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ABSTRACT 

The discovery that fundamental lattice vibrations can carry angular momentum allows non-magnetic materials to exhibit 
properties that until now have only been observable in magnetic materials. However, the role of these specific vibrations, 
commonly known as chiral phonons, in driving ultrafast spin dynamics has not yet been explored experimentally. Here, 
using broadband terahertz emission spectroscopy, we demonstrate that the non-magnetic ferroelectric In 2 Se 3 generates signals 
consistent with a ultrafast spin current after excitation with an ultrafast laser pulse, which we attribute to a chiral phonon–induced 
spin Seebeck effect. We suggest that the transient heating creates an non-equilibrium phonon distribution, resulting in a net 
angular momentum and magnetization perpendicular to the thermal gradient, which is converted into a terahertz electromagnetic 
pulse via an inverse spin-Hall effect in a thin metal overlayer. The emitted field reverses sign upon flipping the sample orientation 
or replacing Pt with W, consistent with spin-current generation. Polarization-resolved measurements reveal controllable terahertz 
ellipticity, indicating an additional polarization-dependent ultrafast response. Our results establish chiral phonons as a route 
for generating ultrafast spin currents in non-magnetic materials as well as providing a pathway toward terahertz sources with 
switchable handedness. 
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 Introduction 

honons are the quantized vibrations of atoms within a solid
rystal lattice and have been studied for almost a century. Much
ore recently, it has been discovered that when these atoms
erform circular motion around their equilibrium positions, they
an exhibit definite chirality (parity asymmetry) [ 1, 2 ] and carry
ngular momentum [ 3 ]. Since this discovery, there have been
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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reports of chiral phonons, and more generally, axial phonons ,
in a range of materials from cuprate superconductors [ 4 ], to
perovskites [ 5 ], polar antiferromagnets [ 6 ], and transition metal
dichalcogenides [ 7 ]. The crucial finding that phonons can carry
angular momentum raises the prospect of using phonons to
induce magnetic properties in non-magnetic materials, with
far-reaching implications from fundamental understanding of
magnetism to applications in information storage and transfer [ 8 ].
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his realization has led to a flurry of activity in the last few
ears, with a number of landmark experimental demonstrations
eporting effects caused by chiral phonons; including the phonon
all effect, where a heat current is deflected in a magnetic field

 4, 5 ]; the phonon Zeeman effect, where the degeneracy of left-
nd right-phonon states is lifted by the application of a magnetic
ield [ 6, 9, 10 ]; phonon analogues of the Einstein–de Haas effect
 11–13 ]; the phonon Barnett effect, where a mechanical rotation
auses change in magnetization (and vice versa) [ 14–17 ]; a report
f the chiral phonon–activated spin-Seebeck effect, observed in
 layered hybrid organic–inorganic perovskite implanted with
hiral cations [ 18 ]; and thermal gradients used to drive transfer
f angular momentum in the chiral insulator 𝛼-quartz [ 19, 20 ]. 

hese intriguing experimental observations have stimulated the-
retical work to understand how chiral phonon motion interacts
ith observable properties. These have included predictions
hat chiral phonons can induce currents in helical crystals [ 21 ],
agnons in ferromagnets and antiferromagnets [ 22 ], drive spin
agnetization [ 23 ], the chiral phonon–activated spin-Seebeck
ffect [ 24, 25 ], drive ultrafast spin dynamics in magnetic materials
hrough magnonic rectification [ 26 ] and how chiral phonon
odes can be driven by terahertz fields [ 27 ]. 

he spin-Seebeck effect [ 28, 29 ] is the spin-polarized version
f the well-known Seebeck effect in thermoelectrics, where a
hermal gradient can generate a (spin-polarized) current. This
ffect has given rise to the field of spin-caloritronics [ 30, 31 ]. A key
pplication of this effect utilizes heating induced by femtosecond
ulsed lasers to generate ultrafast spin current in ferromagnets,
hich can then be converted to a transverse charge current using
he inverse spin-Hall effect. The ultrafast charge current gives rise
o an electromagnetic field, which propagates in free space. The
pectrum of these pulses typically falls in the terahertz frequency
ange. This has led to the rapid adoption of laser-driven spintronic
mitters, based on the ultrafast spin-Seebeck effect, for terahertz
ulse generation [ 32 ]. These emitters are typically formed of a
hin ferromagnetic layer (e.g., Fe) to generate the spin-polarized
urrent and a non-magnetic, heavy metal layer (e.g., Pt) to convert
he spin current into a charge current, normal to both the spin
urrent and the magnetization direction [ 33 ]. 

