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Chiral materials, characterized by their nonsuperimposable mirror-image symmetry, introduce a multitude of
fascinating phenomena and applications in present-day science. Here we predict the presence of the spin Hall
effect (SHE) and current-induced spin polarization (CISP) within chiral selenium crystals, employing symmetry
analysis and first-principles computational techniques. Notably, band structure calculations unveiled the presence
of Rashba splitting, a manifestation of spin-orbit coupling, in these noninversion-symmetric materials. Moreover,
our findings reveal that bulk selenium holds promise as a thermoelectric material by adjusting the carrier
concentration accordingly. The ZT value we have obtained for t-Se is similar to that of the layered thermoelectric
material SnSe and higher than its t-Te counterpart. The unique properties of chiral Se crystals, such as the Rashba
splitting and the emergence of spin-related phenomena, together with their thermoelectric features, hold promise
for potential applications of this chiral crystal in emerging technologies.

DOLI: 10.1103/PhysRevMaterials.8.063601

I. INTRODUCTION

Chirality refers to a physical property of asymmetry or
handedness observed in crystals or objects that cannot be
superimposed onto their mirror image, just like a left and
right hand. Crystals with a chiral structure (chiral crystals)
can induce unconventional spin accumulation when an elec-
tric current passes through them. This phenomenon is also
referred to as current-induced spin polarization (CISP), which
could potentially have a profound impact on the design of
spintronic devices [1,2]. Moreover, the interplay between
chirality and spin phenomena extends beyond CISP, encom-
passing chirality-induced spin selectivity (CISS), wherein
electrons traversing chiral molecules or materials exhibit spin
polarization only due to structural chirality [3,4]. These ma-
terials not only exhibit unconventional spin accumulation but
also manifest unusual properties such as Rashba effect [5],
the anomalous Hall effect [6], the spin Hall effect (SHE),
spin selectivity effect [7], and remarkable thermoelectric [8],
and topological properties [9], which make them suitable for
next-generation technology applications.

Selenium, along with its structurally analogous counterpart
tellurium, falls into the category of chiral crystals. Interest-
ingly, its crystal structure is composed of a hexagonal array
of atoms organized in an oriented spiral chain (as shown in
Fig. 1) [10]. This helical stacking is connected through van der
Waals interactions and introduces chirality into the structure.
This means that the crystal structure cannot be superimposed
on its mirror image. This lack of mirror symmetry in the three-
dimensional arrangement of the selenium crystal structure is
what makes it a chiral crystal [11].
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Recently, Arunesh et al. revealed unconventional spin ac-
cumulation induced in the Te bulk by an electric current [2].
They reported that this phenomenon is intrinsically protected
by the quasipersistent spin helix arising from the crystal sym-
metries present in chiral systems with spin-orbit coupling
(SOCQ). In addition, Furukawa et al. reported that elemental
Te, a nonmagnetic semiconductor, can display a minor local
magnetization induced by an electrical current. This phe-
nomenon can be attributed to the splitting of the bulk band
structure, which arises from the chiral structure of trigonal
tellurium [12]. While the spin Hall effect has been extensively
investigated in various semiconductor materials [13,14], the
exploration of this phenomenon in chiral materials has re-
cently gained significant attention [12,15]. However, it is
noteworthy that the manifestation of the spin Hall effect in Se,
nonmagnetic materials, has not yet been reported. This knowl-
edge gap underscores the need for an in-depth exploration of
the spin-charge conversion in these chiral materials.

Research also shows that chiral crystals, such as sele-
nium and tellurium, are highly anisotropic [16—18]. Their
anisotropic properties are primarily associated with their
chiral structure, which can have profound effects on their
behavior and applications. Moreover, due to the outstanding
physical, chemical, and biochemical properties of sele-
nium [19], there has been significant research attention
directed toward its application in developing selenium-based
nanomaterials in diverse fields [20]. Fields such as medicine,
where selenium plays a crucial role in important life processes
such as the treatment of diseases and the regulation of protein
synthesis [21]. Selenium’s versatility extends to semiconduc-
tor components utilized in a multitude of applications, e.g.,
biosensors, solar cells, and electrocatalysis [22], as well as
applications across thermoelectricity. Zhang et al. recently
reported a high thermoelectric performance in bulk selenium,
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FIG. 1. Crystalline structure of bulk selenium (A8) and Se chain
along the z-axis direction are shown. The cylinder illustrates the chi-
ral geometry along the z axis. The nearest-neighbor distance (d;_g.),
the second-neighbor distance (d,—s, ), the intrachain bond angle (),
and constant lattices a and c¢ are depicted.

which is attributed to the unique bonding characteristics, mul-
tivalley band structures, and the confinement of phonons due
to the dimensionally reduced nanostructures [10].

Even though this material has been extensively studied,
experimental and theoretical studies of CISP and SHE [10,23]
in bulk selenium are almost nonexistent at present. Therefore,
motivated by above developments and by recent theoretical
reports about the circularly polarized spin injection [2] and
high-efficiency thermoelectricity found in Te semiconduc-
tor [8], here we investigate both the spin and thermoelectric
transport in chiral crystals, particularly focusing on bulk sele-
nium, a promising material for applications in emerging fields
such as spintronics and thermoelectricity.

