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ABSTRACT

Currently, magnetic storage devices are encountering the problem of
achieving lightweight and high integration in mobile computing devices
during the information age. As a result, there is a growing urgency for two-
dimensional half-metallic materials with a high Curie temperature (T¢).
This study presents a theoretical investigation of the fundamental electro-
magnetic properties of the monolayer hexagonal lattice of Mn,X3 (X = S,
Se, Te). Additionally, the potential application of Mn,X3 as magneto-resis-
tive components is explored. All three of them fall into the category of
ferromagnetic half-metals. In particular, the Monte Carlo simulations indi-
cate that the T¢ of Mn,S; reachs 381 K, noticeably greater than room
temperature. These findings present notable advantages for the application
of Mn,S; in spintronic devices. Hence, a prominent spin filtering effect is
apparent when employing non-equilibrium Green’s function simulations
to examine the transport parameters. The resulting current magnitude is _
approximately 2 x 10* nA, while the peak gigantic magnetoresistance 12
exhibits a substantial value of 8.36 x 10'® %. It is noteworthy that the 3
device demonstrates a substantial spin Seebeck effect when the tempera-
ture differential between the electrodes is modified. In brief, Mn,X;3 ot R
exhibits outstanding features as a high T¢ half-metal, exhibiting exceptional e O
capabilities in electrical and thermal drives spin transport. Therefore, it

holds great potential for usage in spintronics applications.
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1 Introduction

Since the advent of von Neumann architecture computing
devices, the field of information technology, particularly
artificial intelligence, has generated remarkably creative
data through the utilization of efficient cluster computing
[1-3]. As a result of the escalating requirement for data
storage and transfer, existing memory technologies such
as Dynamic Random Access Memory, Static Random
Access Memory, and NAND flash have proven inadequate
in fulfilling the prevailing demand. As a result, the semi-
conductor industry has been pushed to investigate
emerging semiconductor technologies that provide
enhanced storage efficiency and decreased costs [4-7].
The magnetic storage device based on electron spin tech-
nology, is non-volatile, theoretically providing infinite
read and write times, currently leads the industry in
integration with logic chips, and performed better in our
previous studies [8, 9]. At the same time, the write speed
is fast, and the write time can be as low as nanoseconds
[10]. Hence, there has been significant interest in spin
and thermal spin memory devices as a viable answer to
the existing challenge posed by reluctance equipment
[11]. Spintronic focuses on the manipulation of electron
spin and electron transport. It involves utilizing the spin
state of electrons for the purposes of data storage, trans-
mission, and retrieval. Moreover, spin thermoelectrics
principally focus on the examination of heat and spin
transport phenomena. In this paper, the exploitation of
temperature gradients enables the movement of charge
and spin [12]. In general, the major material carrier of
the two technologies is half-metal material, which acts
as a semiconductor or insulator in one spin channel,
while the other channel can pass through the Fermi level.
Consequently, the utilization of half-metal (HM) magne-
toresistive devices enables the attainment of a 100% spin
filtering effect (SFE), thereby demonstrating exceptional
magnetoresistive propertiesin in our previous research
[13-15]. The use of traditional materials in memory
structures poses challenges for achieving high degrees of
integration in modern mobile computing devices and
Ultra-Large Scale Integrated Circuits (ULSICs). These
traditional materials may not be suitable for meeting the
requirements of lightweight devices. As a result, the
development of ULSICs is hindered [16, 17]. The advent
of low dimensional materials with atomic-scale thin film
structures have brought a new dawn to magnetic storage
devices [18]. In comparison to traditional materials, low-
dimensional materials have favorable attributes such as
regulated thickness and decreased power usage. In addi-
tion, it is noteworthy that low-dimensional materials
possess a remarkable ability to alter interfaces [19-21].
The utilization of interface control in the fabrication of
magnetoresistive devices using low-dimensional materials
enables the attainment of enhanced spin polarization
efficiency and improved magnetic stability [22]. In addi-

tion, 2D materials have many other special electronic
structures and excellent properties, such as high carrier
mobility and regulated band structure [23-25]. Therefore,
it is obvious that 2D materials have significant promise
for application in the field of spintronic devices.

