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Phonons with chirality determine the optical helicity of inelastic light scattering processes due to
their nonzero angular momentum. Here we show that two-dimensional (2D) magnetic CrBrz hosts
chiral phonons at the Brillouin-zone center. These chiral phonons are linear combinations of the
doubly-degenerate E, phonons, and the phonon eigenmodes exhibit clockwise and

counterclockwise rotational vibrations corresponding to angular momenta of [ = +1. Such E,
chiral phonons completely switch the polarization of incident circularly-polarized light. On the
other hand, the non-degenerate non-chiral A, phonons display a giant magneto-optical effect under
an external out-of-plane magnetic field, rotating the plane of polarization of the scattered linearly-
polarized light. The corresponding degree of polarization of the scattered light changes from 91%
to -68% as the magnetic field strength increases from 0 to 5 T. In contrast, the chiral E; modes
display no field dependence. Our results lay a foundation for the study of phonon chirality and
magneto-optical phenomena in 2D magnetic materials, as well as their related applications, such
as the phonon Hall effect, topological photonics, and Raman lasing.

INTRODUCTION

Chiral phonons have nonzero (pseudo-) angular momenta (PAM) of [ = +1, and are typically
associated with phonon modes that exhibit circular vibrations of atomic sublattices. Phonon
chirality has been theoretically predicted and experimentally observed in two-dimensional (2D)
nonmagnetic van der Waals materials, such as transition metal dichalcogenides (TMDCs).*%1 Due
to their non-zero angular momenta, chiral phonons can reverse the helicity of an incident photon
involved in a Raman scattering process.* 51 Phonon chirality plays a key role in controlling
topological statel®! and quantum state,[ and results in large thermal Hall signals. €]

It is known that an external magnetic field breaks the time-reversal symmetry in non-magnetic
materialst® 1%, leading to magneto-optical Faraday and Kerr rotation effects.[** 12 Giant magneto-
optical Raman effects have also been observed in non-magnetic InSel**! and MoS2.M These
effects arise from the magnetic-field-induced Lorentz force on the electrons, which results in a
large magnetic-field dependence of the Raman intensity for out-of-plane vibrational modes.

The recent discovery of long-range magnetic order in chromium trihalide (CrXs, X = I, Br, Cl) 2D
magnetic materialsi*®?%1 has generated tremendous interest in potential 2D magnet-based
spintronic applications, including spin transistors®?>%! and tunneling magnetoresistance
devices.?*?™ |n particular, CrBrs, a ferromagnetic (FM) insulator, has attracted a lot of attention.
Van der Waals heterostructures like CrBra/TMDCs[?® 2 and CrBrs/graphenel® have been widely
studied to explore the magnetic proximity effect for developing next-generation spintronic devices.
However, much of the fundamental physics responsible for the novel functionalities in this
material, including chirality of phonons, spin-phonon coupling, and the magneto-optical effect,
remains unexplored. Compared to Crls, which exhibits a distinct crystal structure®!, a complex
interlayer stacking®? 331 and coexistence of magnetic orders®* upon cooling, CrBrs is a more stable
2D ferromagnet.?®! Thus, CrBrs is an ideal candidate for exploring the intrinsic phonon dynamics
and their interplay with external magnetic field.



Here, we report the direct observation of chiral phonons and a giant magneto-optical Raman effect
in magnetic 2D CrBrz through systematic Raman scattering measurements. Our results show that
the superposition of doubly degenerate E; phonon modes results in chiral phonons with PAM of
Il =41. The phonon eigenmodes involve the circular motion of atoms, and these phonons
completely switch the polarization of incident circularly-polarized light. On the other hand, for the
non-degenerate non-chiral A phonon modes, the relative intensities of the co- and cross-linearly
polarized components of the scattered light show a large variation with magnetic field strength
when an external out-of-plane magnetic field is applied. The corresponding degree of polarization
(DOP) of the scattered light changes from 91% to -68% as the magnetic field strength increases
from 0 to 5 T. This observed rotation of the polarization of the scattered light demonstrates a giant
magneto-optical effect for non-chiral A, phonon modes in CrBrs. These results lay a foundation
for the study of phonon chirality and magneto-optical phenomena in 2D magnetic materials.

