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A promising candidate of bipolar magnetic semiconductors
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Two-dimensional (2D) nanomaterials with bipolar magnetism show great promise in spintronic applications. Manip-
ulating carriers’ spin-polarized orientation in bipolar magnetic semiconductor (BMS) requires a gate voltage, but that is
volatile. Recently, a new method has been proposed to solve the problem of volatility by introducing a ferroelectric gate
with proper band alignment. In this paper, we predict that the PdX; (X = F, Cl, Br, I) monolayers are 2D ferromagnetic
BMS with dynamic stability, thermal stability, and mechanical stability by first-principles calculations. The critical tem-
peratures are higher than the boiling point of liquid nitrogen and the BMS characteristics are robust against external strains
and electric fields for PdCl, and PdBr;. Then, we manipulate the spin-polarization of PdCl, and PdBr, by introducing a
ferroelectric gate to enable magnetic half-metal/semiconductor switching and spin-up/down polarization switching control.
Two kinds of spin devices (multiferroic memory and spin filter) have been proposed to realize the spin-polarized directions
of electrons. These results demonstrate that PACl, and PdBr, with BMS characters can be widely used as a general material

structure for spintronic devices.

Keywords: PdX, (X =F, Cl, Br, I), bipolar magnetic semiconductors, first-principles calculations

PACS: 71.38.Mx, 75.50.Pp, 73.20.At

1. Introduction

Recently, the development of high-performance two-
dimensional (2D) spintronic nanodevices has attracted
widespread attention, with the current mainstream trend of
miniaturization of electronic information devices.!!®! The
generation of 100% spin-polarized currents and manipula-
tion of carriers’ spin polarization at the Fermi level (Ef) are
two key challenges for the development of high-performance
2D spintronic nanodevices. Half-metals (HMs),!”) with one
metallic spin channel and another semiconducting channel, are
highly desired because they provide 100% spin-polarized cur-
rents, but they have a fixed spin direction. Conventionally,
the directions of spin polarization in materials can be manipu-
lated by a magnetic field, whereas it is hard to be complicated
in operation and useful only for certain materials and has an

[10-18] The proposal

adverse impact on adjacent device parts.
of bipolar magnetic semiconductor (BMS)[!°! material solves
the problems, which allows us to achieve HM with different
conductive spin channels by applying a gate voltage. This de-
pends on their unique electronic structure: the valence band
(VB) and the conduction band (CB) have opposite spin polar-
izations near the Eg.!?>?!] However, the method requires per-
sistent electrical control which is volatile and achieved by ap-

19.2022] S far, although there are many

plying a gate voltage.!
theoretically predicted BMS materials,>3>-?7! the experimen-
tal realization of BMS!?® is still lacking, as the large leakage
current hinders its application in memory storage devices.>°!

Recently, Li and Deng et al.*” proposed a new method to ma-
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nipulate both spin-polarized orientations in BMS materials by
the introduction of a ferroelectric (FE) gate with proper band
alignment. Compared with traditional electrical control ap-
proaches, the method can overcome volatility, which is more
energy-efficiency. Thus, it is emergent to search for and design
experimentally reachable 2D BMS.

In this work, we first study the geometric, electronic, and
magnetic properties of PdX, (X =F, CI, Br, I) monolayers. It
is found that PdCl,, PdBr,, and PdI, monolayers are outstand-
ing candidates for spintronic materials and are possible to con-
struct different spin-polarization transport channels in a single
material by carrier doping. Hence, they are highly likely to
become a material for spin field effect transistors (FET). Then
we explore the robustness of PdCl,, PdBr;, and Pdl, under
external strains and strong electric fields and find that only the
BMS properties of PACI, and PdBr, are robust against exter-
nal strains and strong electric fields. Furthermore, we intro-
duce Ga,S3; and Ga;Ses with different ferroelectric polariza-
tion to realize the nonvolatile spin polarization regulation of
PdCl, and PdBr,. Finally, based on this, we design a multi-
ferroic memory device and a spin filter device. Our research
provides theoretical support for the experimental implementa-
tion of BMS.