ore generally, the generation of terahertz radiation upon expo-
ure to ultrafast optical pulses has proven to be a powerful
ool for non-destructively probing material properties. Known
s terahertz emission spectroscopy (TES), the resulting radiated
erahertz pulses are coherently detected in the time domain using
lectro-optic sampling techniques [ 34 ]. Applications include
hotocarrier dynamics in heterostructure p–n junctions [ 35 ],
ashba splitting in perovskite multiple quantum wells [ 36 ] and
econvolving bulk and surface effects in 3D topological insulators
 37 ]. Furthermore, by adding a thin layer of heavy metal to
erform spin-to-charge conversion, the same technique can probe
pin dynamics on ultrafast timescales [ 38–40 ]. 

 promising candidate for chiral phonon applications is the
ayered semiconductor indium selenide ( In 2 Se 3 ) which can be
rown by molecular beam epitaxy (MBE) [ 41, 42 ] and forms
hree main polymorphs, 𝛼, 𝛽, and 𝛾 [ 43, 44 ], exhibiting a
ange of physical and chemical properties, particularly ferroic,
hotovoltaic, and catalytic. Of these polymorphs, the layered 𝛼
of 11
and 𝛽 polymorphs have received particular attention because the
𝛼-phase was found to display out-of-plane ferroelectricity at room
temperature [ 45, 46 ] and in-plane ferro/ferrielectric polarization
has been reported in the 𝛽′ phase at room temperature [ 47, 48 ]. 

Besides the typical applications of ferroelectricity, this finding
also has implications for the study of chiral phonons, since
hexagonal 2D materials are known to host cycloidal phonons at
the Brillouin zone corners (K and K ′ ) [ 7, 49 ]. While these axial
phonons are considered achiral when the rules of 3D space are
applied, the presence of broken mirror symmetry perpendicular
to the plane of circular polarization, such as in ferroelectrics,
can lead to cycloidal and Γ-point phonons breaking improper
rotational symmetry. In this case, these phonon modes can
be classified as exhibiting false chirality where either mirror
reflection or time reversal can transform between the left and right
states [ 3 ]. Crucially, this results in differing dispersions for left-
and right-handed phonons, which is predicted to generate a finite
angular momentum, inducing a magnetization in the sample
when exposed to a temperature gradient [ 50, 51 ] and has more
recently been predicted to induce a spin current in an adjacent
metal [ 25 ]. 

These observations and predictions make ferroelectric films with
in-plane polarization ideal materials for exploring and manipu-
lating chiral phonons using ultrafast, out-of-plane temperature
gradients. Room-temperature, in-plane ferroelectric polarization
has been reported for 𝛽′–In 2 Se 3 , and DFT calculations have
identified circular phonon modes in the closely related 𝛼-
phase material [ 51 ]. Furthermore, large-area, high-quality films
are available. 

In this work, we study spin-current generation in an MBE-grown
thick film of ferroelectric 𝛽′–In 2 Se 3 by investigating the same
film with and without a thin platinum layer. We observe signals
consistent with ultrafast spin-current generation in a ferroelectric
𝛽′–In 2 Se 3 film without an applied magnetic field or any magnetic
materials, which we attribute to a chiral phonon–induced spin-
Seebeck effect. This spin-current is converted to a charge current
in the thin layer of heavy metal on the sample, the resulting
terahertz field is measured, and polarization dependence is ana-
lyzed. This is the first experimental report of the ultrafast chiral
phonon–activated spin-Seebeck effect in an inorganic material. 

