
Two-dimensional lateral magnetic tunnel junction with ultrahigh
tunneling magnetoresistance

Qiu-Qiu Li1, Zhi-Fu Duan1, Wen-Wen Liu2, Rong Yang   
1 ✉, Bo Li   

1,3,4 ✉, and Ke-Qiu Chen   
2 ✉

1 Changsha  Semiconductor  Technology  and  Application  Innovation  Research  Institute,  College  of  Semiconductors  (College  of  Integrated
Circuits), Hunan University, Changsha 410082, China

2 Department of Applied Physics, School of Physics and Electronics, Hunan University, Changsha 410082, China
3 Research Institute of Hunan University in Chongqing, Chongqing 401120, China
4 Shenzhen Research Institute of Hunan University, Shenzhen 518063, China

  Cite this article: Nano Research, 2025, 18, 94907188. https://doi.org/10.26599/NR.2025.94907188

  
ABSTRACT: Giant  tunneling  magnetoresistance  (TMR)  has
always been a pursuit in the research of magnetic tunnel junctions
(MTJ). Two-dimensional (2D) magnetic materials have been used
to construct lateral MTJ with high TMR. Here we investigated the
crystal  structure  and  magnetic  property  of  CrSI  monolayer,  and
found  that  it  is  a  ferromagnetic  semiconductor  with  a  Curie
temperature  of  about  180  K.  The  CrSI  monolayer  with  Li
adsorption  (Li-CrSI)  show ferromagnetic  half-metallic  with  a  high
Curie  temperature  of  300  K.  Further  we  designed  a  lateral  Li-
CrSI/CrSI/Li-CrSI monolayer MTJ. The TMR of the MTJs along b
transport direction is 3 orders of magnitude times larger than that
of the a transport direction, which should result from the different
spin  filtering  ability  along  the  two  directions.  The  TMR  of  b
transport direction in the MTJ is 7.67 × 1014, which is significantly
higher  than  that  of  any  reported  lateral  MTJs  based  on  2D
materials. Our results provide a promising avenue for designing lateral MTJs with giant TMR and high Curie temperature.
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1    Introduction
Magnetic  tunnel  junction  (MTJ)  which  is  generally  composed  of
metal  electrodes  and  semiconductor  tunnel  barrier  plays  an
important  role  in  the  spintronic  devices  [1−4].  The  focus  of  the
MTJs  research  is  to  achieve  giant  tunneling  magnetoresistance
(TMR). In the past two decades, conventional ferromagnetism like
Co2MnSi  and  CoFeB  are  used  as  electrodes  and  MgO  is  used  as
tunnel  barrier  to  obtain  a  giant  TMR  [5, 6].  While  in  the
construction  of  conventional  MTJs,  the  lattice  matching  between
different  thin  films  is  one  issue  that  must  be  considered,  which
greatly  limits  the  exploration  of  giant  TMR.  Thus  it  is  urgent  to

investigate novel magnetic materials and MTJs with novel structure
to achieve giant TMR.

In  recent  years,  two-dimensional  (2D)  van  der  Waals  (vdW)
layered  materials  with  atomic  thickness  and  dangling  bond  free
surface are sensitive to external control and have the great potential
applications in electronic, optoelectronic and spintronic application
[7−10].  The  vdW heterostructures  composed  by  2D materials  can
break  through  the  limitations  of  lattice  matching  and  have  high-
quality  contact  interface,  showing  excellent  electrical  and
magnetoelectronic  properties  [11−15].  For  example,  the  multiple-
spin-filter  MTJ  based  on  graphene/CrI3 heterostructure  show  a
record  TMR  of  19,000%  at  2  K  [16].  The  antiferromagnetic  MTJ
formed by twisting two bilayers of CrSBr show a nonvolatile TMR
of more than 700% at 2 K [17]. In theoretical investigation, vertical
and  lateral  MTJ  composed  by  2D  materials  have  been  extensively
studied  and  show  excellent  TMR.  Li  atom  adsorption  and
intercalation  can  alter  or  tuning  the  electronic  properties  of  2D
magnetic  materials  [18],  such  as  transforming  semiconductor
materials  into  half-metallic  state  [19−21],  increasing  the  Curie
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temperature  of  magnetic  materials  [22, 23].  The  TMR  of  vertical
and  lateral  Li0.5CrI3/CrI3/Li0.5CrI3 MTJ  are  1.48  ×  1014 and  2.86  ×
1012,  respectively,  showing  huge  potential  of  2D  materials  in  the
application of MTJ [21].

