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The orbital angular momentum of electrons presents exciting opportunities 
for developing energy-efficient, low-power magnetic devices. Typically, 
the generation of orbital currents is driven by the transfer of orbital 
angular momentum from 3d transition metal magnets, either through 
the application of an electric field using the orbital Hall effect or through 
magnetization dynamics. Chiral phonons are quantized lattice vibrations 
that carry non-zero angular momentum due to the circular motion of atoms. 
An interplay of chiral phonon dynamics and electrons would enable the 
direct generation of orbital angular momentum, even without the need for 
magnetic elements. Here we experimentally demonstrate the generation 
of orbital currents from chiral phonons activated in the chiral insulator 
α-quartz under an applied magnetic field and a temperature gradient. We 
refer to this phenomenon as the orbital Seebeck effect. The generated 
orbital current is selectively detected in tungsten and titanium films 
deposited on quartz through the inverse orbital Hall effect. Our findings 
hold promise for orbitronics based on chiral phonons in non-magnetic 
insulators and shed light on the fundamental understanding of chiral 
phonons and their interaction with electron orbitals.

Phonons—quantized lattice vibrations—play crucial roles in determining 
the thermal, mechanical, optical and electronic properties of crystalline 
materials. However, their magnetic properties have largely been over-
looked, as phonons were traditionally considered linearly polarized, 
with no angular momentum or magnetic moment. This perspective 
has recently changed with the discovery of chiral phonons1,2, which pos-
sess finite angular momentum arising from circular or elliptical atomic 
motion. The observation of chiral phonons occurred at a high-symmetry 
point in the Brillouin zone of a monolayer of the two-dimensional tran-
sition metal dichalcogenide WSe2 (ref. 2). In addition to these modes 
at high-symmetry points, chiral phonons have also been observed at 
locations away from these points in three-dimensional chiral crystals3–5. 

These phonon modes exhibit a finite group velocity, allowing for their 
propagation by establishing a non-equilibrium phonon distribution in 
response to a temperature gradient6,7. This propagating chiral phonon 
can interconvert the phonon angular momentum (PAM) into spin angu-
lar momentum, as demonstrated by the generation of a spin current in 
a non-magnetic metal adjacent to a chiral material through the thermal 
excitation of chiral phonons8,9. This phenomenon, analogous to the spin 
Seebeck effect, has been termed as the chiral-phonon-activated spin 
Seebeck effect in the presence of large spin–orbit interactions arising 
from Pb-based chiral materials8.

A compelling characteristic of chiral phonons is their non- 
negligible magnetic moment, which may reach the magnitude of the 
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under the application of an external magnetic field and a temperature 
gradient, that is, the orbital Seebeck effect (Fig. 1a). The created PAM 
flow produces the orbital current across the interface, where the orbital 
current is selectively detected as a voltage drop utilizing the inverse 
orbital Hall effect (IOHE) in the non-magnetic metal of tungsten (W) and 
titanium (Ti). Comparing the sign and amplitude of the voltage between 
W and Ti, we revealed that the orbital current predominantly emerges 
rather than spin current from a large phonon magnetic moment reach-
ing the Bohr magneton, where the phonon magnetic moment was 
evaluated within the framework of the Bose–Einstein distribution 
function. Our findings bridge the fields of chiral phonons and orbitron-
ics, and provide the fundamental understanding of chiral phonons, 
electronic orbitals and their rich interactions.

