
PHYSICAL REVIEW APPLIED 23, 044022 (2025)

Multifunctional steep-slope spintronic transistors with
spin-gapless-semiconductor or spin-gapped-metal electrodes
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Spin-gapless semiconductors (SGSs) are emerging as a promising class of materials for spintronic
applications, offering unique opportunities to realize functionalities beyond conventional electronics. In
this work, we propose a concept of multifunctional spintronic field-effect transistors (FETs) using SGSs
and/or spin-gapped metals (SGMs) as source and drain electrodes. These devices operate similarly to
metal-semiconductor Schottky-barrier FETs, where a potential barrier forms between the SGS (or SGM)
electrode and the intrinsic semiconducting channel; however, unlike conventional Schottky-barrier FETs,
our proposed devices exploit the distinctive spin-dependent transport properties of SGS and SGM elec-
trodes to achieve sub-60-mV/dec switching, significantly surpassing the 60 mV/dec subthreshold swing
(SS) limit in traditional MOSFETs, thereby enabling low-voltage operation. Additionally, the proposed
FETs exhibit a nonlocal giant magnetoresistance (GMR) effect, enhancing functionality by enabling non-
volatile memory capabilities. The incorporation of SGMs also introduces a negative differential resistance
effect with an ultrahigh peak-to-valley current ratio, further expanding the device’s multifunctionality.
Two-dimensional (2D) nanomaterials provide a promising platform for realizing these advanced FETs.
We perform a comprehensive screening of the computational 2D materials database to identify suitable
SGS and SGM candidates. Among the materials identified, several exhibit Curie temperatures signifi-
cantly above room temperature, ensuring robust ferromagnetic properties for practical applications. For
device simulations, we select VS2 as the SGS material and, as a proof of concept, employ a nonequilib-
rium Green’s function method combined with density functional theory to simulate the transfer (ID-VG)
and output (ID-VD) characteristics of a vertical VS2/Ga2O2 heterojunction FET. Our calculations predict a
remarkably low SS of 20 mV/dec, a high on-off ratio of 108, and a significant nonlocal GMR effect, demon-
strating the potential of these devices for low-power, high-performance logic and memory applications.
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I. INTRODUCTION

Modern charge-based electronics rely heavily on metal-
oxide-semiconductor field-effect transistors (MOSFETs)
as fundamental building blocks. Their remarkable scal-
ing over the decades has revolutionized computing and
communication technologies, enabling the development
of increasingly powerful and compact devices; however,
despite their widespread use and advancements, conven-
tional MOSFETs face inherent limitations that challenge
further progress in electronics scaling and energy effi-
ciency. One such limitation is the 60 mV/dec subthreshold
swing (SS) imposed by thermionic emission, which has
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remained a persistent bottleneck [1,2]. This limitation sig-
nificantly impedes low-voltage operation, a critical factor
for achieving energy-efficient devices in modern electron-
ics. Lowering the operating voltage not only reduces static
power consumption but also minimizes leakage currents,
addressing a fundamental concern for battery-powered
electronics and portable devices, where energy efficiency
is paramount. Consequently, the exploration of alterna-
tive transistor designs and materials that can overcome
these limitations and pave the way for the next generation
of energy-efficient electronic devices is of great interest
[3–5].

To pass the 60 mV/dec SS limit, alternative transistor
designs categorized as steep-slope transistors have been
studied with the ultimate goal of achieving a sharper tran-
sition between the on and off states, leading to a lower
SS value. Examples of such devices include tunnel FETs,
Dirac-source FETs, and the recently proposed cold metal
source FETs [6–12]. While these alternative designs offer
lower SS values compared to conventional MOSFETs,
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they often come with trade-offs. Tunnel FETs, for instance,
rely on a tunneling mechanism for current flow, leading
to significantly lower on-state currents compared to MOS-
FETs. This drawback limits their applicability in many
logic circuits, where high on-state currents are crucial for
driving subsequent stages. In contrast, Dirac-source and
cold metal source FETs generally exhibit much higher
desired on-state current densities, while by design, their
spinless charge transport prohibits the potential benefits
offered by the electron’s spin additional degree of free-
dom—a prerequisite for future spintronic devices.

Spin gapless semiconductors (SGSs) have shown
promising potential in magnetic tunnel junctions (MTJs),
enabling functionalities beyond conventional MTJs based
on Fe, Co, and CoFeB. While these traditional MTJs
offer high tunnel magnetoresistance (TMR) for memory
applications, they lack current rectification, limiting their
functionality as diodes for logic applications [13–15]. A
recent proposal addressed this by introducing type-II SGSs
and half-metallic magnets (HMMs) in MTJs, achieving
both TMR and a reprogrammable diode effect [16,17]. The
latter concept was experimentally demonstrated in MTJs
based on Heusler compounds [18].

Inspired by this progress, we propose a class of
spintronic FETs using SGSs and/or spin-gapped metals
(SGMs) as source and drain electrodes with an intrin-
sic semiconducting channel. This configuration overcomes
the limitations of both conventional MOSFETs (restricted
by the 60 mV/dec SS) and alternative steep-slope tran-
sistor designs. The key lies in exploiting the unique
spin-dependent transport properties of SGS and SGM
electrodes. The SGSs enable sub-60 mV/dec switching
and introduce a nonlocal giant magnetoresistance (GMR)
effect, which is absent in conventional charge-based FETs.
Additionally, SGMs offer negative differential resistance
(NDR) with a high peak-to-valley current ratio. These
combinations facilitate next-generation applications such
as logic-in-memory computing, where data processing and
storage occur on the same chip [19–24].

In this paper, we present a comprehensive concep-
tual framework for multifunctional spintronic FETs. Two-
dimensional (2D) nanomaterials emerge as a promising
platform for realizing these multifunctional FETs. Their
atomically thin structure enables exceptional gate con-
trol and mitigates short-channel effects, both of which
are essential for low-power, high-performance devices.
Focusing on spintronic applications, we identify transition-
metal dichalcogenides and dihalides, such as VS2 and
VSi2N4, as potential 2D candidates. Through a com-
prehensive screening of a computational 2D materials
database [25], we select suitable SGS and SGM mate-
rials for our proposed devices. Notably, many of the
identified materials exhibit Curie temperatures well above
room temperature, such as VS2 (TC = 437 K) and VSi2N4
(TC = 629 K), ensuring robust ferromagnetic properties

for practical applications. To provide a proof of concept,
we employ ab initio quantum transport calculations to sim-
ulate a vertical VS2/Ga2O2 heterojunction FET based on
the 2D type-II SGS VS2. Using a nonequilibrium Green’s
function method combined with density functional theory,
our simulations predict promising device performance,
including an SS of only 20 mV/dec, a high on-off ratio of
108, and a substantial nonlocal GMR effect. These find-
ings underscore the potential of 2D SGSs for realizing
our proposed multifunctional spintronic FETs, paving the
way for a new generation of low-power, high-performance
spintronic devices.

II. SPIN-GAPLESS SEMICONDUCTORS AND
SPIN-GAPPED METALS

The concept of SGSs was introduced by Wang in
2008 [26,27] and subsequently emerged as a promising
class of materials for device applications. Using first-
principles calculations, Wang predicted SGS behavior in
codoped PbPdO2 [26]. Since then, various materials, rang-
ing from two-dimensional to three-dimensional structures,
have been theoretically predicted to exhibit SGS behav-
ior [28], with some confirmed experimentally [29]. SGSs
occupy a space between magnetic semiconductors and
HMMs [30].