RESULTS AND DISCUSSION
Lattice Dynamics in CrBr3

The atomic structure of bulk CrBrs is shown in Figure 1a. It is a layered structure with each layer
consisting of a honeycomb sublattice of Cr®* ions sandwiched between two Br atomic planes. Bulk
CrBrs has a rhombohedral structure (space group CZ; (S6)). The unit cell of this structure is
highlighted by the dashed lines in Figure 1a and shows a FM ground state below the Curie
temperature (Tc) with spins aligned out-of-plane (the green arrows). Phonon frequencies of few-
layer 2D materials can depend on the number of layers and the stacking order, as previously
observed in Raman spectra for TMDCsE5-%1 and Crl3.%*1 However, our Raman results for CrBrs
are independent of the number of layers, as shown in the thickness-dependent Raman spectra in
Figure S1. In the rest of this paper, we focus on bulk CrBrs, due to the larger Raman intensities in
these samples.

In Figure 1b, we present our experimental Raman spectra for CrBr3, measured in the FM phase at
10 K using linearly polarized light. Both co-polarization (XX) and cross-polarization (XY)
geometries are used, with the first “X’ representing the polarization of the incident laser beam and
the second ‘X/Y’ representing the polarization of the scattered light, selected using a polarizer.
Four distinct Raman peaks are observed. Based on first principles density functional theory
calculations for the zone-center phonon frequencies (see Table S1), it can be deduced that the two
peaks at 106.6 and 184.5 cm™ correspond to Ag modes and the two peaks at 143.3 and 153.1 cm?
correspond to E; modes. Our results are consistent with previously reported Raman results for bulk
CrBrs.[*U The inset to Figure 1b presents the theoretically simulated Raman spectra for bulk CrBrs,
which is in excellent agreement with our experimental data. It is important to notice that our linear-
polarization Raman results exhibit distinct selection rules for A, and E, modes. For the A, modes,
the Raman signal vanishes in the XY configuration, i.e., when the out-going light has a polarization
axis perpendicular to that of the incoming light. On the other hand, the E; modes do not show any
dependence on the polarization direction of incident and scattered light. The dependence is clear
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in the polar plot showing the angle-dependent Raman spectra in Figure 1c, where a circular shape
indicates isotropic intensity for E; phonon modes, in contrast to the angle-dependent Raman

intensity for A, phonon modes.

The top view of eigenvectors of these four modes is schematically shown in Figure 1d. The two
Ag modes arise primarily from vibration of the Br atoms; the motion is mainly out-of-plane for AZg
(angle of 28.4 degrees with respect to the z axis) and in-plane for Aj (angle of 61.7 degrees with
respect to the z axis). The two E; modes are degenerate, resembling an in-plane shearing motion
of the Br atomic planes for EZ and involving as well Cr atoms for Ez. However, small out-of-plane
displacements are found for both E, modes.

Phonon Chirality in CrBr3

Chiral phonon modes originate from the circular vibration of sublattices, which can be probed by
circularly polarized photons. 51 Here, we perform helicity-resolved Raman scattering
measurements at 10 K in the FM phase (Figure 2a) to resolve the chirality of E; modes. The
corresponding polar plot is presented in Figure 2b. We observe that Raman peaks corresponding
to E; modes appear only in the cross-circularly polarized configuration (¢* in 6~ out), which means
that Raman scattering involving E, modes reverses the helicity of the incident photons. In contrast,
Raman scattering involving the two A, modes does not change the helicity of the incident photons
(Figure 2c). These results are in good agreement with the theoretical simulations shown in Figure
S4.