Concept and experimental setup
A non-magnetic chiral insulator α-quartz crystal is used for the present 
study. α-Quartz belongs to a distinguishable chiral trigonal space group 
P3121 (right-handed, (R)-quartz) or P3221 (left-handed, (L)-quartz). A 
three-fold screw axis along the c axis is achieved by coordinating Si 
and O atoms, resulting in a helical structure (Fig. 1b). Since chirality 
guarantees inversion symmetry breaking, α-quartz has chiral phonon 
modes in reciprocal space4–6. We confirmed the existence of chiral 
phonons in the quartz via circularly polarized Raman spectroscopy5 
(Supplementary Note 1). From the above, the quartz is an ideal experi-
mental platform to investigate the intrinsic magnetic properties of 

electron Bohr magneton10–12. This leads to phonon energy splitting in 
the presence of an external magnetic field, a phenomenon known as 
the phonon Zeeman effect13,14. The magnetic moment in chiral phonons 
has been attributed to rich interactions between chiral phonons and 
the electronic orbitals (Berry curvature). The circular atomic motion 
in the lattice induces an electronic orbital angular momentum, result-
ing in the appearance of magnetic moment15,16. Such a non-vanishing 
orbital angular momentum in electrons would be associated with 
an emerging field known as orbitronics, the orbital counterpart of 
spintronics. Orbitronics possesses unique advantages over charges 
and spins for high-performance low-power electronic and magnetic 
device applications, by enabling orbital angular momentum genera-
tion in light elements without relying on spin–orbit interaction17, and 
providing low-dissipation transport for information processing18 and 
energy-efficient electrical control of magnetic order19. Although the 
generation of orbital angular momentum is typically governed through 
charge-to-orbital20,21 and spin-to-orbital22,23 interconversions in light 
3d transition metals (for example, Ti and Cr), the emergence of chiral 
phonon–electronic orbital interaction offers a fascinating possibility 
of utilizing chiral phonons to produce electronic orbital currents even 
from insulators in the absence of a charge flow, laying the foundation 
for energy-efficient orbitronics based on chiral phonons.

Here we report the experimental observation of the chiral- 
phonon-induced orbital current, demonstrated in a chiral insulator–
non-magnetic metal interface, by creating a flow of PAM polarization 
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Fig. 1 | Concept and observation of the orbital Seebeck effect originating from 
chiral phonons. a, Schematic of the orbital Seebeck effect originating from chiral 
phonons, where PAM polarization is created by the magnetic field B (phonon 
Zeeman effect). When the system is placed in thermal non-equilibrium by applying 
a temperature gradient ∇∇∇T from the quartz (cold) to NM (hot), the thermal 
fluctuation is suppressed and the phonon magnetic moment mph aligns back to the 
magnetic field direction and transfers its angular momentum into the electronic 
orbital in NM. As a result, a pure electronic orbital current jL is created in the NM. σL 
represents the electronic orbital polarization. b, Crystal structures of R-quartz and 

L-quartz. c, Schematic of orbital current generation and its detection utilizing IOHE 
in the present system of the W/(R)-quartz device. EIOHE represents the electric field 
induced by IOHE. d, Magnetic field (B) dependence of the second-harmonic 
voltage V2ωy  for the W/(R)-quartz device. Experimental data are plotted as orange 
circles. The red line is a fit to the model equation (2). The inset shows the heating 
power dependence (∝ I2z0) of V2ωy . e, Magnetic field angle (θB) dependence of V2ωy  at 
B = 2 T, with the schematics of the setup. Experimental data are plotted as orange 
circles. The red line is a sinθ fit with an offset. Data in d and e were obtained at 5 K by 
applying an a.c. current Ia.c. with amplitude Iz0 = 2.7 mA.
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chiral phonons and orbital current generation in insulators without 
any magnetic elements.