Nevertheless, whereas 2D materials exhibit potential
advancements in the field of magnetic storage devices,
they also present novel challenges. Conventional materials
possess a significantly greater volume in comparison to
2D materials due to their composition of many layers of
atoms [26], the presence of dimensional constraints in 2D
materials imposes limitations on the available spin
degrees of freedom, hence restricting magnetic exchange
interactions and spin-wave excitations. Consequently, in
high-dimensional materials, spin-wave excitation can
provide additional thermal excitation energy, helping to
maintain a high Curie temperature (T¢) [27-30].
However, in low-dimensional materials, where spin-wave
excitation is constrained by the scale, the energy of spin-
wave excitation is relatively low, and as the temperature
increases, the thermal fluctuation effect makes the direction
of the spins more random, the ordering of the spins is
weakened, and the magnetisation strength is reduced,
making it difficult to maintain a higher T¢ [31-33]. The
lower T¢ undoubtedly has a greatly impact on magnetic
storage at room temperature. Therefore, low-dimensional
materials with high T¢ have always been the goal of
researchers [34]. The Honeycomb Kagome (HK) lattice
has gained significant attention in recent years due to its
remarkable characteristics, such as high T¢, half-metal-
licity, and spin-gapless semiconductor (SGS) behavior
[35-37]. For example, the HK-structured NboO3 with a
high Tc = 392 K [38]. The Cr-based HK structure is a
Dirac HM with a gap in theory, T¢ values above 400 K,
and large in-plane magnetic anisotropy energy, excellent
SFE [39]. Simultaneously, the HK lattice exhibits
considerable research promise through numerous predic-
tions and experiments. In 2013, The study conducted by
Addou et al. [40] provided evidence of the ability of
Y203 to form fully formed monolayers on graphene
substrates supported by platinum. Monolayers interact
weakly with graphene, but are stable to high tempera-
tures. This was also demonstrated by scanning tunneling
microscopy and X-ray. In 2016, Song et al. [41]
conducted a study examining the structural characteristics
and properties of a monolayer of AlyOs. Their findings
indicated the potential for experimental investigations in
this structure. The researchers also made predictions
regarding the significant band shift observed between
the Al,O3 monolayer and graphene. Moreover, experi-
mental fabrication of the ultrathin CroOg by rapid thermal
annealing that suggests the viability of synthesizing 2D
Cry03; motivates us to explore the MyX3 [42]. However,
there is still a lack of theoretical research on MnyXs,
especially on its spin transport [43, 44]. Therefore, it is
meaningful to analyze MnyX3 in theory for improving
the 2D Mn-based material library.
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Fig. 1 MnyX;3 crystal structure and magnetic ground states. (a) Top, and (b) side views of MnyXj3 (X

=S, Se, Te) mono-

layers, yellow indicates non-metallic elements, and purple is Mn. (¢) FM configuration and three AFM configurations of

MnyX3 monolayers, red and blue indicate opposite spins.

In this paper, the electronic structure and magnetic
properties of MnyX3 (X = S, Se, Te) monolayer are
systematically predicted by density functional theory
(DFT). The Tc of MnyX; was further evaluated by
Monte Carlo simulation. Moreover, a high T¢ spin-reluc-
tance device is designed based on MnyX3, and the spin
and thermal spin transport properties are simulated by
non-equilibrium Green’s function (NEGF). The evaluation
of the SFE and giant magnetoresistive effect in MnyX3
devices is conducted by the application of bias voltage
and temperature variation. The findings of this study
contribute to the expansion of the current database on
2D intrinsic half-metallic ferromagnets, offering a feasible
experimental platform for the development of monolayer
ferromagnetic materials and 2D spintronic devices.

2 Calculation method

The DFT for structure optimization and performance
simulation is implemented in Quantum ATK packages
and VASP packages. Use generalized gradient approxi-
mation (GGA-PBE) functional and  Projector
Augmented Wave (PAW) potential. When relaxation is
performed, the set of 9 x 9 x 1 k points is used to
sample the Brillouin zone. The convergence parameter of
the total energy tolerance is set to 1 x 109 eV/atom,
and the maximum force tolerance is set to 0.05 eV/A for
optimization. According to the relevant literature, the U
value of 4 eV was set to the 3d orbit of transition metal
Mn [45-48]. The vacuum layer along the zaxis is
adjusted to 25 A and fixed to avoid interaction between
the slabs. The sampling of the set of the deviceis 1 x 5 X
100. Then, the spin resolved electron transport properties
of these junctions are studied in the form of NEGF

implemented. The electrically-driven spin transport
performance can be quantitatively analyzed from the
Landauer—Buttiker equation:

2¢% [0
1) == [ T(EW) [0 (B - pu)
—fr(E — pr)|dE. (1)
Analogously, the spin resolved current driven by

temperature difference (AT =Ty —Tg) described using
the following equation:

2¢% [T

1= T(E)[fu(£,TL) -

- fr(E,Tgr)|dE,

(2)
where T}, and Ty represent the temperatures of the left
and right electrodes, respectively.