2 Results 

The sample consists of a 1 μm -thick film of In 2 Se 3 , deposited on
a c -plane sapphire wafer by solid-source MBE. Approximately
half of the wafer was then covered with a 3 nm-thick layer of
platinum by DC sputtering, within the same vacuum system. This
sample allows us to separate the effect of the thin Pt layer on the
signal. The purpose of the Pt film is to convert a spin-current
generated in the In 2 Se 3 layer into a charge current orthogonal
to both the direction and spin-polarization of that current, via
the inverse spin-Hall effect. The In 2 Se 3 film was characterized
by a range of analytical techniques, including x-ray diffrac-
tion, Raman spectroscopy, and transmission electron microscopy
(TEM), which confirmed that the film was 𝛽-phase In 2 Se 3 with
3 𝑅 stacking and the 𝑐-axis out-of-plane; SQUID magnetometry
measurements confirmed there was no net magnetization present
Advanced Materials, 2026
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FIGURE 1 (a) Schematic diagram of chiral phonon–mediated spin-Seebeck effect. A near-IR femtosecond pulse (show in red) generates a thermal 
gradient in the In 2 Se 3 film, indicated by a red–blue fade. This temperature gradient gives rise to chiral phonons, circular motion of atoms indicated 
by orange spiral. This motion generates a spin current, 𝐽𝑠 , red. On entering the Pt film this spin current is converted to a charge current, 𝐽𝑐 , green, 
perpendicular to 𝐽𝑠 via the inverse spin-Hall effect. This transient current gives rise to a THz field pulse emitted from the sample (green). (b) and(c) show 

the crystal structure of 𝛽′–In 2 Se 3 - 3 𝑅, with purple spheres representing In and green for Se. (b) shows the 3 𝑅 (ABC) layer stacking along the 𝑐-axis. The 
𝑐-axis is parallel to the 𝑧-direction in our sample whereas the 𝑎- and 𝑏-axis are in-plane. The direction of the polarization is determined by the position 
of the central Se atom, indicated. (c) shows the view looking down the 𝑐-axis, with the central Se atom highlighted again. 
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n the sample. Comparing the Raman spectroscopy response
o circularly polarized light with different handedness reveals
 small polarization-dependent shift in the phonon peak at
10 cm 

− 1 of 0.3 cm 

− 1 , indicating chirality-dependent phonon
ispersion is present in the sample [ 52 ]. We also performed piezo-
orce microscopy (PFM) on our sample, revealing an in-plane
erroelectric component, consistent with what has previously
een observed for 𝛽′–In 2 Se 3 . The 𝛽’-phase of In 2 Se 3 is a distorted
ersion of the 𝛽-phase where the central selenium atom is
isplaced in-plane through spontaneous relaxation giving rise to
erro/ferrielectric polarization [ 47, 48, 53 ]. Further details of these
echniques and additional data are given in the Methods and
uporting Information. 

o generate a transient temperature gradient, the In 2 Se 3 ∕Pt
ample was placed in the focus of a laser beam producing 100
s pulses, with a center wavelength of 780 nm. Initially, the
ample is illuminated through the sapphire substrate at normal
ncidence, ( 𝜃 = 0◦, Figure 1 ), and the rotation of the sample ( 𝜙)
djusted to maximize the measured terahertz signal. The signal is
roportional to the emitted electric field arriving at the detector
nd is measured by electro-optic sampling; further details are
iven in the Supporting Information, S4 . Figure 2a shows the
easured electric field as a function of time, together with the
ignal measured when the sample is rotated ( 𝜙) by 180 ◦. The
lectric field recorded shows a near single-cycle pulse, with oscil-
ations following the main peak, characteristic of a broadband
lectric-field pulse convolved with the ∼ 2 . 5THz bandwidth of
he electro-optic sampling detection system. The observed flip in
olarity with 180 ◦ rotation is not seen in ferromagnetic spintronic
mitters, but is consistent with the symmetry of the ferroelec-
ric polarization in the sample. The dependence of the signal
aximum and minimum on the rotation angle, 𝜙, summarized
n Figure 2c , highlights this twofold symmetry and suggests
hat the direction of the ferroelectric polarization controls the
mission. The in-plane ferroelectric domains observed in PFM
ata (Section S11 ) are on the order of 0.5 μm , smaller than the
dvanced Materials, 2026

a

∼20 μm spot size of the exciting pulse. Since no external bias is
applied to the sample, it is likely that remanent polarization exists
in the sample as a result of defects and/or strain [ 54, 55 ]. 