Figure 1 depicts a schematic density of states (DOS) for
different types of SGSs. In type-I, type-III, and type-IV
SGSs, the minority-spin band resembles that of HMMs,
but the majority-spin band differs. The valence- and
conduction-band edges touch at the Fermi energy, result-
ing in a zero-gap state. In contrast, type-II SGSs possess a
unique band structure in which a finite gap exists just above
and below the Fermi level (EF) for each spin channel;
however, the conduction- and valence-band edges of the
different spin channels touch. Importantly, SGSs exhibit
either ferromagnetic or ferrimagnetic behavior.

One key advantage of type-I, type-III, and type-IV SGSs
is that exciting electrons from the valence band to the con-
duction band requires no energy, and the excited electrons
or holes can be 100% spin polarized. Similarly, no energy
is needed for spin-flipped Stoner excitations in type-II
SGSs. Notably, the mobility of charge carriers in SGSs
is generally higher than in conventional semiconductors,
making them attractive for nanoelectronic applications.
Furthermore, the unique spin-dependent transport prop-
erties of SGSs and HMMs hold promise for spintronic
devices. Recent proposals include a reconfigurable mag-
netic tunnel diode and transistor concepts based on these
materials [16,18].

We recently introduced a concept in spintronics based
on SGMs [31]. This concept builds upon the idea of
gapped metals, which are materials possessing a band gap
slightly above or below the Fermi level [32–34]. Gapped
metals exhibit intrinsic p- or n-type conductivity, unlike
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FIG. 1. (a) Schematic representation of the density of states (DOS) of a semiconductor, (b)–(e) spin-gapless semiconductors, and
(f)–(j) spin-gapped metals. The arrows represent the two possible spin directions. The horizontal line depicts the Fermi level EF.
Abbreviations: NM, normal metal; SC, semiconductor.

conventional semiconductors, which require extrinsic dop-
ing. Similarly, SGMs are predicted to display intrinsic
p- or n-type behavior for each spin channel indepen-
dently. Their properties would be similar to those of dilute
magnetic semiconductors, eliminating the requirement for
transition-metal doping [35–38]. In Figs. 1(f)–1(j) we
present five distinct scenarios of the schematic DOS for
spin-gapped metals. By combining p- or n-type gapped
metallic behavior for the spin-up electronic band structure
with various behaviors such as normal metallic, typical
semiconducting, or n(p)-type gapped metallic behavior in
the spin-down electronic band structure, a broader range of
implications for device applications could be achieved, as
will be discussed in the next section.

As shown in Fig. 1, SGSs can be qualitatively described
by two band-gap parameters: the internal band gap,
denoted by EI

g, and the external band gap, EE
g . Type-I and

type-III SGSs possess an external and an internal band
gap, respectively. In contrast, type-II SGSs exhibit both
types of band gap. Type-IV SGSs can be regarded as
half-metallic magnets. As will be discussed later, these
band gaps are crucial in determining the transfer (ID-VG)
characteristics of SGS-based FETs. SGMs require two
additional parameters for the characterization of their elec-
tronic structures: WE

m and WI
m. Here, WE

m represents the
energy difference between the Fermi level and the valence
band maximum (or external band-gap edge) for p-type
SGMs, while WI

m represents the energy difference between

the conduction-band minimum (or internal band-gap edge)
and the Fermi level for n-type SGMs.

III. MULTIFUNCTIONAL SPINTRONIC FETS

In this section, we introduce a device concept: multi-
functional spintronic FETs, as illustrated in Fig. 2. The
design leverages SGSs and/or SGMs for the source and
drain electrodes, the magnetization direction of which can
be configured as either parallel or antiparallel. The chan-
nel, in contrast, is formed from an intrinsic semiconductor
material. This unique combination creates a structure sim-
ilar to a Schottky-barrier FET, where a potential barrier

FIG. 2. Schematic representation of a two-dimensional field-
effect transistor with spin-gapless semiconductor and/or spin-
gapped metal source and drain electrodes. Arrows indicate
magnetization direction.
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FIG. 3. (a) Schematic representation of the transfer (ID-VG) and output (ID-VD) characteristics of a FET based on type-I SGS elec-
trodes. The ID-VG and ID-VD curves are shown for two configurations of the source and drain electrode magnetization directions:
parallel and antiparallel. The leftmost panel shows the dependence of drain current (ID) on gate voltage (VG) for the majority (spin-up
arrow) and minority (spin-down arrow) spin channels at two different drain bias voltages VD. The adjacent panel illustrates the ID
dependence on drain voltage (VD) for both spin channels for two different gate voltage VG. The same configurations are repeated on
the right for the antiparallel magnetization case. (b),(c) Similar (ID-VG) and output (ID-VD) characteristics for FETs based on type-II
and type-III SGS electrodes, respectively. Here, SS denotes subthreshold slope.

forms between the SGS (SGM) electrodes and the intrin-
sic channel. Electron injection in these devices primarily
occurs through two mechanisms: (i) thermionic emission,
whereby electrons with sufficient thermal energy over-
come the Schottky barrier height and are injected into the
channel, and (ii) tunneling, whereby a small proportion of
electrons can tunnel through the barrier at lower energy
levels. The interplay between these mechanisms and the
relative alignment of the SGS (SGM) electrode magneti-
zation influences the device’s transfer (ID-VG) character-
istics. By exploring these ID-VG characteristics, we aim
to understand the potential for manipulating spin currents
and achieving functionalities beyond those of conventional
FETs.

The schematic transfer (ID-VG) and output (ID-VD) char-
acteristics for FETs based solely on SGS electrodes are
shown in Fig. 3. We consider three types of SGSs (type-
I, type-II, and type-III) and explore the influence of the
relative magnetization orientation of the source and drain
electrodes (parallel and antiparallel) on the drain current.
Each SGS type is represented by four panels in Fig. 3, with

two panels depicting the drain current (ID) as a function
of gate voltage (VG) and the other two depicting ID as a
function of drain voltage (VD). To provide a comprehen-
sive understanding, these panels differentiate between the
spin-up and spin-down current components.

Type-I SGSs possess states below the Fermi level in
both spin channels, enabling current conduction in both.
The first panel of Fig. 3(a) presents the drain current (ID)
versus gate voltage (VG) for each spin channel with par-
allel source and drain magnetization. The spin-up channel
exhibits conventional FET behavior with an SS exceed-
ing 60 mV/dec; however, the spin-down channel displays
different characteristics. For a drain voltage (VD) lower
than the external band gap of the type-I SGS (VD < EE

g ),
the drain current (ID) remains zero. This occurs because
the drain electrode lacks unoccupied states to accommo-
date the incoming electrons from the source. Conversely,
when VD exceeds EE

g , the spin-down ID increases expo-
nentially with an SS lower than 60 mV/dec before saturat-
ing. This steep-slope behavior originates from the unique
spin-dependent band structure of the type-I SGS source
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FIG. 4. Schematic illustration of the spin-resolved energy band diagrams of a FET employing type-II SGS electrodes under different
magnetization configurations. Panels (a)–(c) correspond to the parallel (P) alignment of the electrode magnetizations, showing (a) the
flat-band condition, (b) the off-state, and (c) the on-state. Electrons (holes) are depicted as red (white) spheres, and the Fermi energy
is indicated by a dashed line. Panels (d)–(f) show the corresponding diagrams for the antiparallel (AP) magnetization configuration,
analogous to (a)–(c).

electrode. High-energy “hot” electrons in the spin-down
channel of the source electrode are filtered out, leading
to a reduced SS value in the subthreshold region. In the
on state, the total ID is the sum of spin-up and spin-down
channel currents. Notably, in the subthreshold region, the
overall SS is expected to be lower than 60 mV/dec due
to the filtering of high-energy electrons in the spin-down
channel. The second panel of Fig. 3(a) shows the out-
put (ID-VD) characteristics for fixed gate voltages (V1

G and
V2

G) for the spin-up and spin-down channels. For the spin-
up channel, ID increases linearly with VD. In contrast,
the spin-down current remains zero up to a critical drain-
source bias voltage V1 corresponding to the external band
gap (V1 = EE

g ). These distinct characteristics highlight the
interplay between spin-dependent transport and gate volt-
age control in type-I SGS FETs. Similar transfer (ID-VG)
and output (ID-VD) characteristics can be observed for the
antiparallel magnetization configuration, as shown in the
third and fourth panels of Fig. 3(a).