Figure 1c shows a schematic of our experimental setup to generate 
and detect the orbital current originating via the phonon Zeeman effect. 
We prepared a non-magnetic metal (NM) Hall bar contacts on the (2 ̄1 ̄10) 
surface of the quartz substrate (Methods and Supplementary Note 2). 
Although quartz possesses chiral phonons with a finite angular momen-
tum, in an equilibrium condition, the net PAM polarization remains zero 
in the entire system due to time-reversal symmetry6,7. Here an external 
magnetic field is applied to break the time-reversal symmetry, produc-
ing the net PAM polarization along the field direction24: the magnetic 
field interacts with chiral phonons, splitting the energy between posi-
tively and negatively polarized chiral phonons (phonon Zeeman effect). 
The net PAM polarization can be injected into the NM by applying a 
temperature gradient from the quartz (cold) to the NM (hot), where 
thermal fluctuations in the phonons are suppressed. This suppression 
allows the phonon magnetic moments to realign with the magnetic field 
direction (Fig. 1a). As a result, a pure electronic orbital current can be 
created in the NM by transferring PAM from chiral phonons, where the 
electrons with an up and down orbital magnetic moment move to the 
cold and hot sides, respectively. The emerging orbital current can be 
converted to a transverse charge current via IOHE17,18,25,26, leading to a 
voltage along the y direction under open-circuit conditions. W, Ti and 
platinum (Pt) contacts are selected as the NM layers, since both W and 
Pt are spin and orbital converters, whereas Ti is merely an orbital con-
verter27 due to a negligible spin–orbit coupling. It allows us to distin-
guish the orbital or spin current. Moreover, the NM contact also acts as 
a local heater: by applying an a.c. current Ia.c. = Iz0 sinωt  along the z 
direction, a temperature gradient can be established (∝ I2z0sin

2ωt ) 
across the NM–α-quartz interface. Therefore, the second-harmonic 
voltage will correspond to the thermal-related effects and can be probed 
by a lock-in technique28 (Methods).

Orbital current generation from the phonon 
Zeeman effect
Below, we demonstrate the phonon-Zeeman-induced angular momen-
tum current in the W/(R)-quartz device, where the W layer acts as both 
spin- and orbital-to-charge converter18,27. Figure 1d shows the 
second-harmonic Hall voltage V2ω

y  data measured at temperature T = 5 K 
in the W/(R)-quartz device by applying an a.c. current Ia.c. with ampli-
tude Iz0 = 2.7mA . The V2ω

y  signal is found to be field dependent: it 
increases monotonically with increasing magnetic field B and shows 
saturation and slight decrease at a higher field B > 6 T. The sign of V2ω

y  
is inverted by reversing the field direction. We confirm that the 
observed signal has the typical feature of the voltage induced by heat 
current; the amplitude of V2ω

y  scales linearly with the current heat power 
∝ I20 (Fig. 1d, inset). Figure 1e shows the magnetic field angle θB depend-
ence of V2ω

y  at B = 2 T, where B is applied in the x–z plane. The intensity 
of V2ω

y  varies sinusoidally and shows the maximum value when 
θB = 90∘, 270∘  (B ∥ z ) but vanishes when θB = 0∘, 180∘  (B ∥ x ). The 
absence of V2ω

y  at B ∥ x  is consistent with the anticipated symmetry of 
IOHE and inverse spin Hall effect (ISHE) response produced via the 
phonon Zeeman effect. At the B ∥ x  configuration, the PAM polariza-
tion points to the x direction, which is parallel to the propagation direc-
tion, yielding a null transverse voltage signal because the IOHE (ISHE) 
voltage is the cross-product of PAM and the propagating vector.

We conducted the B dependence of V2ω
y  in a control sample of a 

W/glass (amorphous SiO2) device. Due to its amorphous structure, 
the glass substrate does not possess any chiral phonons. As shown in 
Fig. 2a, the V2ω

y (B) signal is negligibly small, implying that the gener-
ated V2ω

y  signal in the W/(R)-quartz device originates from the chiral 
phonons. Figure 2b shows the B dependence of V2ω

y  in the W/(L)-quartz 
device. A similar field-dependent V2ω

y  signal also appears in the oppo-
site enantiomer. Remarkably, we found that the sign of the V2ω

