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Selective observation of enantiomeric chiral phonons in α-quartz
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We report anomalous circularly polarized Raman spectra of phonons in right- and left-handed quartzes. The
phonon branches splitting from the E-mode at a finite wave number were found to be chiral with mutually
opposite angular momenta. Our analysis reveals the Raman selection rules for chiral phonons. We also find that
the conservation of angular momentum should be satisfied between two photons and one chiral phonon in the
Raman process. Furthermore, we experimentally proved that the helicity of phonons with a certain frequency
and wave vector should be opposite in the other enantiomer.
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I. INTRODUCTION

Chiral materials have been investigated in many studies
because they exhibit various properties, such as optical ac-
tivity [1,2], circular dichroism [1,2], and chirality-induced
spin selectivity [3–5]. In particular, chiral phonons in these
materials have recently attracted significant attention [6–8].
Chiral phonons are phonons with angular momentum, which
correspond to lattice vibration modes with the rotation of
atomic displacements [9]. Chiral phonons may contribute to
the thermal Hall effect, where heat flow is deflected by a
magnetic field [10]. In addition, chiral phonons are expected
to be associated with interesting phenomena such as coupling
between chiral phonons and circularly polarized light or valley
electrons [11–14], conversion of magnons to chiral phonons
[15], phonon thermal Edelstein effects [16], and phonon roto-
electric effects [17]. Furthermore, the degrees of freedom of
angular momentum can be used for information communica-
tion technology [18].

It is well known that the rotation direction of the plane
of linear polarization owing to optical activity is opposite
in right- and left-handed chiral crystals. Analogous to opti-
cal activity, chiral phonons are expected to exhibit opposite
properties including angular momentum and propagation di-
rection in crystals with different chirality. A typical example
in this regard is the recently proposed chiral phonon diode
effect [7]. In this effect, chiral phonons along the c axis of
chiral crystals (e.g., α-quartz and Te) belonging to a certain
branch can propagate in only either a positive or a nega-
tive direction. In addition, it is predicted that the direction
along which the chiral phonons can propagate is opposite in
right- and left-handed chiral crystals. Investigation of chiral
phonons in crystals with different chirality is significant for
controlling angular momentum and propagation direction of
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chiral phonons. However, to the best of our knowledge, such
experimental studies have rarely been reported.

Raman spectroscopy is a popular method adopted for ob-
serving phonons [19]. Particularly, Raman spectroscopy with
circularly polarized light, implying photons with a spin an-
gular momentum (SAM), is expected to be advantageous for
observing the angular momentum of chiral phonons. How-
ever, the Raman selection rules of chiral phonons have not
been clarified despite many reports of circularly polarized Ra-
man spectroscopy in chiral crystals [20–27]. In this study, we
aim to achieve the selective observation of enantiomeric chi-
ral phonons in right- and left-handed quartzes by employing
circularly polarized Raman spectroscopy. The experimentally
deduced Raman selection rules show that phonons having a
finite wave number can carry angular momenta and that the
helicity of phonons with a certain frequency and wave vector
should be the opposite in the other enantiomer.

II. EXPERIMENT

We employed (0001) plates of a right-handed quartz (space
group P3121; Crystal Base Co., Ltd., Osaka, Japan) and a
left-handed quartz (space group P3221; CRYSTAL GmbH,
Berlin, Germany) with dimensions of 10 × 10 × 0.5 mm3