Since CrBr3 belongs to the magnetic double group of S(—3), at Brillioun zone center, the pseudo-
angular momentum (PAM) of phonon modes can be deduced from the action of the C; operator
(rotation by 2m/3 about the z axis) on the phonon wavefunction.! From the character table of
Se(—3) (shown in Section S6), we obtain C;E, (I/r) = e**"/3E (1/r). The contrasting helicity-
resolved Raman spectra for the A, and E; modes can be simply understood from the symmetry of
the Raman tensor (Section S5). At the same time, conservation of PAM in the Raman process
dictates that I = I[; — L, Where [;, s and [,,, are respectively the angular momenta of the
incident light, scattered light and the phonon involved in the Raman process,™ 21, thus the process
can be either [;(+1) = [;(—1) — l,p(+1) or [;(—1) = [;(+1) — L,,(—1). The PAM due to the
photon can only be 1 or -1. Since Raman scattering involving E; modes switches the polarization
of circularly polarized light, the E; modes in CrBrs must have a non-zero PAM. Single-phonon
Raman scattering process can only include zone-center phonons due to the conservation of crystal
momentum. However, the zone-center phonons have real eigenvectors which have zero phonon
circular polarization by definition™, as discussed in Section S7. Thus, the only zone-center Raman
active phonon modes that can reverse the helicity of incoming light are a complex superposition
of the degenerate E; modes, as demonstrated by Figure 2d. In the Supplementary Information, we
provide animated videos clearly showing the circular motion of the chiral phonon modes. The



phonon PAM of E, modes are given by L, [E;(r)] = +1 and 1,4 [E;(D] = —1.1% @ Thus, the
helicity-resolved Raman scattering results in Figure 2c can also be understood in terms of the chiral
and non-chiral nature of the E; and A; modes, respectively.

We further calculate the magnitude of phonon circular polarization for the E; modes, as defined
by Zhang et al. :*2]

N
Z=h ) (erel® = leral®)
a=1

where €z, = %(xa —iy,) and €., = %(xa + iy, ) are the right- and left-circularly polarized

components of each phonon eigenvector for the a-th atom in CrBrz. As shown in Section S7, we
obtain avalue of SZ, = +£0.721 for the circularly-polarized Ez (143.3 cm™) modes and +0.916%
for the circularly-polarized EZ (153.1 cm?) mode (Table S2). Non-zero values of circular
polarization for E; modes are a signature of chirality, while the deviation from unity is due to the
out-of-plane contribution to the E; modes.

Magnetism-Assisted Phonon Renormalization in CrBr3

Given the existence of a 2D long-range FM order below T in CrBrs, it is natural to explore the
magnetic effect on phonon properties upon cooling.[“*#4 Here, we have performed temperature-
dependent Raman measurements and carefully fitted the spectra to extract the temperature
dependence of the phonon energies and linewidths (Figure S2). We accurately determined these
parameters by fitting the raw data of the Eé and Ag modes using Voigt functions, plotted as Figure
3a-d. A comparison with the anharmonic phonon-phonon scattering theory provides an insight into
the phonon renormalization. The gray solid lines in Figure 3a-d indicate the theoretical phonon
frequencies wg,,(T) based on the standard anharmonic model.[> 41 In the temperature range
between 290 K and 50 K, a conventional hardening of phonons with decreasing temperature is
observed due to the suppression of the anharmonic phonon-phonon interactions (Figure 3a and 3c).
The temperature dependence becomes much stronger with the onset of magnetic ordering below
50 K, as demonstrated by the additional anomalous phonon hardening and the large deviation of
phonon energies. Such a hardening of phonons is observed even at temperature above 50 K due to
the short-range local ordering of magnetic moments. Similarly, the temperature dependence of the
phonon linewidths also reveals a clear anomaly below 50 K, as demonstrated by Figure 3b and 3d.
This anomalous behavior of linewidths below 50 K can be attributed to several factors including
spin-phonon coupling, spin-induced negative thermal expansion[*®! and magnetic ordering in the

sample. We have performed the magnetic susceptibility measurement (Figure 3e) and fitted the i