y  signal 
from (L)-quartz was the same as that of (R)-quartz. This result 

corroborates that the observed signal is induced by the chiral phon-
ons since the PAM polarization should follow the orientation of the 
applied magnetic field (that is, the phonon Zeeman effect)13. It is 
noteworthy that in the absence of an external magnetic field, the 
temperature gradient alone can also produce the net PAM polariza-
tion in the quartz, the direction of which depends on the structural 
handedness as revealed by the phonon thermal Edelstein effect7,9. 
Nevertheless, this type of PAM polarization for the point group of the 
quartz (D3) is along the x direction (Supplementary Note 3), leading 
to a zero transverse voltage response because the PAM propagation 
direction is parallel to the PAM polarization. Thus, we attribute the 
observed transverse voltage to the phonon Zeeman effect in the 
present setup.

According to the phonon Zeeman effect, the field dependence of 
the phonon energy can be described as13,16

El=+1 = E0 − μphB + σdiaB2,

El=0 = E0,

El=−1 = E0 + μphB + σdiaB2,

(1)

where E0, μph and σdia represent the phonon energy at B = 0, Bohr 
magneton of the phonon and diamagnetic shift coefficient, respec-
tively. The triple-degenerate phonon modes, of which the angular 
momentum is l = +1, 0 or –1, will split into three energies El=+1, El=0 and 
El=−1, respectively, by applying a magnetic field. The second and third 
terms in the equations correspond to the linear and quadratic phonon 
Zeeman effect. Considering equation (1) and IOHE/ISHE, the V2ω

y  signal 
in the NM layer can be written as follows:

V2ω
y = A •

1

exp(
E0−μphB+σdiaB2

kBT
)−1

− 1

exp(
E0+μphB+σdiaB2

kBT
)−1

1

exp(
E0−μphB+σdiaB2

kBT
)−1

+ 1

exp( E0
kBT

)−1
+ 1

exp(
E0+μphB+σdiaB2

kBT
)−1

, (2)

where, for simplicity, we consider that only the triple-degenerate chi-
ral phonons dominantly contribute to V2ω

y  and these phonons follow 
the Bose–Einstein distribution. In equation (2), A is a proportionality 
factor containing the spin/orbital-to-charge conversion coefficient in 
the NM layers. We found that equation (2) fits well to the observed 
V2ω
y (B) curve in the W/(R)-quartz device (Fig. 1d), suggesting that the 

observed transverse voltage signal is activated by the chiral phonon 
Zeeman effect. From the obtained fitting parameters, the field-induced 
phonon energy splitting is derived (Fig. 2c). The degenerated phonon 
energy located at E0 = 0.52 meV (0.13 THz) splits into the three states 
El=+1, El=0 and El=−1. At the high field (B > 6.2 T), the quadratic phonon 
Zeeman term plays a more dominant role than the linear term in energy 
splitting, showing an increase in energy for both states El=+1 and El=−1, 
which results in the observed voltage saturation and slight decrease 
at a higher field (Fig. 1d).

Figure 2d shows the temperature dependence of the V2ω
y (B) plot 

in the W/(R)-quartz device. The obtained amplitude of the V2ω
y  signal 

is monotonically enhanced when the temperature decreases (Fig. 2e). 
This feature is consistent with the signature of the phonon Zeeman 
effect, where the net PAM polarization of chiral phonons is  
determined by the population difference between the higher 
(E0 + μphB + σdiaB2 ) and lower (E0 − μphB + σdiaB2 ) phonon energy 
state. Since more phonons are distributed in the lower-energy state 
at a lower temperature, this results in a larger PAM polarization and 
a larger voltage response. Please note that the recent Kubo formula 
calculation29 has revealed that the PAM of chiral phonons does not 
obey Debye’s T3 law because it is not proportional to the phonon 
population. We confirmed that the V2ω

y (B) plots at different tempera-
tures follow the Bose–Einstein distribution model that can be well 

