
Chiral Phonon Diode Effect in Chiral Crystals
Hao Chen, Weikang Wu, Jiaojiao Zhu, Zhengning Yang, Weikang Gong, Weibo Gao,*
Shengyuan A. Yang,* and Lifa Zhang*

Cite This: Nano Lett. 2022, 22, 1688−1693 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The diode effect means that carriers can only flow in one direction but not
the other. While diode effects for electron charge, spin, or photon have been widely
discussed, it remains a question whether a chiral phonon diode can be realized, which
utilizes the chiral degree of freedom of lattice vibrations. In this work, we reveal an intrinsic
connection between the chiralities of a crystal structure and its phonon excitations, which
naturally leads to the chiral phonon diode effect in chiral crystals. At a certain frequency,
phonons with a definite chirality can propagate only in one direction but not the opposite.
We demonstrate the idea in concrete materials including bulk Te and α-quartz (SiO2). Our
work discovers the fundamental physics of chirality coupling between different levels of a
system, and the predicted effect will provide a new route to control phonon transport and
design information devices.

KEYWORDS: chiral crystals, chiral phonon diode effect, chirality filtering, chirality-orbit coupling, pseudoangular momentum,
first-principles calculations

The concept of chirality plays a significant role in multiple
branches of sciences, such as physics, chemistry, and

biology.1−3 An object or a structure is chiral if it is
distinguished from its mirror image. In other words, all
possible mirror (inversion) symmetries of the structure must
be broken. Such chiral structures are ubiquitous, ranging from
microscopic molecules to astronomical objects, and they have
found wide applications, for example, in enantioselective
catalysis,4 chiral drug design,5 chiral-induced spin selectiv-
ity,6−8 and so forth.
Chirality also applies to the description of collective

excitations of a system. A notable example from recent
research is the chiral phonon,9 that is, the collective oscillation
modes of a crystal lattice with a definite handedness. It has
been shown that chiral phonons can couple with circularly
polarized light and valley electrons and result in chiral selective
optical transitions.10−14 They therefore serve as promising
information carriers. It was also proposed that chiral phonons
can make important contributions to the thermal conductiv-
ity,15 phononic Hall effect,16,17 orbital magnetization,18−20 and
anomalous thermal expansion.21

Now, a natural question is the following: Is there any
interplay between chiral phonons and the chirality of the
underlying lattice? This important question has remained
unexplored. The research so far mainly focused on achiral
structures. Intuitively, for an achiral system each chiral phonon
mode must have a chiral partner connected by a mirror
operation, which poses difficulty to single out one chirality.
In this work, we address the above question by exploring

chiral phonons in chiral crystals. We reveal a strong coupling
between the chiralities of the two, which naturally leads to a

chiral phonon diode effect, that is, the input chirality
information can only pass the system via chiral phonons in
one way but not the other, as specified by the system chirality.
Specifically, we show that a propagating chiral phonon mode in
a chiral crystal has its propagation direction determined by the
lattice chirality. At certain fixed frequency, phonons with
opposite chiralities propagate in opposite directions. The
phonon chirality or the propagation direction is switched when
the crystal is changed to its enantiomorph. These results are
confirmed via explicit calculations on a helix-chain model and
demonstrated in bulk Te as well as a common and important
3D material, α-quartz. Our work discovers a fundamental
connection between the chiralities of a structure and its
excitations, which opens a new direction for phononic
research. The predicted chirality diode effect may enable
new routes for controlling phonon transport and for designing
information devices.

Helix-Chain Model. To capture the essential physics, we
first consider the simplest chiral lattice model, a 1D helix chain.
As illustrated in Figure 1, the simplest helix has three sites in a
unit cell, and its handedness can be readily determined from its
spiral pattern: Figure 1a,b shows right- and left-handed chains,
respectively. Clearly, the helix structure breaks all possible
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mirrors, yet for a regular helix, it preserves a three-fold screw

axis { }=S C 00z z3 3
1
3

along the chain (z-direction). In the

ground state (that is, without oscillation), the chiral structure
can be specified by a few parameters, as indicated in Figure 1a.
Here, the top view is an equilateral triangle with side length a,
d is the bond length between two neighboring sites, φ =
arccos(a/d) is the tilt angle of a bond from the x−y plane, and
the helix period c = 3a tan φ.
The harmonic oscillations of the lattice is described by the

standard Hamiltonian

= +p p u Ku
1
2

1
2

T T
(1)

where u is a column vector of displacements from the
equilibrium positions, multiplied by the square root of mass
(the mass is taken to be the same for every site here); p is the
conjugate momentum vector, and K is the force constant
matrix. For simplicity, we retain only the nearest-neighbor
coupling. These parameters, along with the structural
parameters such as φ, specify the matrix K. The phonon
spectrum ωk,σ and the phonon eigenmodes ϵk,σ are then solved
from the equation

