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In this paper, two nonsymmorphic two-dimensional structures of CdTe and ZnTe are modeled, and using
state-of-the-art density functional theory with the group theory of solids, their symmetry-enforced electronic
properties are studied. The in-plane ferroelectricity coupled with strong spin-orbit coupling induces a unidirec-
tional out-of-plane Rashba spin-orbit field that can host a momentum-independent uniform spin configuration
known as persistent spin texture (PST) at the Brillouin zone center. PST in these structures is found to be robust
against external perturbations such as strain, structural distortion, and independent of layer thickness. These
unprecedented intrinsic spin transport properties hold utmost importance in spintronics, as the experimental
stringent condition of equal Rashba and Dresselhaus constants [Phys. Rev. Lett. 90, 146801 (2003)] is eliminated.
The calculated persistent spin helix wavelength of <~5 nm paves the way for developing next-generation
nanosized nonballistic spin field-effect transistors compared with micrometer-sized GaAs/AlGaAs quantum
wells. Further, these materials exhibit finite spin Hall conductivity at the band edges and hence can be used
in ferromagnet-free spin Hall transistors. Although CdTe and ZnTe systems have been widely studied for
photocatalysis and solar cell applications over the past few decades, their potential application in spintronic
devices has not been explored. Mono/few layers of CdTe and ZnTe synthesized from (110) facets of bulk
zinc-blende crystals [Nat. Commun. 3, 1057 (2012)] satisfy all symmetry operations of the nonsymmorphic

space group and hence can be considered ideal materials to verify our theoretical results experimentally.

DOI: 10.1103/PhysRevB.108.085432

I. INTRODUCTION

The postgraphene era has witnessed the prediction, syn-
thesis, and introduction of quantum materials with emergent
functionalities where symmetry, topology, and dimensionality
play an important role [1-4]. Electrons possess three degrees
of freedom (DOFs): charge, spin, and valley. Controlling each
DOF for data storage and manipulation leads to three spe-
cific research fields: electronics, spintronics, and valleytronics
[5-9]. The spin and valley DOFs appear due to relativistic
effects and can manifest in materials having strong spin-orbit
coupling (SOC) and requiring certain conditions, such as
broken inversion symmetry [10-12]. In recent years, there
has been a surge of interest in manipulating spin DOFs at
the nanoscale. Consequently, extensive theoretical and exper-
imental investigations have been carried out, making the field
of spintronics evolve [13-15].

The spin field-effect transistor (FET) consists of three com-
ponents: source, drain, and semiconducting channel material.
The source and drain are ferromagnetic materials having a
particular spin orientation; the source injects the spin into the
semiconducting channel material, and the drain detects the
injected spin depending on its relative orientation [5,7,16].
The spin precession can be manipulated by applying an ex-
ternal perpendicular electric field. Recently, there have been
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experimental interests in redesigning/simplifying conven-
tional spintronic devices; Zhu et al. [15] proposed semicon-
ducting channel materials that show strong SOC, have a large
out-of-plane piezoelectric coefficient, and are flexible so that
piezopotential generated by channel material under strain can
replace the external electric field. In this regard, Mohanta et al.
[17] suggested hexagonal buckled CdTe and ZnTe monolayers
which are direct band gap semiconductors and show sig-
nificant out-of-plane piezoelectric coefficients. Further, these
monolayers exhibit Rashba-type spin splitting at the conduc-
tion band minima (CBM) and hence are considered excellent
channel material for next-generation strain-spintronic devices
[18,19]. Another approach is to eliminate the intrinsic limi-
tation of spintronic devices, such as short spin lifetime. In a
diffusive transport regime, elastic/inelastic electron scattering
from the defects and nonmagnetic impurity randomizes the
spin due to the momentum-dependent spin-orbit field (SOF)
Q(k), which reduces the spin lifetime. The process is known
as Dyakonov-Perel spin relaxation [20]. A way to circum-
vent this process is to make the magnitudes of Rashba and
Dresselhaus constants equal [21,22], which can be realized
in an experiment by controlling quantum well width and
doping level [13,14,23-25]. SOC systems generally break the
spin-rotation symmetry. However, SU(2) rotation symmetry
is discovered under these conditions, stabilizing the periodic
precession around the unidirectional SOF, known as a per-
sistent spin helix (PSH) [26]. An overview of the PSH is
discussed in Sec. II. Persistent spin texture (PST) has been
previously observed in bulk systems such as BilnO; [27],
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CsBiNb, 07 [28], and quantum well structures [13,14,23,24].
Recently, only a few classes of two-dimensional (2D) mono-
layers have been proposed to support PST [29-32].
Alternatively, in recent theoretical work, Tao and Tsymbal
[27] demonstrated that the stringent condition of equal Rashba
and Dresselhaus constants can be overcome in bulk materials
having nonsymmorphic space groups that exhibit intrinsic
PST, enforced by symmetry. Nonsymmorphic crystal symme-
tries [33] combine a fractional lattice translation with either
a mirror reflection (glide plane) or a rotation (screw axis), as
schematically presented in Fig. S1 in the Supplemental Ma-
terial (SM) [34]. The importance of nonsymmorphic crystal
symmetry has been widely studied in topological materials,
where the symmetry-enforced band crossing exists due to
nonsymmorphic symmetries alone, independent of the mate-
rial details [35—40]. In this paper, two nonsymmorphic crystal
structures are modeled, and an in-depth analysis of their
symmetry-enforced emergent properties is investigated.