vdW layered CrSX (X = Cl,  Br,  I)  with  orthorhombic  structure
exhibits an in-plane easy axis and its magnetism in the plane is also
anisotropic [24, 25]. CrSX has attracted huge attention in the strain
modulation,  magnetic  anisotropy  and  magneto-transport
measurement  [17, 26−28].  CrSI  monolayer  has  the  highest  Curie
temperature  about  170  K  among  CrSX  [29−31].  While  the
anisotropic  magnetic  transport  and  MTJ  performance  of  the  CrSI
monolayer  are  rarely  reported,  which  greatly  restricts  the
development of giant TMR in 2D MTJ research.

Here, we investigated the crystal structure and magnetic property
of  CrSI  monolayer,  and  found  that  it  is  a  ferromagnetic
semiconductor  and  the  Curie  temperature  reaches  about  180  K.
The Li atoms adsorb on the CrSI monolayer (forming Li-CrSI) can
gain the electrons of Cr atoms and push the the Fermi level toward
the  conduction  band,  thus  making  the  Li-CrSI  becomes
ferromagnetic  half-metallic.  The  Li-CrSI  monolayer  show  a  high
Curie  temperature  of  300  K,  which  is  a  perfect  MTJs  electrode
material.  Thus  we  designed  a  lateral  Li-CrSI/CrSI/Li-CrSI
monolayer  MTJ  formed  by  a  ferromagnetic  CrSI  barrier  and  two
half-metallic  Li-CrSI  electrodes.  The  TMR  of  the  MTJs  along b
transport direction is 3 orders of magnitude times larger than that
of a transport direction, which should result from the different spin
filtering  ability  along  the  two  directions.  The  TMR  of b transport
direction  in  MTJ  is  7.67  ×  1014,  which  is  significantly  higher  than
that of any reported lateral MTJs based on 2D materials. Our results
provide  a  promising  avenue  for  designing  lateral  MTJs  with  giant
TMR and high Curie temperature. 

2    Methods
The  first-principles  calculations  based  on  the  density  functional
theory  (DFT)  were  performed  to  simulate  the  electronic  and
magnetic properties of CrSI and Li-CrSI monolayer. The geometry
optimizations were carried out via the Vienna ab initio simulation
package  (VASP)  [32, 33].  The generalized gradient  approximation
(GGA)  with  the  Perdew–Burke–Ernzerhof  (PBE)  realization  was
adopted  for  the  exchange-correlation  function  [34],  and  the
projector augmented wave method [35] was used to treat the core
electrons.  To  avoid  the  interactions  between  its  period  image,  a
vacuum  space  of  20  Å  was  used.  The  cutoff  energy  was  set  to  be
400 eV, the energy convergence criteria set to 10−6 eV for structure
optimization.  Phonon  spectrum  is  calculated  by  the  PHONOPY
code  through the  density  functional  perturbation  theory  approach
[36].  The  supercell  was  set  to  be  2  ×  2  ×  1  for  CrSI  and  Li-CrSI
monolayer,  and  we  employed  9  ×  6  ×  1  Г-centered  Monkhorst-
Pack k-mesh for lattice relax and that of 15 × 11 × 1 for density of
states. The electron correlation effect for the localized 3d orbitals of
Cr  atoms  was  treated  by  an  effective  on-site  Hubbard  term  U  of
3  eV  [24, 37, 38].  For  unit  cell  of  CrSI  monolayer,  the
Heyd–Scuseria–Ernzerhof  (HSE06)  hybrid  functional  is  used  to
obtain a more accurate bandgap [39]. The Curie temperatures were
estimated by using the Monte Carlo simulations as implemented in
the  VAMPIRE  atomistic  simulation  package  [40].  Quantum
transport  calculations  of  Li-CrSI/CrSI/Li-CrSI  MTJs  were
performed  using  the  Nanodcal  software  package  based  on  DFT
combined with the non-equilibrium Green’s function [41]. Because
a and b direction atomic structure are different for CrSI monolayer,

the Brillouin zone were sampled using 1 × 100 × 1 and 100 × 1 ×
1 k-point grid in the transport calculations, respectively. To obtain
the  magnetic  tunneling  performance  at  equilibrium  states,  the
exchange-correlation functional is set to GGA_PBE96 and the spin-
resolved conductance is calculated by [42, 43]