http://www.nature.com/naturephysics


Nature Physics | Volume 22 | February 2026 | 245–251 248

Article https://doi.org/10.1038/s41567-025-03134-x

fitted using equation (2). From the fits, the temperature-dependent 
Bohr magneton of the phonon μph is plotted in Fig. 2f (Supplementary 
Note 4 provides the temperature dependence of E0, A and σdia). We 
found that the obtained μph has roughly the same order of magnitude 
of the electron Bohr magneton μB (μph ≈ 1.2μB). This is three orders 
of magnitude larger than the expected phonon magnetic moment 
caused by the motion of ions in the quartz, which is supposed to be 
equal to the nuclear magneton, μN ≈ 0.5 × 10−3μB (refs. 14,30). The 
observed large, effective μph in the W/(R/L)-quartz would be attrib-
uted to the efficient chiral phonon–electron coupling, as discussed 
in the theories on the phonon Zeeman effect15. The circular atomic 
motion in the chiral phonons induces an electronic orbital response 
at the NM–α-quartz interface that would represent the amplified 
phonon magnetic moment.

All our results unambiguously demonstrate that the orbital and/
or spin current can be produced in the NM contact by transferring the 
PAM of chiral phonons lifted by an external magnetic field under the 
temperature gradient across the NM–α-quartz interface (Supplemen-
tary Note 5). Note that the non-reciprocal magnetoresistance31 includ-
ing electrical magnetochiral anisotropy32 does not account for the 
obtained voltage. In our experimental configuration, the transverse 
voltage response (V ⟂ I ∥ B ) is distinguished from that of the 
non-reciprocal magnetoresistance (V ∥ I,V ⟂ B) and electrical mag-
netochiral anisotropy configuration (V ∥ I ∥ B). Moreover, we con-
firmed that a contribution from the second-harmonic Hall effect33 was 
negligible in our measurement (Supplementary Note 6). Spin 
Seebeck34, paramagnetic Seebeck35 and nuclear Seebeck28 effects can 
also be ruled out in the present setup because the quartz is 
non-magnetic and does not have nuclear spin (28Si; 92% natural abun-
dance isotope, nuclear spin I = 0, and 16O; 98%, I = 0). Consequently, 
we conclude that orbital and/or spin current created by the chiral 
phonons solely contribute to the observed voltage.

Orbital versus spin current generation
To identify whether the PAM of chiral phonons is converted into orbital 
or spin current, below, we investigate the second-harmonic Hall voltage 
response V2ω

y (B)  in other two NM contacts on top of (R)-quartz sub-
strates: Ti and Pt. W (Z = 74) and Pt (Z = 78) contacts are both spin- and 
orbital-to-charge converters with large spin Hall angles of opposite 
sign36–38 but have the same sign as the orbital Hall angle18,27. By contrast, 
the Ti contact only acts as an orbital-to-charge converter due to its 
weak spin–orbit coupling from the lighter element (Z = 22)18,19,27,39. To 
systematically compare the V2ω

y  values response in three different 
devices, the voltage response is normalized as follows. The electric 
field EIOHE (ISHE)  in the NM layer is caused by the IOHE (ISHE) from a 
cross-product of orbital (spin) current jL(S)  and the orbital 
(spin)-polarization σL(S) that can be described as40

EIOHE (ISHE) = (θOHE (SHE)ρNM) jL(S) × σL(S), (3)

where θOHE (SHE) = σOHE (SHE)/σNM is the orbital (spin) Hall angle, σOHE (SHE) 
is the orbital (spin) Hall conductivity, σNM is the electric conductivity 
of the NM layer and ρNM is the electric resistivity of the NM layer. In the 
present setup, since the orbital (spin) current and its polarization 
originates from the transferred PAM polarization induced by the pho-
non Zeeman effect on the temperature gradient, the amplitude of 
jL(S) × σL(S) is proportional to PPAM • ρNMj2z, where PPAM is the net PAM 

polarization and jz = jz0 sinωt is the applied a.c. current density along 
the z direction. Thus, the detected electric field Ey can be written as 
Ey = γquartzθOHE (SHE)ρ2NMPPAMj