ωϵ = ϵσ σ σD k( ) k k k, ,
2

, (2)

where k is the 1D wave vector along the chain, the dynamic
matrix D(k) is the spatial Fourier transform of K, and the index
σ labels the phonon branch.
The calculated phonon spectra of right- and left-handed

helices are plotted in Figure 2a,b, which consist of three
acoustic branches and six optical branches, corresponding to
the three sites in a unit cell. Particularly, to investigate the
chirality of phonon modes, we use the color map in Figure 2a,b
to indicate the value of phonon circular polarization along the
chain, which is defined by9

= ϵ ̂ ϵσ σ σ
†s Sk k z k, , , (3)

where Ŝz = ∑α = 1
3 (|Rα⟩⟨Rα| − |Lα⟩⟨Lα|) is the circular

polarization operator, |Rα⟩ (|Lα⟩) is the right (left) circularly
polarized oscillation basis at site α (for circular motion in the
x−y plane). It was shown in ref 9 that ℏsk,σ gives the angular
momentum of the phonon mode ϵk,σ along the chain. The sign
of sk,σ indicates the chirality, namely, the phonon mode is right
(left) handed if sk,σ > 0 (< 0).
From the results in Figure 2a, first of all, one can clearly see

that the phonon modes are chiral. The inset shows the
vibration pattern of the mode P indicated by the black dot in
Figure 2a. One observes that from top view, all three sites
make clockwise rotations, confirming its left-handed chirality.
This is in contrast with an achiral chain. For example, if the
chain preserves a mirror (denoted by M) that contains the
chain axis, then each mode ϵk,σ would be degenerate with a
mirror partner Mϵk,σ, such that there is no net circular
polarization nor chirality of the phonons.
Second, the chiral phonons can generally propagate along

the chain. The propagation direction is determined by the sign
of the slope of the dispersion. From the result, one observes a
chirality-orbit coupling, that is, the chirality of a phonon is
coupled with its propagation, analogous to the spin−orbit
coupling. Importantly, there exist frequency windows in which
the chirality is completely locked with the propagation
direction. For example, consider the frequency at mode P in
Figure 2a. At this frequency, there are only two phonon modes.
The one that propagates in the z-direction is left-handed,
whereas that propagates in the −z direction is right-handed, as
dictated by the time reversal symmetry. Thus, the helix chain
acts as a chiral phonon diode when operated at this frequency:
a phonon with a definite chirality can only pass the system in

Figure 1. (a) Right-handed and (b) left-handed 1D helix chain model.
The bottom panel shows the top view. The structural parameters are
marked in (a).

Figure 2. Calculated phonon spectra for (a) right-handed helix and (b) left-handed helix. They show the same dispersion but opposite chirality
distribution. The red and blue colors represent the right and left circularly polarized phonon modes, respectively. The PAM for the top two phonon
branches are marked. The inset shows the top view of the phonon vibration pattern for the mode marked by the black dot. The calculation details
and model parameters are presented in the Supporting Information. (c,d) Schematic diagram of the chirality filtering. (c) At the frequency around
P in (a), only left-handed phonons are allowed to pass the helix from left to right. (d) The situation reverses when the chirality of the helix is
switched.
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one way but not the other. In addition, if we only consider the
transport from left to right, the helix can also be viewed as a
chirality filter: as shown in Figure 2c, the system allows the left-
handed phonon to pass through, but not the right-handed one;
and the situation is reversed for propagation in the opposite
direction.
Third, as mentioned, the helix chain here preserves a three-

fold screw rotational symmetry S3z. It allows the definition of a
pseudoangular momentum (PAM)9 lk,σ for phonons, which
just corresponds to the eigenvalues of a phonon mode under
three-fold rotation (the fractional translation part can be
disregarded as it does not affect any selection rules to be
discussed later). Explicitly, we have

π[ ]ϵ = ϵσ
π

σ
− σ(2 /3) ez k

i l
k,

(2 /3)
,

k , (4)

where z is the rotation operator acting on the eigenmode and
is defined to connect the three sites, and the PAM defined in
this way is an integer ∈ {0, ±1}. For example, the PAM for the
top two phonon branches is labeled in Figure 2a. One observes
that PAM is also coupled with the chirality and the
propagation direction. Phonons with PAM + 1 travel in the
+ z direction, whereas those with −1 go the opposite way.
Finally, it is crucial and evident that the phonon chirality

