced mixing
of different electronic energy levels. In the former, phonon-
mediated electronic magnetization has both spin and orbital
components. The orbital component can be further separated
into a non-topological and a topological part. A notable example
of recent interest is that of transition metal dichalcogenide
monolayers. In these inversion-symmetry broken honeycomb
lattices, chiral phonons form at the zone-boundary at the K/K’
valley, and they are topologically trivial (30, 31). Another example
is Pby_Snj_,Te thin films, where a large phonon magnetic mo-
ment (1 to 3 Bohr magneton) emerges when the electronic bands
become topologically non-trivial at x > 0.32 (6). In the Dirac
semimetal Cd3As;, a large phonon magnetic moment develops
via coupling to a cyclotron resonance over a range of applied mag-
netic fields when it shifts into resonance with the phonon mode
(4). In the case of Cd3As;, the second mechanism of electronic
hybridization gives rise to the observed phonon chirality.

To find examples more closely related to CTO, we survey
other magnetic materials where the strong magnetic response
of phonons may derive from coupling with different electronic
excitations (1, 6, 7). In rare-earth materials where magnetism
originates from f* electrons, the CEF causes energy splittings
between 4f levels that are close to phonon energies, imparting a
large magnetic moment to phonons (2, 15). In materials where
magnetism derives from 4 orbitals, CEF splitting is usually of
the order of 1 €V, far exceeding the phonon energy. Spin—orbit
splitting typically occurs at a lower energy than CEF splitting.
In 54 systems like the iridates, SOC splitting is still at a much
higher energy than phonons. In contrast, spin—orbit splitting
in 3d systems is typically much smaller than optical phonon
energies. Thus, CTO presents an example of 34 magnets where

PNAS 2024 Vol. 121 No. 11 e2304360121

the combination of SOC and trigonal distortion leads to strong
hybridization between phonons and SOEs.

The underlying mechanism for chiral phonons in CTO bears
a strong resemblance to that of the phonon Zeeman effect
observed in rare-earth trihalides where the phonon chirality and
magnetic moment arise due to the hybridization of phonons
with CEF split states (1, 2). In the case of CTO, the involvement
of electronic states in this process is primarily influenced by
SOC and trigonal distortion. The electronic excitations are
comparable in energy to phonons and exchange interactions like
“f” electron states in rare-earth systems (19). Moreover, CTO
exhibits considerably heightened magnetic transitions, thus,
requiring the incorporation of an exchange mean-field approach.
This approach, in turn, leads to a more intricate analysis of the
phonon Zeeman effect when compared to f electron systems (32).
The higher magnetic transition temperature in CTO offers a
unique possibility to study the connection between the nature of
magnetic order and the phonon magnetic moment as revealed by
the gy, temperature dependence (Fig. 4E), unlike in rare-earth
paramagnets. This difference can be partially attributed to the
presence of an in-plane magnetic anisotropy in CTO. The easy-
plane anisotropy leads to an exchange mean-field in the -4 plane
that does not lift the degeneracy of chiral phonons but leads to a
saturation of phonon magnetic moment at lower temperatures.

The quantum magnet CTO has drawn significant interest
recently, especially in the context of topological bosonic excita-
tions. Both magnon and SOE bands are found to be topological
in inelastic neutron scattering experiments (19-21). In this work,
we unravel another exotic phenomenon in this material, the giant
magnetic moments for two phonon modes. We attribute this
phonon chirality to the coupling of phonons to SOEs due to their

https://doi.org/10.1073/pnas.2304360121
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energy proximity. A large magnetic moment allows for enhanced
magnetic control of phonons, e.g., selective excitation of certain
phonons or manipulation of their transport properties (33).
The phonon coupling to a topological SOE we explore here
is an exciting topic for further investigations. Theoretical studies
suggest that magnon—phonon coupling can change the phonon
band topology and affect the chiral phonon transport (34).
Similarly, phonons coupled to topological SOEs may also become
topological and contribute to the phonon thermal Hall effect.
Consistent with this idea, the recent observation of a large
thermals Hall signal found in the psuedogap phase of cuprate
superconductors was attributed to chiral phonons (35).

Materials and Methods

Sample Growth and Characterization. High-quality CTO single crystals were
prepared using the floating zone method. A starting ceramic rod of CTO was
prepared by thoroughly mixing the stoichiometricamount of Co0 (99.99%, Alfa
Aesar) and TiO; (99.99%, Alfa Aesar) and calcined at 1,000 °Cin air . The crystal
growth in the image furnace was carried out under a constant air flow and with
8 mm/h growth speed. The CTO single crystal was black in color with shiny
surfaces. The phase purity of the as-grown CTO was verified with powder X-ray
diffraction on the powder sample prepared by pulverized the crystal ingot. The
crystal orientation of pellets used for Raman measurement was determined by
Laue back reflection.

Spontaneous Raman Spectroscopy. Raman measurements were performed
using a 532-nm excitation laser with a full-width-half maximum of 1.3 cm=".
The laser power was kept below ~0.35 mW to avoid local heating and damage to
the samples. The laser beam was focused onto the sample via a 40X microscope
objective to a spot size of 2 to 3 um in diameter. The Raman signal was
collected in the back-scattering geometry and measured with a Horiba LabRAM
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