synthesized by the hydrothermal method. We performed Ra-
man spectroscopy on the crystals at room temperature (297 K)
using a 532 nm excitation line from a frequency-doubled
Nd:YAG laser (Oxxius LCX-532S-300), single monochro-
mator (Jobin Yvon HR320 with a 1200 gr/mm grating and
frequency resolution of 2.7 cm−1), and double monochro-
mator (Jobin Yvon U1000 with 1800 gr/mm grating and
frequency resolution of 0.3 cm−1) (see the Supplemental
Material [28, S1]). As shown in Fig. 1(a), we adopted a
backscattering geometry and four polarization configurations,
(++), (−−), (+−), and (−+), where the first and second
signs in each parentheses indicate the sign of SAM along the
incident laser direction of the incident and scattered photons,
respectively. The incident optical intensity was held constant
for the four polarization configurations. The SAM of the
right-/left-circularly polarized light propagating along the di-
rection toward the sample was +h̄/ − h̄, respectively, while
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FIG. 1. (a) Polarization configurations with a backscattering ge-
ometry, where + and − represent circularly polarized light with
SAM of +h̄ and −h̄, respectively. (b) Raman optical system.
(c) Schematic of the polarization state of light in the (+−), (−+),
(++), and (−−) configurations.

that of the backpropagating right-/left-circularly polarized
light was −h̄/ + h̄, respectively. In other words, the SAM
signs of the photons corresponded to the rotational direction
of the electric field of circularly polarized light on the sample
surface regardless of the propagation direction. For example,
in the polarization configuration (++), the incident light is
right-circularly polarized, while the scattered light is left-
circularly polarized. The SAM of the right-circularly polar-
ized light propagating along the +z direction is +h̄, while
that of the left-circularly polarized light propagating along the
−z direction is −(−h̄) = +h̄. The same concept can be used
for other polarization configurations. Figures 1(b) and 1(c)
show our Raman optical system and the polarization states
of lights between the laser and spectrometers in the configu-
rations of (+−), (−+), (++), and (−−), respectively. Here,
|H〉 and |V〉 indicate the lights with horizontal and vertical
polarizations relative to the optical bench. We converted the
linearly polarized light into circularly polarized light using
a λ/4 plate, and vice versa. The circularly polarized Raman
scattered light passed through the λ/4 plate and was con-
verted into linearly polarized light. The scattered circularly
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FIG. 2. Raman spectra of right- and left-handed quartzes in po-
larization configurations of (++) (solid red line) and (−−) (blue
dotted line), where only the A1 mode is Raman active. The Raman
spectra in the (++) and (−−) configurations show a similar shape
in both right- and left-handed quartzes.

polarized lights having the same and opposite signs as that
of the incident light are converted to 〈V| and 〈H| by the λ/4
plate, respectively. Therefore, the Raman scattered lights in
the (+−) and (−+) [(++) and (−−)] configurations were in
the same linear polarization state when these lights entered the
spectrometers.

III. RESULTS AND DISCUSSION

The Raman spectra of the right- and left-handed quartzes
measured with a resolution of 2.7 cm−1 are shown in Figs. 2
and 3, respectively. A1-mode phonons were observed in the
(++) and (−−) configurations, while E-mode phonons were
observed in the (+−) and (−+) configurations. Notably, each
Raman shift observed in the (+−) and (−+) configurations
was slightly different from that in the (++) and (−−) con-
figurations. In contrast, we confirmed that the Raman spectra
of silicon (Si), which is an achiral material, in the (+−)
and (−+) configurations showed the same Raman shift (see
the Supplemental Material [28, S2]). Furthermore, the slight
frequency difference was intrinsic because the Raman shifts
of the Stokes (above 0 cm−1) and anti-Stokes (below 0 cm−1)
scattering coincided for all modes. Our results are consistent
with that of a previous study on α-quartz by Pine and Dres-
selhaus [20], where the lowest-frequency E-mode phonon was
reported to show a slight difference depending on the polariza-
tion condition; however, the handedness of the sample crystal
was not discussed. In addition, the relationship between the
positions of the Raman peaks observed in the (+−) and (−+)
configurations was interchanged in the right- and left-handed
quartzes, as shown in Fig. 3. This trend was observed for all
Raman peaks of the E-mode phonons.