II. CALCULATION METHOD AND
COMPUTATIONAL DETAILS

In order to study the properties of selenium in its trigonal
A8 phase, first-principles calculations were performed using
the projector-augmented wave (PAW) method [24,25], imple-
mented in the VASP code [26,27], within the framework of
density functional theory (DFT) [28,29]. To solve the Kohn-
Sham equations, the generalized gradient approximation
(GGA) was employed to describe the electron exchange-
correlation potential, using the PBE parametrization [30].
Because the structures are arranged in trilayer configurations,
held together by vdW forces, the Grimme correction was
applied to describe these interactions [31]. Wave functions
were expanded in plane waves up to a cutoff energy of 520 eV.
We conducted structural relaxations using various approaches,
including PBE, PBE4-SOC, and DFT-D2 4-SOC. For the opti-
mization of structural properties, a 15x15x 12 k-point grid in
the irreducible Brillouin zone within the Monkhorst-Pack spe-
cial k-point scheme [32] was considered, while a 45x45x36
k-point grid was used for elastic constant calculations. Af-
terwards, VASP, together with Phonopy [33,34], was used to
calculate the total energy, ionic forces, and structural stress
using a 5x5x5 supercell.

As forces result from the gradients of the total energy con-
cerning atomic positions, and stress emerges from derivatives

with respect to strain, we conducted total energy calcula-
tions and their initial derivatives, encompassing all parameters
that define the crystal structure. Force and stress calculations
help verify the material’s stability. For phonon calculations,
a 6x6x4 supercell was used (comprising 432 atoms), and a
4x4x3 k-point grid in the irreducible Brillouin zone was con-
sidered within the Monkhorst-Pack special k-point scheme.
Once the stability of the 3D system is confirmed, thermo-
electric properties are studied by solving the semiclassical
Boltzmann transport equation, implemented in the BoltzTrap
program [35], with a dense grid of 50x50x40 k-point for
integrating the irreducible Brillouin zone. Within this formal-
ism, the electrical conductivity tensor as a function of energy,
denoted as o,4(¢), is expressed as

1 S(e — &
oupe) = 5 Y oupli )
ik

Here, o,4(i, k) = ezr,-,kva(i, k)vg(i, k), N represents the
number of K points, v, (i, k) is the velocity operator associated
with wavevector k, and ; i stands for the relaxation time. The
electrical conductivity [o,4(T'; )], Seebeck coefficient (S;;),
and electronic thermal conductivity [/cg 5(T'; )] can be written
as [35]

1
oup (T 1) = / (e)de, %)
1
wp (T ) = —— / 0ap ()E — p)de, 3)
0 1 2
T = e / Cup(e)e — wPde, (&)
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On the other hand, the lattice thermal conductivity of se-
lenium was calculated using the phono3py code [33,34]. To
attain this, second and third-order interatomic force constants
were computed with 3x3x3 and 2x2x 2 supercells generated
by the phono3py code. For second-order interatomic forces,
only simple atomic displacements are needed, while third-
order forces require two atomic displacements. As two atomic
displacements are necessary, there are numerous displacement
configurations, which are reduced to 436 due to symmetry
operations.

The linear response theory was used to find the spin con-
ductivity and current-induced spin-polarized tensors. In order
to evaluate the Kubo formula we have used an effective tight-
binding Hamiltonian constructed in the maximally localized
Wannier basis [36] as a postprocessing step of the DFT calcu-
lations. Conductivity tensors (symmetric and antisymmetric
under time-reversal) were calculated by integrating the re-
sponse functions on a dense 240 x240x 240 k-mesh of the first
Brillouin zone using the Wannier linear response code [37]
Within this model, these contributions to the linear response
of a physical observable A to an electric field are decomposed
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TABLE I. Optimized lattice parameters (a and c), internal parameter (u), nearest-neighbor Se-Se distance in a chain (d;), second-neighbor
Se-Se distance in different chains (d;), and intrachain bond angle (0) for trigonal selenium and tellurium.

Functional a(A) c(A) u d; (A) d> (A) 6
Se
PBE 4.510 5.051 0.220 2.404 3.565 103.6
Other PBE [23] 4.519 5.050 0.219
PBE+SOC 4.504 5.057 0.220 2.406 3.560 103.6
DFT-D2 4.255 5.106 0.233 2.417 3.361 104.1
Other DFT-D2 [23] 4.258 5.107 0.233
DFT-D2+SOC 4.255 5.110 0.233 2418 3.361 104.1
DFT-D2+SCAN 4.433 5.003 0.221 2377 3.505 103.7
DFT-D2+SCAN+SOC 4.431 5.007 0.221 2.388 3.405 104.0
DFT-D3 4.185 5.125 0.238 2.430 3.300 103.9
Other DFT-D3 [38] 4.184 5.127 2.431 103.9
Exp. [39,40] 4.366 4.954 0.225 2.373 3.436 103.1
Te
PBE 4514 5.957 0.269 2.892 3.507 102.0
Other PBE [41] 4.510 5.960 2.890 3.500
PBE+SOC 4513 5.988 0.269 2.901 3.511 102.1
DFT-D2 4.339 6.030 0.277 2.893 3.400 103.0
DFT-D2+SOC 4.336 6.064 0.277 2.901 3.404 103.2
DFT-D2+SCAN 4.260 5.971 0.284 2.890 3.323 102.2
DFT-D2+SCAN+SOC 4257 5.996 0.284 2.897 3.324 102.4
DFT-D3 4.410 5.937 0.278 2.902 3.414 101.4
Exp. [42] 4.451 5.926 0.263 2.833 3.491 103.3