2. Computational details

All of our density theory functional (DFT) calculations
use the projection-enhanced wave (PAW) method,?!! which
is implemented in the Vienna ab initio simulation pack-
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age (VASP).[3233 The paper uses Perdew—Burke—Ernzerhof
(PBE) functional**! to describe the correlation and exchange
interactions of PdX;. The strong correlation effects for the
Pd-4d electrons use the PBE + U method!*! and the Hubbard
U parameter is 3.5 eV. Then we employ the Heyd—Scuseria—
Ernzerhof hybrid functional method (HSE06) (3! to obtain the
accurate band structures. The cutoff energy is set to 400 eV.
The Brillouin zone is sampled by using a 9 x 9 x 1 k-mesh. To
avoid interactions between adjacent layers, a vacuum space of
20 A is applied along the z-axis [001] direction. The conver-
gence criteria for the energy and residual force on each atom
are 1 x 107% eV and 0.001 eV/A. The phonon calculations
are carried out by using density-functional perturbation the-
ory as implemented in the PHONOPY code!*”! combined with
VASP. The ab initio molecular dynamics (AIMD) 38! simula-
tion is performed with a 4 x 4 x 1 supercell at 100 K temper-
ature. The van der Waals (vdW)[13%40] is employed and a vac-
uum space greater than 30 A or 40 A is applied for the bilayer
or three-layer heterostructures. The VASPKIT code is used to

(411 The Curie temperature is

process some of the VASP data.
estimated by using the Monte Carlo simulation package MC-

SOLVER code!*?! based on the Wolff algorithm.

3. Result and discussion

The PdX, (X = F, Cl, Br, I) monolayers share two pos-
sible phases, which are similar to classical 2D material PbBr,
and Pbl,,[*3-52 namely, T (Fig. 1(a)) and H (Fig. 1(b)) phases.
The Pd atomic layer is sandwiched by the upper and lower
F/C1/B1/1 atomic layers, with atoms in each layer forming a
2D hexagonal lattice. In order to study more optimal con-
figurations in terms of energy, the energy difference is cal-
culated between the T and H configurations (AEt_pg). The
lattice constant (a) and the AET_g of PdX, monolayers are
shown in Table S1. The optimized lattice constants (T/H) of
PdF,, PdCl,, PdBr;, and Pdl; monolayers are 3.30/3.38 A,
3.70/3.54 A, 3.87/3.72 A, and 4.11/3.97 A, respectively. With
the increase of the X atomic order, the lattice constant is in-
creasing, meeting the positive correlation between lattice con-
stants and atomic radius. All AET_y of the PdX, monolayers
are negative, which indicates that the PdX, monolayers tend
to form in the 1T configuration. Our works only consider the
PdX, (X =F, Cl, Br, I) monolayers that are formed in the T
phases.

Before confirming the magnetic and electronic properties
of PdX;, we explore their stabilities (including dynamic stabil-
ity, thermal stability, and mechanical stability). The formation
energy Erom 1s evaluated as

Eform = (I»LPd + Hx, — EPdXZ) /3a (1)

where Upq is the chemical potential of the Pd bulk and py,
is the energy of the X molecule. The calculated formation

energies are listed in Table S1. The positive values demon-
strate that the iodination is an exothermal process, suggesting
the feasibility of the experimental synthesis of these materials.
The phonon dispersion curves are calculated with a 5 x 5 x 1
supercell using the PHONOPY package through the density
functional perturbation theory.!>3! As indicated in Fig. S1, all
the phonon frequencies of PdX, monolayers are positive in the
first Brillouin zone, which proves the excellent dynamic stabil-
ities of PdX, monolayers. To examine the thermal stabilities
of the PdX, monolayer, the AIMD simulations are evaluated in
the canonical ensemble on a 5 x 5 x 1 supercell. Four images
of Fig. S2 indicate the total energies of PdF,, PdCl,, PdBr,,
and PdI, monolayers, respectively. It can be seen that total
energies have slightly fluctuated around the equilibrium value
during the simulations and there is no destruction for the ma-
terials after 10000 fs, indicating the thermal stabilities of the
PdF,, PdCl,, PdBr,, and Pdl, monolayers under 100 K. Be-
cause of the p3ml space group, by using Voigt symbols, the
elastic tensor of PdX, can be reduced to*#]

