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Higher-dimensional spin selectivity in chiral crystals
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This study aims to investigate the interplay between chiral-induced spin-orbit coupling along the screw axis
and antisymmetric spin-orbit coupling (ASOC) in the normal plane within a chiral crystal, using both general
model analysis and first-principles simulations of InSeI, a chiral van der Waals crystal. While chiral molecules
of light atoms typically exhibit spin selectivity only along the screw axis, chiral crystals with heavier atoms can
have strong ASOC effects that influence spin-momentum locking in all directions. The resulting phase diagram
of spin accumulation shows the potential for controlling phase transition and flipping spin by reducing symmetry
through surface cleavage, thickness reduction or strain. We also experimentally synthesized high-quality InSeI
crystals to demonstrate the feasibility and thermal stability of the proposed material. This lays a solid foundation
for the realization of transverse spin selectivity in chiral crystals, facilitating the development of spintronic
devices.
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I. INTRODUCTION

Chiral structures, geometrically unable to be superim-
posed on their mirror images, are found abundantly in nature
[1–3], from molecules to larger-scale chiral crystals [4] and
metamaterials [5–7]. The presence of chirality can dictate a
substance’s optical, magnetic, and electronic properties, such
as magnetochiral dichroism [8,9], magnetic skyrmion [10,11],
and electrical magnetochiral anisotropy [12–14], promising
diverse applications. One important phenomenon in this con-
text is the chiral-induced spin selectivity (CISS) [15–19]. As
electrons traverse a chiral system, those with a specific spin
orientation are transmitted more preferentially than the oppo-
site spin. The ability to harness electron spin has the potential
to expedite data transfer, reduce power usage, and augment
memory and processing capabilities [20–22] for the use in
spintronics and quantum technologies [23].

Spin-orbit coupling (SOC) plays a crucial role in the
CISS effect [16–18]. Studies on chiral molecules, such as
the archetypal double helix DNA [24–26], have demonstrated
that the inherent chiral potential induces a substantial SOC,
which yields significant spin polarization along the screw axis
[27–29]. For an electron moving in a single helix chain with a
momentum p, the SOC can be expressed as HSOC = h̄

4m2c2 ∇V ·
(σ × p), where h̄ is the reduced Planck’s constant, m is the
electron mass, c is the speed of light, V is the electrostatic
potential, and σ = (σx, σy, σz ) represents the Pauli matrices.
In one-dimensional (1D) chains, the terms containing σx and
σy are canceled by oscillation, leaving only the σz term to
contribute to the spin polarization along the screw axis. This
results in a chiral-induced SOC (CISOC) Hc = λCkzσz, where
λC is the strength of CISOC [30].

Chiral crystals have three-dimensional (3D) periodicity,
and thus introduce additional complexities and opportunities
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to study new chirality-induced phenomena. First, one may
anticipate the development of spin current in all three
dimensions, offering greater flexibility for device design.
Furthermore, compared to chiral molecules, the SOC effect
in chiral crystals can be considerably stronger and ad-
justable by manipulating symmetry and incorporating heavy
atoms. Research in chiral crystals has been previously lim-
ited to Kramers-Weyl fermions in metallic states or minimal
bandgaps [31–34]. Studies of spin selectivity in chiral crystals
may open new avenues for developing new materials and
technologies.

There is growing interest in crystals with 1D subunits
that are held together by weak interactions such as van der
Waals (vdW) or ionic bonding [35–38]. Many of them exhibit
structural chirality within each 1D unit, for example, tellurium
nanowires [39,40], tantalum disilicide [41], and monoaxial
chiral dichalcogenide [42,43]. Typically, the CISOC strength
in these materials is substantially larger than the antisym-
metric SOC (ASOC) strength, leading to the omission of the
ASOC effect normal to the screw axis in previous studies
[44]. However, the ASOC becomes particularly important for
some crystals, such as indium selenoiodide (InSeI), which
consists of a bundle of atomically precise 1D helical chains
with heavy elements and a huge twist angle (135◦) [45,46,47].
The significant ASOC, in tandem with CISOC, may give rise
to unique spin configurations in the 3D Brillouin zone.