Gσ =
e2

h ∑k//
Tσ (EF,k//,V= 0) (1)

where e is the electron charge, h is the Planck constant, and Tσ (EF,
k//, V) is the spin-resolved transmission coefficient with spin σ (σ =
↑, ↓) at the Fermi level EF and transverse Bloch wave vector k// = (kx,
ky) under bias V, and V = 0 at equilibrium states. The TMR ratio is
defined as  TMR = (GPC – GAPC)/GPC,  where GPC and GAPC are  the
total  conductance  for  the  parallel  configuration  (PC)  and
antiparallel  configuration  (APC)  of  magnetizations  of  two
electrodes,  respectively.  At  zero  bias  when  all  currents  vanish,  we
use the transmission coefficient at the Fermi level to calculate TMR. 

3    Results and discussion
CrSI  monolayer  has  a  distorted  orthorhombic  lattice  belonging  to
the Pmmn space group (Figs. 1(a) and 1(b)). The optimized lattice
constants  of  CrSI  monolayer  are  calculated  to  be a =  3.76  Å, b =
4.81  Å,  respectively,  which  is  consistent  with  previous  work  [24,
29−31, 37].  The  detailed  lattice  parameters  and  values  of  the  fully
optimized CrSI monolayer are presented in Fig. S1 and Table S1 in
the  Electronic  Supplementary  Material  (ESM).  To  confirm  the
stability of the crystal structure, the phonon spectrum is calculated
using PHONOPY software. The phonon spectra of CrSI monolayer
demonstrated that there is no imaginary frequency throughout the
Brillouin  zone  (Fig.  S2  in  the  ESM),  indicating  CrSI  monolayer  is
dynamically stable.

DFT  were  performed  to  calculate  the  magnetic  ground  states
(MGS)  of  CrSI  monolayer.  The  energies  of  ferromagnetic  (FM)
configurations  and  four  antiferromagnetic  (AFM)  configurations
with  2  ×  2  ×  1  supercell  (Fig.  1(c))  are  calculated  and  the  results
show that the CrSI monolayer prefers the FM ground state (Table
S2 in the ESM). Meanwhile,  the magnetic moment of  Cr atoms is
3.32 μB, and the induced magnetic moments of S atoms and I atoms
are −0.23 and −0.1 μB in the FM ground state, respectively.

The  magnetic  anisotropy  energy  (MAE)  with  the  consideration
of  SOC  of  the  CrSI  monolayer  is  further  studied.  The  MAE  is
defined as: EMAE = Ein − Eout, where Ein, Eout are the total energy of in-
plane  and  out-of-plane,  respectively.  It  is  found  that  the  easy
magnetic axis is in the plane with a very small value of −0.06 meV.
The band structures calculated by the HSE06 functional show that
CrSI  monolayer  is  an  indirect  band  gap  semiconductor,  with  a
band gap energy of 1.14 eV in spin-up (black line) and a band gap
energy  of  3.32  eV  in  spin-down  (red  line)  (Fig.  1(d)),  which  is
consistent  with  the  previous  theoretical  result  [24, 31, 37].  The
density  of  states  (DOS)  study  show  that  the  conduction  band  is
mainly  contributed  by  Cr  atoms,  while  the  valence  band  is
contributed by Cr, S and I atoms near the Fermi level (Fig. S3 in the
ESM).

The Cuire temperature (TC) of the CrSI monolayer is  estimated
by using the Monte Carlo simulations based on an effective classical
spin model [24, 40, 44]

H=− 1
2 ∑i,j

JijSi ·Sj −K∑i

(
SZi
)2 (2)

where Jij is the exchange coupling constant between Cr atoms i and
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j,  and Si is  the  normalized  spin  vector  on  the  Cr  site i, K is  the
magnetic  anisotropy  strength.  For  simplicity,  only  the  nearest-,
second nearest-,  and third nearest-neighbor exchanges constant J1,
J2 and J3 is considered (Fig. 1(a)). The exchange coupling constants
are  calculated  by  using  the  energy  mapping  method  (Table  S3  in
the  ESM).  The TC is  determined  from  the  variation  of  mean
sublattice magnetization with respect to the temperature (Fig. 1(e)),
the  estimated TC is  about  180  K,  which  is  consistent  with  the
previous theoretical work [25, 29, 30].