II. THEORY OF PSH AND OUT-OF-PLANE SOF

A. Quantum mechanical perspective

The microscopic origin of the spin-orbit interaction in 2D
semiconductors is the absence of inversion symmetry and
confining potential. This results in Rashba and Dresselhaus
(linear and cubic) spin-orbit terms in the effective Hamilto-
nian. In the Rashba effect, the spin degeneracy is lifted from
SOC under inversion symmetry breaking. The Dresselhaus
effect is present in semiconductors lacking bulk inversion
symmetry such as in zinc-blende-type structures [41].

The effective SOC Hamiltonian can be written as

Hso = QsoF - , (D

where Qgsor is the SOF, and & is the Pauli spin matrices. As
confirmed experimentally, the cubic term in k only changes
the strength of B8 in Eq. (2), leaving the Hamiltonian un-
changed [42—44]. Thus, the general form of the Hamiltonian
includes linear terms of both Rashba and Dresselhaus contri-
butions for the 2D system and is given by [21,41,45]
272
H=

+ a(kxay - kyUx) + ,B(k}(f\ — ky0y), )

where k is the momentum of the electron confined in a 2D
geometry, o and B correspond to the strengths of Rashba
and Dresselhaus SOC, respectively, and m is the effective
electron mass. The Rashba coefficient « is tunable using an
external electric field perpendicular to the plane of the 2D
electron gas, whereas the Dresselhaus constant 8 depends on
the semiconductor material and the geometry of the sample.

The energy dispersion of this Hamiltonian leads to two
branches:

R k2
m

s(k) = +\J(ak, + Bl + (ke + B Y. ()

For zero value of coupling constants « or S, the disper-
sions are isotropic, and Fermi contours are concentric circles,
whereas for nonzero « and B, the energy contour plots are
anisotropic having (1,1) and (1,—1) directions as symmetry
axes [46]. The spin rotation symmetry is generally bro-
ken in SOC systems. However, particularly for « = £8, a

type of special unitary SU(2) spin-rotation symmetry ¥ =
(ox £0y)/ V2 is discovered that leaves the Hamiltonian in-
variant [J{, ¥] = 0 [22,26]. Under this condition, the spin-up
and spin-down states of the electron become independent
of the wave vector and hence prevent the randomization of
the spin. The electron spin undergoes a controlled rotation
known as the PSH. Additionally, previous investigators have
indicated that, under certain relations between the Rashba
constant and radius of curvature in a rolled-up 2D electron
gas, tangential spin can be preserved [47].

The Hamiltonian can be formulated for « = £ as [22]
n? > A
Sk + 2% O3], “
2m
The energy dispersions form circles whose centers are dis-
placed from the I' point by shifting wave vector Q-

72

(k) = %[k2 +2(k - O)]. 5)

The spin-up and spin-down bands have an important shifting
property [26]:

H =

g, (k) = er(k + O). (6)

Authors of recent theoretical work [27] have suggested that
PST can be imposed by symmetry, overcoming the condition
of equal Rashba and Dresselhaus parameters. In this regard,
a class of quantum materials having orthorhombic nonsym-
morphic crystal structures such as SnTe, GeTe thin films,
and Bi (110) exhibiting strong SOC and extra symmetries
like glide-plane reflection symmetries have been proposed to
realize an out-of-plane Rashba effect QgOF(E) [32,48,49]. In
these materials, the in-plane electric field in a 2D electron
system can generate a unidirectional SOF expressed by

Qsor(k) = a(E x k). 7

Application of the in-plane electric field E (£ represents field
direction) parallel to x yields a SOF with the following term:

Qsop(lz) =a(X x 12) = ak,?. (8)

This unidirectional perpendicular SOF, referred to as the out-
of-plane Rashba effect, is induced by the in-plane electric field
and has an identical form in the III-V quantum well grown
along the [110] direction [21]. The Hamiltonian can be written
as
- W
H = Hyn + Qsord = %(kf + k) +ako.. (9

For a ferroelectric material, built-in polarization generates the
in-plane electric field, and hence, the SOF induced by the
ferroelectric polarization (P) can be written as

Qsor (k) = a(P x k), (10)

where P is the direction of ferroelectric polarization that re-
places E in Eq. (7).

B. Group theory perspective

In recent work, Tao and Tsymbal [27] have demonstrated
that the PSH can be an intrinsic property of a material if it
belongs to a nonsymmorphic space group crystal structure.
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TABLE I. Transformation rules for wave vector (k), Pauli matri-
ces (o) under time-reversal symmetry, implying a reversal of both
spin and momentum (') and C,, point group symmetry operation
G, Mxy, Mu for the I point in the first BZ.