into two opposite contributions under time reversal,
e Z (1 (KA |t (K)) (14 () [0t (K)) T2
T o (Er — Ey(K))+T2)(Ep —E,(K)?+T2)
(6)
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Here u, (k) are the Bloch functions of a single band n, k is the
Bloch wave vector, ¢,(k) is the band energy, Er is the Fermi
energy and ¥ is the velocity operator. Sums over k run over all
k points into the first Brillouin zone.

When considering A = /¥, which represents the spin-
current operator as defined by ff = %{&,-, ;}, the resulting
spin conductivity in Eq. (7) corresponds to the conventional
intrinsic spin Hall effect (SHE). This contribution remains
constant as I' approaches zero, making it observable to
nonmagnetic systems and particularly in materials with sig-
nificant spin-orbit coupling. On the other hand, when A = 3,
indicating the spin operator, Eq. (6) represents the symmetric
part of the current-induced spin-polarized (or spin accumula-
tion) tensor, known as the Boltzmann contribution. Notably,
this contribution diverges at 1/I" when I" tends to zero, with a
constant relaxation time given by 7i/2I".

III. RESULTS AND DISCUSSION

A. Structural and dynamic stability

The schematic representation of the crystal structure of
trigonal selenium and tellurium is illustrated in Fig. 1,
which contains three atoms at atomic positions (u, u, 0),

©, 1 —u, 1/6), and (1 —u, 0, 5/6). It comprises helical
chains arranged in a hexagonal lattice. The space group
is either P3;21 (no. 152) or P3;21 (no. 154), contingent
upon the handedness of the screw configuration. However,
despite the apparent structural disparity, these two distinct
helical arrangements are geometrically equivalent, connected
by spatial inversion. Consequently, their structural parame-
ters, energy band structures and linear optical properties are
anticipated to be congruent. Moreover, the nonzero elements
of the second-order susceptibility tensor would be identical
and are mutually interrelated. The valence electron config-
urations of selenium and tellurium are 4s>4p* and 5s°5p*,
respectively, meaning that one-third of the p bands remain
unoccupied. Consequently, each atom forms covalent bonds
with two neighboring atoms within each chain, while also
interacting with four second-nearest-neighbor atoms from ad-
jacent chains through van der Waals forces. As depicted in
Fig. 1, the lattice constant a represents the distance between
adjacent chains, while lattice constant c¢ reflects the height of
the unit cell along the chain direction (z axis). Notably, the
internal parameter u# can be correlated with lattice constant
a and the helix radius. It is interesting to note that the ratio
(d>/dy) of interchain to intrachain distances in tellurium is
smaller than in selenium (Table I), suggesting a reduced level
of structural anisotropy in tellurium [43].

We have optimized the structural parameters of the trigonal
Se and Te in the chiral space groups P3;21 and P3,21, cor-
responding to the right-handed or left-handed screw, respec-
tively [44—46]. The results show that the structural parameters
are identical in both space groups. Table I shows the optimized
values for lattice parameters a and c, internal parameter u,
shortest Se-Se or Te-Te distance in a chain (d;), shortest
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FIG. 2. Phonon dispersion relation for selenium in the A8 crys-
talline structure using PBE and PBE+vdW.

distance in different chains (d,), and intrachain bond angle (9)
for trigonal selenium and tellurium. These parameters in par-
ticular have been calculated using GGA-PBE and considering
additional contributions. Our GGA-PBE results for the lattice
parameters (a and c¢) and the internal parameter (u) are very
close to the GGA-PBE reported by other authors [23,41]. We
have added the Grimme D2 correction (DFT-D2) to include
van der Wals interactions. Our DFT-D2 results are similar to
those reported in reference [23] for selenium. Our calculations
for selenium using the Grimme D3 correction (DFT-D3) yield
values very similar to those reported in other study [38]. To
improve the description of weak and strong bonds, as well as
the proper separation between valence electrons and atomic
nuclei, we have used strongly constrained and appropriately
normed (SCAN) potentials. When we include spin-orbit cou-
pling, the structural parameters change slightly with respect
to values obtained without spin-orbit coupling. Comparing
with the experimental data we can see that the error for lattice
constant a is in the range of 1.5% to 4.2%, and for parameter
c it is between 1.0% and 3.5%. In general, the values of the
structural parameters calculated with the different exchange-
correlation approximation are in good agreement with the
experimental data [39,40]. The experimental structural param-
eters and those obtained in this paper have greater value for
tellurium compared to those of selenium. This may influence
the difference in electronic structures of these systems. So, it is
to be expected that they present different behaviors in several
of their properties. All the properties calculated and presented
in this paper have been obtained using the lattice parameters
optimized with DFT-D2+4SOC.