Further, the electromagnetic properties of one Li atom adsorbed
in  a  2  ×  2  ×  1  supercell  of  the  CrSI  monolayer  (Li-CrSI)  is
investigated (Fig. 2(a)). The Li atom is in the middle of the 2 × 2 × 1
supercell  and  surrounded  by  four  I  atoms  (Fig.  2(a)).  Here,  the
concentration of Li atom adsorption is 25%. The structural stability
of  Li-CrSI  is  studied  by  calculating  the  adsorption  energies.  The
adsorption energy (∆Eads) is defined as

∆Eads = ECrSI +ELi −ELi - CrSI (3)

 

Figure 1    Crystal structure and band structure of CrSI monolayer. (a) Top view and (b) side view of CrSI monolayer crystal structure. The unit cell is marked by a black
dotted line, and the red double arrow lines indicate the exchange coupling model. J1, J2, J3 represents the exchange coupling of two neighboring Cr atoms, respectively. (c)
The four antiferromagnetic configurations of 2 × 2 × 1 supercell as AFM-1, AFM-2, AFM-3 and AFM-4, respectively. Red arrows indicate the spin-up direction, and blue
arrows indicate the spin-down direction of Cr atoms. (d) Band structure calculated by the HSE06 functional of CrSI unit cell. The Fermi energy is set to zero. (e) Variation
of the staggered magnetization with respect to the temperature for CrSI monolayer.

 

Figure 2    Atomic structure and magnetic properties of Li-CrSI monolayer. (a) Top view and side view for 2 × 2 × 1 supercell. (b) The total density of states and (c) the
Curie temperature of Li-CrSI monolayer.
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where ECrSI is the total energies of CrSI monolayer, ELi is the energy
of  isolated  Li  atom,  and ELi-CrSI is  the  energy  of  Li  adsorbed  CrSI
monolayer. The calculated ∆Eads is 3.76 eV (Table S4 in the ESM),
demonstrating that the Li atom can be stably adsorbed on the CrSI
monolayer.

The  total  DOS  (TDOS)  show  that  the  CrSI  monolayer
transforms from a FM semiconductor to a FM half-metallic after Li
atoms adsorbed (Fig.  2(b)).  The  atomic  projected  density  of  states
(PDOS) demonstrate that Cr atoms occupy a dominant position at
the  Fermi  level  (Fig.  S4(a)  in  the  ESM),  which  means  that  the  Cr
atoms  gain  electrons  and  pushing  the  Fermi  level  toward  the
conduction  band.  Differential  charge  density  (DCD)  distribution
can be used to distinguish characteristics of charge distribution and
transfer of the material. The DCD (∆ρ) is given by

∆ρ = ρLi - CrSI − ρCrSI − ρLi (4)

where ρLi-CrSI, ρCrSI and ρLi are  the  charge  densities  of  the  Li-CrSI
system, CrSI monolayer, and isolated Li atom, respectively. The top
view (Fig. S4(b) in the ESM) and side view (Fig. S4(c) in the ESM)
of DCD clearly depicts that charge is accumulated on the Cr atoms,
as well as in the region between the substrate and adatom. The TC
of  the  Li-CrSI  monolayer  is  estimated  be  300  K  using  the  Monte
Carlo simulations (Fig. 2(c)). This means that Li atomic adsorption
not  only  results  in  half-metallicity  but  also  increases  the TC of  the
CrSI monolayer.

The CrSI monolayer is a magnetic semiconductor, while Li-CrSI
monolayer is a nearly 100% spin-polarized half-metal, so we design
a lateral MTJ composed of the Li-CrSI/CrSI/Li-CrSI monolayer, in
which  the  CrSI  barrier  and  the  half-metallic  Li-CrSI  electrode  are
seamlessly  joint  together  by  covalent  bonds  at  the  interfaces.
Because  the  atomic  structure  of  CrSI  monolayer  along a and b
direction are different, two MTJs with different transport directions
are further investigated. One is to set the transport direction along
the a direction  (Fig.  3(a)),  and  the  other  is  to  set  the  transport
direction along the b direction (Fig.  3(b)).  Based on the 2 × 2 × 1
supercell  unit,  the  left  and  right  electrodes  contain  two  supercell
units,  and  the  central  scattering  region  contains  six  supercell  unit
along the transport direction.