Symmetry operation (ky, ky) (oy, 0y,0;)

T = io,K; (—ky, —ky) (—oy, —0y, —0;)
K is complex conjugation

Co ke, —ky) (00, =0y, —02)
M, (ke k) (=0v, =0y, 0)
M, (ky, —ky) (=0, 0y, —07)

In general, the symmetry operations of the nonsymmorphic
space group No. 31 are given by

{(Eel(0, 0, 0}), {Cx| {3, 0. 3}).
(ICy] {35.0.3}), (ICxl{0,0,0})]. (11)

The twofold rotations followed by inversion symmetry (IC,,)
leads to mirror-reflection symmetry (Mu), and hence, the
terms in Eq. (11) can be written as

{E, Co, My, My} (12)

Here, the translational terms are excluded. A more detailed
explanation of symmetry operations is provided in Table S1
in the SM [34].

Since the PSH has been shown to originate from SU(2)
rotational symmetry in earlier work [26] and from crystal
symmetry [27], a one-to-one correlation between a rotational
symmetry operation in SU(2) and the crystallographic point
group must exist. Here, SU(2) is a group of unitary matrices
and has three generators: { ioy, ioy, io;} (see Secs. S1 and S2
in the SM for more details [34]).

The crystal structure of the 2D nonsymmorphic space
group is invariant under several point group operations {E,
Cov, My, My}, which takes similar form to that of Eq. (12)
[31]. Considering transformation rules in Table I and the G5,
point group symmetry operation, it can be shown that the
unidirectional SOF is protected by M,,, as Qf,p survives
under the in-plane mirror reflection, whereas 25, becomes
an odd function under the vertical mirror reflection M,,:
QSopky, —ky) = —Q5op(ky, ky) [32].

III. RESULTS AND DISCUSSION

A. Atomistic modeling of ideal nonsymmorphic 2D crystal
structures, symmetry analysis, and stability

Using the group theory of solids supported by density
functional theory (DFT) results, Tao and Tsymbal [27] have
demonstrated that intrinsic PST can be enforced by non-
symmorphic space group symmetry in certain bulk materials.
Following previous reports, two-atom thick nonsymmorphic
crystal structures composed of Cd-Te and Zn-Te have been
modeled using the same bond length and bond angles between
the atoms as that of respective bulk zinc-blende crystal struc-
tures [50]. The same approach has been adopted in earlier
work [27] for analyzing the symmetry-enforced properties
excluding any additional effects from structural perturbation.

TABLE II. Geometrical parameters of modeled nonsymmorphic
structures: lattice constants a, b; bond length (a;, a;), and bond angle
(61, 6>); the vertical distance between atomic layers (d).

Systems ad)y bA) aj=ay(A) 6 =06, (deg) d(A)
Orthorhombic CdTe 6.56 4.64 2.84 109.47 2.32
(0-CdTe)
Orthorhombic ZnTe 6.11 4.32 2.64 109.47 2.16
(0-ZnTe)

Particularly, CdTe and ZnTe are considered for modeling in
this paper, as Mohanta et al. [17] have recently reported
Rashba spin splitting in CdTe and ZnTe hexagonal buckled
structures. The ideal nonsymmorphic structures are modeled
to generalize the properties originating from crystal sym-
metry, and thus, thickness dependance is excluded. Detailed
geometrical parameters of our designed structures are listed
in Table II. Each unit cell contains four atoms having four
symmetry operators that leave the atomic configurations in-
variant: (i) identity operation E; (ii) twofold screw rotation
G, (twofold rotation around the x axis, C,,, followed by a
translation of T = g, g), where a and b are the lattice param-
eters along the x and y axes, respectively; (iii) glide reflection
(G or M,y; reflection with respect to the xy plane followed by
translation t); and (iv) reflection M,, with respect to the zx
plane. The top and side views of the nonsymmorphic CdTe
and ZnTe crystal structures along with mirror (M) and glide
reflection (G) symmetries are indicated in Fig. 1. The designed
crystal structures exhibit nonsymmorphic symmetry through a
glide-mirror operation; reflection about the z = 0 plane (M,,)

Q Zn OTe

—_
o
~
(%)
O
o
Y O
9 3
—_~
=2
~

Top view

Side view

—_
<]
~

(d) CdTe ZnTe

F==eN
O
2B .
1 ?