Figure 2 depicts the phonon dispersion relations along
high-symmetry k points with PBE and PBE+4-vdW interac-
tions. The incorporation of DFT-D2 corrections align phonon
dispersion with the consensus found in the literature [23].
The absence of imaginary frequencies confirms the thermody-
namic stability of the trigonal selenium structure. Our analysis
reveals nine distinct phonon branches, comprised of three
acoustics and six optical branches. Trigonal selenium, un-
like some materials, lacks an acoustic-optical gap, leading
to the overlap of low-frequency optical branches along the

L-H direction with the acoustic branches. This absence of
an acoustic-optical gap enhances the acoustic-optical phonon
scattering rate, a phenomenon commonly observed in materi-
als exhibiting low thermal conductivity. Along the '-M direc-
tion, the optical phonon branch demonstrates relatively greater
intensity compared to the H-A direction. This variation in
optical phonon strength has implications for heat transport
within the crystal lattice. Moreover, the slope of the acoustic
phonon modes, approximating the group velocity magnitude,
suggests a smaller phonon group velocity along the direction
perpendicular to the chain. This observation sheds light on
the anisotropic nature of phonon transport, indicating more
efficient heat conduction along the chain direction.

Traditionally, optical phonons are often overlooked in
thermal conductivity analyses due to their typical nearly
dispersionless nature and small group velocities. However, de-
spite their limited direct contribution to heat transport, optical
phonons are an essential scattering channel for heat-carrying
acoustic phonons. Our results confirm that acoustic phonons,
particularly along the direction perpendicular to the chain,
predominantly influence the thermal conductivity of selenium.

An intriguing phenomenon emerges when considering the
direction parallel to the chain (z axis in Fig. 1). Contrary to
the conventional expectation of minimal impact, the optical
phonon branch in selenium exhibits a remarkably high con-
tribution, particularly at room temperature. This noteworthy
observation of substantial optical phonon involvement in bulk
materials is seldom reported in the literature.

The unusual behavior of heightened contributions from
optical phonon modes in selenium finds resonance in simi-
lar observations in chiral materials [57,58]. This parallelism
across diverse materials underscores the significance of op-
tical phonons in influencing thermal transport, challenging
conventional assumptions about their limited role in bulk ma-
terial heat conduction.

In order to determine parameters related to stiffness and
elasticity, the mechanical response of the materials under
study was analyzed. To carry out the analysis of elastic
properties, the elastic constants C;; were calculated us-
ing the stress-strain relationship implemented in the VASP
code [26,27]. Once the C;; constants are computed, elastic
parameters such as bulk modulus, shear modulus, Young’s
modulus, and Poisson’s ratio can be obtained [59].

This procedure takes advantage of the anisotropic form of
Hooke’s law,

o; = Cjje, (¥

where o; and €; are the stress and strain, respectively, C;; are
the elastic constants, and 7, j are integers. It is often useful to
express this law in matrix notation, also called Voigt notation.
To do this, the symmetry of the stress and strain tensors is
taken into account. For a trigonal system such as selenium or
tellurium, it can be written in the form

- Ci Cp Ci Cuy 0 0 .

1 1
- Chr Cyi Cz —Cy4 O 0 €
o3| €3 Ciz Gz 0 0 0 €
ol |Csy —C4 O Cu 0 0 €4
o5 0 0 0 0 Cu Cul| |®
06 €6

0 0 0 0 Ciu Ces
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TABLE II. Elastic moduli: bulk modulus [B (GPa)], shear mod-
ulus [G (GPa)], Young’s modulus [Y (GPa)], and Poisson’s ratio (v)
for selenium and tellurium. Our results using van der Waals correc-
tion are compared with other experimental and theoretical values.

Se Se Te

(Exp) (Other) (Exp)
Elastic moduli Se [47] [10] Te [47]
B (GPa) 13.86 11.06 25.87 19.00
B, (GPa) 20.00 28.32
B (GPa) 7.72 23.42
G (GPa) 8.73 9.50 18.44 17.00
G, (GPa) 13.46 23.57
Gr (GPa) 4.00 13.30
Y (GPa) 21.64 23.40 44.69 41.00
v 0.24 0.33 0.23 0.21 0.22

In this symmetry it is true that Cy; =Cjy, Css = Cy4 and
Ces = (C11-C12)/2. The independent constants considered in
the stress-strain relationship are Ci, Cip, Ci3, Ci4, Cs3, and
Cuy. All elastic moduli have been calculated using the formu-
las given in Ref. [60], and have been listed in Table II.

The elastic moduli are measurable quantities on a macro-
scopic scale and indicate the elasticity of the material.
The bulk modulus represents the volume compressibility of
the material, the shear modulus describes the deformation of

the system under transverse forces, Young’s modulus provides
a measure of the system’s stiffness, and Poisson’s ratio is used
as a measure of plasticity. These elastic moduli are obtained
at the Voigt and Reuss limits, which provide upper and lower
bounds for the real elastic moduli of the crystals, respectively.
Table II shows that tellurium is a stiffer material than sele-
nium but less plastic. Our results for selenium are in good
agreement with theoretical [10] and experimental [47] data.
The results we obtained for elastic moduli of tellurium are
consistent with experimental measurements [47].