To determine the origin of the signal and specifically the role of
the Pt film, we also measured the portion of the sample without
the Pt film. When only the sapphire/ In 2 Se 3 is illuminated, the
signal is significantly reduced, indicating the crucial role of the
Pt in the generation mechanism and suggesting that the signal
is not generated by a nonlinear optical process (such as optical
rectification) in the 𝛽′ − In 2 Se 3 . The sample was then tilted ( 𝜃 >

0◦) and the dependence of the signals with and without the Pt
layers on the tilt angle, 𝜃, recorded; Figure 2d shows how the
magnitude of each signal varies with tilt angle. When the Pt layer
is present, the magnitude of the signal reduces as the tilt angle
is increased, while the portion of the sample without the Pt film
shows an increasing signal as the sample is tilted, this suggests
two distinct generation mechanisms are present in the sample,
dependent on tilt angle. 

There are several reports of terahertz generation from materials
sharing the same 3 𝑚 point group as 𝛽 − In 2 Se 3 when illuminated
with ultrafast laser pulses at 45 ◦ incidence [ 56 ]. There can be
several contributions to this generation, dominated by ultrafast
transient currents that combine contributions from photon drag
[ 57 ]; photoconductive and thermoelectric effects [ 58 ]; and, more
recently, a report that shift currents are the dominant generation
mechanism in 𝛼 − In 2 Se 3 at oblique incidence [ 59 ]. However, all
of these require an oblique angle of incidence to produce a net
in-plane ultrafast current that produces the terahertz pulse; this
cannot explain the signal measured from the In 2 Se 3 ∕Pt sample at
normal incidence. 

To understand the origin of the measured signal, we investigate
how the emitted electric field changes when the femtosecond
pulse excites the sample from the opposite side; the comparison
is shown in Figure 3a . A delay in time of the peak signal appears
3 of 11
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FIGURE 2 (a) Terahertz electric field pulses generated from In 2 Se 3 ∕Pt with a 780 nm pump pulse with 850 mW optical power. (b) Fourier transform 

of the time-domain responses in (a). Roll-off of the response around 2.5 THz is from limited bandwidth of the ZnTe detection crystal. (c) Peak Terahertz 
field generated from In 2 Se 3 ∕Pt as a function of sample rotation ( 𝜙), indicated in (a). (d) Peak time-domain response of the terahertz pulses emitted from 

In 2 Se 3 ∕Pt and In 2 Se 3 at different tilt angles ( 𝜃), indicated by the inset. The response from the In 2 Se 3 increases as the tilt angle gets closer to 45 ◦, whilst 
the response from In 2 Se 3 ∕Pt decreases, indicating that the main generation mechanism of In 2 Se 3 ∕Pt is not a nonlinear optical effect. 
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hen the pulse enters through the Pt layer because the terahertz
ulse generated in the sample now travels through the sapphire
ubstrate instead of the 780 nm pump pulse. There is a large
ifference in the refractive index of sapphire between these two
avelengths (1.76 at near-infrared vs. ∼ 3 . 1 in the terahertz region

 60 ]). The reduction in intensity between the two terahertz pulses
s most likely due to a large proportion of the pump beam
eing reflected from the Pt face. The key difference here is that
hen the direction of excitation is reversed, the sign of the
easured electric field is also reversed because the sign of the
pin-current, 𝑗𝑠 , is reversed. This is not observed in most terahertz
mitters, such as photoconductive devices where the polarity of
he emitted pulse is dictated by an applied electric field, but does
irror what is observed in “spintronic” ter ahertz emit ters. In
hose emitters, the femtosecond pulses excite electrons in the
of 11
ferromagnetic (FM) film from the spin polarized 𝑑 -bands to 𝑠 -
bands, which, together with the different transport properties of
the FM and normal metal (NM) layers, generates a large spin-
polarized charge current along the 𝑧-direction. This is converted
to an orthogonal charge current via the inverse spin-Hall in the
normal metal (NM) layer. The resulting charge current, 𝐣𝑐 can be
written as 

𝐣𝑐 = ΘSH 
2 𝑒 

ℏ 
( 𝐣𝑠 ( 𝑡) × 𝛔̂( 𝑡)) (1)

where ΘSH is the spin-Hall angle, 𝐣 ( 𝑡)𝑠 is the spin current, and 𝛔̂ is
the unit vector indicating the spin-polarization direction. 