~N
<
=
|
|
—
~
»
=
=
o
7]
=

FIG. 1. (a) and (b) Top and side views of designed two-
dimensional (2D) nonsymmorphic CdTe and ZnTe crystal structures;
the unit cell is marked by a dashed line, mirror symmetry M.,, glide
plane symmetry G or M,,, and direction of ferroelectric polarization
in the unit cell is indicated. (c) [llustration of a nonsymmorphic group
operation on CdTe modeled structure includes mirror reflection A —
B and a translation B — C. (d) Phonon dispersion plot of CdTe and
ZnTe along the high-symmetry direction of the rectangular Brillouin
zone; I" (0,0,0)—X (0.5,0,0)— S (0.5,0.5,0)— I'(0,0,0).
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followed by a translation of a/2 and b/2 along the x and y
axes, respectively. As illustrated in Fig. 1(c), starting from
the Cd at atomic site A, mirror reflection (My,) brings it to
site B, which is not allowed in the structure. An additional
fractional translation ¢: (a/2, b/2, 0) is needed to bring it to
the allowed atomic site C. As can be seen from the top view
in Fig. 1, the relative positions of the constituent atoms with
respect to the crystal axis are opposite in CdTe and ZnTe unit
cells, and hence, the ferroelectric polarization directions will
be opposite to each other, which will be discussed later. The
nonsymmorphic groups are more numerous than the symmor-
phic groups, and these crystals extensively occur in nature.
For example, the diamond crystal structure belongs to the
nonsymmorphic space group. Recently, several monolayers
having nonsymmorphic crystal symmetry have been proposed
and synthesized: phosphorene [51], SnS, SnSe, GeS, GeSe
[52], SnTe monolayer [53], GeTe [54], Bi (110) monolayer
[48,55], and group-VA [56].

To check the dynamical stability of the unit cells, phonon
dispersions of both structures are plotted in Fig. 1(d). The
vibration of four atoms in the unit cell leads to twelve phonon
modes out of which three are acoustic and nine are optical
phonon branches. The positive phonon frequency of both
acoustic and optical modes indicates that the bonds between
the atoms have sufficient restoring force to retain their original
symmetry, bond length, and bond angles, thus confirming their
structural stability. Since the designed structures are stable,
a systematic investigation of electronic properties has been
conducted to shed light on (i) the intrinsic PSH in these 2D
structures enforced by symmetry, (ii) the effect of ferroelec-
tric switching/polarization (£P) on spin polarization, (iii) the
effect of external perturbations such as vertical electric field
and biaxial strain on PST, and (iv) the feasibility of experi-
mental realization and application in a spin Hall effect (SHE)
transistor.

B. Ferroelectric polarization and spatial inversion operator

The ferroelectricity is originated from noncentrosymmet-
ric symmetry, as indicated by colored triangles in Fig. 1(b),
and a nonsymmorphic element in the crystal structure which
breaks the local structural mirror symmetry and forms a dipole
moment. The directions of ferroelectric polarization (P) are
opposite each other in CdTe (+x) and ZnTe (—x). For a 2D
system, under a spatial inversion operator or a C,, operator
(180° rotation around the z axis), the wave vector transformed

as (ky, ky) —I> (—kx, —ky), as does the ferroelectric polarization

P —P [29,57] (see Fig. 2). The magnitudes of the in-
plane ferroelectric polarization in the unit cell are calculated
to be 2.22 x 10719 C/m and 2.32 x 1071 C/m for CdTe
and ZnTe, respectively, which are comparable with other
ferroelectric 2D materials: functionalized MXenes (4.93 x
10719 t0 6.25 x 107'1° C/m) [58], In,Ses3 (2.59 x 10~1° C/m)
[59], GeS (5 x 107! C/m) [60], and Bi(110) monolayer
(0.47 x 10719 C/m) [48].

C. Electronic properties with and without SOC

The electronic band structure of nonsymmorphic CdTe
and ZnTe are plotted in Fig. 3. From the electronic band

(@)
y

Spatial Inversion operation (/)

FIG. 2. (a) Schematic representation of spatial inversion opera-
tion in a two-dimensional (2D) system I (k,, k,) — (—k,, —k,); point
B is the final position of point A under spatial inversion operation (I)
which can be obtained by a C,, symmetry operation in the crystal
structure. (b) Illustration of spatial inversion symmetry and direction
of ferroelectric polarization (P); P —/C= —P.

dispersion, these materials are found to be direct band gap
semiconductors with band edges, the CBM and valence band
maxima (VBM) located at the Brillouin zone (BZ) center.
The atom-projected band structure indicates that the VBM
is mainly contributed by Te atoms, whereas the CBM is
contributed by both Cd and Te atoms, which can be confirmed
from the band-decomposed charge density plot in Fig. 3. The
band gaps obtained using different functionals are listed in
Table III. These values indicate that the band gap lies in
the visible region and is comparable with the values in
well-known MoS, (~1.8 eV) [4,67] and WS, (~2.1 eV) [68].
Hence, these materials can have the potential for electronics
and optoelectronics applications. Previously, CdTe and
ZnTe monolayers/thin films of different geometry had been
extensively studied for solar cell and catalysis applications
[69-75].