Unlike their type-I counterparts, type-II SGSs possess
an internal gap in the opposite spin channel, as illus-
trated in Fig. 1. Consequently, only the spin-up channel
can contribute to the drain current. The resulting I -V
characteristics for type-II SGS FETs [Fig. 3(b)] resemble
those observed for the spin-down channel in type-I SGS
devices. For transistor operation in the parallel magneti-
zation configuration (source and drain magnetizations are
aligned), a drain bias voltage exceeding the external band
gap (EE

g ) is necessary. Conversely, the antiparallel config-
uration does not require this condition (see Fig. 4). The

external band gap of the type-II SGSs materials consid-
ered in this work is larger than 0.5 eV. Therefore, for
low-voltage operation, only the antiparallel configuration
is applicable. In the parallel configuration, the transistor
remains permanently off, leading to a 100% nonlocal GMR
effect. In the nonlocal GMR effect, the spin-polarized
electrons injected from the SGS source electrode travel
ballistically through the channel and are detected by the
SGS drain electrode. The resistance of the device varies
depending on the relative alignment of the magnetizations
of the source and drain: parallel alignment leads to high
resistance, while antiparallel alignment results in lower
resistance.

In contrast to type-I and type-II SGSs, type-III SGSs
exhibit a distinct band structure. They lack a band gap
above the Fermi level, leading to conventional transfer
characteristics in FETs based on these materials. As shown
in Fig. 3, the SS value exceeds 60 mV/dec; however, a
band gap exists below the Fermi level in the spin-down
channel of these materials, enabling 100% spin-polarized
drain current and a nonlocal GMR effect.

The abovementioned nonlocal GMR effect can be
defined as GMR = (

I P
D − I AP

D

)
/
(
I P
D + I AP

D

)
, where I P

D
(I AP

D ) is the drain current in the parallel (antiparallel) ori-
entation of the magnetization of the source and drain
electrodes. While theory predicts a maximum nonlocal
GMR of 100% at zero temperature for a FET with ideal
SGS electrodes and a channel lacking spin-orbit cou-
pling, real materials exhibit deviations from this ideal
SGS behavior. For example, type-II SGS materials have
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overlapping valence and conduction bands, resulting in
spin-gapped metallic behavior that can reduce the GMR
effect. Additionally, finite temperatures introduce thermal
excitations (hot electrons) that further diminish the GMR.
We will delve deeper into this temperature dependence
using the energy-band diagram of a FET based on type-II
SGS electrodes.

The energy-band diagrams in Fig. 4 illustrate the operat-
ing principles of a FET with type-II SGS source and drain
electrodes and an intrinsic semiconductor channel. These
diagrams depict the changes in the energy bands for both
spin channels under three distinct biasing conditions, con-
sidering both parallel and antiparallel magnetization align-
ments of the source and drain electrodes. In the absence
of any applied bias (flat-band condition), the Fermi lev-
els of the SGS electrodes align with the intrinsic level of
the semiconductor, resulting in a flat energy-band profile
across the device for both spin channels. When a positive
bias voltage is applied to the drain electrode relative to the
source (off state), the energy bands of the semiconductor
bend downward in the vicinity of the drain. In this off state,
for sufficiently long channel lengths, minimal current (tun-
neling leakage current) flows through the device for either
spin channel. Finally, applying a positive bias to both the
drain and the gate electrode (on state) induces a downward
shift in the energy bands of the channel. This allows for
spin-up electrons in the source electrode to tunnel through
the Schottky barrier and flow into the channel, eventually
reaching the drain electrode, turning the FET “on.” Note
that in Fig. 4, the energy-band diagrams are drawn under
the assumption that the drain bias voltage (VD) is smaller
than the external band gap (EE

g ) of the type-II SGS elec-
trodes. This ensures that the transistor is in the off state
for parallel electrode magnetization. In this configuration,
the absence of unoccupied states in the drain electrode
prevents carrier injection. Conversely, for the antiparal-
lel orientation shown in Fig. 4(f), only spin-up electrons
can be injected from the source to the drain, resulting in a
spin-polarized current.

The steep slope behavior of the FET based on type-II
SGSs (see ID-VG transfer characteristics in Fig. 3) origi-
nates from the presence of a band gap above the Fermi
level in the spin-up channel. This energy gap filters out the
thermally excited high-energy hot electrons, giving rise to
an electron injection within a very narrow energy window
at the Fermi level from the source electrode into the drain.
The filtering efficiency depends on the magnitude of the
external band gap EE

g . A larger band gap leads to a more
efficient filtering effect, blocking higher-energy electrons.
The external gaps EE

g of materials considered in this work
range from 0.5 to 0.9 eV. Only a small number of very-
high-energy thermally excited electrons, residing at the tail
of the Fermi-Dirac distribution can tunnel through the band
gap or are thermally injected from either spin channel, as
illustrated in the energy-band diagrams of Fig. 4. These

“hot electrons” contribute to leakage currents in the off
state, diminish the nonlocal GMR effect, and increase the
transistor’s SS value.

Both type-I and type-II SGS-based transistors exhibit
low-voltage operation, achieving SS values below 60
mV/dec provided that the drain voltage is smaller than
the external band gap of the SGS electrodes; however,
a key difference exists between the two types. Type-I
SGS-based FETs function regardless of the relative mag-
netization direction of the electrodes (as shown in Fig. 3).
In contrast, type-II SGS-based FETs only exhibit tran-
sistor behavior when the electrodes are in an antiparallel
orientation. This limitation in type-II devices is compen-
sated by a significantly stronger nonlocal GMR effect. It
is important to note that for type-II SGSs, the spin-gapless
semiconducting properties lack inherent symmetry protec-
tion and can only emerge when a free parameter, such as
pressure, is tuned to a specific value [39]. Consequently,
an ideal 2D free-standing type-II SGS material might lose
its SGS properties when integrated with a dielectric sub-
strate, as in FETs, or when a heterojunction is formed with
other 2D materials. In these scenarios, either an overlap
of the spin-up valence and spin-down conduction bands or
a shift of the Fermi level into the valence or conduction
band occurs, leading to a class of materials we call spin-
gapped metals (see Fig. 1). In the following, we discuss
the transfer and output characteristics of FETs based on
these SGMs.