2
z0 (1 − cos 2ωt) /2, where γquartz > 0 is a 

constant containing the information of the quartz such as heat capac-
ity and thermal conductivity. Therefore, the measured amplitude of 

the second-harmonic signal E2ωy  is normalized as 
2E2ωy
ρ2NM j

2
z0
=

−γquartzθOHE(SHE)PPAM. In Fig. 3a–c, 
2E2ωy
ρ2NM j

2
z0

 as a function of B is plotted to 
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compare the signals between the W-, Ti- and Pt-based devices. We found 
that although Ti is the lightest element among the three, the Ti/
(R)-quartz device exhibits a measurable B-dependent V2ω

y  signal with 
a saturation at high fields, which can be well fitted using equation (2) 
with the same values of E0, μph and σdia as that in the W/(R)-quartz 
device. Those are the intrinsic fitting parameters of the chiral quartz 
regardless of the choice of NM contacts, indicating that these signals 
are generated by the chiral phonon Zeeman effect. By comparing the 
amplitude of V2ω

y  signal between the Ti- and W-based devices, the dif-
ference in the Hall angle is found to be θTiOHE (SHE)/θ

W
OHE (SHE) = 0.33. This 

ratio is approximately the same as the reported orbital Hall angle ratio 
0.29 between Ti and W (ref. 41), whereas it is orders of magnitude dif-
ferent from the previously reported spin Hall angle ratio, namely, 
5.1 × 10−4 (refs. 39,42–44). Moreover, we found that the Hall angles for 
W and Ti are found to be both positive in the present study. This is also 
consistent with the reported signs of the orbital Hall angles in both 
metals18,27,41, in sharp contrast to the reported negative sign of the spin 
Hall angles37,39. Consequently, we concluded that the electronic orbital 
current is generated by the transferred PAM polarization, that is, the 
orbital Seebeck effect rather than the spin current generation on the 
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for the W/(R)-quartz (a), Ti/(R)-quartz (b) and Pt/(R)-quartz (c) at 5 K. Experimental data are plotted as circles. The blue line is a fit to equation (2).
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Fig. 4 | Phonons of (R)- and (L)-quartz under different magnetic fields.  
a,b, Phonon dispersions of (R)-quartz (a) and (L)-quartz (b) at B = 0T. c,d, 
Variation in acoustic phonons and low-frequency (∼4THz) optical phonons near 
the Γ point at B = ±1 T for R-quartz. The solid grey lines and dashed lines 

represent the absence and presence of magnetic fields, respectively. Here the 
reduced value (Sz/ℏ) of PAM polarization along the z-direction (szqσ) of phonon 
mode σ and wave vector q is denoted by the colour gradient. Red and blue 
correspond to positively and negatively polarized phonons.
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temperature gradient (Supplementary Notes 7–9 provides further 
verification of the orbital Seebeck effect).

We note that an earlier study has reported that the chiral phonon 
creates a spin current at the interface between the chiral quartz and 
non-magnetic heavy metals9. In that case, PAM and spin polarization 
are produced by the applied temperature gradient along the three-fold 
screw axis (that is, the phonon thermal Edelstein effect)7. That could 
be distinguished from our present study, where the net PAM polariza-
tion of chiral phonons is produced by the magnetic field via the phonon 
Zeeman effect10–14. Since the large phonon Zeeman splitting is related 
to the electronic orbital contribution15,16, the chiral phonon-to-orbital 
conversion plays a dominant role in our setup. Moreover, we treat the 
chiral phonon modes having linear momentum perpendicular to the 
PAM (q ∥ ∇∇∇T ∥ x; PPAM ∥ z ; Fig. 1c), in sharp contrast to the phonon 
thermal Edelstein effect in the previous setup7,9, where the phonons 
have colinear linear and angular momentum (PPAM ∥ q ∥ ∇∇∇T ∥ z). This 
geometrical difference might be related to the selection of orbital and 
spin current during the transfer process of the angular momentum 
from the chiral phonons.