When the sample is reversed, the direction of the spin current
( FM → NM ) also reverses, which causes a change in sign of 𝐣𝑠 
Advanced Materials, 2026
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FIGURE 3 (a) Time-domain responses ( 𝜃 = 0◦, 𝜙 = 180◦) of the terahertz pulses emitted from In 2 Se 3 ∕Pt when the pump beam enters the In 2 Se 3 
or Pt layer first, causing a flip in pulse polarity. Sample pumped with 850 mW optical power. (b) Time-domain responses of the terahertz pulses emitted 
from In 2 Se 3 ∕Pt and In 2 Se 3 /W, pumped with 600 mW optical power. A flip in the THz pulse’s polarization is observed, caused by the flip in sign of the 
metal layer’s spin-Hall angle (positive for Pt and negative for W). 
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nd flip in the polarity of the resulting electric field generated
y 𝐣𝑐 . In the present case, our observation suggests a similar
eneration mechanism, with emission resulting from a current
ntering the Pt film from the 𝛽′–In 2 Se 3 . The dependence on the
mitted terahertz field to the optical pump power was also found
o be linear, as expected from similar generation mechanisms
shown in Supporting Information S6 ). 

o determine the type of current flowing between the layers and
est if the inverse spin-Hall effect in the Pt layer is part of the
eneration mechanism, a portion of the same sample was coated
ith tungsten (W). This resulted in a single piece of sapphire
ubstrate with three regions; In 2 Se 3 ∕Pt , In 2 Se 3 , and In 2 Se 3 /W.
ungsten was chosen because it has a spin-Hall conductivity with
n opposite sign to that of Pt; Pt has a spin-Hall conductivity
f 4.2e5 Sm 

− 1 , whereas W has a spin-Hall conductivity of
 1.8e5 Sm 

− 1 [ 61 ]. 

he sample emission is shown in Figure 3b and a flip in the
lectric field polarity is seen when the Pt is replaced with W, as
ell as a reduction in the magnitude of the peak field. While
 reduction in the generated field is expected from the reduced
agnitude of ΘSH in W, the reduction is larger than might be
xpected. We ascribe this to the fact that the In 2 Se 3 surface
as exposed to atmosphere before the deposition of W, possibly
egrading the interface, while the Pt was deposited without
xposure to atmosphere. These measurements suggest that a
ransient spin-current is flowing into the metal layer, and being
onverted into a transient charge current via the ISHE. While
eavy metal layers can also facilitate orbital-to-charge conversion
nd other interfacial current generation processes as the induced
ngular momentum may contain orbital spin-current, orbital-
urrent, or mixed spin/orbital-current components [ 20, 62, 63 ],
ur observations of a flip in polarization suggest that spin-Hall
dvanced Materials, 2026
conversion dominates over an orbital contribution (Pt and W
have spin-Hall conductivities of opposite sign, whereas their
orbit-Hall conductivities have the same sign [ 64 ]). Moreover,
previous studies of terahertz emission from orbit-Hall conversion
in devices with a heavy metal overlayer observe a change in the
timing of the emission when switching from Pt and W, ascribed
to the different propagation velocities of the spin and orbital
currents in the heavy metal layer [ 62 ]; no change in timing is
observed from the results presented here, leading us to conclude
that the ISHE is the primary emission mechanism. 

Although SQUID magnetometry measurements indicated that
there is no magnetization, and In 2 Se 3 is not a magnetic material,
we also verified the dependence of the emitted signal on an
applied magnetic field. A pair of permanent neodymium magnets
was placed on either side of the sample, providing a static external
magnetic field with the field direction in the plane of the sample,
estimated to be 50 mT. The presence of the external magnetic
field applied did not induce any measurable change in the
terahertz pulses produced from the In 2 Se 3 ∕Pt sample. Together,
these measurements provide strong evidence for spin-current
generation in the non-magnetic 𝛽′–In 2 Se 3 film that is consistent
with a spin-Seebeck-type mechanism, which we attribute to
chiral-phonon activation. 