ChiC2 O
CnpChy O ) 2
0 0 C115C12

C:

The independent Cy;, Ci2, and Ci; — Cj of PdX; are shown
in Table S1. It can be found that the PdX, (X = F, Cl,
Br, I) monolayers satisfy the Born—Huang criterion for two-
dimensional hexagonal planes (C;; > 0 and C;; —Cj, > 0),1%%]
which means that the PdX, monolayers are mechanically sta-
ble.

Fig. 1. The crystal structures of PdX, (X =F, Cl, Br, I) monolayers in T
(a) and H (b) phases: top and side views. The electron localization func-
tions for PdF, (c), PdCl, (d), PdBr; (e), and Pdl, (f). Pd, F, Cl, Br, and 1
atoms are annotated accordingly.
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To determine the magnetic ground states of the PdX,
monolayers, the total energy differences (Table S1), including
the ferromagnetic (FM) and three antiferromagnetic (AFM)
states (Fig. S3(a)), are compared by using the supercell. Ta-
ble S1 shows that the calculated total energies of the AFM are
higher than that of the FM state for PdF,, PdCl,, PdBr;, and
PdI, monolayers, which indicates the magnetic ground states
of the PdX, monolayers are FM state. While PbBr; is an inher-
ently nonmagnetic semiconductor,>? this is due to the differ-
ent electronic configurations of the Pd and Pb atoms. We track
the physical originations of FM coupling in PdX, monolay-
ers by the super-exchange interactions, which can be compre-
hended by the Pd—X—Pd bond angle 6 (Table 1). The values
of 6 are 97.88°, 93.49°, 92.64°, and 92.56°for PdF,, PdCl,,
PdBr;, and Pdl,, respectively, closed to 90°. According to
the Goodenough—Kanamori—Anderson (GKA) rules, %! PdX,
monolayers possess FM coupling.

The electron localization functions (ELF)%-81 are plot-
ted to investigate the bonding character of PdF;, PdCl,, PdBry,
and PdI, monolayers in Fig. 1. The (001) section of the ELF
confirms that electrons are highly localized around the Pd and
F/C1/B1/1 atoms and that electrons are absent between them,
indicating the typical ionic character between the Pd—X bonds.
Our Bader charge analyses®! further reveal that the signifi-
cant electrons respectively transfer 1.2, 0.74, 0.53, and 0.20
electrons from the Pd to F/Cl/Br/I atoms (Table 1), which fall
with the electronegativity of F, CI, Br, and I reduced.

Table 1. The Pd—X—Pd bond angle 6 and charge transfer number
(Ae™) per unit cell for PdX, (X =F, Cl, Br, I) monolayers.

Systems [*] Ae™
PdF, 97.88° 1.20
PdCl, 93.49° 0.74
PdBr; 92.64° 0.53
Pdl, 92.56° 0.20

We used the PBE + U method for the calculations of the
electronic structures (Fig. 2). The VBs of the PdF,, PdCl,,
PdBr;, and Pdl; monolayers possess spin-up polarization
when they approach Ef, while their CBs possess spin-down
polarization when they approach Er. The PdF, monolayer
is a direct bandgap semiconductor with a value of 2.14 eV
(Fig. 2(a)). The PdCl,, PdBr;, and Pdl, monolayers are
the indirect bandgap semiconductors, and their band gaps are
1.33 eV, 0.88 eV, and 0.34 eV, respectively (Figs. 2(b)-2(d)).
The above results show that the PdF,, PdCl,, PdBr,, and PdI,
monolayers are BMS. To confirm the results, the more accu-
rate HSEOG calculations (Figs. S4(a) and S4(b)) further dis-
play that although the band gaps increase to 3.56 eV, 2.24 eV,
1.65 eV, and 1.01 eV for PdF,, PdCl,, PdBr;, and PdI,, re-
spectively, the VBs and the CBs have opposite spin polariza-
tions near the EF, indicating that the BMS remains in the four
systems.