Lversus T plot (inset) by using Curie-Weiss law y =1 = (T_HTCW) to get the 8., = 47 K, which is

consistent with the FM interaction in CrBrz and agrees well with the predicated T. point from our
temperature-dependent Raman results. It has been suggested that phonon renormalization is

proportional to the nearest-neighbor spin-spin correlation <§;, §;>,[43] and the spin-phonon
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coupling coefficients can be extracted by using this equation: w(T) ~ wWenn(T) + /1<S_{, 5_‘J)>,
where w(T) is the measured phonon frequency, w,,»(T) is the phonon frequency without spin-
phonon coupling and A represents the coupling strength. The shift in the frequency, w(10K) —
wqann(70K), can be observed from Figure 3a and 3c. The measured saturated magnetization value
of CrBrs is 3ps per Cr atom (Figure 3f), consistent with a high spin configuration state of Cr3*.14l
Therefore, the value of <§:, §;> is 9/4 (S= 3/2) at 10 K,[*"1and the coupling strength A is calculated
to be 0.51 and 0.31 cm™ for Eg and AZ modes, respectively. The obtained coupling strength is large
and comparable to previous observed value in other Cr-based ternary 2D magnets.l> *1 In the
Supplementary Information, we also demonstrate that the onset of magnetism in CrBrz below T¢
will not induce structural transition (Figure S2) and the corresponding Raman selection rule
remains the same in the paramagnetic (PM) phase at 290 K (Figure S3).

Magneto-Optical Effect in CrBrs

We note that ferromagnetic order below T should result in an additional term in the Raman tensor
that is imaginary and anti-symmetric in nature.[*®- 5% This leads to off-diagonal components in the
Raman tensor for the Ag modes which should result in a non-zero Raman intensity for the XY
polarization configuration. However, the Raman intensities for the Ag modes in the XY
polarization configuration have been essentially within the noise level, indicating that the off-
diagonal terms in the Raman tensor are negligible. Since the magnitude of the antisymmetric
Raman tensor induced by the magnetic field increases with the strength of the magnetic field™!
(see also Section S8), we explore the magneto-optical effects in CrBrz by performing magnetic-
field-dependent Raman measurements at 8 K under an out-of-plane magnetic fieldupto 5 T.

Figure 4a shows that the relative Raman intensities in the XX and XY polarization configurations
for the Azg mode changes significantly with the magnitude of the applied magnetic field.
Specifically, the A2g mode Raman intensity in the XX polarization configuration decreases while
that in the XY configuration increases as the field strength increases from 0 to 5 T. The degree of
polarization (DOP) of the Raman-scattered light, defined as ;::;—;i is plotted in Figure 4b as a
function of the external magnetic field. The DOP for the AZg mode of CrBr3 can be tuned from 91%
to -68% with sweeping magnetic field from 0 to 5 T. As a reference, the DOP corresponding to
the Si TO mode at 520 cm™ is also plotted. In contrast to the results for the AZg mode of CrBrs, the

DOP for the Si TO mode only exhibits a small change of ~ 10% as the magnetic field is increased
from 0to 5 T. The E; modes are found to be essentially magnetic-field-independent, displaying a

near-zero DOP (Figure 4b).

In the presence of an external magnetic field, electrons in the sample experience a Lorentz force
F, ~U x B. Together with the oscillating in-plane electric field from the incident light, this
Lorentz force results in an antisymmetric term in the Raman tensor that is dependent on the
magnitude of the magnetic field B (see Section S8). The components axy and axx of the



(

2_,.2 )
ny lM] is a resonant
Y

polarizability tensor are related by [ouxy/oxx| o |B£|, where B, = - [1 -
0

magnetic-field like term which depends on the electronic mass m, charge e, damping parameter y

and natural frequency of the electrons w,. Taking into account the symmetries of the Raman tensor

for the A, mode, we deduce the magnetic-field dependence of the Raman intensities to be If;f e

2

2 4g 2
a and I,,,, « fB

2
B B .
> ———| , where a and 8 are parameters denoting the components of the
B2 +B2 B2+B2

field independent Raman tensor. Similarly, from the symmetries of the Raman tensor for
degenerate E, modes, it can be shown that the DOP for the E, modes is independent of B.