Further, since both these structures contain heavy tellurium
atoms, the relativistic effect is incorporated in the electronic
properties calculation, and the spin-projected band structure
is plotted in Fig. 4. The effect of SOC can be observed in
the band dispersion plot as the band gap decreases (refer to
Table III). There are two very interesting notable observations
in the band structure: (i) Rashba-type spin splitting occurs
at both CBM and VBM, and (ii) the spin splitting occurs
along the I' — Y direction, whereas the spin states remain
degenerate along the I' — X line. The first observation can
be explained by the orbital contributions of band edges and
the direction of ferroelectric polarization in the system. From
the orbital projected band structure in Fig. 3, the band edges
are confirmed to be contributed by in-plane Cd d,, and Te
p»x atomic orbitals, and the ferroelectric polarization is along
the +x axis (P,/E,). Hence, the Rashba-type spin splitting
is observed in both CBM and VBM: (dy|E;|d,,) # 0 and

Now the origin of the degenerate state along the I' — X
line in the presence of SOC can be explained using the sym-
metry of the wave vector 1?, which is invariant under C,, screw
rotation and M,, glide mirror-reflection symmetry. Since the
Pauli matrices are anticommutative {o,, o,} = 0 in nature, the
operators (refer to Eq. (s4) in the SM [34]) follow the same:
{Cox, My} = {ioy, io,} =0 on the line I' — X. Now for an
eigenvector |,,) of M,, operator with the eigenvalue of m the
following can be obtained:

My [Wm) = m | ), (13)
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FIG. 3. (a) Calculated atom-projected electronic band dispersion of CdTe and ZnTe two-dimensional (2D) structures using GGA-PBE.
(b) Orbital projected band structure of CdTe. (c) Schematic of Brillouin zone of a rectangular unit cell. (d) Band decomposed charge density
of CdTe corresponding to band edges with an isosurface value of 0.0025 e/A>.

My Coi(1Ym) = —CouMyy |¥) = —mCox| )
—m (Cox|rm))- (14)

Equations (13) and (14) indicate that [,) and Cy.|,) are
different states with the same eigenvalue m, thus ensuring the
double degeneracy along the ' — X line.

Also, the same result can be obtained using Eq. (10), the
Rashba SOF Qsor(k) = a(£P, x k) = 0 along the I’ — X
line. Here, £P, corresponds to the polarization direction in
CdTe and ZnTe structures, respectively.

TABLE III. Calculated band gap of 0o-CdTe and o-ZnTe using
different functionals.

r—-vy

E;BE E§BE+SOC EéI,{SE agBM 0{1\?/BM
System eV) (eV) (eV) (eVA) (eVA)
o-CdTe 1.23 1.14 1.81 1.35 1.77
0-ZnTe 1.41 1.33 2.1 1.37 1.79
Reported Rashba constant values of other 2D materials for comparison
2D materials CBM VBM
Buckled CdTe [17] 1.27 /
Buckled ZnTe [17] 1.06 /
BiSb [61] 23 /
WA»Z4 [62] / 0.87-1.8
AlBi [63] 2.77 /
WSeTe [64] / 0.92
PtSe, /MoSe; [65] heterostructure / 1.3
BiTeX [66] 1.86 /

The energy eigenvalues of the effective Hamiltonian of the
2D system presented in Eq. (9), i.e., H = Ey(k) + ak,o, are
given by [76]

E*(k) = Eo(k) & aky. (15)
Equation (15) represents the spin splitting along I' — Y di-

rections and also leads to the following shifting property:
e (k) =¢ep(k+ 0), where O is the shifting wave vector given

(a) , CdTe © CdTe_CBM
K > e

1 \ +0l.5
N <Sl> >
: BT
o 0 o
= / / -

-1 — I I,
K/ — T8 =Y,
2 k.= 0.0463 A
Y I' X S Y r -Y Y r —Xx
(b) , ZnTe CdTe_VBM
= - k,=0.053 A"

1 ’\ /\/ N Z
~ £
> ~
< -
M‘ 0 \ Hz

0 =
= -
-1 - /
S
2 /'/ /_/ N
Y T X S Y r -Y Y r—X

FIG. 4. (a) and (b) Spin-projected electronic band structure of
CdTe and ZnTe including relativistic effect. (c) Zoomed image of
conduction band minima (CBM) and valence band maxima (VBM)
of CdTe at the I" point.
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0.10 CdTe ZnTe S
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FIG. 5. Spin-projected constant energy contour plots of spin tex-
ture calculated in k,-k, plane centered at the I' point; reference Fermi
energy is zero. The arrow represents spin-polarization direction +z.

by

- 2m;fa

0= )
Here, mj is the effective mass of an electron along the I' —
Y direction, and « is the Rashba constant. The shifting wave
vector can be depicted in Fig. 5. The strength of SOC known
as the Rashba parameter () along the ' — Y direction can be
calculated from the band dispersion using Eq. (17) (the results
are listed in Table III):

[0, 1,0]. (16)

2ER

=

Here, Ey is the energy difference between the energies at the

peak and the high-symmetry point, and kg is the momen-

tum offset between the peak and the high-symmetry point

as marked in Fig. 4(c). The calculated value of the Rashba

constant is nearly the same for both CdTe and ZnTe. For

comparison, a list of Rashba constant values of other 2D
Rashba materials is provided in Table III.