It is noteworthy that the Pt/(R)-quartz device shows a linear 
B-dependent V2ω

y  signal without exhibiting any saturation (Fig. 3c and 
Supplementary Fig. 10), which cannot be fitted by the phonon Zeeman 
model function in equation (2) using the same values of E0, μph and σdia 
as that in the W/(R)-quartz device. This result implies that the Nernst 
effect (∝ ∇Tx × Bz) would dominantly contribute to the obtained volt-
age signal, instead of IOHE. Moreover, although the predicted orbital 
Hall conductivity between Pt (σPtOHE) and W (σWOHE) is of the same order27, 
the orbital Hall angle of Pt (θOHE = σOHE/σNM) is roughly one order of 

magnitude smaller than that of W (θPtOHE ≈ θ
W
OHE/10) owing to the much 

higher conductivity in Pt (σPtNM ≈ 10σWNM; ref. 37). This reasonably leads 
to a negligible IOHE signal in the Pt/(R)-quartz device.

Model and calculations
Combining the results of the first-principles-based density functional 
theory calculations and the phenomenological theoretical morphic 
effect45, we calculated the chiral phonon properties of (R)- and 
(L)-quartz at different strengths of the magnetic field (Supplementary 
Note 12). The phonon dispersions of the (R)- and (L)-quartz in the 
absence of a magnetic field are shown in Fig. 4a,b. The PAM polariza-
tion of each phonon mode along the z direction (szqσ) is represented 
by the colour gradient (red and blue correspond to the positive and 
negative values, respectively). We confirmed that the negligible dif-
ference is in the phonon dispersion between (R)- and (L)-quartz. By 
possessing opposite structural chirality, the PAM polarization szqσ  are 
inverted in most acoustic phonon branches, particularly along the 
high-symmetric path, Γ–A. The calculated chiral phonon properties 
coincide with previous calculations and experiment reports4,6,46,47 
(Supplementary Note 13).

Since the PAM of each mode is an odd function of the wave vector 
(q), the total angular momentum is zero under time-reversal symmetry. 
With the application of an external magnetic field, the time-reversal 
symmetry is broken, and consequently, a non-zero total PAM is excited 
as described by the phonon Zeeman effect24. As shown in Fig. 4c,d, the 
phonon branches and PAM in (R)-quartz in the presence of a magnetic 
field (B = ±1 T) are calculated. Here we only focus on the low-frequency 
phonons since all our measurements were performed at low tempera-
tures (T < 10 K) and PAM polarization along the z direction. Figure 4c 
shows the variation in the acoustic phonon modes (0–3 THz) on the 
magnetic field. The phonon degeneracy in each branch is lifted by the 
magnetic field and split into two chiral phonons having opposite PAM 
polarizations. At B = –1 T (Fig. 4c(i)), along Γ–M, the acoustic branch 
with the highest frequency (~0.25 THz at the Γ point) slightly shifts 
towards a higher frequency, as indicated in equation (1), of which 
the PAM polarization becomes positively polarized (red colour).  

By contrast, the lowest-frequency acoustic branch becomes nega-
tively polarized (blue colour). When the magnetic field is reversed, the 
PAM polarizations from both branches are reversed (Fig. 4c(iii)). We 
also studied the field-dependent optical branches (~3.5 THz; Fig. 4d). 
Although a similar splitting of the phonon branch and the generation 
of PAM polarization are observed, the magnitude of the splitting and 
PAM polarization are much smaller than those of the acoustic ones, 
implying that the acoustic phonon branches are responsible for the 
observed orbital Seebeck effect (Supplementary Note 14).