3 Results and discussion

Figures 1(a) and (b) are the cell geometry of the MnyX;
monolayer, with lattice constants of 7.8 A, 7.4 A, and
9.0 A for MnsS3, MnsSes, and MnyTez in Table S1 of the
Electronic Supplementary Materials (ESM), respectively.
Furthermore, we have successfully established the thermal
stability of the monolayer MnsX3 through the implemen-
tation of molecular dynamics simulations, as illustrated
in Fig. S1 of the ESM. To evaluate stability of MnyXs,
an analysis of the phonon dispersion relations was
performed, as depicted in Fig. S2 of the ESM. For the
MnyX3 structures, there are no imaginary frequencies in
the Brillouin zone, proving the stability of all the
systems investigated [49, 50]. To investigate the
magnetic interactions, four possible magnetic ground
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Fig. 2 Curie temperature of MnyXs. Curie temperature (7¢) of MnySs, MnsSes, and MnyTes in (a), (b), and (c), respec-
tively. (d) The Curie temperature of common 2D materials and MnyXs.

states (MGSs) are considered in the 2 x 2 x 1 supercell:
ferromagnetic (FM), stripy antiferromagnetic (AFM),
Neel antiferromagnetic, and zigzag antiferromagnetic
state. In Fig. 1(c), red and blue indicate opposite direc-
tions. The energy differences between the four MGSs
have been computed and are summarized in Table S1 of
the ESM, indicating that FM configuration is the most
favorable MGS.

Moreover, the Monte Carlo approach is employed to
simulate the alteration of the magnetic moment, as
depicted in Fig. 2. In this representation, the magnetic
moments are normalized, and the utilization of the first
derivative enhances the clarity of the magnetic moment
change. The simulation results show that the estimated
Tc values of MnyS3, MnsSe;, and MnsTes monolayers
are 381 K [Fig. 2(a)], 220 K [Fig. 2(b)], and 141 K
[Fig. 2(c)], respectively. Figure 2(d) presents a comparison
between the Curie temperature of MnyX3 and that of
commonly 2D materials [51-61]. The interaction
exchange between manganese (Mn) atoms and sulfur (S)
atoms is relatively significant, and MnyS3 exhibits a high
Curie temperature. This notable high T of MnsS3 bears
important value in broadening the potential application

scenarios of magnetoresistive devices that rely on ferro-
magnetic materials.

To gain insights into the electrical characteristics of
the MnsX3 monolayer, an investigation was conducted to
study the potential utility of MnsX3 in spintronics
devices. This investigation involved the calculation of
spin-resolved band structures and momentum-integrated
spectral functions (usually called density of states, DOS),
as depicted in Fig. 3. Figure 3(a) shows the Brillouin
zone path. The fat band structures and orbital resolved
DOS about MnySs in Fig. 3(b), MnsSes in Fig. 3(c), and
MnoTes in Fig. 3(f). The spin-up band of MnsS; in
Fig. 3(b) intersects the Fermi level, whereas the spin-
down channels are characterized by their insulating
behavior. Consequently, the monolayers exhibit a half-
metallic structure, with a spin polarization of 100% near
the Fermi level. The presence of bands near the Fermi
level in monolayers is mostly attributed to the spin-up
orbitals of S elements. The spin-up orbitals are mostly
influenced by the p, orbitals of S elements, as determined
through the examination of the density of states. MnySes
and MnsTe;, shown in Figs. 3(c) and (d), also exhibit
similar properties to MnsSs, and their nonmetallic
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elements are more likely to cross the Fermi level. Figure
S3 of the ESM presents the results of band structure
calculations conducted using the PBE and HSE06 meth-
ods, which suggest that the half-metallic properties of
MnsX3 can be well maintained, and the effect of
spin—orbit coupling is considered in Fig. S4 of the ESM
[50, 62].

In general, half-metallic materials and a variety of
spin gapless semiconductors (SGSs) have excellent spin
transport performance [63, 64]. Broadly speaking, the
concept of SGS can be classified into two distinct groups,
namely PSGSs and LSGSs [65, 66]. In particular, PSGSs
or LSGSs can be classified into four distinct categories
(Fig. S5 of the ESM) [67, 68]. Due to the half-metallic
properties of MnoXs3, Figs. 3(e) and (f) show the
common spin transport mechanisms of half-metallic that
are specifically illustrated. When the electrodes are in a
parallel magnetic configuration, the bands of the two
electrodes are identical. Consequently, when a bias is
applied, a polarization current is generated within the
device. The generation of stable spin current in the
device is hindered when the two electrodes are in
antiparallel magnetic configuration. Therefore, the ideal
spin reluctance can be obtained by adjusting the
magnetic field of devices designed with half-metallic
materials.

