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Layer-Dependent Giant Magnetoresistance in Two-Dimensional CrPS, Magnetic
Tunnel Junctions
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Antiferromagnetism within the two-dimensional (2D) family offers a platform for spintronics. The
emergent 2D semiconductor CrPS, is proved to be composed of ferromagnetic layers with antiferro-
magnetic coupling along the stacking direction in the experiment. By using the first-principles quantum-
transport simulation, we evaluate the spin-resolved transport in the magnetic tunnel junction built by the
2D CrPS, tunnel barrier with large thickness ranges. We find the magnetoresistance generally increases
with the number of tunnel layers from 140% (three layers) to a surprising 370 000% (10 layers). An odd-
even oscillation magnetoresistance behavior exists in few layers due to the electrode option. Our results
will inspire further experimental verification and provide vital insights for 2D spintronics design.
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I. INTRODUCTION

Current magnetic memory and processing mainly built
by magnetic tunneling junctions (MTJs) are out of reach-
ing the two-dimensional (2D) van der Waals (vdW) mate-
rials’ family due to the absence of a magnetic target [1].
However, the discovery of long-range magnetic order in
atomic layers, such as Cr,Ge, Teg [2], CrX; (X=CL, I, Br)
[3-7], FesGeTe, [8,9], and CrSBr [10], is regarded as a
milestone in establishing the 2D memory revolution [6].
Compared with the traditional deposited thin-film insula-
tor represented by MgO, the competitiveness of the 2D
magnetic materials lies in the following aspects. First, the
surface of the 2D materials is uniform and free of dangling
bonds [4]. Such a surface gives rise to sharp spin-resolved
states’ distribution at the interface between the electrode
and tunnel region, diminishes the band broadening, and
keeps the magnetism as intrinsic as possible [11]. Besides,
a uniform surface results in a uniform barrier thickness,
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which facilitates all-area tunneling. By contrast, tunneling
in nonuniform MTJs preferentially passes through the thin-
ner barrier regions in terms of the exponential decay of the
tunneling current with the barrier thickness [1]. Second,
the weak interlayer magnetic coupling in the 2D mate-
rials allows a continuous MTJ unit array featured by a
low critical magnetic field for a transition from the anti-
ferromagnetic coupling to ferromagnetic coupling, and the
MT]J array can dramatically amplify the magnetoresis-
tance [11,12]. For example, the experimentally observed
magnetoresistance in the bilayer, trilayer, 4-layer, and
10-layer Crl; MTIJ reaches approximately 95%, 300%,
550%, and over 1000000%, respectively [4,13]. The
last one far exceeds the record of the traditional MgO-
based MTJs (at most approximately 1000% at low tem-
perature) [4,12—15]. Third, the extremely small thick-
ness of the 2D materials benefits by minimizing the
size of the unit memory cell and deeply improves the
memory device integration [16,17]. All of the devel-
opment pushes the class of 2D magnetic materials to
play promising roles in the stage of next-generation
spintronics [16,18].
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As ternary transition metal chalcogenides, CrPSy crystal
was synthesized in the 1970s, but its magnetic order is just
clarified [18-23]. It is confirmed as an A-type antiferro-
magnet with the intralayer ferromagnetic interaction and
interlayer antiferromagnetic coupling along the stacking
direction below 38 K by the method of neutron diffraction,
in agreement with the theoretical proposed magnetic struc-
tures [24—26]. Bulk CrPS; is a semiconductor with a band
gap of approximately 1.3 eV through optical measurement
and approximately 0.8 eV through first-principles calcula-
tion [20,25]. The semiconducting behavior maintains until
the thickness scales down to the monolayer [20]. The inter-
layer antiferromagnetic order and semiconducting property
make 2D CrPS, desirable for atomically spintronic devices
just like 2D Crl; does. Recently, 2D CrPS4 with thickness
ranging from monolayer to several layers are successfully
exfoliated in the experiment [20,27]. However, studies on
transport and device building based on 2D CrPS;, are still
blank at present.