Now to visualize the spin-polarization direction in the
designed structures, the spin texture is plotted at a constant
energy above and below the Fermi level in Fig. 5, which
indicates its unidirectional (S,) nature. Note that the ferroelec-
tric polarization directions are opposite in CdTe and ZnTe,
as discussed in Sec. III B. Comparison of the spin texture
plots provides a qualitative understanding of the relationship
between the spin-polarization direction and ferroelectric po-
larization. This can be explained in two ways [29,57]:

(i) Let the Bloch wave functions of two states with oppo-
site ferroelectric polarization be represented by |+P, k) and
|—P, k'), where P and k are the ferroelectric polarization
and wave vector, respectively. Considering the wave function
|+P, k), the transformation under spatial inversion symmetry
(D) is given by I|+P, k) = |—P, —k), where both ferroelectric

a7

polarization and wave vector reversed their directions. Under
time-reversal symmetry (7'), the wave function transformed
to T'|+P, k) = |+P, —k), where the direction of ferroelectric
polarization remains intact. Here, time-reversal symmetry is
included since the spin reverses its direction (spin-up and
spin-down) under the time-reversal operator. Some proper-
ties of the time-reversal symmetry operator T are listed in
Table S2 in the SM [34]. Now under both time-reversal and
inversion symmetry, the given wave function is transformed to
TI|4+P k) = |—P k). Considering these transformation rules,
the behavior of the spin-polarization direction with ferroelec-
tric polarization can be explained. The expectation value of
the spin operator (S) can be obtained as follows [29,57]:

(S)[—P, k] = (—P,k|S| — P,k) = (+P,k|I"'T~'STI|+P, k)

= (+P, k| = S|+ P, k) = (=S)[+P, k]. (18)
Equation (18) clearly describes the
polarization direction by ferroelectric
symmetry analysis.

(i1) Also, the orientation of spin texture with the direction
of polarization can be directly obtained from Eq. (10):

For +P: Qsop(k) = a(+P x k) = ak,(+2)  (19)

reversible spin-
switching using

For — P: Qsop(k) = a(—P x k) = aky,(=2).  (20)

Equations (19) and (20) indicate the reversible nature of spin
orientation with ferroelectric polarization, as demonstrated
in Figs. 4 and 5. Note that authors of recent experimental
work have demonstrated purely in-plane ferroelectricity at
room temperature in monolayer SnS [77], which has a similar
crystal structure.

The spatially periodic mode of the PSH, also known as
the pitch/wavelength of the PSH, can be calculated using the
following relation:

2 wh?
lpsH = - = . (21)
ol mje

For practical application of the out-of-plane Rashba effect,
the coherent spin precession of the PSH can be used to fab-
ricate a spin transistor with a size that is determined by lpsy
[22,32,78]. The short pitch size of a rapidly precessing PSH
is highly desirable. All the variables for the calculation of
Ipsy are listed in Table IV and are found to be ~4 and 5
nm for 0-CdTe and o-ZnTe, respectively. To design ultrathin
spin-FET having a channel length of /psy, a material having a
large Rashba coefficient («) is required. Therefore, the 2D fer-
roelectric materials consisting of heavy elements that possess
large atomic SOC are of interest.

D. Effect of vertical electric field on PSH
and spin Hall transistor

Next, the effect of external perturbations such as per-
pendicular electric field and biaxial strains on electronic
properties are studied. A vertical electric field is applied per-
pendicular to the plane of the 2D structures. The resulting
band gap variation is plotted in Fig. 6(a). Although there is
a slight decrease in the band gap with increasing electric field,
beyond the critical field of 0.3V /A for both CdTe and ZnTe,
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TABLE IV. Calculated effective mass of the electron, Rashba constant, and the pitch of PSH (/psy) of the conduction band.

Effective mass of the electron Rashba constant

Systems m*/my along ' — Y (@) (eV.A) Ipsu
0-CdTe (thickness 2.32 A) 0.392 1.35 4.5 nm
0-ZnTe 0.442 1.37 3.9 nm
BilnO; bulk [27] 0.61 1.91 2 nm
SnTe (001) thin film [32] / / 8.8-18.3 nm
GaAs/AlGaAs (001) quantum wire [23] / / 7-10 wm

near free electron gas states appear in the band structure that
close the band gap. These states are surface-induced unoccu-
pied empty states, parabolic, and move toward the Fermi level
with increasing electric field at the I' point, as seen in other
2D systems [79,80]. For a nonzero vertical electric field, the
out-of-plane spin polarization is significantly affected, which
leads to spin decoherence and can be depicted in Fig. 6(c).
The complications in the spin texture plot arise because of the
addition of a new perturbation term in the Hamiltonian which
leads to different energy.