@ PdF, ®
v Y .
3 E 4 3
Z oL 1 %,
& 1k 1 @ 1
gt 41 eV {1 =
0 - - - 0
-1 -1
, =K
M K r
(c) PdBr, (d)
5 e 5
4 4
3 3
> >
) %)
2 &
E 1 \ E 1
0¥ = o83ev|™ = 0
-1 1 -1
2 2
r M K r

Fig. 2. The electronic band structures based on the PBE+U functional
for PdF, (a), PACl, (b), PdBr; (c), and Pdl, (d).

After having demonstrated the bipolar magnetic proper-
ties, we now turn to the formation mechanism of BMS for
PdX, monolayers by crystal field theory. Under the octahe-
dral crystal fields of PdX, (Fig. 3(a)), the d orbitals of Pd split
into tyy (dyy/dy;/dy) and eg (d2_2/d2) with a splitting gap
(Ac). According to the electronegativity and nominal valence
state Pd>*, the tyg orbitals and the ey orbitals of the spin-up
channel are occupied by six electrons and two electrons, re-
spectively, consistent with the calculated magnetic moment
2ug. Here, the spin splitting exchange interactions lead the
electronic states of the magnetic atom in VBMs and CBMs to
belong to different spin channels. It can be attested by their
density of states (DOS; Fig. S4(b)). The DOS shows that the
spin-exchange splitting (Ag) of them are the primary causes
of bandgap and the CBM and VBM of PdX, are mainly con-
tributed by Pd atoms. The BMSs in PdX; are derived from the
strength of on-site Coulomb repulsion and the crystal field ef-
fect, which are coincident with the report.[®"! The d electronic
states of the PdX, monolayer near the Fermi surface, which
usually leads to ferromagnetism, verifying the FM ground
state.

The influence of temperature on magnetism is crucial for
the practical application of spin electronic devices. Based on
the following formulas, the spin Hamiltonian can be described
as

H=—-JS:S;—D (%), 3)

where J, S;, D, and S,-Z are the nearest magnetic exchange
interaction parameter, the spin vector of each atom, the
anisotropy energy parameter, and the Z component of the spin
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Fig. 3. (a) The schematic diagram of the d-orbital electron occupation of
Pd atoms. (b)—(e) The density of states (DOS) for PdF,, PdCl,, PdBr;
and PdI,. The gray, orange, and green solid lines represent the total DOS
rotated up or down, the DOS contributed by Pd-4d, and the DOS con-
tributed by X-p orbitals, respectively.

vector, respectively. The positive and negative values of J de-

pend on the FM and AFM orders, respectively,
Erm = Eo—12J|S]* DS, O
Earm = Eo+4J|S|> —D|S|?, (5)
where the Egy and Eapym represent the total energy of systems
with FM and AFM ordering. The values of J can be estimated
as
Exrm — E
_ EarM = FM ©)
161S]
The computed J for 2D PdX; (X =F, Cl, Br, I) are 0.67 meV,
8.67 meV, 10.30 meV, and 13.10 meV, respectively. Then