To investigate the slight difference in the Raman shift,
several intense Raman peaks were measured with a higher
resolution of 0.3 cm−1. The Raman peaks normalized by
the integrated intensity are shown in Fig. 4, where the
peaks were fitted with Voigt functions to obtain the phonon
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FIG. 3. Raman spectra of right- and left-handed quartzes in the polarization configurations of (+−) (solid red line with circles) and
(−+) (dotted blue line with squares), where only the E-mode is Raman active. The peak positions in the (+−) and (−+) configurations are
slightly different for all modes. The relationship between the positions in the (+−) and (−+) configurations is interchanged in the right- and
left-handed quartzes.

FIG. 4. Highly resolved circularly polarized Raman spectra of
the (+−) (solid red line with circles) and (−+) (dotted blue line
with squares) configurations in right- and left-handed quartzes. The
phonon frequency difference �ν = ν(+−) − ν(−+) is shown in each
spectrum.

frequencies ν(+−) and ν(−+). The phonon frequency difference
�ν ≡ ν(+−) − ν(−+) has been mentioned in the upper-left cor-
ner of each spectrum. These results show the presence of two
types of phonon modes: one is only Raman active in the (+−)
configuration, while the other is only Raman active in the
(−+) configuration. The sign of �ν was found to be different
for each phonon and was opposite for right- and left-handed
quartzes in the same frequency region.

Here, we discuss the origin of �ν. Under the experimental
conditions of this study, the observed phonons had a wave
number of |k| from the � to A point, where n is the refractive
index of the α-quartz. According to the phonon dispersion
relation of α-quartz reported in a previous study [29], the
dispersion curves of the E-mode phonons were split into two
branches at a finite wave number. The split widths of the
branches at |k| = 4nπ/532 nm−1 were � 1 cm−1 (see the
Supplemental Material [28, S3–S5]); this agrees with the ob-
served values of �ν (Fig. 5). Although circular birefringence
may lead to frequency differences, it was negligible because
its order was estimated to be � 10−4 cm−1 [30]. Thus, we

FIG. 5. Dispersion relation for an E-mode phonon in α-quartz.
At the phonon wave number observed in our measurements, the E-
mode phonon is split by the order of � 1 cm−1, which is the same
order as that of the observed �ν.

104306-3



OISHI, FUJII, AND KOREEDA PHYSICAL REVIEW B 109, 104306 (2024)

consider that each pair of Raman peaks is assigned to the
two phonon branches having different selection rules. Let Hλ

be the Hamiltonian of the λth phonon mode expanded with
respect to wave vector q as

Hλ = Hλ0 + q ⊗ Sλ, (1)

where Sλ is the order-1 tensor of the expansion coefficients
and q ⊗ Sλ is

q ⊗ Sλ =
(

0 −iBλqz

iBλqz 0

)
, (2)

from the crystal symmetry of α-quartz [26,27]. Here, Bλ is
a real constant and qz is the z component of the phonon
wave number. In this study, we only consider a 2 × 2 matrix
related to the E-mode phonon of q ⊗ Sλ, which is essentially
a 3 × 3 matrix, because it is sufficient for describing the
backscattering experiment. By introducing the eigenenergy of
the unperturbed Hamiltonian Hλ0 of the λth E-mode phonon
as Eλ0, Hλ can be expressed as

Hλ =
(

Eλ0 −iBλ0qz

iBλ0qz Eλ0

)
. (3)

The eigenvectors |uλ〉 and eigenvalues Eλ of Hλ were

Eλ± = Eλ0 ± Bλqz, (4)

|uλ±〉 = 1√
2

(
1
±i

)
, (5)

respectively. The subscripts of Eλ± and |uλ±〉 are in the same
order as that of the double signs. Equation (4) expresses that
the E-mode phonons split into the upper and lower branches
at a finite wave number. Therefore, the splitting of the E-mode
phonons is interpreted to have caused the observed �ν’s. Fur-
ther, the Raman spectra for the (+−) and (−+) configurations
showed that the Raman selection rules were different for the
phonons in the upper and lower branches [31]. In addition,
Eq. (5) implies that these phonons are in mutually opposite
circular polarization states such that they are chiral phonons
with opposite angular momenta.