Further, the spin Hall conductivity (SHC) is calculated for
both 2L-CdTe and ZnTe structures and plotted in Fig. 7(a).
A finite SHC can be observed at the band edges. Motivated
by previous reports [49,81] and based on our results, a spin
Hall transistor (SHT) [82-84] is proposed, as illustrated in
Fig. 7(b). The SHT device has three regions R-I, R-II, and
R-III, which represent spin-injection, gate-controlled, and
spin-collector regions, respectively. The spin from R-I can be

PBE-SOC

CdTe

injected into R-1II via the SHE, where the charge current along
the y direction is converted into a transverse spin current po-
larized along the z axis. In R-II, the out-of-plane SOF induces
the PSH mode in the crystal, which can be modulated using a
vertical electric field (E;) applied using the gate electrode. For
E. = 0, the PSH mode is maintained, and hence, the polarized
spins do not lose the spin information collected in R-III. Using
the inverse SHE, the spin current is converted back into charge
current along the y direction, which generates the Hall voltage
as schematically presented in Fig. 7(b). For nonzero E, in R-1I,
the spin decoherence occurs, which reduces the spin lifetime.
Hence, the Hall voltage decreases. In other words, the PSH
mode can be broken via nonzero vertical electric field.

E. Effect of biaxial strain on PST

Strain engineering can be an effective tool to manipu-
late the electronic properties such as the semiconducting-to

(3), (b),

| —e— CdTe

|—o— ZnTe

~ 15+
> o~
2 ! %
(=" : ~
) : ;
= 0.5f : =
5 ! K=
8 :
]
0.0+ i
I
0.00 0.15 030 045

Electric field (V/A)

C
O E=0.1 V/A E=0.3 V/A E=0.35 V/A S,
E-E=+1.1eV E-E=+1.1 eV E-E~+0.9 eV +0.5
0.05
—
=
L 0.0
=
A 0.05
-0.5
0.0 01 0.1 0.0 01 01 0.0 0.1
k, (A"/2m)

FIG. 6. (a) Calculated band gap variation under perpendicular electric field, (b) band dispersion, and (c) evolution of spin-texture plot of

CdTe under different electric field strength.
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FIG. 7. (a) Calculated spin Hall conductivity for 2L-CdTe and
ZnTe. (b) Schematic of a spin Hall effect transistor.

-metallic or direct-to-indirect band gap transformations
[85-88], and it is possible using different experimental tech-
niques such as AFM tips, bending on a flexible substrate, or
interfacial lattice mismatch [89-92]. In this regard, a small
biaxial strain of up to £5% is applied, and electronic prop-
erties under strain are studied. Strain is defined as € = “;:‘0,
where ay and a are the unstrained and strained lattice con-
stants, respectively. From the electronic dispersion plotted in
Fig. 8(a), a significant change in the band gap as well as the
spin splitting is observed. The band gap increases and de-
creases under compressive and tensile strain, respectively. The
linear variation of the Rashba constant calculated from the
band dispersion under biaxial strain is observed in Fig. 8(b).
Hence, the magnitude of out-of-plane SOF, which depends
on the Rashba constant as in Eq. (8): QSOF(%) = ak,Z, can
be manipulated. Nevertheless, the PST is found to be robust
against biaxial strain.

Next, the dependency of spin-transport properties on layer
thickness and crystal structures having different symmetry are
studied and depicted in Fig. 9. With increasing the layer thick-
ness, the band gap decreases significantly, but the PST state

] strain

enforced by unidirectional SOF is maintained in the system,
and the same can be seen in the spin-projected band structure
plot in Fig. 9(b). The other crystal structures such as hexag-
onal systems do not exhibit PST. Although hexagonal planar
CdTe monolayers do not show any spin-dependent properties,
buckled structures exhibit Rashba splitting at the CBM due to
the built-in out-of-plane electric field E, in the system coupled
with p, orbitals, i.e., (p;|E,|p,) # 0 [17,19,63]. Finite out-of-
plane spin-polarized splitting occurs at the high-symmetry K
point in a hexagonal buckled crystal structure. Such spin split-
ting is called valley spin splitting, which has been identified in
previous work [19] on a similar system. The working principle
of valleytronics is very different from spintronics and can be
found elsewhere [10,93].

F. Effect of deformed crystal structure on PST
and experimental realization

In the previous sections, 2D nonsymmorphic structures
of CdTe and ZnTe have been modeled and proposed to ex-
hibit many interesting symmetry-enforced properties such
as intrinsic PST, band degeneracy, and reversible spin-
polarization via ferroelectric switching (+P). These results
have been explained using symmetry analysis supported by
DFT calculations. To realize these unprecedented properties
experimentally, (110) facets of bulk zinc-blende CdTe and
ZnTe structures would be ideal to study, as the symmetry
of this growth direction of the crystal structure is invariant
under nonsymmorphic space group operations. In the previ-
ous experiment, highly stable four-atomic thick layers (4L)
from (110) facets of the zinc-blende structure were exfoli-
ated using a strategy involving a lamellar hybrid intermediate
[94]. Authors of experimental work have confirmed that the
ZnSe single layers possess a highly (110)-preferred orienta-
tion and are highly stable at room temperature. Although there
is structural distortion at the surface of the experimentally
synthesized monolayers to minimize the surface energy, it will
be interesting to study whether the PSH can survive under
such mechanical deformation. Since CdTe and ZnTe bulk
structures are non-van der Waal solids, structural distortion of
monolayer or a few layers at the surface is inevitable, as exper-
imentally found in the case of three-atomic (3L) [95,96] and
four-atomic (4L) thick layers [94]. A 4L layer is cleaved from
the (110) plane of zinc-blend CdTe, and the atomic positions
are relaxed. The side view of optimized structures is shown