(and the PAM) is tied with the chirality of the lattice. The
results above are for the right-handed helix. For a left-handed
helix, the phonon chirality would be flipped, as in Figure 2b.
The system allows the right-handed phonon to pass through
from left to right, but not the left-handed one, as shown in
Figure 2d. This also justifies that for the achiral structure,
which may be regarded as the phase boundary between the
right- and the left-handed helices, the phonon chirality as well
as the associated effects such as chirality-orbit coupling and
chiral phonon diode effect must vanish.
Application to Bulk Te. To demonstrate our proposed

physics in concrete materials, we first consider bulk Te,
because its structure is directly connected to the model
discussed above. As shown in Figure 3a,b, bulk Te can be

viewed as an array of 1D Te helix chains which are all of the
same chirality. The space group for the right-handed bulk Te
chain is P3121 (No. 152), whereas that for the left-handed one
is P3221 (No. 154). Both structures preserve a three-fold screw
axis, but the screw directions are opposite. In Figure 3d, we
plot the phonon spectrum of right-handed bulk Te obtained
from first-principles calculations. The calculation details are
given in the Supporting Information. We evaluate the phonon
circular polarization sk,σ, which confirms that the phonons here
are generally chiral.
We are particularly interested in the phonons on the high-

symmetry paths that preserve the screw rotation, because these
modes further allow a well-defined PAM. These paths include
Γ−A, K−H, and K′−H′ in the Brillouin zone (Figure 3c). Note
that each path has two sections: the section with kz > 0 and the
one with kz < 0. To distinguish the two, we shall label the
former/latter one by adding a plus/minus sign. For instance,
the two sections along the kz axis will be labeled as Γ−A(+)
and Γ−A(−), respectively. At a certain frequency, the phonon
chirality is coupled with the propagation direction. This
confirms the features of chirality-orbit coupling and chirality
diode/filtering which we learned from the helix model. The
PAM for each phonon branch is presented in the Supporting
Information.
It is important to note that the emergence of chiral phonons

on the Γ−A path is a manifestation of the chirality of the
system. For 3D achiral crystals, such as WN2 discussed in ref
14, phonon modes on this path do not have net chirality, since
each left-handed mode must be accompanied by a right-
handed partner. In addition, the property of chirality diode/
filtering is generally not expected for an achiral crystal: a
branch can have the same chirality on K−H(+) and K−H(−),
as shown in ref 14.
The results above are for the right-handed Te. Evidently, for

the left-handed crystal the phonon spectrum would look the
same, but the phonon chirality and PAM would be flipped.

Application to α-Quartz. It appears natural to have the
proposed effects manifest in bulk Te, as its structure exhibits a
quasi-1D character consisting of helix chains. To show that the
physics is general, below we extend the discussion to another
concrete 3D material, α-quartz, which is a stable crystal
polymorph of SiO2 that is most commonly found in nature.22

α-quartz has important applications in many industrial
branches, ranging from construction to electronics. The lattice
structure of quartz consists of SiO4 tetrahedra linked by shared
corner oxygens. Importantly, the α-quartz lattice is chiral. It
crystallizes in two enantiomorphic space groups, P3121 (No.
152) and P3221 (No. 154),23,24 depending on the chirality.
Figure 4a,b shows the structure of the right-handed α-quartz
with space group P3121. One observes that along the c-axis, the
SiO4 tetrahedra spiral upward in a right-handed way,
resembling the helix in Figure 1a. However, there is no
isolated helix chain. All the tetrahedra are strongly covalently
bonded into a 3D network.
In Figure 4c, we show the phonon dispersion of right-

handed α-quartz calculated by first-principles calculations.
There are a total of twenty-seven phonon branches,
corresponding to the nine atoms in the unit cell. We see
that the 17th and 18th phonon branches around 16−22 THz
are well separated from other branches, which gives an
advantage for their excitation and detection. Focusing on these
two branches, in Figure 4c we use the color map to show the
calculated phonon circular polarization on the high-symmetry

Figure 3. (a) Top view of the right-handed bulk Te. The black box
marks the unit cell. (b) Side view of a single Te chain. It shows a
right-handed helix structure. (c) Brillouin zone. (d) Phonon spectrum
of the right-handed bulk Te. +/− on the path indicates the kz > 0/kz <
0 part. Red/blue color represents right/left-handed phonons.
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paths. Clearly, one observes that these phonons are chiral. For
instance, the phonons of the 18th branch on the Γ−A(+) are
left-handed and propagate in the +z direction, whereas the
corresponding ones on Γ−A(−) are right-handed and
propagate in the −z direction.
In Figure 4c, we have also labeled the phonon PAM for the