Raman selection can be described using the Raman tensor
α. The scattering intensity I is expressed as I = | 〈es|α|ei〉 |2
using the polarization vectors of incident ei and scattered es

lights. Loudon [19] reported real-valued Raman tensors of
E (x)- and E (y)-mode phonons (with normal coordinates of x
and y) for the point group D3. The Raman tensors are derived
by assuming linearly polarized phonons degenerated at the �

point. However, since the phonons we observed are circularly
polarized with a finite wave number, we need to rewrite the
Raman tensors. In fact, using the Raman tensors of the E (x)-
and E (y)-modes, the two modes are Raman active in both
(+−) and (−+) configurations. Therefore, we assume Raman
tensors with complex elements and deduce the Raman ten-
sors of chiral phonons from the experimental results. Let the
Raman tensor and right- and left-circularly polarized vectors
be

α =
(

a b
c d

)
, e+ = 1√

2

(
1
−i

)
, and e− = 1√

2

(
1
+i

)
,

respectively, where a, b, c, and d are complex constants. As
an example, we derive the Raman tensor of a phonon mode
whose Raman scattering intensity was nonzero only in the
(+−) configuration; the Raman peak (solid red line with
circles) near 128 cm−1 in right-handed quartz is shown in
Fig. 4. The Raman scattering intensity of the phonon mode
had a finite value in the (+−) configuration, while it vanished
in other polarization configurations. Therefore, the experi-
mental results are expressed as I(++) = I(−−) = I(−+) = 0 and
I(+−) = A, where A is a real-valued constant. On solving, we

obtain αλ = Cλ(1 i
i −1). Similarly, the Raman tensor of the

phonon mode whose Raman scattering intensity was nonzero
only in the (−+) configuration is obtain as αλ∗ = Dλ( 1 −i

−i −1).
Here, Cλ and Dλ are constants and the matrices αλ and αλ∗

are Hermitian conjugate, reflecting the fact that we observed
chiral phonons with mutually opposite angular momenta in
the (+−) and (−+) configurations.

Next, we consider the Raman scattering process of chi-
ral phonons. In a typical Raman scattering process, energy-
and momentum-conservation laws are established for two
photons and one phonon [19]. In addition, the angular mo-
mentum of the photons and phonon are considered because
the SAM of the incident and scattered photons differs in the
(+−) and (−+) configurations. Accordingly, we consider the
Stokes-Raman processes in the (+−) and (−+) configura-
tions. The chiral phonons generated in the (+−) and (−+)
configurations received SAMs of +2h̄ and −2h̄ from the
incident and scattered photons, respectively. Note that the
angular momentum of the phonon is a pseudospin angular
momentum (PSAM) [8,11,32–34]. Although the PSAM of the
phonons appears to be +2h̄ or −2h̄, it can also be −h̄ and
+h̄, respectively, owing to the Umklapp process of PSAM
originating from the symmetry of the threefold (rotational)
symmetry of α-quartz [7,33]. Therefore, chiral phonons with
PSAM of −h̄ and +h̄ were generated for the (+−) and (−+)
configurations, respectively. For example, the PSAMs of the
E-mode phonon upper and lower branches near 694 cm−1

with the largest �ν in the right-handed quartz are −2h̄ = +h̄
and +2h̄ = −h̄, respectively. Our experimental results are
consistent with the PSAM of phonons in right-handed quartz
calculated in a recent study [7]. Since the same argument
can be made for the anti-Stokes–Raman process, the laws
of conservation of energy, momentum, and pseudo-angular
momentum for the Stokes and anti-Stokes–Raman processes
can be expressed as

hνs − hνi = ∓hνq, (6)

ps − pi = ∓pq, (7)

ss − si = ∓sq, (8)

where ν, p, and s are the frequency, momentum, and angu-
lar momentum, respectively, and the subscripts i, s, and q
indicate the incident photon, scattered photon, and phonon,
respectively. − and + on the right-hand sides of Eqs. (6)–(8)
represent the Stokes and anti-Stokes processes, respectively.
The Stokes and anti-Stokes–Raman processes in the (+−)
configuration are shown in Fig. 6, where h, νi, νs, |g〉, |e〉,
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FIG. 6. (a) Stokes-Raman process (right panel) and (b) anti-
Stokes–Raman process (left panel) in the (+−) configuration.
(a) Chiral phonon with a PSAM of −h̄ is generated. (b) Chiral
phonon with a PSAM of +h̄ is annihilated.