their magnetic anisotropy energies (MAE) are calculated. The
MAE is defined as the energy difference MAE = Eyg1 — E100
between the out-of-plane (001) and the in-plane (100) mag-
netization directions by incorporating the SOC effect. The
MAE are 61 peV, 77 peV, 60 peV, —982 peV for the PdF;,
PdCl,, PdBr,, and PdI, monolayers, respectively. It indicates
that there are the Berezinskii—Kosterlitz—Thouless (BKT)©!!
magnetic transition at a critical temperature (7¢) for PdF;,
PdCl,, and PdBr, monolayers, which can be estimated as
Tc = 0.89J /kp. Here kg is the Boltzmann constant. We get
that the 7¢ for PdF,, PdCl,, and PdBr; monolayers are around
7 K, 90 K, and 106 K with their J, above the boiling point
of liquid nitrogen (77 K) for PdCl, and PdBr, monolayers.
Figure S4(b) shows that the Pdl, monolayer has an estimated
Curie temperature of 503 K, notably far above room temper-
ature (300 K). Overall, except for PdF,, all others are ap-
parently outstanding candidates for spintronic materials. The
PdCl,, PdBr;, and PdI, monolayers will be studied in the fol-
lowing.

Having evaluated the magnetic properties of PdCl,,
PdBr;, and Pdl, monolayers, we further turn to whether spin
polarization can be controlled through electron/hole doping
since introducing an FE gate to control the spin polarization of
BMS is equivalent to carrier doping, as shown in Fig. S5. We
take Fig. S5(a) for example, when 0.1-0.5 electrons are doped,
the CBs of PdCl, are crossed by the Fermi energy level, and
the material becomes an HM with the spin-up channel. Dop-
ing 0.1-0.5 holes will drive the Ef to transverse with VBs, and
become the HM of the spin-down channel. The introduction of
a FE gate is expected to realize the control of spin polarization.

In device fabrication, it is likely to introduce strain due
to the lattice mismatch between the 2D material and the sub-
strate, and there may be the electric interference from the en-
vironment or neighboring electric device. Therefore, we ratio-
nalize the robustness of PdCl,, PdBr;, and Pdl, monolayers
under the electric fields and strains. Firstly, the biaxial strains
are applied to PdCl,, PdBr;, and PdI; monolayers (Fig. S6).
Strains are defined as € = (a; — ap)/ag, where a; and ag are
lattice constants of PdX, with and without deformation, re-
spectively. The negatively and positively valued € represent
compression and tension, respectively. The BMS character-
istics are well preserved at —10% < € < 10% for PdCI, and
PdBr; (Figs. S7(a) and S7(b)). With 2%—-10% compressive
strain, the semiconductor Pdl, firstly changes to HM, then
metallic, but that remains unchanged with tensile strain. Sec-
ondly, we investigate the robustness of the BMS property to
electrical interference from the environment or a neighboring
electrical device. Figures S7(a)-S7(c) displays the band struc-
tures of PdCl,, PdBr,, and PdI, under the electric field of 0.1—
0.5 V/A, respectively. Clearly, under the strong electric field
of 0.5 V/A, the Fermi energy levels of PdCl, and PdBr; are
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vibrated between the VBM and the CBM. The semiconductor
changes to metal for PdI, under the electric fields (Fig. S7(c)).
Moreover, the calculation of the value of AEry—arm (Fig. S8)
is performed to check the magnetic ground states of PdCly,
PdBr;, and PdI; monolayers, and we find that the energetically
favorable magnetic configurations are still the FM coupling in
the cases of the electric fields and strains. In short, only PdCl,
and PdBr, monolayers exhibit robustness under the electric
fields and strains and are likely to become the experimentally
achievable devices. Therefore, we have only conducted re-
search on nonvolatile electric control of spin polarization for
PdCl; and PdBr; structures below.

We screen GapS3; and GasSes; from the family of 2D
FE I112-VI3 materials!®?! by comparing the lattice mismatch.
The optimized lattice constant of the Ga,S3; and Ga,Ses with
vdW corrections are 3.70 A and 3.88 A, respectively. Subse-
quently, we construct two multiferroic vdW heterostructures
(PdCl,/Ga,S3 and PdBr,/Gas Ses), whose lattice mismatch are
0.02% and 0.36%. Three possible stacking patterns are inves-
tigated as shown in Fig. 4, denoted as configurations I-III. Our
calculations show that configuration-III (Figs. 4(c) and 4(f)) is
energetically the most favorable configuration for both upward
polarization (P1) and downward polarization (PJ), this stack-
ing pattern will be researched in the following sections. The
binding energy of multiferroic vdW heterostructure is defined
as