Our recent paper comprehensively explored the concept
of SGMs [31]. While seven distinct types were identified,
in this work, we focus on five key cases (illustrated in
Fig. 1). We specifically exclude materials in FET design
exhibiting p- or n-type spin-gapped behavior in both spin
channels. The first considered spin-gapped metal resem-
bles a type-I SGS with a Fermi level shifted into the
valence band [Fig. 1(f)]. This configuration leads to metal-
lic behavior in the spin-up channel, while the spin-down
channel exhibits p-type characteristics. The transfer (ID-
VG) characteristics of the corresponding FET presented
in Fig. 5(a) resemble those of type-I SGS-based FETs,
but with a crucial distinction in the number of distinct
drain-source bias voltage regions: unlike type-I SGS FETs
(which have two), this device exhibits three. For very small
drain biases (VD < WE

m), both spin channels contribute to
the current [Fig. 5(a)]. In the intermediate and high bias
region (WE

m < VD < WE
m + EE

g and VD > WE
m + EE

g ), the
transfer characteristics are similar to type-I SGS FETs.
A key advantage of FETs based on p-type spin-gapped
metals is the emergence of an NDR effect in the spin-
down channel, as shown in the second panel of Fig. 5(a).
This behavior contrasts sharply with the linear response
observed in SGS-based FETs. For a sufficiently large fixed
gate voltage, increasing the drain bias voltage (VD) in
Fig. 5(a) causes the spin-down channel current to initially
rise to a peak value. The current then decreases, eventually
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FIG. 5. (a) Schematic representation of the transfer (ID-VG) and output (ID-VD) characteristics of a FET based on p-type SGM
electrodes. The ID-VG and ID-VD curves depict two configurations of source and drain electrode magnetization directions: parallel and
antiparallel. The leftmost panel shows the dependence of the drain current ID on the gate voltage VG for the majority (spin-up arrow)
and minority (spin-down arrow) spin channels at three different drain bias voltages VD. The adjacent panel illustrates the ID dependence
on drain voltage (VE

D) for both spin channels for two different gate voltages VG. The same configurations are repeated on the right for the
antiparallel magnetization case. (b) Transfer (ID-VG) and output (ID-VD) characteristics of a similar FET with p-type SGM electrodes,
but where only the spin-down channel contributes to the drain current. (c),(d) Similar transfer and output characteristics for FETs
based on n-type SGMs, following the same panel descriptions as provided for panel (a). (e) Transfer and output characteristics of a
FET based on SGM electrodes with a p-type spin-up channel and an n-type spin-down channel. Here, SS denotes subthreshold slope.

reaching zero at VD = Wm (denoted as V1 here). Here the
current remains zero until another critical voltage, VD =
Wm + Eg (denoted as V2 here), is reached, after which it

increases linearly. In contrast, the spin-up channel current
exhibits the typical linear behavior observed in type-I SGS
FETs.
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ŞAŞIOĞLU, BODEWEI, HINSCHE, and MERTIG PHYS. REV. APPLIED 23, 044022 (2025)

The next SGM we consider as an electrode material
exhibits a p-type character, but unlike the previous case,
one spin channel behaves as a semiconductor instead of a
metal. In this FET, only the spin-down channel contributes
to the drain current, resulting in transfer (ID-VG) and out-
put (ID-VD) characteristics [Fig. 5(b)] very similar to those
in Fig. 5(a) for the parallel orientation of the electrode
magnetization directions; however, for the antiparallel ori-
entation, the semiconducting gap in the spin-up channel of
the SGM electrode plays a crucial role in determining the
FET’s transfer characteristics. At low drain bias voltage
(VD < Eg/2), this FET offers a key advantage: a very high
nonlocal GMR effect.

In contrast to FETs based on p-type SGMs, those
based on n-type SGMs exhibit normal transistor function-
ality similar to conventional FETs, i.e., with SS values
exceeding 60 mV/dec. Figures 5(c) and 5(d) present the
corresponding transfer (ID-VG) and output (ID-VD) charac-
teristics of such FETs based on an n-type SGM with its
spin-up channel metallic and its spin-up channel semicon-
ducting, respectively. In the latter case, only the spin-down
channel contributes to the drain current, which is therefore
spin-polarized. Similar to p-type FETs with one semicon-
ducting spin channel SGM, these n-type FETs also exhibit
a very high nonlocal GMR effect.

The final SGM we consider exhibits p-type behavior
in the spin-up channel and n-type behavior in the spin-
down channel. This p-n-type SGM can be conceptualized
as a type-II SGS where the conduction and valence bands
overlap. Figure 5(e) shows the transfer and output charac-
teristics of FETs based on these SGMs. As can be seen,
the schematic ID-VG and ID-VD curves are similar to those
of FETs based on p-type SGMs with a metallic spin-up
channel. Similar to the previous cases, three distinct drain
bias voltage regions are observed. For very small drain
biases (VD < WE

m), both spin channels contribute to the
current [Fig. 5(e)]. In this regime, the transistor exhibits a
gate-tunable NDR effect in the spin-up (spin-down) chan-
nel for parallel (antiparallel) alignment of the electrodes’
magnetization direction. Notably, the nonlocal GMR effect
is observable across all drain bias voltages; it reaches a
particularly high value within a specific voltage interval
between V1 and V2. In this interval, the current in one
spin channel diminishes due to the presence of a gap
[as seen in the second and fourth panels of Fig. 5(e)].
These FETs based on SGM electrodes exhibit multifunc-
tional characteristics, making them highly attractive for
next-generation spintronic devices. Notably, they demon-
strate sub-60 mV/dec switching, a hallmark of low-power
electronics, alongside the nonlocal GMR effect for effi-
cient spin manipulation and the gate-tunable NDR effect
for potential applications in oscillators and high-frequency
electronics.

Note that, unlike conventional MOSFETs with bidirec-
tional current flow, the proposed spintronic FETs exhibit

a delicate dependence on the source and drain electrode
materials. While the focus of this work is on devices
with identical SGS or SGM electrodes for both the source
and the drain, the spin-dependent nature of these materi-
als offers the potential for exploring current directionality.
Using different SGS or SGM materials for the source and
drain, as considered in our broader research, could poten-
tially introduce a preference for current flow in one direc-
tion. This behavior aligns with our previously proposed
reconfigurable magnetic tunnel diode [16,17]; however,
a detailed investigation of these mixed-material scenar-
ios would require further study and might be the sub-
ject of future research. In the current work, the identical
source and drain materials combined with the intrinsic
channel create a more MOSFET-like behavior, where the
gate voltage primarily controls the overall conductance,
enabling bidirectional current flow and on-off switching
functionality.

Having established the potential of FETs based on SGS
and SGM electrodes through analysis of their schematic
transfer and output characteristics, we now want to specif-
ically validate these promising results through detailed
quantum transport calculations based on first principles for
specific devices. The following sections detail the chosen
computational approach, the screening process for identi-
fying promising 2D SGS and SGM materials, and finally,
quantum transport calculations performed on a vertical
FET employing a selected SGS material.

IV. COMPUTATIONAL METHOD

We employed density functional theory (DFT), as
implemented in the QUANTUMATK package [40,41], to cal-
culate the ground-state electronic structure of the materials.
For the exchange-correlation functional, the generalized
gradient approximation (GGA) within the Perdew-Burke-
Ernzerhof (PBE) parametrization [42] was used in con-
junction with PSEUDO DOJO pseudo potentials [43] and
linear combination of atomic orbitals (LCAO) basis sets.
A dense k-point grid of 24 × 24 × 1 and a density mesh
cutoff of 120 Ha were employed. To eliminate interactions
between periodic images, a vacuum layer of 20 Å was
added, and Neumann boundary conditions were applied.
The convergence criteria for total energy and forces were
set to at least 10−4 eV and 0.01 eV/Å, respectively.