In this article, we investigate the interplay of CISOC and
ASOC and establish a phase diagram of the spin accumula-
tion with varying four ASOC contributions. When Weyl or
Dresselhaus SOC dominates in a chiral crystal, it leads to a
high-spin-accumulation phase which has spin selectivity in
three directions. This interesting finding is verified by first-
principles calculations on a chiral helical vdW crystal, indium
selenoiodide (InSeI), whose valence band exhibits higher-
dimensional spin selectivity with the dominating Weyl ASOC
coupled with CISOC. Furthermore, we find that a phase
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FIG. 1. (a) 3D spin texture of the CISOC. (b) Phase diagram of spin accumulation Ay with the interplay of CISOC with different ASOC
contributions including the Rashba (R), Weyl (W), and two types of Dresselhaus (D and D’) SOCs. The phases of (−, −,− ), (−,+, − ), and
(0, 0, − ) represent the sign of spin accumulation in x, y, z directions, where + and − represent the spin is parallel or antiparallel with the
current direction, and 0 represents + and − spins are canceled out. The color represents the strength of the spin accumulation.

transition with spin-flipping can be induced by symmetry
reduction. As a major step toward the realization, we exper-
imentally show that a chiral (110) surface can be exposed in
the thermodynamically stable achiral analog of InSeI. It is
worth noting that the unique spin configurations of InSeI can
potentially be extended to other quasi-1D crystals within the
MXY family (M = Ga, In; X = Se, Te; Y = Cl, Br, I) [48].

II. SOC HAMILTONIAN AND MODEL ANALYSIS

To give a general picture of the interplay of ASOC and
CISOC, we write the SOC Hamiltonian using a k · p model
with a chiral crystal with the screw axis along the z direction:

HSOC = HR + HW + HD + HD′ + HC

= λR(σxky − σykx ) + λW (σxkx + σyky)

+ λD(σxkx − σyky) + λD′ (σxky + σykx ) + λCkzσz,

(1)

where λi (i = R,W, D, D′,C) represents the strength of each
SOC term. The first four terms are ASOCs including Rashba
SOC (HR) with tangential spin texture �S = (ky,− kx, 0);
Weyl SOC (HW ) with radial spin texture �S = (kx, ky, 0); and
two Dresselhaus SOCs (HD and HD′ ) with tangential-radial
spin textures �S = (kx,−ky, 0) and �S = (ky, kx, 0), respec-
tively. The last term is the CISOC (HC), where the spin texture
can be expressed as �S = (0, 0, kz ). Solving the Hamiltonian in
Eq. (1), we can get analytical solutions of spin texture for the
spin-up state as �S = (Sx, Sy, Sz ), where

Sx = ∓ 2

N2

(λW + λD)kx + (λR + λD′ )ky

λCkz ± ε
,

Sy = ∓ 2

N2

(λD′ − λR)kx + (λW − λD)ky

λCkz ± ε
,

Sz = ∓ 2

N2

λCkz

λCkz ± ε
, (2)

for kz � 0 and kz < 0, respectively. ε represents the absolute
value of the eigenvalues of HSOC. The 3D spin texture is

plotted in Fig. 1. With only CISOC, the spin orientation
always points to the −k̂z direction, as shown in Fig. 1(a).
However, additional ASOC terms lead to much richer spin
textures, as shown in Fig. 1(b). More detailed derivations are
shown in Sec. I of the Supplemental Material [54].

Next, we discuss spin selectivity induced by the interplay
of ASOC and CISOC. When a charge current flows in one
direction, it induces a shift in the Fermi surface in the negative
direction, resulting in an imbalance of spin accumulation.
This mechanism of charge-to-spin conversion, known as the
Edelstein effect, is widely recognized in phenomena such
as the spin Hall effect (SHE) [49] and the Rashba-Edelstein
effect [50–52]. With only CISOC, the spin selectivity only
occurs in the kz direction. However, with additional ASOC
terms, the spin selectivity can be realized in all three di-
mensions. To visualize this behavior, we construct a phase
diagram of spin accumulation in Fig. 1(b) with the different
contributions of ASOCs cooperating with a consistent CISOC
strength.

The spin accumulation is calculated using the semiclassical
Boltzmann transport theory [53]. With a charge current along
the ν = x, y, z direction, the charge current density �jc is given
by [51]

�jνc = |e|2
∑

�k

( ��ν
�k · �E)

δ
(
Eν

�k − EF
)
�vν

�k . (3)

The current-induced spin density is given by

�Sν = −|e|
∑

�k

( ��ν
�k · �E)

δ
(
Eν

�k − EF
)�Sν

�k . (4)

The mean free path in the relaxation-time approximation is
�ν

�k = τ ν
�k �vν

�k , where τ ν
�k is the transport lifetime, the group ve-

locity is �vν
�k = 1

h̄∇�kEν
�k , and �E is an external electric field. The

spin accumulation can then be calculated as Aν = �Sν/�jνc .
In Fig. 1(b), with only Weyl and CISOC λW = λC (other

λi = 0), the spin accumulation is negative in all three di-
rections, leading to a (−,−,− ) phase. For λD = λC (other
λi = 0), the spin accumulation is positive in the ky direction
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FIG. 2. Lattice and band structure of InSeI. (a) The bulk crystal
with right-handed chirality. (b) The 1D nanochain with the decom-
posed chains for In, Se, and I, respectively. (c) The band structures of
the bulk in (a) with and without SOC and the orbital projected DOS
with the green, blue, orange, and yellow lines represent In-s, In-p,
Se-p, and I-p orbitals, respectively.