Ey, = Egms/re — EBms — EFg, (7

where Epys/pe. Epms and Epg represent the energies of
the BMS/FE heterostructure, BMS layer and the FE layer,
respectively. The cohesive energies of PdCl,/Ga;S3(P1),
PdCl,/Ga;S3(P)), PdBry/Ga,Ses(PT), and PdBrp/Ga,Ses(PJ)
are about —1.89 eV, —1.25 eV, —2.14 eV, and —1.41 eV, re-
spectively, indicating that the heterostructure can be feasible
to explore experimentally and stably exist.

OPd

(a)e. %t}{o(b)o;ﬁ?{o(C)Q?{?{O O Cl/Br

1 0Ga

TD o ° CIO %" LLO L
o n Cun dun
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Q Q Q _Q _Q
o v o o v o S )

Fig. 4. Three possible stacking modes with upward polarization (a)—(c)
and downward polarization (d)—(f) for PdCl,/Ga;S3; and PdBr,/Ga,Ses
heterostructures.

Then we discuss the density of states (DOS) of the

PdCl,/Ga,S3 and PdBry/GasSes heterostructures. Here red

and blue symbols denote the contributions from spin-up and
spin-down electronic states of PdCl,, PdBr;, Ga;S3;, and
Ga;Ses, respectively. Figures 5(a) and 5(c) display that the
Ep crosses the minority spin-down bands of the PdCl, and
PdBr, for PdCl,/Ga,S3(PT) and PdBry/Ga;Ses(PT), respec-
tively, leading to a half-metal behavior in PdCl, and PdBr;.
Figures 5(b) and 5(d) show that the semiconductor natures
of PdCl, and PdBr; are retained for PdCl,/Ga;S3(PJ) and
PdBr,/Ga,Ses(Pl), respectively.
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Fig. 5. DOS of PdCl,/Ga,S3 and PdBr;/Ga;Ses for PT and P|. The
solid red and blue lines represent the DOS contributed by BMS and FE,
respectively.

Next, the plane-average potential and the charge den-
sity difference of different heterointerfaces are calculated for
understanding the mechanism of the electrically controlled
semiconductor/half-metal transition. For the P, the potential
energies of the BMS layer PdCI, and PdBr, are lower than that
of the FE layer Ga,S3 and Ga,Ses, respectively (Figs. 6(a) and
6(c)), which can generate that the spin-down CBM of PdCl,
and PdBr; is lower than the VBM of Ga,S3; and Ga,Ses, re-
spectively, meaning that there are electrons transfer at the het-
erostructure interface.

The charge density difference suggests that electron trans-
fer occurs only at the interface between Ga;Ses(P1) and PdBr;
(Fig. S9(c)), while there are almost no electrons accumu-
lating around the interface between Ga;S3(P1) and PdCl,
(Fig. S9(a)). This is consistent with the DOS (Fig. 5(a)) show-
ing that the Ef crosses minority spin-down bands of PdCl,. On
the contrary, although the potential energies of the BMS layer
PdCl, and PdBr; are lower (Figs. 6(b) and 6(d)), the CBMs of
Ga,S3 and GaySes are still slightly higher than the spin-down
VBM of PdCl, and PdBrj, respectively. This can hinder the
spontaneous diffusion of holes for the P|. The charge den-
sity difference suggests that a small number of holes is still
insufficient to make the Ex of PdCl, and PdBr; cross the spin-
up bands (Figs. S9(b) and S9(d)). Hence, the realizations of
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the half-metallicity are dependent upon the polarization fields
of the FE layer Ga;S3 and GasSes and the charge transfer at
the interface between the FE and BMS layers for PdCI, and
PdBr;.
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Fig. 6. Plane-averaged potential of PdCly/Ga;S3 and PdBry/Ga,Ses bi-
layer heterostructures along the z-direction for P{ and PJ.