(a) , CdTe

e

E-E, (eV)

Y T X S Y T X

(b)
1.45 1
— CdTe CBM | ®
= i /
| > |
|| 20 r
I = !
! g Va
_____ e - 1.351 ¢
] B <
| 2 130 o/ |
! A
& ‘ ! ‘
-5 25 0 2.5 5
S Y Biaxial strain (%)

FIG. 8. (a) Calculated band dispersion of CdTe under biaxial strain. (b) Variation of the Rashba constant under biaxial strain.
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(a) Different geometries

(b) Spin projected bandstructures
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FIG. 9. Comparative plot of (a) different atomic arrangement of CdTe in the unit cell and (b) corresponding spin-projected S, and S, band
structure.
4L-CdTe in Fig. 10, which replicates the distorted structure reported

(&
SN 32 -
SN / -
2\ 2l /
o1 \ o1
S 2
&0 o 0
s | =4 = = a7 S
/:
2~ 2 <
e Z
K/
a7 =74
Y I X S Y Y I X S Y

FIG. 10. (a) Side view of 4-atom thick (4L) CdTe and ZnTe
structures replicating freestanding ZnSe synthesized from (110)
facets of zinc-blende bulk crystal structure as in Ref. [94] and
(b) their electronic band structure incorporating a relativistic
effect.

in Ref. [94]. The electronic properties are evaluated consid-
ering the SOC, and the band structure is plotted in Fig. 10.
The band edges are located at the BZ center, and the spin
splitting along the I' — Y direction remains unchanged.
These results indicate (110) facets of zinc-blende structures
of CdTe and ZnTe, as presented in Fig. S2 in the SM [34], are
ideal materials for realizing the intrinsic PSH and thus real-
izing atomic thin nonballistic spin FET. Further, these results
indicate that symmetry-enforced properties are globally stable
and can survive under large mechanical deformation.

IV. CONCLUSIONS

In conclusion, two-atomic thick nonsymmorphic crystal
structures of CdTe and ZnTe are modeled in this paper.
These structures exhibit many interesting electronic properties
originated from symmetry such as momentum-independent
uniform spin polarization, which leads to a long spin life-
time, and the reversible spin polarization via the ferroelectric
switching. The pitch of the PSH is calculated to be ~4—5
nm, and hence, an ultrathin nonballistic spin FET can be
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designed. The PST in these structures was found to be ro-
bust against strain, layer thickness, and structural distortion.
However, the PSH mode can be broken via a nonzero vertical
electric field. A finite SHC at the band edges with such in-
triguing electronic properties can motivate experimentalists to
design a ferromagnet-free SHE transistor. Moreover, infinite
spin lifetime in (110) facets of centuries-old tellurium-based
zinc-blende semiconductors have been predicted in this paper
using the group theory of solids supported by DFT and thus
pave the way for the beginning of a new era in the field of
spintronics.

V. COMPUTATIONAL DETAILS

All calculations are performed using DFT embedded
in the VASP code [97,98]. The generalized gradient ap-
proximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
exchange-correlation interaction is used [99]. The projector
augmented-plane-waves approach is employed to treat the
ion-electron interaction [100]. The energy cutoff is set to
500 eV, and the energy convergence is set to 107%eV. To
obtain experimental geometries of 4L CdTe and ZnTe as in
Fig. 10, symmetry-constrained geometrical optimization is
performed until the maximum force converges to 0.02eV/A.
The BZ is sampled with a 14 x 14 x 1 I'-centered k-point
mesh. A vacuum space of 20A is added in the z direc-
tion to eliminate periodic interaction between the layers. The
second-order force constants are calculated usinga 5 x 5 x 1
supercell sampled with 10 x 10 x 1 k-mesh using the finite
difference method and plotted using the PHONOPY package
[101]. PYPROCAR is used to plot spin texture [102]. The
ferroelectric properties are calculated using the Berry phase

method [103—-105]. The SHC is calculated from Berry cur-
vature using a dense 200 x 200 x 1 k-mesh based on a
maximally localized Wannier function [106—111] by the for-

mula [112]:
e dk
z " Q% (k ,
o, h/B )

where Q% (k) is the k-resolved term which is given by Q% (k) =
> JinS2% (k). Here, fi, is the Fermi-Dirac distribution func-
tion for the nth band at k, and 7 (k) is an analog of the Berry
curvature for the nth band given as

Q)=

n'#n

20m( (kn| jZ|kn') (kn'|vy kn)]

2
(ekn - Ekn’)

Here, ji = %{sz, v} is the spin-current operator, s, = gaz is
the spin operator, v is the velocity operator, and |kn) is the

wave function of energy €,,.
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