but negative in kx and kz directions, resulting in a (−,+,− )
phase. For λR = λC or λD′ = λC (other λi = 0), the spin accu-
mulation is canceled out due to the tangential spin texture in
kx and ky directions; but in the kz direction, the spin selectivity
survives due to the structure chirality, resulting in a (0, 0,− )
phase. More detailed discussions of the phase diagram can
be found in Sec. II of the Supplemental Material [54]. As
the ASOCs can be tuned by reducing symmetry through sur-
face cleavage, thickness reduction, or strain, the possibility
of having a rich spin texture and spin selectivity in a single
system is very intriguing for the development of spintronic
devices.

III. FIRST-PRINCIPLES CALCULATION
OF A REAL MATERIAL

For the realization of this model, one needs to find chiral
crystals with large ASOCs. As shown in Figs. 2(a) and 2(b),
we construct a chiral InSeI crystal formed by 1D helical
chains with the [InISe3]n tetrahedral motif wherein each dis-
tinct elemental site following a tetrahelix is defined by a large
135◦ twist angle. These helical chains are stacked through
weak vdW interactions. As shown in Fig. 2(a), the bulk InSeI
with space group P43 shows the right-handed chirality with a
screw symmetry including a C4 rotational symmetry in the xy
plane and a c/4 translational symmetry along the z direction,
where c represents the lattice constant along the z direction.
Aside from the structural chirality, all elements in InSeI show

FIG. 3. The spin texture of the first (a), (b) conduction and (c),
(d) valence band in the (a), (c) kx-ky plane and (b), (d) kz-kx plane,
respectively. The color of the spin vectors represents the out-of-plane
spin component. (e) The lattice structure of the monolayer for the
(100) surface of the bulk in Fig. 2(a). (f) The spin texture of the first
valence band of the monolayer in (e).

a strong intrinsic SOC strength, especially in the heavier I
atoms [55]. With the SOC included, the electronic band struc-
ture from the density functional calculations (DFT) shows
spin splitting in both directions along and normal to the screw
axis, as shown in Fig. 2(c). The valence band splitting is larger
than that of conduction bands because the valence bands are
mainly contributed by I-p orbitals with large SOC strength,
as also reflected by the projected density of states (DOS)
shown in Fig. 2(c). The calculation method and parameters
are described in Sec. III of the Supplemental Material [54].

To investigate spin configurations, we plot the spin tex-
ture for the first conduction and valence band, as shown in
Figs. 3(a)–3(d). As the bulk InSeI has the C4 rotational sym-
metry in the normal plane, i.e., the kx-ky plane, only Rashba
and Weyl ASOC are allowed [56]. For the first conduction
band, the spin in the kx-ky plane shows a tangential texture,
corresponding to a Rashba-dominant ASOC [see Fig. 3(a)].
In contrast, the first valence band shows a radial spin texture,
corresponding to a Weyl-dominant ASOC [see Fig. 3(c)].
Through the interplay with the CISOC in the kz direction, the
conduction band shows a tangential-radial spin texture in the
kz-kx plane [see Fig. 3(b)], while the valence band shows a
radial spin texture [see Fig. 3(d)]. Importantly, we may extract
SOC strength by fitting the spin textures obtained from the
model and first-principle calculations, as λR/λW = − Sy/Sx

for ky = kz = 0; and λW /λC = Sxkz/(Szkx ) for ky = 0. Using
λC = C (C is a constant) as the unit, we get λW = − 0.5λC

and λR = − 1.2λC for the first conduction band [Figs. 3(a)
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and 3(b)]. For the first valence band [Figs. 3(c), 3(d)], we
get λW = 1.5λC and λR = 0.7λC . Details of the fitting proce-
dure and the opposite spin textures for the second conduction
and valence bands are discussed in Sec. IV of the Supple-
mental Material [54]. Considering the spin accumulation in
3D, the conduction band corresponds to the Rashba-dominant
(0, 0,− ) phase in Fig. 1(b) with only one direction spin
selectivity in the kz direction. The valence band corresponds to
the Weyl-dominant (−,−,− ) phase with the spin selectivity
in all three directions. The phase diagram for the valence
band of InSeI with the opposite sign of the Dresselhaus SOC
is discussed in Figs. S4–S7 in Sec. II of the Supplemental
Material [54].