17th and 18th branches. One can see that the PAMs for Γ−
A(+) and Γ−A(−) also differ by a minus sign, as dictated by
the time reversal symmetry. The PAM determines selection
rules for phonon coupling with other particles. For example, a
circularly polarized light incident along the z-direction can
excite a phonon mode subjected to the PAM conservation: m
= l mod 3, where m = ±1 for right/left circularly polarized
light. This allows a selective coupling between chiral phonons
and infrared light.
Discussion. We have discovered an intrinsic connection

between the chiralities of a structure and its phonon
excitations. We find that chiral structures host chiral phonons
on the principal axis through Γ which exhibit chirality-orbit
coupling, chiral phonon diode effect, chirality filtering, and net
PAM, all distinct from achiral systems, and these properties are
reversed when the structural chirality is flipped.
Our proposed chiral phonon diode effect can be detected in

experiment. Consider a slab of a chiral crystal, for example, of
right-handed α-quartz, with its c-axis along the z-direction. We
apply a circularly polarized infrared light with a frequency
peaked around 21 THz (that is, the range of the 18th branch in
Figure 4c) incident on the bottom of the slab, as shown in
Figure 5a. Because of the PAM conservation, a right/left
circularly polarized light can resonantly excite phonon modes
with PAM +1/−1. Meanwhile, due to the momentum
conservation light can only excite phonons on the Γ−A
paths. (Note that the slab surface breaks the translation
symmetry along z, so kz needs not to be conserved.) Therefore,

the incident light with right (left) circular polarization will
mostly excite chiral phonons with PAM +1(−1) on the Γ−A
path. However, due to the chiral phonon diode effect, in this
frequency range, only the phonons with PAM + 1 are
propagating in the +z direction, that is, can pass through the
slab. Since phonons are important for heat conduction
(electronic contributions here can be neglected as α-quartz
are good insulator with a band gap ∼5.8 eV), in experiment, by
switching the circular polarization of the incident light, the
chiral phonon diode effect can manifest as a temperature
difference detected on the top surface of the slab, as illustrated
in Figure 5a.
Because of the chirality-orbit coupling, when a temperature

gradient along the c-axis is applied across the sample, the
nonequilibrium phonon distribution f k,σ will generally cause a
nonzero net phonon circular polarization S = ∑k,σsk,σ f k,σ and
hence a nonzero phonon angular momentum ℏS.18,25 This
thermally generated phonon angular momentum can be
detected by the rotation of a hanged cylinder-shaped sample
similar to the Einstein-de Haas effect,26 as shown in Figure
5(b). From our calculations, the resulting angular velocity for

α-quartz is ω ∼ ×Δ − −10 sT
hr

/ (1 K)
/ (1 m)

20 1
2 3 (For more calculation

details, please see the Supporting Information). Assuming that
the radius and the height of the sample are r = 10 μm and h =
100 μm, and the applied temperature difference between the
top and the bottom surfaces ΔT = 10 K, then the resulting ω
can reach ∼10−5 s−1, which can be detected in experiment. In
addition, for ionic crystals, the chiral phonons may also carry a
magnetic moment. Then the net phonon angular momentum
is accompanied by an induced magnetization, which can be
detected by magnetism probes. Again, all these signals are tied
with the chirality of the crystal: the signals should switch signs
when we change a right-handed sample with a left-handed one.
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Figure 4. (a) Top view of the right-handed α-quartz (SiO2): the black
box marks the unit cell. (b) Side view of the vertical chain structure
marked by the black circle in (a). It shows a right-handed helix
structure. (c) Phonon spectrum of the right-handed α-quartz. + /− on
the path indicate the kz > 0/kz < 0 part. For the two phonon branches
with energy in the range of 16−22 THz, we marked the phonon
chirality and PAM. Red/blue color represents right/left-handed
phonons.

Figure 5. (a) Schematic experimental setup for detecting chiral
phonon diode effect. R and L on the sample indicate right-handed and
left-handed lattices, respectively. The bottom of the sample is shined
with a circularly polarized light. The chirality diode effect manifests as
the temperature difference on the top surface depending on the light
polarization and the lattice chirality. (b) When a hanged α-quartz
sample is applied with a temperature gradient. The chiral phonons will
induce a rotation of the sample and the rotation direction depends on
the crystal chirality. See the main text for more descriptions.
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