Therefore, based on the above analysis of T¢ (up to
381 K) and half-metallic properties, MnsSs has a strong
application potential in the field of spintronics devices.
Therefore, we explore the possibility of MnsSs application
in the realm of spintronics devices. A MnySs-based structure
is placed in the center scattering region of the device,

and the buffer region and the left and right electrode
regions are each one supercell of MnsSs in Fig. 4(a). This
study investigates two distinct magnetization configura-
tions for the left and right electrodes, namely the paral-
lel-configuration (PC) and the antiparallel-configuration
(APC). In the context of PC, it is observed that both
electrodes exhibit identical spin orientations, however in
the APC, the electrodes demonstrate opposing spin
orientations. The spin-dependent current—voltage (I-V)
characteristics in both the parallel configuration and
antiparallel configuration are illustrated in Fig. 4(b). In
the PC, the spin-up current exhibits an initial increase
as the bias is increased, reaching its maximum value at
0.4 V, after which it subsequently drops. In contrast, the
current in the spin-down is effectively inhibited. In the
case of APC, it can be observed that both spin currents
experience a significant reduction in their magnitudes.
Hence, the devices fabricated using monolayer MnyS3
demonstrate the ideal SFE, the giant magnetoresistance
(GMR) phenomenon, and the negative differential resis-
tance effect. To more accurately characterize the exact
value of the spin polarization (SP), we calculated the
SFE under two magnetization states according to the
formula Sp = I *I‘f o xlOO%, and it can be seen that the
SP reaches almost 100% at all biases in the inset of
Fig. 4(b). In addition, the value of the giant magnetore-
sistance effect was calculated according to the formula

GMR = | ferLec] x100%, which can be seen in Fig. 4(c).

It is Worth mentlonlng that at zero bias, the calculation
of SP and GMR depends on the transmission coefficient.
The giant magnetoresistance effect can reach 8.38 x 1016 %
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electrodes at two magnetization configurations.

at —1.0 V bias where the current of APC is close to zero.
Even rarer is the fact that under two-electrode voltage
control, the voltage is within 0.6 V and the GMR can be
maintained close to 10° %. It is noteworthy to emphasize
that the current at the peak GMR (including the range
from —1 V to —0.5 V) exhibits a minuscule and nearly
imperceptible magnitude (APC current is on the order
of 1013 nA). Nevertheless, when the bias voltage is set
to —0.4 V, a substantial rise in current is observed, while
the magnetoresistance value remains consistently over
100 %. In the context of a limited bias range, the
remarkable GMR shows the potential application of
MnsS; in electrically driven giant magnetoresistive
devices.

The band structure of a device, namely in the direction

of electrode transport in both PC and APC, frequently
serves as a means to elucidate the underlying physical
principles governing the relationship between current
and bias voltage. Figures 4(d) and (e) are the electrode
bands for different magnetic configurations, respectively.
When a bias is applied to the electrode, the Fermi level
of the left (right) electrode will shift downward
(upward). Conversely, when a reverse bias is applied,
the Fermi level will shift upward (downward). In the PC,
the left and right electrodes have the same magnetization
direction. As a result, they exhibit an identical band
structure [Fig. 4(d)]. The spin bands consistently intersect
the Fermi level, irrespective of whether the Fermi level
shifts upwards or downwards. This implies that a spin-
up transport channel always exists whenever a bias or
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reverse bias is applied. As the bias voltage increases,
more bands come into contact with the Fermi level, thus
increasing the number of available transport channels
and the spin current. When the bias voltage exceeds
approximately 0.4 V, there is a reduction in the number
of bands that cross the Fermi level. As a result, the
current decreases as the bias voltage increases, leading
to the occurrence of negative differential resistance in
the spin-up channel. The spin-down band remains signifi-
cantly distant from the Fermi level, making it unable to
contribute to a transport channel. This suppression of
the spin-down current leads to excellent SFE. For the
APC, the left electrode’s band structure is shown in
Fig. 4(d), while the right electrode’s band structure is
shown in Fig. 4(e), respectively. When a bias voltage is
applied, only support spin-up transmission channels in
the left electrode, while the right electrode can only
support spin-down transmission channels. Due to the
limited bias voltage, it is not possible for both the left
and right electrodes to have transmission channels
simultaneously. Consequently, the current at APC is
suppressed, and the device produces a high giant magne-
toresistance effect.