Because ASOC is sensitive to crystalline symmetry, we
explore the possibility of introducing the Dresselhaus SOC
in InSeI by reducing its symmetry to C2. Different from
C4 symmetry that only has Rashba and Weyl ASOCs, the
C2 symmetry allows all four ASOCs [56]. We constructed
a monolayer of nanochains in the (100) plane, as shown
in Fig. 3(e). The spin texture for the first valence band
becomes a tangential-radial type in the kz-kx plane [see
Fig. 3(f)]. By fitting the spin texture around the 	 point,
we find that except Rashba and Weyl SOC, Dresselhaus
SOC terms are introduced with λD = − 2.7λC and λD′ =
0.4λC [54]. The strong Dresselhaus SOC leads to a phase
transition from the Weyl-dominant (−,−,− ) phase to the
Dresselhaus-dominant (+,−,− ) phase with the opposite
spin selectivity in the x direction, comparing Figs. 3(d)
and 3(f). The phase transition is labeled in the spin-down
phase diagram in Fig. S5 [54]. The phase transition can also
be induced by applying compressive strain on the bulk to
reduce the symmetry. A gradual spin-flipping of the spin
texture along the kx direction can be found in Fig. S12 in
Sec. IV of the Supplemental Material [54].

IV. EXPERIMENTAL SYNTHESIS

Excitingly, we can synthesize sizable high-quality chiral
crystals of the reported thermodynamically stable analog of
InSeI [45,47]. The synthesis method can be found in Sec. V
of the Supplemental Material [54]. As shown in the scanning
electron microscopy (SEM) images in Figs. 4(a) and 4(b),
the air- and temperature-stable sample displays a cleavable
stepped surface which reflects the 1D vdW structure in the
bulk. The energy-dispersive spectroscopy (EDS) shows the
purity and uniform distribution of the constituent In, Se, and I
elements in the structure [Fig. 4(c)]. However, it is important
to note that the experimentally synthesized InSeI crystallizes
in the achiral space group I41/a [42,44], which contains
both handedness (left and right handedness) of the helices,
as shown in the insert on the top right of Fig. 4(d). Encourag-
ingly, owing to the vdW interaction between the helical chains
and the intrinsic size of the crystals, InSeI crystals are readily
cleavable and orientable in select facets parallel to the long
chain direction, as shown in Fig. 4(b). These properties of the
bulk crystals allow for the exposure of a (110) surface which
corresponds to a surface comprised of helices with only one
type of handedness, as the dashed line shown in the insets of
Fig. 4(d). High-resolution transmission electron microscopy
(HRTEM) imaging and the corresponding indexing of the fast

FIG. 4. (a), (b) SEM images of InSeI. (c) EDS elemental map-
ping of Lα representing the relaxation from M (n = 3) to L (n = 2)
electrons of In, Se, and I, respectively. (d) TEM image for the (110)
surface with the FFT pattern inserted on the top left. The top view
of the crystal unit cell is inserted on the top right, where the black
dashed line represents the (110) surface with the same chirality. The
red and blue circles with arrows in the insert structure represent left-
and right-handed nanochains, respectively.

Fourier transform (FFT, inset) of an exposed cleaved facet of
InSeI show that it is possible to selectively cleave and expose
the sought-after (110) surface of the achiral InSeI crystal, as is
shown in Fig. 4(d). The corresponding calculation of the spin
texture for the (110) surface can be found in Sec. IV of the
Supplemental Material [37]. As expected, these calculations
confirm that the (110) facet, which bears the helices with
single handedness, in the monolayer regime, also involves
strong Dresselhaus terms as discussed in Figs. 3(e) and 3(f).
The design of a spintronic device to measure spin selectivity
in three directions is discussed in Sec. VI of the Supplemental
Material [54].

V. CONCLUSION

In conclusion, we demonstrated that the 3D spin tex-
ture arises from combining out-of-plane CISOC and in-plane
ASOC, creating a phase diagram with different spin accu-
mulation phases for 3D spin selectivity. This was verified by
DFT calculations for InSeI, a chiral vdW crystal. A large spin
splitting and radial spin texture were found for the first valence
band, as a first example of the realization of the 3D spin
selectivity in actual materials. By reducing the symmetry, a
strong Dresselhaus SOC is produced, leading to a phase tran-
sition with an opposite spin selectivity along the kx direction.
As a further step, we experimentally synthesized the ther-
modynamically stable achiral InSeI analog and demonstrated
that the (110) surface shows the aligned helices with the
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same handedness. More experiments of the spin measurement
using magnetic conductive probe atomic force microscopy
[57] and the device applications are in progress. Our findings
offer numerous advantages including greater control over the
spin states, the potential for new functionalities that are not
possible with monodirectional selectivity, and increased flexi-
bility in designing and implementing spin-based technologies.
We anticipate that these advancements will considerably ex-
pand the progress in the fields of quantum and spintronic
materials and technologies that rely on the manipulation of
spin states.
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