In Table IIT we compare the predictions of our electronic
band structure results for Se with those obtained from dif-
ferent functionals. We can notice that our indirect band gap
from PBE (PBE-SOC) agrees well with those reported with
the same functional [43,48] ([48,49]), but significantly under-
estimates the experimental indirect band gap value [55,56].
The underestimation of the energy gap in semiconductors
by the PBE exchange-correlation energy is a widely recog-
nized issue. This is mainly due to the fact that the simple
form of GGA is not sufficiently flexible to accurately re-
produce both exchange-correlation energy and its charge
derivative [61,62]. Our results with DFT-SCAN+SOC im-
proves (underestimates) the band gap value obtained with
PBE (experimental) by 26.9% (~30%) [56], which is in
a good agreement with the results obtained by Moustafa
et al. [49]. The best results for the electronic band structure
are displayed by the hybrid functionals. They underestimate

TABLE III. Calculated electronic band structures of pure bulk t-Se obtained from different functionals and experimentally.

Functional Indirect (eV) Direct (eV) A (meV) Ground state (GS)
PBE (152) 0.989 1.200 211 Indirect
PBE (154) 0.989 1.200 211 Indirect
Other PBE [48] 0.960 1.010 50 Indirect
Other PBE [38] 0.980 1.210 230 Indirect
Other PBE [43] (P3,21) 1.002 Indirect
DFT-D2 (152) 0.682 0.800 118 Indirect
DFT-D2 (154) 0.682 0.800 118 Indirect
Other DFT-D2 [38] 0.720 0.800 80 Indirect
DFT-D2+4-SOC (152) 0.645 0.673 28 Indirect
PBE+SOC (152) 0.957 1.063 106 Indirect
Other PBE+SOC [49] 0.990 1.090 100 Indirect
Other PBE+SOC [48] 0.960 1.010 50 Indirect
DFT-SCAN+SOC (152) 1.224 1.351 127 Indirect
Other DFT-SCAN+SOC [49] 1.250 1.370 120 Indirect
HSEO6 [48] 1.700 1.790 90 Indirect
HSEO06-SOC [48] 1.700 1.790 90 Indirect
HSE06+SOC [49] 1.720 1.820 100 Indirect
HSE [43] (P3,21) 1.759 Indirect
HSE+SOC [43] (P3,21) 1.735 Indirect
GW+SO0C [50] 1.740 Indirect
GoWp+SOC [49] 1.780 1.940 160 Indirect
MBIJLDA+SOC [51] 1.480 1.570 90 Indirect
mBEEF+SOC [49] 1.430 1.550 120 Indirect
Exp. [52] 1.950 Direct
Exp. [53] 1.800 Direct
Exp. [54] 1.790 Direct
Exp. [55] 1.850 Indirect
Exp. [56] 1.800 Indirect
Exp. [48] 1.950 Direct
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the experimental band gap by less than 6% [43,48-50]. We
have also found that the electronic properties are independent
of the handedness, as reported by [46]. On the other hand,
there appears to be a contradiction between the band gap
results obtained from density functional theory (indirect band
gap) and those obtained from optical spectroscopy methods
(direct band gap) [48,54,63]. This fact can be explained by
the small energy difference (from ~28 to ~230 meV) between
the indirect and direct absorption, as shown in Table III, which
makes it difficult to distinguish them experimentally.

B. Spin transport properties

In Fig. 3(a), the electronic band structure of bulk Se is
displayed, calculated with DFT-D2+SOC. An indirect band
gap energy of approximately 0.7 eV is observed, aligning
with the findings of Ertekin e al. [64]. Notably, the impact
of SOC gives rise to a distinct phenomenon known as Rashba
splitting. As illustrated in Fig. 3(a), this band spin splitting is
particularly prominent along the k, paths, specifically along
the L-M and H-K directions. Noticeably, a considerable band
spin splitting close to the Fermi energy is observed along the
K-H high symmetry line, even in this case, where the SOC
strength is relatively low. This splitting is independent of band
gap value.

We have generated spin texture plots for the z and y
spin components along the constant k, plane at an energy of
E = E; — 100 meV, as shown in Figs. 3(d) and 3(e). These
figures reveal a Rashba spin splitting aligned along the k, axis
and mainly concentrated around the k, = 7 plane, with the
S, and S, components shown as the most significant signals.

afi(f/e Slcm)
) [

FIG. 3. (a) Electronic band structure with projected spin-z component. (b) Spin Hall conductivity tensor o

H(e

0 150 300 0 300 300 0 300 -02 0 02 04

a7} (h/e Slem) o7i(h/e S/cm) Xij(ham/V)

(s,)

and (c) current-induced spin

spin
ij

polarized y;; as a function of the Fermi level. Fermi level is located at the top of the valence band. Spin texture for (d) S; and (e) Sy spin
components in the ky, = 0 plane. M-K-L-H high symmetry points in the BZ are indicated. It is noted a Rashba spin splitting along the k. axis.