The GGA-PBE exchange-correlation functional [42]
was chosen for its demonstrated accuracy in capturing key
electronic properties relevant to device simulations, such
as valence band maximum, conduction band minimum,
and band widths. This choice is supported by previous
studies on isoelectronic materials such as NbS2, NbSe2,
and TaS2 (known as cold metals), where extensive GW
calculations revealed minimal deviations in these critical
features compared to the PBE results, despite signifi-
cant differences in internal band gaps [44]. Furthermore,
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TABLE I. Summary of key properties for the studied compounds: lattice constants (a and b), sublattice and total magnetic moments
(mTM and mtotal), magnetic anisotropy energy (MAE), work function (�), spin-gap type per spin direction, internal and external energy
gaps (EI/E

g ), formation energy (Eform), convex hull distance (�Econ), and mean-field Curie temperature. Data for a, b, MAE, Eform, and
�Econ are sourced from the Computational 2D Materials Database (C2DB) [25]. The corresponding crystal structures are shown in the
Supplemental Material in Fig. S1.

Compound a b mTM mtotal MAE � SGS EI/E
g Eform Econ TMFA

c
(Å) (Å) (μB) (μB) (meV) (eV) type (eV) (eV/at.) (eV/at.) (K)

Ti4Cl4Te4 7.07 7.07 1.13 4.00 1.47 (y) 4.60 Type-I /0.59 −1.03 0.096 248
V3MoSe8 6.67 5.77 1.04 (1.12) 3.00 2.42 (y) 5.33 Type-I /0.72 −0.68 0.026 207
VSi2N4 2.88 2.88 1.17 1.00 0.10 (y) 5.60 Type-II 1.73/0.58 −0.95 629
VS2 3.18 3.18 1.08 1.00 0.21 (y) 5.76 Type-II 0.78/0.75 −0.88 0.000 437
VSSe 3.26 3.26 1.18 1.00 0.40 (y) 5.29 Type-II 0.56/0.50 −0.79 0.010 439
ScI2 3.98 3.98 0.92 1.00 0.51 (y) 3.47 Type-II 2.47/0.82 −1.14 0.008 206

previous investigations on 2D materials, including VSe2,
have shown that PBE provides reliable semiquantitative
predictions for structural and electronic properties, with
only minor changes observed in GW calculations [25].
These findings underscore the suitability of PBE for the
qualitative and semiquantitative analysis presented in this
work.

Transport calculations were performed using a com-
bination of DFT and the nonequilibrium Green’s func-
tion (NEGF) method implemented within QUANTUMATK.
A dense k-point grid of 24 × 1 × 172 was employed
for self-consistent DFT-NEGF calculations. The trans-
fer and output characteristics were obtained using the
Landauer approach [45], where the current is expressed
as I(V) = 2e/h

∑
σ

∫
Tσ (E, V) [fL(E, V) − fR(E, V)] dE. In

this equation, V represents the applied bias voltage,
Tσ (E, V) is the spin-dependent transmission coefficient
for an electron with spin σ , and fL(E, V) and fR(E, V)

are the Fermi-Dirac distribution functions for the left
and right electrodes, respectively. The transmission coef-
ficient, Tσ (E, V), is calculated using a finer k-point grid of
300 × 1.

V. RESULTS AND DISCUSSION

The preceding section of this manuscript established the
concept of multifunctional spintronic FETs through a con-
ceptual foundation. We explored the transfer and output
characteristics of these devices based on the schematic
spin-resolved DOS and energy-band diagrams for SGSs
and SGMs used as electrode materials. This section builds
upon that foundation by presenting the results of our com-
putational investigations and some discussion of them.
We will detail the screening process employed to iden-
tify promising 2D SGS and SGM candidates using DFT
calculations. Following this, we will showcase the design
and exploration of a specific vertical heterojunction FET
example using VS2 (a type-II SGS) as the source and drain
electrodes.

A. Screening of 2D SGSs and SGMs

Three-dimensional (3D) SGSs have been exten-
sively studied, both experimentally and theoretically
[29,39,46–49]; however, for next-generation low-power
and miniaturized electronics, 2D materials offer significant
advantages due to their unique properties and potential for
device scaling [50–53]. A crucial advantage of 2D materi-
als in this context is the ability to tune the Schottky barrier
height at the interface between the channel material and the
electrodes using a gate voltage [54–59]. This gate control
over the barrier allows for more flexible device operation
compared to their 3D counterparts. Identifying suitable
2D SGSs and SGMs is crucial for realizing the multi-
functional spintronic FETs proposed in this work. Ideal
candidates should possess specific properties to achieve
the desired functionalities. We conducted a search in the
C2DB [25,60] and identified 6 SGSs and 11 SGMs, as out-
lined in Tables I and II, respectively. Our initial criterion
for selecting materials for the study was their formation
energy, Eform, which we required to be negative; how-
ever, negative Eform alone does not guarantee stability. The
convex hull distance Econ, which represents the energy dif-
ference between the studied structure and the most stable
phase or a mixture of phases, is also crucial. Typically,
values less than 0.1 eV/atom are desired to facilitate the
growth of a material [61]. All materials selected from the
C2DB for our study exhibit Econ values less than the cutoff
of 0.1 eV/atom.

While negative formation energy and low convex hull
distance are crucial indicators of material stability and
growth, the Curie temperature (TC) is another key factor
for the practical use of SGSs and SGMs as source and
drain electrodes. For device applications, it is essential for
SGSs and SGMs to exhibit ferromagnetism at or above
room temperature. We performed systematic calculations
of the Heisenberg exchange parameters to estimate TC val-
ues within the mean-field approximation. These values,
presented in Tables I and II, serve as upper limits, with
rigorous methods such as the random phase approximation
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TABLE II. Summary of key properties for the studied compounds: lattice constants (a and b), sublattice and total magnetic moments
(mTM and mtotal), magnetic anisotropy energy (MAE), work function �, spin-gap type per spin direction, the distance of the Fermi level
from the edge of the band that it crosses WI,E(↑/↓)

m (see text for more details), energy gap per spin direction EI,E(↑/↓)
g , formation energy

(Eform), convex hull distance energy (�Econ), and mean-field Curie temperature. Data for a, b, MAE, Eform, and �Econ are sourced
from the Computational 2D Materials Database [25,60]. The corresponding crystal structures are shown in the Supplemental Material
in Fig. S2.

Compound a b mTM mtotal MAE � Spin-gap WI,E(↑/↓)
m EI,E(↑/↓)

g Eform Econ TMFA
C

(Å) (Å) (μB) (μB) (meV) (eV) type (eV) (eV) (eV/at.) (eV/at.) (K)

V3MoS8 6.37 5.51 0.49 (0.57) 1.46 −0.10 (z) 5.80 p-type-↑/p-type-↓ 0.34/0.75 0.85/0.94 −0.87 0.020 206
VOsO2Br4 5.24 5.24 1.49 (0.47) 1.99 3.70 (y) 5.28 p-type-↑/p-type-↓ 0.21/0.47 0.59/0.88 −0.96 0.036 65
Cr2Br2Te2 5.46 3.76 3.54 6.10 −2.95 (z) 5.59 NM-↑/p-type-↓ /0.38 /0.85 −0.51 0.000 446
Cr2I2Te2 5.43 3.93 3.55 6.05 −3.13 (z) 5.03 NM-↑/p-type-↓ /0.16 /0.94 −0.35 0.000 436
Cr3Cl2O4 5.42 5.42 2.83 (2.99) 8.00 −0.46 (z) 5.84 p-type-↑ /SC-↓ 0.15/ 0.89/ −1.61 0.090 731
PdCr2Se4 3.69 3.69 3.27 5.43 0.29 (x) 5.44 p-type-↑/p-type-↓ 0.61/0.51 0.37/0.66 −0.42 0.080 534
Cr3S4 3.44 3.44 3.06 (−3.22) 2.51 0.03 (x) 5.20 n-type-↑/n-type-↓ 0.37/0.34 0.29/0.43 −0.66 0.050 632
Cr4F2N3 3.01 3.01 3.00 (−2.82) 0.42 −0.08 (z) 5.11 NM-↑/n-type-↓ /0.18 /0.74 −1.09 0.030 1045
CrGa2S4 3.72 3.72 3.79 3.60 -0.05 (z) 3.71 n-type-↑/n-type-↓ 0.27/0.48 1.12/1.68 -0.64 0.050 347
CrGa2Se4 3.92 3.92 3.95 3.80 −0.19 (z) 3.93 n-type-↑/n-type-↓ 0.50/0.65 0.71/0.92 −0.55 0.060 564
CoGa2S4 3.61 3.61 0.91 1.00 0.07 (x) 4.19 n-type-↑ /SC-↓ 0.35/ 0.56/ −0.57 0.050 309