To tune  the  transport  properties,  the  magnetic  configuration of
monolayer  Li-CrSI  electrodes  is  set  as  PC  or  APC.  We  calculated
the spin-resolved conductance of PC (GPC-up for spin-up, GPC-dw for
spin-down, GPC = GPC-up + GPC-dw)  and  APC  (GAPC-up for  spin-up,
GAPC-dw for spin-down, GAPC = GAPC-up + GAPC-dw), and obtained the
TMR  ratios  for  two  MTJs  (Table  1).  In  the  PC,  since  the  half-

metallic  carriers  of  the  left  and  right  electrodes  are  both  spin-up
electrons,  spin-up  current  can  flow through the  device.  Therefore,
the GPC-up with  a  value  of  0.13  e2/h  for a transport  direction  and
0.79  e2/h  for b transport  direction  is  considerable  in  both
transmission  directions.  While  there  is  no  electron  in  spin-down
near  Fermi  level,  so  the GPC-dw are  zero.  In  the  APC,  by  reversing
the  direction  of  the  electric  field  of  the  right  electrode,  the  left
electrode  has  spin-up  electrons  while  the  right  electrode  has  spin
down  electrons  near  the  Fermi  level.  Due  to  the  spin  mismatch,
both  spin  channels  will  be  blocked.  As  a  result,  the  total
conductance of PC is much larger than that of APC, producing an
ultrahigh  TMR  of  up  to  1.06  ×  1011 and  7.67  ×  1014 in  Li-
CrSI/CrSI/Li-CrSI  MTJs  along a and b transport  direction,
respectively (Table 1).
 
 

Table 1    Spin-resolved conductance G (e2/h) and TMR (%) of lateral MTJs with
the transport direction a and b

GPC-up GPC-dw GAPC-up GAPC-dw TMR (%)

a 0.13 0.0 8.10 × 10−13 4.20 × 10−13 1.06 × 1011

b 0.79 0.0 4.93 × 10−16 1.50 × 10−17 7.67 × 1014

 

Meanwhile, the spin-resolved local density of states (LDOS) of Li-
CrSI/CrSI/Li-CrSI MTJs along a and b transport direction indicate
that  there  are  states  connecting  the  left  and  right  half-metallic  Li-
CrSI electrodes at the Fermi level in the spin-up channel (Fig. S5(a)
in the ESM and Fig.  4(a)),  enabling spin-up electrons to  transport
through  the  barrier  of  CrSI.  While  there  are  no  states  in  both
electrode  regions  in  the  spin-down  channel  (Figs.  S5(b)–S5(d)  in
the ESM and Figs.  4(b)−4(d)),  which blocks the spin-down tunnel
through  the  MTJs.  So,  the  giant  TMR  of  the  MTJs  is  mainly
resulted  from  the  half-metallic  property  of  Li-CrSI,  which  allows
only  spin-up  electrons  to  go  through  the  barrier  while  blocks  the
spin-down electrons.

The  above  result  showed  that  the  TMR  along b transport
direction (1014) is about 3 orders of magnitude larger than that of a
transport direction (1011).  The difference of the TMR should result
from  the  different  spin  filtering  ability  of  the  CrSI  channel  along
two  directions.  According  to  the  WBK  approximation,  the  tunnel
current density (D) of the MTJ can be described by [45]

D=
e

2πh(β∆s)2
φexp

[
−
(
4πβ∆s

√
2m

h

)
√φ

]
(5)

where e is the charge of electron, h is the Planck’s constant, β is the
correction factor, Δs is the barrier width, m is the mass of electron

 

Figure 3    Structure diagram of Li-CrSI/CrSI/Li-CrSI MTJs. (a) The transport direction is a. (b) The transport direction is b.
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and φ is  the  barrier  height.  Δs of  the  lateral  MTJs  along a and b
transport direction are 15 and 19.2 Å, respectively (Fig. 3). For one
transport direction, the difference in tunnel current density between
spin-up  and  spin-down  electrons  is  due  to  their  different φ (the
value  of  conduction  band  minimum  of  the  CrSI  monolayer
barrier).