Outlook
We present the experimental observation of the orbital Seebeck 
effect in a chiral insulator α-quartz induced by the chiral phonons. We 
found that a non-zero PAM polarization can be created by the phonon 
Zeeman effect depending on the orientation of the magnetic field. 
By applying the temperature gradient across the NM–chiral quartz 
interface, the PAM from chiral phonons is transferred into the adja-
cent non-magnetic metallic layer and converted into an electronic 
orbital current. Moreover, the effective magnetic moment from the 
chiral phonons reaches one electron Bohr magneton, ~1.2μB, indicat-
ing the great potential of utilizing non-magnetic chiral insulators for 
constituting energy-efficient orbitronic and caloritronic devices. The 
observed interconversion of the angular momentum between the chiral 
phonons and electronic orbitals paves the way for orbitronics utilizing 
chiral phonons and offers the fundamental understanding of chiral 
phonon–electronic orbital interactions.
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Methods
Sample preparation
Single-crystal substrates of x-cut chiral α-quartz with a size of 
12.5 × 12.5 × 0.5 mm3 were used, which are commercially available from 
Precision Micro-Optics. On top of the (2 ̄1 ̄10) plane of chiral α-quartz 
substrate, W (12 nm), Ti (6 nm) and Pt (12 nm) metal contacts were 
deposited by radio-frequency magnetron sputtering. The metallic 
contacts were patterned into a Hall bar configuration using standard 
photolithography and lift-off methods. The width of the Hall bar is 
50 μm and the length between the two voltage probes along with the 
longitudinal (z) direction is 123 μm (Supplementary Fig. 2). To prevent 
oxidation and degradation, a 4-nm-thick SiO2 capping layer was depos-
ited on the Ti/chiral quartz device by electron-beam deposition. For 
the control samples, the same metal Hall bars were fabricated on glass 
or SiO2/Si substrates using the same procedure. Note that the SiO2 layer 
thermally grown on the Si substrate is amorphous. The measured 
resistivity of each NM layer is listed in Supplementary Table 1.

Orbital Seebeck effect measurement
The IOHE induced by chiral phonons was measured in a physical prop-
erty measurement system (Quantum Design). The temperature gradi-
ent was created by applying an a.c. current to the metal Hall bar at a 
frequency of 3 Hz using a current source (6221, Keithley). The produced 
temperature gradient was confirmed through a transient heat conduc-
tion simulation (Supplementary Note 15). The generated Hall voltage 
responses were recorded using a dual-channel lock-in amplifier (7260, 
EG&G Instruments). The field-independent second-harmonic offset 
generated by the capacitive and inductive couplings between the wires 
to and from the sample was subtracted from the plots, unless otherwise 
noted. All the second-harmonic voltage V2ω discussed in the main text 
are the out-of-phase signal of the lock-in measurement. We confirmed 
that out-of-phase components were dominant in the second-harmonic 
signal, as theoretically expected (Supplementary Note 2 and 
Supplementary Fig. 3).

Calculation method
Phonon dispersion of chiral quartz was calculated using the Vienna ab 
initio simulation package48 and the PHONOPY package49. The general-
ized gradient approximation with the PBEsol pseudopotential was 
adopted for the exchange–correlation function, and the plane-wave 
energy cut-off was set to be 500 eV. For structure optimization, the 
energy convergence criterion was set to 10−8 eV and ionic relaxations 
were stopped until Hellmann Feynman forces converge to 10−8 eV Å−1. 
The optimized lattice constants are a = 4.957 Å and c = 5.450 Å. In the 
harmonic interatomic force constant calculation, a 4 × 4 × 4 supercell 
was used and only the Γ point was applied. The non-analytical term 
correction was applied to treat the long-range dipole–dipole interac-
tions. Using the harmonic interatomic force constants, the eigenvector 
of each phonon mode was solved and the PAM polarizations of all the 
modes were computed1 accordingly. A phenomenological theory of 
morphic effect (developed elsewhere45) was used to evaluate the chiral 
phonons in quartz under magnetic fields.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon request. Source data are provided with 
this paper.
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