method or Monte Carlo simulations required for more
accurate predictions. Among the studied materials, several
exhibit promising TC values significantly above room tem-
perature. For instance, VS2, used as a source and drain
electrode in our proposed FET design, demonstrates a
mean-field TC of 437 K, making it highly suitable for prac-
tical applications. VSi2N4, a type-II SGS, shows an even
higher TC of 629 K, indicating robust ferromagnetic prop-
erties. Cr3S4 and Cr4F2N3 also exhibit exceptional TC val-
ues of 632 K and 1045 K, respectively, further highlighting
the potential of these materials for high-temperature spin-
tronic applications. In addition, PdCr2Se4 and CrGa2Se4
show TC values of 534 and 564 K, respectively, which
are well above room temperature. These materials, with
their high TC values, stable structures, and favorable mag-
netic properties, stand out as strong candidates for prac-
tical device applications. Furthermore, 2H-VSe2, known
for its above-room-temperature ferromagnetism [62,63],
demonstrates the potential for heterostructures to enhance
material properties. When combined with other 2D mate-
rials such as MoS2 or WS2, charge-transfer effects in VSe2
could transform it into an SGM while maintaining a TC
value above room temperature.

The electronic and magnetic properties of the identi-
fied SGS materials in Table I are particularly attractive for
FET applications. Of key importance are the internal and,
especially, the external band gaps (EI/E

g ). A large exter-
nal band gap is crucial for filtering out high-energy hot
electrons in FETs, enabling sub-60-mV/dec SS values, as
discussed in the preceding section. As shown in Table I,
all considered compounds possess calculated external band
gaps exceeding 0.5 eV. Furthermore, the V-based com-
pounds exhibit lattice parameters compatible with existing
2D semiconductors, such as MoS2, MoSSe, MoSi2N4, and

others [64,65]. This compatibility facilitates seamless inte-
gration of these V-based SGS materials with established
2D semiconductors within FET devices. It is important
to note that while type-IV SGS behavior exists in some
2D materials [66], these materials are excluded from our
analysis due to their lack of relevance for steep-slope FET
applications.

Similar to the SGS materials discussed previously, the
electronic properties of the SGMs presented in Table II
are crucial for FET applications. As with SGS materials,
a large external band gap, exceeding 0.5 eV, is desired
for efficient hot-electron filtering and achieving sub-60-
mV/dec SS values. All materials listed in Table II fulfill
this criterion; however, for SGMs, an additional parame-
ter, WI,E(↑/↓)

m , comes into play. This parameter represents
the energy difference between the valence (conduction)
band edge and the Fermi level for p-type (n-type) SGMs,
but crucially, it is specific to each spin direction (repre-
sented by the arrows). Table II reveals that some SGMs
exhibit either p- or n-type character for both spin channels,
while others exhibit mixed behavior, with one spin channel
being semiconducting or metallic and the other exhibiting
p- or n-type character. For the p-type SGMs, the calculated
WE(↑/↓)

m values range from 0.16 to 0.75 eV, with similar
values observed for n-type SGMs. As discussed earlier
for p-type SGM-based FETs, the WE(↑/↓)

m parameter sig-
nificantly impacts the NDR characteristics and the valley
bias voltage in the ID-VD curves. While a larger WI,E(↑/↓)

m
value leads to a higher valley bias voltage, it also comes
at the cost of higher SS values, as reported for gapped
metals (or cold metals) in FETs [12]. Therefore, achieving
an optimal balance between WE(↑/↓)

m and the external band
gap, EE(↑/↓)

g , is crucial for tailoring the transfer and output
characteristics of FETs based on p-type SGMs.
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(a)

(b)

FIG. 6. (a) Schematic of a vertical VS2/Ga2O2 heterojunction FET with key dimensions labeled. Channel length varies from 6 to
16 nm, while the thicknesses of the source and drain, gate overlap lengths, and gate oxide are fixed at 6, 2, and 2 nm, respectively.
(b) Calculated spin-resolved band structure along the high-symmetry directions and corresponding density of states (DOS) for the
VS2/Ga2O2 source and drain (left panels) and the band structure of Ga2O2 channel material (right panel). The dashed black line
indicates the Fermi level set to zero energy.

The computational screening process successfully iden-
tified a range of promising 2D SGS and SGM candi-
dates for multifunctional spintronic FETs. These materials
exhibit a compelling combination of electronic and mag-
netic properties, including large external band gaps for
efficient hot-electron filtering. The V-based SGS materials
stand out due to their lattice parameters, which seamlessly
integrate with existing 2D semiconductors, paving the way
for straightforward device fabrication.

B. Vertical VS2/Ga2O2 heterojunction FET

Following the identification of promising 2D material
candidates, this subsection explores a specific vertical
heterojunction FET design using VS2 (a type-II SGS) as
the source and drain electrodes and Ga2O2 as the chan-
nel material. This configuration leverages VS2’s properties

to achieve the functionalities outlined earlier. Ga2O2 is
chosen for the channel due to its small electron effec-
tive mass (0.33m0), lattice matching, and comparable work
function to VS2. We first discuss the device geometry
and then the electronic structure of the source, drain, and
channel materials. The chosen device geometry adopts
a vertical configuration with dual gates, as illustrated in
Fig. 6. The source and drain electrodes (fixed at 6 nm)
are composed of a VS2/Ga2O2 heterostructure. The chan-
nel length varies from 6 to 16 nm, and the gate electrode
overlaps the source and drain by 2 nm with a 2-nm-
thick gate oxide (dielectric constant of 25). It is worth
noting that the channel material, Ga2O2, has a slightly
smaller lattice constant (3.13 Å) than VS2 (3.18 Å). To
achieve a lattice-matched interface, the Ga2O2 experi-
ences a slight tensile in-plane strain during heterostructure
formation.
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FIG. 7. Projected device density of states (DDOS) for majority spin (spin-up) electrons in a 12-nm channel length vertical
VS2/Ga2O2 heterostructure FET [see Fig. 6(a) for device structure]. Left panel: off state. Right panel: on state. Upper and lower
white dashed lines indicate the Fermi levels of the source and drain electrodes, respectively, and �SB denotes the Schottky barrier.

Varying the channel length from 6 to 16 nm allows us to
investigate its impact on subthreshold swing and leakage
current. Due to the coherent transport mechanism, the on-
state current is expected to be less dependent on channel
length within this range. Shorter channels, however, can
suffer from increased off-state currents due to enhanced
leakage currents through the channel. By exploring this
range of channel lengths, we aim to identify an optimal bal-
ance between achieving a low SS value (indicating sharp
switching) and minimizing leakage current for efficient
device operation.