SOC interaction is included in the DFT calculations.

Experimental validation of a similar phenomenon has been
achieved through spin- and angle-resolved photoemission
spectroscopy measurements (S-ARPES) on Te, a structural
configuration equivalent to Se [65].

Rashba spin splitting, arising due to the absence of inver-
sion symmetry in the crystal lattice, couples the electronic
spin states with their momentum. This coupling leads to
the emergent spin-related phenomena, including the SHE
and CISP [66]. To investigate these phenomena in Se, we
have employed the Kubo formula—as presented by Eqgs. (4)
and (5)—to calculate the spin Hall conductivity (SHC) and
CISP responses as functions of the Fermi energy, as shown in
Figs. 3(b) and 3(c), respectively.

It is essential to highlight that various components of the
SHC tensor exhibit nonzero values, dictated by the crystal
symmetry inherent to the material (space group #152). A
symmetry analysis reveals that the SHC tensor possesses non-
trivial components, as explained by the following matrix [67]:

ol 0 0]
oi=10 —of -0l

| 0 —ok 0

0 ol oy |
(riyj =| -0 0 0

| o 0 0 |

T0 —oi 0
oi=loi 0 0

(0 0
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Figure 3(b) indicates a consistency between the calculated
SHC components and the symmetry analysis, validating our
computational results. In addition, the o;; and alrvj compo-
nents are more significant than o7;. Close to the Fermi energy
(E = Ef — 100 meV), the dominant component is o3, which
suggests an enhanced spin current response with an electric
field along the z axis representing the chiral axis of the Se
crystal structure.

On the other hand, the Rashba spin splitting leads to the
emergence of a notable phenomenon known as CISP or the
inverse spin galvanic effect. CISP is characterized by the gen-
eration of spin polarization within a material when subjected
to an applied electric field. In Fig. 3(c), the presence of CISP
in selenium becomes evident when the Fermi energy is shifted
through electron or hole doping.

For E = Ey — 100 meV, we observed a substantial CISP
signal of approximately 0.05 7.nm/V, which is comparable
to the case of tellurium (Te), as reported in [2]. Remarkably,
this value exhibits an increase as we introduce hole doping
into the material, and can be controlled by employing gating
techniques. To compute the CISP effect, we have used Eq. (4),
with the relaxation time as is calculated in the next section.
Furthermore, we verified the nonzero components of the CISP
tensor through symmetry analysis, and these findings align
with the results presented in Fig. 3(c),

Xoo 00
Xij = 0 Xxx 0
0 0 Xzz

We have found that the CISP components undergo a
change of sign depending on the handedness of the crystal (see
the Supplemental Material [68]). Notably, this effect vanishes
when the Se crystal transforms to an achiral state (space group
#166) [46]. Conversely, our findings indicate that properties
such as phonon dispersion, electrical conductivity, and SHC
components remain unaffected by variations in the Se crystal
chirality.

SHE and CISP in chiral crystals can offer a platform
for manipulating and controlling electron spins with high
precision, which is essential for developing next-generation
spintronic devices and exploring fundamental quantum
phenomena.

C. Thermoelectric properties

Thermoelectric materials play a fundamental role in mod-
ern technology due to their ability to convert heat energy into
electrical energy and vice versa, offering promising solutions
for energy harvesting and efficient cooling systems [69]. See-
beck effect, which describes the generation of a voltage across
a temperature gradient in a conductive material, is the core
for thermoelectric devices. The efficiency of thermoelectric
materials in converting heat into electricity is quantified by
the figure of merit (ZT),

_ S26T
(ke k)’

where S, o, S%0, k,, and k;, are the Seebeck coefficient, electri-
cal conductivity, power factor, electron thermal conductivity,

®

TABLE IV. Elastic modulus C, constant strain potential E,, ef-
fective mass m*, and carrier relaxation time t for selenium and
tellurium at room temperature.

C E1 m* T
Carrier (GPa) (eV) (mg) (10~ s)

Seyy n-type 12.90 -8.059 0.272 4.94
Ref. [10] 12.70 -7.862 0.223 6.77
Ref. [47] 19.80

Se./y p-type 12.90 -10.471 0.542 1.02
Ref. [10] 12.70 -10.262 0.565 0.99
Ref. [47] 19.80

Se, n-type 82.20 -16.417 0.116 26.80
Ref. [10] 81.22 -19.246 0.117 18.96
Ref. [47] 83.6

Se, p-type 82.20 -11.369 0.286 14.40
Ref. [10] 81.22 -9.606 0.280 20.60
Ref. [47] 83.6

and phonon thermal conductivity, respectively. Thus, maxi-
mizing ZT values is crucial for enhancing the performance of
thermoelectric devices, driving research towards discovering
and optimizing materials with superior thermoelectric proper-
ties [10].