Moreover, owing to the high T¢ of MnsSs, it is of
practical significance to study the temperature difference
(AT) between the two electrodes in the intrinsic state of
the device. In the simulation, since the simulation is
based on the electron transmission coefficient, the
temperature (difference) is the electron temperature

(difference). We consider the spin currents as a function
of left electrode temperature (7y) for varying values of
AT, and AT for different values of Ty. It is clear at
APC from Fig. 5(a) that the current in spin-up channel
increases with the enhancement of T, when the AT fixed,
and the current in spin-down channel is closed to zero
over the whole range of Ty. The PC shown in Fig. 5(b),
it is noteworthy that the spin-down current tends
towards a negligible 0 nA, whilst the spin-up current
exhibits a considerably larger increase as compared to
the APC. Moreover, as the temperature T; grows, the
current exhibits a tendency to attain a peak level of
consistent convergence, and the magnitude of this peak
is directly correlated with the temperature disparity.
The change of the thermionic giant magnetoresistance
effect was determined while keeping AT constant. It was
observed that the GMR decreases as Tj, increases and
the magnitude of the giant magnetoresistance effect is
directly proportional to the magnitude of the temperature
differential [Fig. 5(c)]. When Ty is fixed and AT is
varied, the spin-up current increases with 7p, and the
current in spin-down channel is almost 0 nA over the
whole range of Ty, [Fig. 5(d)]. In the depicted PC illustrated
in Fig. 5(e), the thermal current exhibits a comparable
trend to that observed in the APC setup. Notably,
elevated temperatures frequently lead to a notable
increase in current magnitude. Concurrently, in both
APC and PC, there is a propensity for the current to
converge with the escalation of temperature differential

Bin Liu, et al., Front. Phys. 19(4), 43201 (2024)
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between the electrodes. Figure 5(f) is the GMR value for
the temperature of a fixed Ty, while the current changes
with AT. It is evident that when the temperature diffe-
rence rises, the GMR exhibits a progressive increase. In
a similar vein, it can be shown that an increase in electrode
temperature results in a decrease in the GMR when
subjected to the same AT. However, it is worth noting
that the GMR can still be sustained at a level above
10" %. Additionally, we calculated the thermal spin-
filtering effect in these four cases (Fig. S6 of the ESM),
and the SP can reach 100% at AT fixed as well as at 717,
fixed.

In a thermal transport process, carriers such as electrons
and holes tend to flow from higher temperature electrodes
to lower temperature electrodes. When the energies of
these carriers are below (or above) the Fermi level, holes
(or electrons) act as the main migrating carriers, respec-
tively. Figures 6(a) and (b) illustrate that the transport
coefficient in spin-down channel remains consistently at
zero and does not intersect with the Fermi level over a
substantial energy range at APC. This suggests that
spin-down carriers make negligible contributions to ther-
mal transport. Therefore, the spin-down current is effec-
tively zero. On the other hand, the spin-up transport
coefficient crosses the Fermi level, indicating that both
electrons and holes contribute to spin transport. The
relative sizes of the regions below and above the Fermi
level can be inferred from the energy and transport coef-
ficients. It can be observed that the region below the
Fermi level is greater than the region above the Fermi
level. This observation suggests that the major mechanism
for thermal transport in relation to spin is mostly influenced
by the presence of holes, resulting in the generation of a
positive spin current. As a result, the transfer of heat
through the material becomes completely spin-polarized,
resulting in a thermal spin-filtering phenomenon. Simul-
taneously, it is seen that the transport coefficient of PC
surpasses that of APC, indicating the potential for the
device to demonstrate significant thermal GMR. Hence,
MnyS3 monolayers exhibiting a high Curie temperature
are regarded as promising contenders for spintronic and
spin thermionic applications.

4 Conclusion

This study aims to examine the MnyX3 monolayer, a 2D
material, with a specific focus on the analysis of its elec-
tronic structure and spin transport performance.
Through our analysis, all three are ferromagnetic half-
metals. In particular, the T¢ of MnsS3 to reach 381 K is
simulated by Monte Carlo, which is higher than room
temperature and provides advantages for spintronic
devices. Additionally, the spin devices constructed by
MnsSs demonstrate considerable transport potentials.
The giant magnetoresistance effect can reach 8.38 X
10" % under —1 V when the I~V characteristics of the
device are examined at —1 V. In addition, the MnsS;
monolayer can show excellent thermally placed giant
magnetoresistance effect and spin filtration effect under
temperature difference, which makes it useful in spintronics
and spintronic applications.
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