In this work, we investigate the tunneling magnetoresis-
tance (TMR) as a function of the CrPS, layer thickness
from bilayer to ten layers in the CrPSs-based MTIJs via
ab initio quantum-transport calculation. Giant TMR is
revealed and has an increasing tendency with the thick-
ness of CrPS4. To be specific, the TMR first experiences
a prominent odd-even effect ranging from 140% to a giant
approximate 13 000% within the 7-layer CrPS, and then
monotonically rises up to a surprising value of 370 000%
when the tunnel thickness accumulates to 10 layers. The
TMR level is much higher than other theoretical reports
based on the 2D MTIJ configuration with several tunnel
layers [5,28-32].

II. METHODOLOGY

The spin-dependent transport properties are calculated
by using the density functional theory (DFT) coupled with
the nonequilibrium Green’s function (NEGF) formalism,
as implemented in the Atomistix ToolKit 2018 software
package [33,34]. The exchange-correlation interaction is
described by spin-polarized generalized gradient approx-
imation with the Hubbard U (SGGA + U) in the form of
the Perdew-Burke-Ernzerhof (PBE) potential [35,36]. The
effective Hubbard U parameter (U=3 eV) is applied for
Cr d states in our quantum-transport calculations [25]. The
double zeta polarized (DZP) set is used. The real-space
mesh cutoff is taken as 155 Hartree. The k-point meshes for
the electrode region and the central region are 35 x 35 x 15
and 35 x 35 x 1, respectively. The boundary conditions in
the electrode region (central region) are period-, period-,
and period-type (Dirichlet-type) conditions along x, y, and
z directions (z is the transport direction). The temperature
is at 0 K. The electronic structures calculations are carried
out in the Vienna ab initio simulation package [35]. The
energy cutoff for the plane-wave expansion is 500 eV. The

vacuum space is larger than 20 A. The Monkhorst-Pack
k-point mesh is sampled with a separation of about
0.02 A~! in the Brillouin zone [37]. The DFT-D2 correc-
tion is chosen to consider the vdW interaction.

The transmission coefficient 7, (E) (ku stands for the
reciprocal lattice vector along the surface-parallel direction
in the irreducible Brillouin zone, ¢ is the spin index) is
represented by [38,39]

Ky

l,o

Ky K

THE) = T (E) G(E) T/ (E) G (B)], (1)

where GI;” (E) and GI;”%(E) stand for the retard and
advanced Green’s function, respectively.
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(E+is) —HY =Y (E) = Y9 (E)
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GJ\(E) =

where & is an infinitesimal positive number, / the identity
matrix, % the Hamiltonian matrix, and Zf/”rﬁ (E) the
. k Lk Kyt
self-energy matrix [40]. Fl/"r,g(E) = z(Zl/”m7 — Zl/”r,g)
is the broadening width stemming from left and right elec-
trodes in the form of self energy. Given certain energy,

TJ;” (E) is averaged over all different k.

III. RESULTS AND DISCUSSION

Bulk CrPSs possesses monoclinic symmetry (space
group C2). The primitive lattice constants are a=»b=
6.526 A, c=6.135 A, a = B =91.567°, y = 67.450°. Each
Cr atom is surrounded by six S atoms and located at the
center of this distorted octahedron. The P atom is coor-
dinated in the center of three CrSg octahedra [Figs. 1(a)
and 1(b)] [18]. The calculated magnetic moments of each
Cr atom are approximately 3.14up, independent of the
magnetic orders and layer number. The spin-resolved band
structures of 2D CrPS, from bilayer to ten layers are shown
in Fig. 1 (2-3 layer) and Fig. 9 (4-10 layer). The band
dispersions in the FM state are similar for different layer
CrPS,4. The AFM state band structures are degenerate for
even layer CrPS4. The AFM band dispersions for odd layer
CrPS, are almost degenerate around the Fermi level but
become spin recognizable in the deep energy zone. The
spin- and layer-dependent band gaps of 2D CrPSy are
summarized in Table L.