We next investigate the polarization of the emitted terahertz pulse
and the dependence of this on the polarization of the pump
pulse exciting the sample. Figure 4 plots the polarization-resolved
emission from the sample when the linearly polarized excitation
pulse is (a) horizontally polarized and (b), rotated by 120 ◦ (while
the sample remains fixed). Figure 4c plots field magnitude as a
function of excitation polarization, together with the polarization
ellipses of the emitted terahertz pulse at the peak emission
frequency (0.65THz). The figures show that the emitted THz
5 of 11
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FIGURE 4 (a) Left-handed circularly polarized terahertz pulse generated from the In 2 Se 3 ∕Pt with a horizontally polarized IR pump (180 ◦ rotation). 
(b) Right-handed circularly polarized terahertz pulse generated from the sample when the IR pump polarization is rotated by 120 ◦. (c) The peak field 
magnitude of the generated terahertz pulses as a function of the IR pump pulse polarization rotation. The sample was pumped with 850 mW optical 
power for all these measurements. Polarization ellipses of the generated terahertz pulses at 0.65 THz shown on the exterior of the graph. 
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ulse has a significant circular component to the emission, which
epends on the polarization of the excitation pulse; the emission
s clearly left-handed elliptically polarized when the excitation is
orizontally polarized (0 ◦ and 180 ◦, Figure 4a ), whereas the emis-
ion is weakly right-handed elliptically polarized when the polar-
zation of the excitation pulse is at 120 ◦ and, to a lesser extent,
t − 90◦ (e.g., Figure 4b ). Between these, the emission becomes
of 11
purely linearly polarized, most notably at 90 ◦. The time-domain
plots for each pump polarization angle and details of the calcula-
tion of the polarization ellipses can be found in Sections S7 and S8 .

Figure 4c shows that the polarization of the emitted pulse has
a clear dependence on the polarization direction of the exciting
pulse. These results echo the twofold symmetry in the emission
Advanced Materials, 2026
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bserved when rotating the sample (Figure 2 ), indicating that
ot only the magnitude of the signal, but also the ellipticity of
he emission displays twofold symmetry. This is likely linked to
he ferroelectric polarization, observed with PFM (see Methods
nd Section S11 ). These results are in contrast to the behavior
f ferromagnetic spintronic emitters where the polarization of
he generated pulse depends only on the direction of the applied
agnetic field (see Section S5 , for a comparison). Furthermore,
n the few theoretical treatments of the chiral phonon–activated
pin-Seebeck effect, the polarization of the exciting pulse is
ot considered; the only stimulation is a temperature gradi-
nt. The complex dependence of the emission polarization on
he excitation polarization observed here suggests that there
re additional contributions to the terahertz emission in this
ase. 

urthermore, because the excitation and detection are normal to
he sample surface, the emission mechanism is expected to be
ediated by the inverse spin-Hall effect Equation ( 1 ). If this is
he dominant terahertz emission mechanism, it can be linked to
n induced spin-current. The generated THz field is proportional
o the differential in time of the transient current flowing in the
lane of the sample, perpendicular to the emission direction.
herefore, our results imply that the spin current entering the
t film has a time-dependent polarization direction, with a
andedness that can be controlled by direction of incident IR
ulse polarization, relative to the sample orientation. Expressions
escribing how the emitted terahertz field depends on the time-
ependent spin- current magnitude and spin-polarization vector
re derived in Section S10 , together with the results of fitting
hese expressions to the data to extract the spin current magnitude
nd polarization. 

 Discussion 

hese results show clearly that an optically generated spin
urrent (probed using THz emission spectroscopy in a heavy
etal) can be stimulated in non-magnetic 𝛽′–In 2 Se 3 . We interpret
hese observations as arising from a chiral phonon–mediated
pin-Seebeck effect, given that (1) magnetization is neither pre-
icted nor observed in our 𝛽′–In 2 Se 3 sample; (2) the material
s ferroelectric and predicted to show different dispersions for
ifferent phonon chiralities; and, (3) the theoretical predictions of
 phonon angular momentum perpendicular to both the thermal
radient and ferroelectric polarization. The theoretical analysis
resented in refs. [ 25, 50, 51 ] shows that a thermal gradient
nduced in a material with different dispersions for different
honon chiralities (for example, by a transient heating), gives
ise to a phonon angular momentum and transient magnetization
erpendicular to both the thermal gradient and the electric
olarization of the sample. For our sample, where the thermal
radient is applied in the 𝑧-direction, perpendicular to the
lane of the sample, and a ferroelectric polarization, which
ies in the plane of the sample, the transient magnetization
ill also lie in the plane of the sample (this is described in
ore detail in Section S9 ). This transient magnetization, derived
rom the chiral-phonon atomic micro-rotations, will induce a
pin current at the interface with the heavy metal [ 65 ]. It is
his spin current, which generates the terahertz emission via
he ISHE. 
dvanced Materials, 2026