CONCLUSION

In summary, we observe, for the first time, the chirality of E, phonon modes in CrBrs 2D magnet
by using linear polarization- and helicity-resolved Raman scattering spectroscopy. The doubly
degenerate E; modes reverse the helicity of incident photon due to their chiral nature with PAM
of [ = +1. Moreover, the magnetism-induced spin-phonon coupling effect in CrBrs has been
revealed by temperature-dependent Raman measurement. Upon applying an external out-of-plane
magnetic field, the non-chiral A; modes display a giant magneto-optical Raman effect, originating
from the magnetic field induced off-diagonal term axy in the polarizability tensor. On the other
hand, the chiral E; modes do not show any field dependence. Our results provide a solid basis for
understanding novel physical phenomena in 2D magnets and prove the importance of tuning the
magnetic and lattice degrees of freedom for designing novel 2D magnet-based device applications.



EXPERIMENTAL SECTION
Sample preparation

CrBr3 was synthesized by direct reaction of chromium (99.99%, Alfa Aesar) and bromine
(99.9999%, Sigma Aldrich) in quartz glass ampoule. First, chromium and bromine corresponding
to 12 g of CrBr3 were placed in quartz ampoule (30 x 200 mm) and purged with argon. Bromine
was used in 5 at.% excess. Ampoule was sealed under high vacuum (1x107 Pa), while the charge
in ampoule was cooled with liquid nitrogen. Firstly, the reaction mixture was heated on 750 °C for
24 hours to provide complete reaction of Cr and Br2 while the second end of ampoule was kept at
temperature below 200 °C. Crystal growth by vapor transport was performed in two zone tube
furnace. The growth zone was first cleaned by 25 hours application of reverse gradient 800 / 600 °C
for growth zone and source zone, respectively. Crystal growth was performed at thermal gradient
750 / 650 °C for 5 days. Ampoule was opened in argon filled glovebox and crystals were handled
strictly under inert atmosphere.

A few layers of CrBrs were obtained via mechanical exfoliating CrBrs crystal using
polydimethysiloxane (PDMS) as a stamp in a nitrogen-filled glovebox. Monolayer CrBrz was
identified by using the optical contrast. After that, CrBrs flake with 1 L, 10 L and ~ 100 L was
picked up by a PDMS stamp and transferred onto SiO2 / Si substrate for Raman measurements.
The sample is very stable in high-vacuum and low-temperature environment during Raman
measurements.

Magnetic susceptibility measurements

Magnetic measurements were performed on PPMS EverCool Il system from Quantum Design (2
K /9 T system) using VSM attachment. The measurement was performed in PE holder loaded in
argon atmosphere glovebox.

Raman scattering measurements

Raman scattering measurements were performed in the backscattering geometry using a Horiba
HR800 micro-Raman system equipped with a liquid nitrogen cooled charge-coupled device (CCD).
A cryostat (Cryo Industry of America, USA) was used to provide a continuous temperature from
8 K to 300 K by liquid helium flow. The excitation laser was introduced using a 50x long working-
distance focus lens, and Raman signals were collected through the same lens, dispersed with a
1800 g/mm grating. Solid-state lasers with wavelength of 532 nm were used to excite the sample.
532 nm RazorEdge ultrasteep long-pass edge filters were mounted in front of the CCD detector to
filter out the excitation lines.

Magneto-Raman scattering measurements

The sample was mounted in an optical probe, which was immersed inside a cryostat filled with
liquid helium and inserted in the XEM-102 superconducting magnet. The magnetic field is in
Faraday configuration with a maximum field strength of 5 T. The optical Raman measurements
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were performed using a home-built confocal microscope system in the backscattering geometry.
All measurements were carried out at 8 K. A solid-state laser (A = 532 nm) was focused onto the
sample along the out-of-plane direction by a 50x magnetic field compatible objective. The
backscattered Raman signals were dispersed with a 1800 g/mm grating, and recorded by a
nitrogen-cooled silicon-CCD.

Polarization-resolved measurements

A quarter-wave plate was combined with a linear polarizer to generate the linear- and circularly-
polarized excitation light. Another half-wave plate or quarter-wave plate was used for resolving
the scattered light. A linear polarizer was placed before the entrance slit of the spectrometer to
ensure that any change in the Raman intensity was due to the intrinsic polarization of the scattering
not due to the polarization response of the spectrometer grating.