In a word, the generated electric polarizations for
GayS3(P)) and GaySes(P]) can drive the downward shift
of the Ep of PdCl, and PdBrp, which offers an oppor-
tunity to achieve nonvolatile electrical control of spin po-
larization in PdCl, and PdBr, by enhancing polarization
field.193:%41 Then we add the Ga,S; and Ga,Ses to the bot-
tom of PdCl,/Ga,S3 and PdBr,/Ga,Ses (Figs. 7(a) and 7(b)),
respectively. The vdW heterostructures are named PdCl,/bi-
Ga,S3 and PdBr;/bi-Ga;Ses, respectively. Two different po-
lar configurations are taken into account for bi-Ga,S3 and bi-
Ga;Ses, i.e., the polarization directions of FE layers were both
pointing upward (P11) or downward (PJ.|).
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Fig. 7. The vdW heterostructures of PdCl,/bi-Ga;S3 and PdBr,/bi-
GaySes for P11 and P.

The binding energies of PdCly/bi-GayS3(P11),
PdCl,/bi-Ga,;S3(Pll), PdBry/bi-GazSe;(P11), and PdBr,/bi-
GasSes(Pl)) are —2.71 eV, —2.64 eV, —2.97 eV, and
—2.88 eV, respectively, testifying that they are stable. As
expected, the DOS of PdCl,/bi-Ga,S; and PdBr;/bi-Ga,Se;
trilayer heterostructures (Fig. 8) show that the BMS PdCl, and

PdBr, become the spin-up (spin-down) HM for P11 (PlJ),
manifested that the nonvolatile spin polarization regulation of
PdCl, and PdBr, can be achieved by introducing the bilayer
FE gates.

After the above discussion, we find that the PdCl,/Ga;S3
and PdBr,/Ga,Ses; heterostructures possess the capacity to
control the HM, and the PdCl,/bi-Ga;S3 and PdBr,/bi-GajSes

possess the capacity of controlling the spin polarization of
BMS.
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Fig. 8. DOS of PdCl,/bi-Ga;S3 or PdBr,/bi-Ga,;Ses for P1 and PJ. The
solid red and blue lines represent the DOS contributed by BMS and FE,
respectively.
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Therefore, the multiferroic memory device (Figs. 9(a) and
9(b)) are designed for the bilayer heterostructures. The Pt is
equivalent to the “1” state (Fig. 9(a)), while the P| is equiva-
lent to the “0” state (Fig. 9(b)). In this context, the data read-
ing process is accessible by detecting the electrical signals,
and the data reading process is accessible by switching the FE
polarized states, thus avoiding the destructive effect caused
by detecting the polarized state. Then the spin filter device
(Figs. 9(c) and 9(d)) is constructed for the trilayer heterostruc-
tures. The electron would travel through the BMS layer, be-
coming the HM with 100% spin-down polarization at the P11,
which is n-type doped. Conversely, the spin-up electrons can
pass through the BMS layer at the P||. In short, the manipu-
lation of spin-polarized current can be achieved in this device.

4. Conclusion

In summary, we predict that the PdX, (X =F, Cl, Br,
I) monolayers are 2D FM BMS with dynamic stability, ther-
mal stability, and mechanical stability by first-principles cal-
culations. The critical temperatures of both PdCl, and PdBr;
monolayers are higher than the boiling point of liquid nitro-
gen (77 K). Moreover, the BMS characteristics of PdCl, and
PdBr, are robust against external strains and strong electric
fields, which is conducive to their applications. The carrier
doping can induce the change between the semiconductor and
half metal. Furthermore, we manipulate the spin polarization
of PdCl, and PdBr, by introducing the FE gate to enable mag-
netic half-metal/semiconductor switching and spin-up/down
polarization switching control. Finally, based on this, we re-
alize two kinds of spin devices (multiferroic memory and spin
filter). As well as proposing two novel BMS materials: PdCl,
and PdBr», this study provides a theoretical basis for the de-

velopment of spin devices.
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