a

However, these models do not explain all the features of the
emission that we observe. In particular, neither the dependence
on the polarization state of the excitation pulse, nor the observed
elliptically polarized emission. Given our observation of the
dependence of the emission polarization on the excitation polar-
ization, these features are clearly linked. One explanation for
this observation could be ultrafast “shift currents” generated
by the linear bulk photovoltaic effect, which reference [ 59 ]
determined to be the dominant ultrafast current source when
excited with a femtosecond laser at oblique incidence in 𝛼 −
In 2 Se 3 . That work found incident pulses generated transient shift-
currents in the material, which led to transient terahertz pulses
with both 𝑥- and 𝑦- components. While these cannot directly
explain the terahertz emission at normal incidence that we see
here, because, at normal incidence, symmetry considerations
prohibit a net in-plane current, these currents do exhibit strong
dependence on the excitation pulse polarization and can give rise
to elliptically polarized emission. We suggest that shift currents
driven perpendicular to the plane of the sample could become
spin-polarized by the local transient magnetization induced
by the chiral phonons [ 23 ]. This spin-polarized current could
then contribute to the emission observed in this work. Further
theoretical and experimental investigations will be required to
establish the precise microscopic mechanism. For example, the
dependence on 𝛽′–In 2 Se 3 thickness on the generation could
be studied, or to assess the role of photo-generated carriers, a
layer of metal (e.g., Al) could be added to the sample, with the
aim of blocking the femtosecond pulse, while still allowing for
rapid heating. 

Beyond the fundamental interest in the role of chiral phonons
in spin current generation in non-magnetic materials, our
results also highlight the power of using the inverse spin-
Hall effect coupled with polarization-resolved terahertz emis-
sion spectroscopy to investigate ultrafast spin-currents. This is
achieved by adding a thin heavy metal layer to convert the
generated spin-current into an orthogonal charge current and
using polarization resolved detection to provide a rich time-
resolved dataset, which depends directly on the spin-current
polarization. 

The findings presented here could also be relevant for appli-
cations in terahertz spectroscopy; for example, in circular
dichroism spectroscopy, a technique particularly useful for com-
plex molecules, which often show distinct responses in linear
THz spectroscopy. The implementation of this technique has
been challenging in the terahertz region, owing to the lack
of compact broadband terahertz emitters capable generating
circularly polarized light. While this application has stimulated
the engineering of terahertz emitters [ 66, 67 ] to emit circularly
polarized light, the results presented here suggest that 𝛽′–In 2 Se 3 
and related materials could provide an appealing alternative,
showing intrinsic elliptically polarized emission. Furthermore,
the circularity of the emission can be controlled by changing
the polarization of the input pulse, as shown here, or potentially
by electrically switching the ferroelectric domains [ 51 ]. The
ability to rapidly switch polarization is particularly appealing for
circular dichroism spectroscopy to determine small differences
in the response to different polarizations for chiral molecules.
Additionally, the observation that the spot size of the optical
excitation is significantly larger than the ferroelectric domains
7 of 11
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uggest that by poling the sample, the magnitude of the signal
ould also be increased. 

inally, the measurements reported here suggest that other effects
redicted in this material, 𝛽′–In 2 Se 3 , could be observable. This
ncludes effects such as thermally induced phonon magnetiza-
ion, the phonon Hall effect and interface phonon modes at
omain boundaries. Combined with scalable large-area growth
echniques, these properties make the material readily com-
atible with device integration, opening the prospect of device
ngineering for advanced phononic and spintronic applications. 

 Methods 

.1 Sample Details 

he sample was grown on a 500 μm thick < 0001 > sapphire
ubstrate using solid-source molecular beam epitaxy (MBE), at a
ase pressure of ≃ 4e10 mbar, by co-deposition of selenium and
ndium, evaporated from standard dual-filament Knudsen cells,
esulting in a 1 μm thick film of In 2 Se 3 . The growth procedure
ollowed the method described in Ref [ 68 ]. Initially a 3 nm Bi 2 Se 3
eed layer was deposited at 130 ◦C , followed by a 10 nm In 2 Se 3
ayer at 300 ◦C (growth rate of ∼ 0.3 nm/min). To achieve high
rystallinity, the sample was annealed at 600 ◦C for 1 h; during this
rocess, the Bi 2 Se 3 layer was evaporated from the wafer [ 68 ]. The
emperature was then reduced to 300 ◦C to complete the growth
f a ∼1 μm thick In 2 Se 3 film at a rate of 0.9 nm/min. The sample
as cooled to 130 ◦C under a Selenium atmosphere. After cooling,
he sample was transferred under vacuum to a different growth
hamber for Pt deposition by DC sputtering. Half of the wafer
as shadow masked before being sputtered with a thin layer of
latinum (3 nm thickness), providing a region of In 2 Se 3 and a
egion of In 2 Se 3 ∕Pt . 