| f+〉, and | f−〉 are the Planck constant, frequencies of the
incident and scattered lights, initial state, intermediate state,
and right- and left-circularly polarized states of the phonon,
respectively. In the (+−) Stokes-Raman process, a chiral
phonon with PSAM of −h̄ is generated, as shown in Fig. 6(a).
Contrarily, a chiral phonon with PSAM of +h̄ is annihilated in
the (+−) anti-Stokes–Raman process, as shown in Fig. 6(b).

Finally, we discuss the chiral phonons in right- and left-
handed quartzes. As shown in Fig. 4, the signs of �ν for
right- and left-handed quartzes were opposite to each other
in the same frequency range. This suggests an interchange of
the Raman symmetries of the paired chiral phonons based on

the chirality of the α-quartz. Specifically, the helicities of the
paired chiral phonons are switched in the other enantiomer.

IV. CONCLUSIONS

To summarize, we selectively observed enantiomeric chi-
ral phonons in right- and left-handed quartzes by circularly
polarized Raman spectroscopy. The Raman selection rules of
the chiral phonons were explained by complex Raman tensors
αλ = Cλ(1 i

i −1) and αλ∗ = Dλ( 1 −i
−i −1). We found that the

law of conservation of angular momentum, in addition to
those of energy and momentum, were established among the
photons and chiral phonons in the Raman scattering process.
Furthermore, our experimental results implied that the helicity
of phonons with a certain frequency and wave vector should
be opposite in the other enantiomer. In the future, the Raman
tensor should be derived from a Raman cross section consid-
ering phonons with a finite wave number and conservation of
angular momentum. Further study is required to obtain more
information on the chirality of elementary excitations.
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from the phonon dispersion relation reported in previous studies
[29]. This is much smaller than the observed �ν. Therefore,
circular birefringence is ruled out as the origin of the observed
�ν.

[31] If Raman experiments are performed in scattering configura-
tions other than backscattering, one would expect that �ν’s
are proportional to the wave number. However, when circu-
larly polarized Raman spectroscopy is performed for phonons
propagating in directions other than the [0001] direction, both
the incident and Raman scattered lights become elliptically
polarized due to the birefringence of the α-quartz. In this
situation, Raman spectroscopy in the (+−) and (−+) config-
urations cannot selectively observe the Raman peaks of the
phonons belonging to the upper and lower branches. Con-
versely, phonons with different wave numbers can possibly be
observed by changing the wavelength of the excitation laser,
even in backscattering. Pine and Dresselhaus [20] reported the
linear wave number dependence of the E-mode phonon splitting
at approximately 128 cm−1 of the α-quartz using circularly
polarized Raman spectroscopy with lasers of different wave-
lengths. This report suggests that the splitting observed in our
experiment also exhibits similar wave number dependence.

[32] L. Zhang and Q. Niu, Phys. Rev. Lett. 115, 115502 (2015).
[33] Y. Tatsumi, T. Kaneko, and R. Saito, Phys. Rev. B 97, 195444

(2018).
[34] S. Streib, Phys. Rev. B 103, L100409 (2021).

104306-6

http://link.aps.org/supplemental/10.1103/PhysRevB.109.104306
https://doi.org/10.1088/0370-1328/91/4/323
https://doi.org/10.1103/PhysRevLett.115.115502
https://doi.org/10.1103/PhysRevB.97.195444
https://doi.org/10.1103/PhysRevB.103.L100409