We opted for a VS2/Ga2O2 heterostructure for the source
and drain electrodes instead of a pure VS2 monolayer.
This choice maintains the type-II SGS character crucial
for device applications, as evident from the spin-resolved
band structure of the heterostructure in Fig. 6(b) and pro-
jected bands presented in the Supplemental Material [67].
Additionally, it simplifies the device design, reducing com-
putational costs during simulations. As shown in Fig. 6(b),
the vertical VS2/Ga2O2 heterostructure exhibits ideal type-
II SGS behavior, with occupied spin-up and unoccupied
spin-down bands aligned at the Fermi level. The channel
material, Ga2O2, possesses a suitable band gap of 1.56 eV
and a favorable electron effective mass of 0.33m0; how-
ever, the hole effective mass is significantly heavier, at
3.13m0. The calculated work function for the Ga2O2 chan-
nel (� = 6.36 eV) is higher than that of the source and
drain electrodes (� = 5.81 eV). This difference creates a
Schottky barrier of 0.17 eV at both the source-channel and
channel-drain interfaces.

In the Supplemental Material (Fig. S4), we present the
spin-resolved local device density of states (DDOS) for a
vertical VS2/Ga2O2 heterostructure FET under antiparal-
lel electrode magnetization and flat-band conditions (zero

gates and drain bias). The 12-nm-channel DDOS clearly
illustrates Schottky barriers at both the source-channel
and channel-drain interfaces. Figure 7 depicts the spin-
up channel DDOS for the off-state (VG = 0 V, VD = 0.2
V) and on-state (VG = 0.4 V, VD = 0.2 V) conditions, as
the spin-up channel is the only current carrier in type-II
SGS materials. For completeness, the DDOS for the spin-
down channel is presented in the Supplemental Material
[67]. As seen in Fig. 7, the off-state DDOS indicates a
drain-bias-induced barrier reduction near the channel-drain
interface. In contrast, the on state exhibits a gate-voltage-
tuned Schottky barrier, decreasing from 0.17 to 0 eV.
This reduction facilitates efficient electron injection from
the source into the channel, contributing to a substantial
drain current. It is worth noting that experimental obser-
vations of similar gate-voltage-induced Schottky-barrier
modulation have been reported in 2D-material-based FETs
[54–59].

The transfer characteristics (ID-VG) of the vertical
VS2/Ga2O2 heterostructure FET were calculated under the
antiparallel electrode magnetization configuration for three
different source-drain bias voltages (0.1, 0.2, and 0.3 V).
As discussed in Sec. III, in contrast to the parallel config-
uration, this configuration enables low-voltage transistor
operation. The channel length was varied from 6 to 16 nm
in 2-nm increments. Figure 8 presents representative ID-
VG curves for channel lengths of 8, 12, and 16 nm. The
transistor exhibits a sharp transition from the off state to
the on state within a narrow gate voltage range of 0.2–0.4
V. For gate voltages exceeding 0.5 V, the on-state cur-
rent saturates at 100 µA/µm. While the saturated currents
for drain voltages of 0.2 and 0.3 V are comparable, the
off-state currents differ by more than an order of mag-
nitude, and this is attributable to drain-induced barrier
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FIG. 8. Calculated transfer characteristics (ID-VG) of the vertical VS2/Ga2O2 heterostructure FET for three different source-drain
bias voltages. The calculations were performed assuming antiparallel magnetization orientations of the source and drain electrodes.
(a)–(c) Curves of ID-VG for channel lengths (LC) of 8, 12, and 16 nm, respectively. (d) Subthreshold slope (SS) as a function of channel
length. The dashed line represents the thermionic limit. The SS values for cold-source FETs such as TaS2 are taken from Ref. [10].
Inset: extrapolation of SS to longer channel lengths.

lowering. Figure 8(d) shows the SS values as a function
of channel length (LC), with SS values of cold-source 2D
material FETs included for comparison. The obtained SS
value for a 6-nm channel slightly surpasses the room-
temperature thermionic limit of 60 mV/dec; however,
the SS decreases almost linearly with increasing channel
length, reaching 20 mV/dec at 16 nm. The inset of Fig. 8(d)
shows an extrapolation of the SS to longer channel lengths,
indicating the potential for ideal transistor behavior (SS =
0 mV/dec) at around 24 nm. It is worth noting that thresh-
old switch FETs based on 2D materials have reported an
exceptionally low SS of 0.33 mV/dec [68].

The on-state current density of the SGS FET is a key
performance metric. For all investigated channel lengths,
this value consistently reaches approximately 100 µA/µm
when applying drain-source bias voltages of 0.2 and
0.3 V. Notably, this value drops by an order of magni-
tude at 0.1 V, likely due to wave-function mismatching
between the source and drain electrodes. This observed
current density significantly surpasses the much lower
on-state values reported for tunnel FETs [10], highlight-
ing the potential advantages of our SGS FET architecture
in terms of driving-current capability. Furthermore, the
device exhibits an on-off ratio exceeding 108 for chan-
nel lengths greater than 10 nm, demonstrating its excel-
lent switching behavior. These combined characteristics
position the SGS FET as a promising candidate for high-
performance, low-power electronic applications, particu-
larly where high current drive and steep subthreshold slope
are essential.

SGSs can be regarded as the theoretical ultimate limit of
cold metals for steep-slope FETs [69–71]. As previously
discussed, cold-source and cold-metal FETs hold promise
for surpassing the conventional thermionic limit of 60

mV/dec for the SS value at room temperature; however,
reported SS values for cold-metal FETs remain relatively
high [8,10]. This limitation arises from the electronic band
structure of the cold-metal electrodes. The energy-gap
edge (WE

m) above the Fermi level [see Figs. 1(f) and 1(g)]
and the external band gap (EE

g ) play a crucial role in fil-
tering high-energy electrons. In cold metals with large WE

m
values, only electrons in the deep subthreshold regime are
effectively filtered, not those in the crucial subthreshold
region. The cold metal NbTe2-based FET exemplifies this
behavior [8]. Its intrinsic WE

m of 0.5 eV can be reduced to
0.27 eV by applying a 9% strain, leading to an improved
SS of 23 mV/dec in a NbTe2-based FET. Type-I and type-
II SGSs offer the potential to overcome this limitation by
possessing an energy-gap edge (WE

m) approaching zero.
Theoretically, this would enable ideal switching behav-
ior with an SS of 0 mV/dec in an SGS-based FET under
coherent transport conditions. Nevertheless, inelastic scat-
tering processes, such as electron-phonon interactions, can
still degrade the SS value in cold-metal FETs, as has been
demonstrated theoretically [72,73].