Theoretical calculations

Non-collinear spin-polarized density functional theory calculations were performed using the
plane-wave pseudopotential-based code implemented in the Quantum ESPRESSO package,®]
within the local-density approximation (LDA)P?! for the exchange-correlation function. The
interactions between the ion core and the valence electronic wavefunctions were described using
a fully-relativistic projector-augmented wave approach.l A kinetic energy cutoff of 50 Ry for
the wavefunction and 500 Ry for the charge density was used along with an energy cutoff of 1020
Ry for the self-consistent cycle and a 6 X 6 x 6 Monkhorst-Pack grid of k-points, to obtain
converged energies and forces.

The phonon calculations for the non-collinear spin system of CrBrs were performed using the finite
displacements method as implemented in the PHONOPY codel®! to obtain the phonon frequencies
and eigenvectors at the I'-point. The change in forces due to a set of symmetry determined
displacements of the atoms within the unit-cell of CrBrs with a small amplitude of 0.02 bohr was
used to determine the force-constant matrices.

The Raman tensor which is the first derivative of the dielectric susceptibility with respect to the
phonon displacement was obtained using the method proposed by Umari et al.,®® by taking the
derivative of the atomic forces with respect to the applied static electric field. We applied electric
field of different amplitudes with the smallest amplitude of 5x10° Ry a.u. (1 Ry a.u. = 3.63609 x
10! V/m), with non-uniform increments (-15, -10, -7, -5, -2, 2, 5, 7, 10, 15 times 5x10° Ry a.u.)
along the X, Y, and X+Y direction to determine the in-plane Raman tensor of CrBr3. A systematic
convergence check of the Raman spectra with respect to the electric field steps was performed to
ensure that any numerical errors were negligible. The Raman activity with both linear and circular
polarization of the electric field was then obtained using the Raman tensors.
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Figures and Captions
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Figure 1. a) Side view of CrBrs in unit cell with rhombohedral structure, the spins aligned
perpendicular to the basal plane in FM phase. b) Linear-polarization Raman spectra of bulk CrBrs;
in the co- polarization channel (XX, dark red) and cross-polarization channel (XY, dark blue) at
10 K under 532 nm excitation. The phonon modes are assigned and labeled as Ag, Eg, EZ and A3,
Inset shows the corresponding simulated Raman spectra. ¢) Angle dependence of Raman intensity.
d) Phonon eigenvectors with calculated frequencies of Raman-active modes at the Brillouin zone

center in bulk CrBrs.
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Figure 2. Chirality of Raman-active phonons of CrBrs. a) Helicity-resolved Raman spectra of bulk
CrBrsz at 10 K. The excitation wavelength is 532 nm with ¢ polarization. b) Polar plot of the
Raman intensities of these four modes versus the rotation of the quarter-wave plate. The 0° and
90° correspond to the (¥, 6*) and (c*, 6”) configurations, respectively. c) Schematic of the helicity
of photon switched by the chiral phonon. d) Superposition of two orthogonal linear vibrations of
Eg (143.0 cm™) results in right-handed or left-handed circular motions at the I'-point, i.e., chiral
phonons with PAM of [ = £1.
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Figure 3. Spin-phonon coupling in CrBrs. Evolution of phonon frequencies a, c) and phonon
linewidths b, d) of Eg and A% phonons with temperature decreasing from 290 K to 10 K. The gray
solid lines indicate the fitting results by using the anharmonic model. FM phase below T is
indicated by the shaded gray area. e) Magnetic susceptibilities of CrBrs bulk sample with 1 kOe
field applied with decreasing temperature. Inset shows the plot of inverse susceptibility versus
temperature and the red line shows a Curie-Weiss fitting, 6cw = 47 K. f) Magnetic moment vs
magnetic field at 10 K indicates that the saturated magnetic moment is 3ug per Cr atom.
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Figure 4. Magneto-optical Raman effect. a) Magnetic-field dependent Raman spectra of CrBrz in
co- and cross-linearly polarized configurations at 8 K under 532 nm excitation (B L ab plane). b)
Degree of polarization of A2, Eg phonons of CrBrs and TO phonon of Si as a function of magnetic

field.
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