Figure  S6  in  the  ESM  shows  the  schematic  diagram  of  first
Brillouin  zone  for  CrSI  monolayer,  which  is  taken  the  symmetric
point  X  in  the b direction  and  the  symmetric  point  Y  in  the a
direction.  We extracted φ of  the  spin up and spin down from the
band  structure  (Fig.  1(d))  along a and b transport  direction,  and
plotted the  schematic  of  rectangular  potential  barrier  of  the  lateral
MTJs  (Figs.  5(a) and 5(b)).  Compared  with  the a transport
direction,  spin-up  electrons  are  more  likely  to  tunnel  through  the
barrier and spin-down electrons are less likely to tunnel through the
barrier along the b transport direction. Thus the spin filtering ability
of  the  CrSI  monolayer  barrier  of  the  MTJ  between a and b
transport direction is huge, leading to the different TMR.

We compared the TMR of recent work on lateral MTJs based on
2D  magnetic  materials  with  our  work  (Fig.  5(b)),  and  found  that
the  TMR  of  the  Li-CrSI/CrSI/Li-CrSI  MTJs  is  very  high  in  either
the a transport direction or the b transport direction. Our TMR of
the  MTJ  along b transport  direction  is  7.67  ×  1014,  which  is
significantly  higher  than  that  of  any  reported  2D  lateral  MTJs.
These  results  suggest  that  the  Li-CrSI/CrSI/Li-CrSI  MTJs  is  a
promising  spintronic  device  with  a  giant  TMR  and  perfect  spin
filtering ability. 

4    Conclusions
We have investigated the crystal structure and magnetic property of
CrSI  monolayer,  and  found  that  it  is  a  ferromagnetic
semiconductor  with  a  Curie  temperature  of  about  180  K.  The  Li-
CrSI  is  ferromagnetic  half-metallic  with  a  high  Curie  temperature
of  300  K.  Further  we  designed  a  lateral  Li-CrSI/CrSI/Li-CrSI
monolayer  MTJ  formed  by  a  ferromagnetic  CrSI  barrier  and  two

 

Figure 4    LDOS in the real space along the b transport direction of the Li-CrSI/CrSI/Li-CrSI MTJ. (a) Spin-up LDOS and (b) spin-down LDOS under the PC. (c) Spin-
up LDOS and (d) spin-down LDOS under the APC.

 

Figure 5    Schematic  of  rectangular  potential  barrier  of  the  lateral  MTJ  along  (a) a and  (b) b transport  direction.  (c)  Comparison  of  TMR  for  2D  lateral  MTJs
(VS2/MoS2/VS2 [46], MnGeSe3/CrI3/MnGeSe3 [47], bilayer LaBr2 [43], MnSiSe3/ZnPSe3/MnSiSe3 [48], VSi2N4/MoSi2N4/VSi2N4 [49], Li0.5CrI3/CrI3/Li0.5CrI3 [21], and our
work).
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half-metallic Li-CrSI electrodes. The TMR of the MTJs along the b
transport direction is 3 orders of magnitude times larger than that
of the a transport direction, which should result from the different
spin  filtering  ability  of  the  CrSI  monolayer  barrier  along  the  two
direction.  The  TMR  of  the  MTJ  along b transport  direction  is
7.67  × 1014,  which is  significantly  higher  than that  of  any reported
2D  lateral  MTJs.  Our  results  demonstrate  that  lateral  Li-
CrSI/CrSI/Li-CrSI  heterosturcture  has  the  huge  potential  in  the
application of MTJs with giant TMR, which is expected to promote
the development of high-performance spintronics devices. 

Electronic  Supplementary  Material: Supplementary  material
(calculate  exchange  coupling  constants  method,  structural
parameters,  phonon  spectra,  ferromagnetic  and  antiferromagnetic
energies,  projected  density  of  states,  exchange  coupling  constant
values of CrSI monolayer; adsorption energy and PDOS of Li-CrSI
monolayer;  LDOS  of  the  Li-CrSI/CrSI/Li-CrSI  MTJ  along  the a
transport  direction;  first  Brillouin  zone  for  CrSI  monolayer)  is
available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907188. 
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