Given the potential of SGS materials for ideal switching,
we examined the performance of vertical VS2/Ga2O2 het-
erostructures FET under antiparallel and parallel electrode
magnetization configurations. As previously discussed, the
antiparallel magnetization configuration of the type-II SGS
source and drain electrodes is crucial for low-voltage,
energy-efficient transistor operation. In contrast, the paral-
lel magnetization configuration results in an off state for
drain-source voltages below the drain electrode’s exter-
nal spin gap (EE

g ) of approximately 0.8 eV. Figure 9(a)
illustrates this behavior, showing a sharp increase in drain
current (ID) only after the drain-source bias voltage (VD)
exceeds 0.8 V. This phenomenon is attributed to the
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FIG. 9. (a) Output characteristics (ID-VD) of a 12-nm chan-
nel length vertical VS2/Ga2O2 heterojunction FET. Drain current
(ID) is plotted as a function of source-drain bias voltage (VD) for
a fixed gate voltage of 0.5 V, comparing parallel (P) and antipar-
allel (AP) magnetization configurations of the source and drain
electrodes at 300 K. (b) Transfer characteristics (ID-VG) of the
same device at 0 K. Drain current (ID) is plotted as a function
of gate voltage (VG) for a fixed source-drain voltage of 0.2 V,
comparing P and AP magnetization configurations.

electronic structure of the source and drain electrodes
[Fig. 6(b)] and the coherent transport mechanism, which
prevents spin-up electrons from reaching the drain due to
the spin gap. For VD = 1 V and a gate voltage of 0.5 V, ID
surpasses 140 µV/µm. Conversely, the antiparallel mag-
netization configuration leads to a nonmonotonic ID-VD
relationship due to the electrode’s 2D electronic structure.
For example, ID nearly vanishes at VD = 1.1 V due to a
gap in unoccupied spin-down states [Fig. 6(b)]. Overall,
our calculated transfer and output characteristics align well
with the device concept presented earlier.

The distinct behavior of our vertical VS2/Ga2O2 het-
erostructure FET under parallel and antiparallel electrode
magnetization configurations manifests as a pronounced
nonlocal GMR effect. As shown in Fig. 9(b), the drain
current (ID) is entirely suppressed for the parallel config-
uration due to the unique band structure of the type-II SGS
electrodes, which prohibits current flow. In contrast, the
antiparallel configuration enables typical transistor oper-
ation with ID exponentially increasing with gate voltage,
resulting in a 100% nonlocal GMR effect at 0 K. It is
important to note that the current version of the QUANTU-
MATK package does not incorporate the necessary treat-
ment of temperature effects via Fermi-Dirac distribution
for SGS materials, as discussed in Ref. [74]. Consequently,
the transfer (ID-VG) characteristics presented in Fig. 9(b)
are limited to 0 K. Conversely, for the antiparallel magne-
tization configuration, temperature effects are considered,
and the corresponding transfer characteristics are shown in
Fig. 8 at 300 K.

To fully explore the potential of SGS materials for FET
applications, a comprehensive investigation encompass-
ing a wider range of compounds is necessary. While this
study focuses on the vertical VS2-based FET as a proof
of concept, the promising results motivate further explo-
ration of the materials listed in Table I. Type-II SGS
materials, such as VSSe, are anticipated to exhibit sim-
ilar device characteristics, while type-I SGS compounds
such as Ti4Cl4Te4 may offer comparable functionalities
with potentially larger SS values due to electron transport
in both spin channels (see Fig. 1). These materials war-
rant in-depth theoretical and experimental investigations
to assess their suitability for high-performance FETs. To
further enhance FET performance, we turn our attention to
SGMs. Unlike SGSs, SGMs offer a broader range of func-
tionalities when integrated as source and drain electrodes
in FETs, as previously detailed in Sec. III. Essentially,
SGMs can be considered as cold metals with an additional
degree of freedom: spin polarization. This enables not only
the conventional steep-slope transistor operation and gate-
tunable NDR effect associated with cold metals but also
introduces the nonlocal GMR effect. A critical parameter
influencing the SS value of cold-metal-based FETs is the
energy-gap edge (WE

m) above the Fermi level [Figs. 1(f)
and 1(g)]. Traditional 2D cold metals exhibit relatively
large WE

m values, typically between 0.5 and 1 eV, which can
hinder device performance [71,75]. In contrast, the SGMs
presented in Table II offer significantly smaller WE

m val-
ues, ranging from 0.11 to 0.75 eV, potentially leading to
improved FET characteristics.

Future research should focus on heterostructures com-
prising different material combinations to fully realize the
potential of SGS and SGM materials for FET applications.
While this study focused on devices with identical source
and drain electrodes, enabling conventional MOSFET-
like operation, the integration of distinct SGS or SGM
materials offers exciting possibilities. For instance, a FET
incorporating a type-II SGS source electrode and a type-
IV SGS drain electrode could function as a reconfigurable
dynamical diode, allowing current flow in a specific direc-
tion determined by electrode magnetization. This concept,
previously proposed by the present authors and experimen-
tally demonstrated, holds significant promise for extended
device functionalities [16,18]. By systematically investi-
gating various material combinations, it is anticipated that
a rich landscape of device behaviors can be explored,
leading to the development of innovative electronic and
spintronic devices.

Finally, it is essential to acknowledge the limitations
of the present study in the context of practical device
implementation. While our theoretical investigations high-
light the promising potential of SGS- and SGM-based
FETs, several aspects warrant further exploration. The
Curie temperatures (TC) of the studied materials, estimated
using the mean-field approximation, should be considered
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as upper limits. More rigorous methods, such as classi-
cal Monte Carlo simulations, which include the effects
of magnetic anisotropy energy, are required to obtain
more accurate TC values. This is particularly important
for 2D magnets, as the Mermin-Wagner theorem sug-
gests that long-range magnetic order is suppressed in the
absence of sufficient anisotropy. Furthermore, a detailed
understanding of the temperature-dependent electronic and
magnetic properties of SGSs and SGMs is crucial for
accurate device modeling and optimization. In this study,
the temperature dependence of these characteristics was
assumed to be negligible; however, future investigations
must address this aspect to ensure realistic predictions for
device operation.

VI. SUMMARY AND CONCLUSIONS

In this paper, we propose a concept for multifunc-
tional spintronic FETs leveraging SGSs and SGMs as
source and drain electrodes. Our findings highlight the
substantial advantages of these materials in overcoming
the subthreshold-swing limitations of conventional MOS-
FETs, achieving SS values well below the 60 mV/dec
threshold. This advancement facilitates low-voltage opera-
tion, positioning these devices as promising candidates for
energy-efficient electronic applications. Furthermore, the
observed nonlocal GMR effect and NDR effect, charac-
terized by ultrahigh peak-to-valley current ratios, under-
score the multifunctionality of these FETs, enabling the
seamless integration of logic and memory functionalities
within a single device. Through a systematic screening of
the Computational 2D Materials Database, we identified
several SGS and SGM materials suitable for spintronic
applications. Using VS2 as the SGS material, our device
simulations of a vertical VS2/Ga2O2 heterostructure FET
demonstrate the feasibility of achieving exceptionally low
SS values of 20 mV/dec, high on-off ratios of 108, and
pronounced nonlocal GMR effects. These results illus-
trate the potential of 2D materials for enabling advanced
multifunctional spintronic devices.

The integration of spintronic functionalities into FETs
opens exciting opportunities for next-generation electron-
ics by combining ultralow power consumption with high
computational speed and memory density; however, sev-
eral challenges remain before the potential of SGS and
SGM materials can be fully exploited in practical appli-
cations. While this study provides a strong foundation,
further efforts are required to identify materials with opti-
mal properties, such as robust ferromagnetic ordering
at higher temperatures. The mean-field Curie tempera-
tures (TC) reported here represent upper limits; more
rigorous techniques, such as Monte Carlo simulations
including magnetic anisotropy energy, are necessary to
obtain accurate predictions for 2D magnets. Additionally,

a deeper understanding of the temperature-dependent elec-
tronic and magnetic characteristics of SGSs and SGMs
is critical for realistic device modeling and optimization.
Future research should focus on improving the scalability,
reliability, and compatibility of these devices with existing
semiconductor technologies. The ability to precisely engi-
neer and control spin-dependent transport at the nanoscale
will be pivotal to the success of multifunctional spintronic
FETs. This progress could pave the way for novel com-
puting architectures, such as logic-in-memory devices, that
leverage both the charge and spin degrees of freedom.
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