.2 X-Ray Diffraction 

-Ray diffraction (XRD) measurements, performed using Cu K 𝛼

adiation, indicate that the 𝑐-axis of the In 2 Se 3 is perpendicular
o the growth direction. The extracted lattice constant in this
irection, 28 Å, is consistent with both 𝛼 and 𝛽 phases of In 2 Se 3 ,
hich exhibit 𝑅3 𝑚 and 𝑅3 𝑚 structures respectively from the layer
tacking of Se–In–Se–In–Se, with the bond angle between the
tacked layers of In and Se changing slightly between the two
hases [ 42, 44 ]. The XRD data is presented in Section S1 . 

.3 Optical Excitation and Electric Field 

etection 

he experimental system used to generate and detect the tera-
ertz radiation produced from the samples was pumped with a
i:Sapphire laser (SpectraPhysics MaiTai) with 80 MHz repetition
ate, 780 nm center wavelength and 100 fs pulse width. A 2
m thick ZnTe crystal was used to detect the terahertz pulses
sing electro-optic sampling, giving a detection bandwidth of
.5THz. A PTFE filter was placed between the emitter and
etection crystal to block the excess pump beam that is not
of 11

ea
absorbed in the sample. Compared to standard terahertz emis-
sion spectroscopy, extra optics have been added to allow for
detection of both horizontally and vertically polarized terahertz
radiation, namely a half-waveplate and Glan–Taylor polarizer in
the sampling beam to rotate the polarization of the detection
pulse and a wiregrid polarizer to selectively allow either the
horizontally or vertically polarized terahertz pulses to reach the
detection crystal. The detection crystal is also rotated to ensure
maximum detection efficiency for each polarization state. Details
of the polarization-detection characterization can be found in
Section S4 . 

4.4 Circularly Polarized Raman Spectroscopy 

A Horiba LabRam HR800 Raman microscope with a red laser of
wavelength 632.8 nm, a ×100 objective lens, and a grating with
1800 lines/mm was used to perform the Raman spectroscopy
measurements of the In 2 Se 3 sample. A linear polarizer and a
rotatable 𝜆

4 
waveplate were placed before the objective lens to

circularly polarize the pump with either left- or right-handedness.
Raman data is presented in Section S3 . 

4.5 Piezo Force Microscopy 

Piezo Force Microscopy (PFM) was performed using an Asylum
MFD 3D Infinity system, with PtIr-coated Si AFM tips. An AC
bias of magnitude 4V was applied with a frequency close to the
resonance frequency of the cantilevers, approximately 300kHz for
the out of plane (vertical) mapping, and 650 kHz for the in-plane
response. PFM data is presented in Section S11 . 

4.6 Transmission Electron Microscopy 

A FEI Helios G4 DualBeam Focused Ion Beam Scanning Electron
Microscope (FIBSEM), at an accelerating voltage of 30kV, was
used to prepare an electron-transparent lamella of In 2 Se 3 for
cross-sectional imaging in the Transmission Electron Micro-
scope (TEM). We used an FEI Titan3 Themis 300 operating
at 300kV in TEM mode to produce the lattice and diffraction
images. 

The diffraction pattern indexing was performed using a Crystal
Maker3 Single Crystal workflow using a CIF simulation of the
𝛼 − 3 𝑅 and 𝛽 − 3 𝑅 In 2 Se 3 phases to produce an indexed pattern
with the same orientation as the measurement. Further data are
presented in Section S2 . 

4.7 SQUID Magnetometry 

The magnetic moment of samples diced into 4 nm squares was
measured using a Quantum Design MPMS3 system in vibrating
sample magnetometry mode. This measurement protocol has a
sensitivity of approximately 1e-8 emu. When measured with an
external field of 500 mT at room temperature, only a linear depen-
dence of the moment is seen, typical of the overall diamagnetic
background of the sapphire substrate, indicating that there is no
intrinsic magnetism in the film. 
Advanced Materials, 2026
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