Within the framework of the Boltzmann theory, both elec-
trical conductivity and electronic thermal conductivity are
contingent on the carrier relaxation time (), which in turn
depends on the specific scattering mechanisms within the
material. In this study, we consider the inherent electron scat-
tering of selenium, where the primary interaction occurs with
longitudinal acoustic phonons [70,71]. Within this theoretical
framework, the relaxation time t can be estimated using the
following equation:

1254
. 22m)?RtC ’ (10)
3(kgTm*)*2E?
where the constant strain potential (E;), elastic modulus (C),
and effective mass (m*) have been considered. These param-
eters were accurately calculated and tabulated for selenium in
Table IV. We validated our calculations by comparing them
with reported theoretical [10] and experimental data [47],
ensuring the reliability of our theoretical predictions.
The electronic thermal conductivity explored in this study
is derived from the electrical conductivity, governed by the
Wiedemann-Franz law,

ke:LTO' (11)

where the Lorenz number (L) is equal to 2.45x 1078 WQ/K?2.

The lattice thermal conductivity as a function of tem-
perature has been studied. Subsequently, based on these
results, the Seebeck coefficient, electrical conductivity, and
power factor will be analyzed concerning their n- and p-type
contributions at room temperature, and for parallel and per-
pendicular directions to the ¢ axis, and their polycrystalline
average which is usually more interesting for potential ap-
plications. It has long been known that the thermoelectric
properties of t-Se depend on whether they are measured or
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FIG. 4. Lattice thermal conductivity for selenium as a function of
temperature along the x, y, and z directions. The yellow square and
green diamond represent the experimental data for x/y and z direc-
tions from Ref A [72] and Ref B [73], respectively; and yellow square
and purple triangle, the theoretical data for x/y and z directions from
Ref C [10].

calculated parallel or perpendicular to the ¢ axis [74]. Finally,
ZT will be studied.

Figure 4 shows the lattice thermal conductivity (k.) as a
function of temperature in selenium. At room temperature,
we found that k; is 3.5 and 0.56 Wm™'K~! in the z- and
x/y-directions, respectively. These findings align with theo-
retical [10] and experimental measurements [72,73] in z- and
x/y-directions, yielding values within the same order of mag-
nitude as those reported in the literature. This congruence not
only underscores the accuracy of our computational approach
but also reinforces the validity of our results in the context of
both experimental and theoretical observations. Additionally,
as we explore the lattice thermal conductivity of selenium
along the direction perpendicular to the chain, a striking fea-
ture emerges. In this orientation, the thermal conductivity
exhibits an exceptionally low value, 6.25 times lower than that
observed in the parallel direction. This distinctive anisotropic
behavior is indicative of a clear quasi-one-dimensional heat
transfer feature in selenium. The observed anisotropy in ther-
mal conductivity is attributed to several contributing factors:
the combination of small phonon group velocity, the mixing of
acoustic-optical phonon branches, and bonding anharmonicity
along the direction perpendicular to the chain collectively con-
tribute to this high directional sensitivity in thermal transport.

Figure 5 illustrates |S|, o, power factor, and ZT transport
properties for p- (left side) and n-type (right side) doped
selenium as a function of carrier concentration at 300 K.
Calculations have been performed for parallel (z: green line)
and perpendicular (x/y: blue line) directions to the c axis, and
their average (Avg: red line) within the constant relaxation
time approach, as implemented in BoltzTrap2 [75].

Figures 5(a) and 5(b) depict the absence of significant
anisotropic behavior in the Seebeck coefficient of trigonal
selenium. This can be attributed to several factors inher-
ent to its crystal structure and electronic properties [10,51].

800 N (b)

— z
PR x/y
— Avg

300.0K

10°7 (o) (d)

600

S [uv K~]

» % _——

(9) (h)

S%0 [W/mK?

zZT
© o = = N
o U o w o

1017 1018 1019 1020 1021 1017 1018 1019 1020
p-type Concentration[cm~3] n-type Concentration[cm™3]

FIG. 5. Parallel (z: green line) and perpendicular (x: blue line)
to the ¢ axis electronic transport parameters, and their average (Avg:
red line), for p- (left side) and n-type (right side) doped selenium
as a function of carrier concentration at 300 K: (a) (b) Seebeck
coefficient(]S]), (c) (d) electrical conductivity (o), (e) (f) power factor
(§%0), and (g) (h) dimensionless figure of merit (ZT).

However, the value of the Seebeck coefficient of the p-type
doped selenium is larger than that of n-type doping. This can
be explained by the asymmetric differences between the band
structures of holes and electrons, as shown in Fig. 3(a). This
could favor the movement of holes over electrons in response
to a temperature gradient.

Regarding electrical conductivity, Figs. 5(c) and 5(d) show
that z-directional electrical conductivity is higher than -x/y for
both p- and n-type, and it is superior for n-type. As shown in
Table 1V, the relaxation time for carriers (electrons or holes)
in z- is higher than in x/y-direction. A longer relaxation time
along the z axis suggests that electron (hole) motion is less
scattered in that direction compared to the x/y directions,
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TABLE V. |S| (uVK"), o (2m)~!, power factor (W/mKZ) and
ZT transport properties for p- and n-type doped selenium for parallel
(z) and perpendicular (x/y) directions to the ¢ axis at 300 K for
the carrier concentration of 4.5x 10" cm™3. Reference [10] has been
used as comparison with a carrier concentration of 2.40x 10" cm™3.

o o

Carrier |S] (x10%) (x107%) ZT
Seyy n-type 71.10 19.70 1.00 0.17
[10] 0.85 0.35
Sey )y p-type 284 2.18 1.75 0.82
[10] 250 2.50 0.60
Se, n-type 80.20 214 13.80 0.23
[10] 13.30 0.35
Se, p-type 308 59.2 56.1 2.43
[10] 275 60 2.70

increasing its conductivity in z axis. It implies that trigonal
selenium exhibits an anisotropic nature, meaning its electrical
conductivity varies with direction. On the other hand, the
electrons have a lower effective mass compared to holes in
selenium semiconductor material, as shown in Table IV. This
lower effective mass allows electrons to respond more readily
to an applied electric field, contributing to higher conductivity,
as shown in Figs. 5(c) and 5(d).

The optimized relationship between the Seebeck coeffi-
cient and electrical conductivity can tailor material properties
to enhance the power factor, thereby improving overall ther-
moelectric efficiency. From Figs. 5(a)-5(d), it can been seen
that |S| and o follow opposing trends with carrier concentra-
tion. Thus, the power factor reaches its maximum value at the
optimized carrier concentration.

To assess the figure of merit (ZT) value, we utilize
our optimized lattice thermal conductivities of 3.5 W/mK
(0.56 W/mK) in the z (x/y) direction, and their respective
relaxation time t for both p- and n-type carrier, as shown
in Fig. 4 and Table IV, respectively. Our findings depict that
the maximum value for ZT along z-and x/y-direction are
2.43 and 0.82 for a hole concentration of 4.5x 10" cm™ at
300 K. Zhang et al. [10] reported that the maximum value
for ZT along z-and x/y-direction are 2.70 and 0.60 for a hole
concentration of 2.40x 10! cm™3 at 300 K. Our results show
agreement with this study, as shown in Table V. Conversely,
Peng et al. [51] observed that the maximum values for ZT
along z-and x/y-direction are 0.63 and 0.24 for a hole con-
centration of 1.38x 10?° cm~3 at 300 K. The main differences
of the calculated ZT values lie on the methodology they used
to find both the carrier relaxation time and ZT value, which
does not include the effect of crystal anisotropy in the lat-
tice thermal conductivity. Their relaxation time is determined
using the formula 7 = neu /(o /f), where u represents exper-
imentally observed hole mobility values of 26 cm?/Vs and
7 cm?/Vs, and n = 1.38 x 10?° cm™>. The same mobility
value is assumed for electrons and holes. Additionally, a room
temperature lattice thermal conductivity of 0.52 W/mK is
utilized to assess the ZT. In order to evaluate these results, we

use the same methodology as Peng et al. [51] and calculate the
maximum value for ZT along z-and x/y-direction. Our results
are 0.98 and 0.29, respectively, for a hole concentration of
1.38 x 1020 ¢cm~3 at 300 K, which are of the same order as
those found by Peng et al.

Peng et al. [76] noted that the Seebeck coefficients for both
n- and p-type doped tellurium are notably high at room tem-
perature. They reach a maximum value of 450 uV/K at a hole
concentration of around 10!” ¢cm~3. The authors also high-
light that these Seebeck values for a single-element solid are
comparable to those reported for optimized Bi,Tes [77]. Our
Seebeck coefficients for both p- and n-type doped selenium
at room temperature and a hole concentration of 107 cm™3
are 818 and 531 uV/K, respectively. These values displays
superiority when compared with t-Te.

The ZT value we obtained for t-Se is alike to that of
SnSe [78] layered thermoelectric material. Our findings reveal
that bulk selenium holds promise as a thermoelectric material
by adjusting the carrier concentration accordingly.

IV. CONCLUSIONS

In this study, we have investigated the thermoelectric and
spin transport properties of bulk selenium, a chiral crystal, em-
ploying first-principles calculations and symmetry analysis.
Band structure calculations revealed the presence of Rashba
splitting arising from spin-orbit coupling, a remarkable fea-
ture in materials lacking inversion symmetry. This finding
highlights the potential for tailoring spin-dependent phenom-
ena in chiral crystals. Indeed, we observed the emergence of
the considerable signal of the intrinsic spin Hall effect (SHE)
and current-induced spin polarization (CISP) in the Se chiral
crystal, suggesting its suitability for spintronic applications,
particularly in the context of spin manipulation and control.

Our results revealed the quasi-one-dimensional nature
of thermal transport in selenium, uncovering significant
anisotropy in lattice thermal conductivity, electrical conduc-
tivity, and power factor, notably lower in the perpendicular
direction. The optimized relationship between the Seebeck
coefficient and electrical conductivity tailors material prop-
erties to enhance the power factor, thereby improving overall
thermoelectric efficiency for t-Se. Our findings depict that the
maximum value for ZT along z-and x/y-direction are 2.43 and
0.82, respectively, for a hole concentration of 4.5 x 10 ¢cm—3
at 300 K, consistent with another theoretical study reported by
Zhang et al. [10]. The emergence of the spin Hall effect and
current-induced spin polarization in Se, together with their
promising thermoelectric properties, proposes these materials
for further experimental exploration and potential applications
in advanced thermoelectronic and spintronic devices.
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