The calculated antiferromagnetic (AFM) and ferromag-
netic (FM) band structures of the magnetic primitive cell
of bulk CrPS, are shown in Figs. 1(c) and 1(d). Their
corresponding band gaps are 0.83 eV (antiferromagnetic
state), 0.72 eV (spin up in the FM state), and 1.43 eV
(spin down in the FM state), respectively. The cohesive
energy in the FM state is 2.25 meV per Cr atom higher
than the AFM state, implying the critical magnetic field of
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FIG. 1.

Lattice and electronic structures of CrPS,. The top (a) and side (b) view of bulk CrPS4. The arrows represent the magnetic

moments in each layer. The red dash parallelogram is the primitive lattice. (c)}<e) Spin-dependent band structures for bilayer, 3-layer,
and bulk CrPS, in the AFM and FM states. A 1 x 1 x 2 supercell is applied to calculate the bulk band structures.

approximately 12 T (m-H. = AE, m =3ug) to completely
switch antiferromagnetism to ferromagnetism. The experi-
mental spin-flip transition of the CrPS, single crystal from
the AFM to FM order starts from approximately 0.8 T and
completes at 8 T [24].

We use five-layer Au (111) to substitute semi-infinite
Au metal contacting with 2D CrPS; to make geome-
try optimization (Fig. 10). After completing optimization,
Au in two ends of the heterostructure is extended to the

semi-infinite electrode of the MTIJ device. The distor-
tion of Au atoms in the device model is caused by the
full relaxation of all Au atoms. Since Au is used for
providing electrons, we speculate that the deformation
would not change the order of magnitude of our results.
Further confirmation details and a comparison of differ-
ent relaxation ways are included in the Appendix. The
effect of different relaxation ways (partial relaxation and
complete relaxation) of the Au electrode on the TMR
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is negligible compared with the layer-dependent scaling
behavior.

The conductance of the configuration is different when
the interlayer magnetic coupling in CrPS4 is AFM or FM
[14]. Gold is chosen because it is one of the most com-
monly used electrodes in the experiment. Ggy and Gapm
are the conductance of the junction when CrPSy is in the
FM and the AFM order, respectively, and are calculated as

2

Grm = %(TFM,T(B + Trwy (B)),

2
Garm = %(TAFM,T(E) + Tarm, (E)) 3)

at E=E;. Tpy and Tapv are the transmission coefficient
in the FM and AFM states, respectively. At a low bias

and zero bias, the conductance is proportional to the trans-
mission coefficient 7(Er). Ppv and Papv are the spin
polarization (P) of the junction in the FM and AFM states
[Fig. 2(c)]. At zero bias, P is calculated as

Prv = (Temp () — Tem,y (B)/(Temp () + Temyy (E)),
Parm = (Tapmp (B) — Tarm,y (B))/(Tapm 4 (E)
+ Tarm,| (E)) 4)

at E = Ey. Since the spin-resolved band edges of the CrPS,
in the FM and AFM states are different, electrons with dif-
ferent spins will experience different barrier heights when
tunneling. As the band structures in Figs. 1(c) and 1(d)
shows, in the FM state, since the spin-down electrons (the
minority) see a high barrier, and the spin-up (the majority)
electrons see a low barrier, the majority electrons would
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(a) Device model of the Au/n-layer CrPS4/Au magnetic tunnel junction. The conductance (b) and spin polarization (c) in

the FM and AFM states, and TMR in a log scale (d) as a function of the CrPS, layer number 7.
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pass the barrier but the minority electrons would not, lead-
ing to a high G and a high P. By contrast, in the AFM
state, since both the spin-up and -down electrons see the
same high barrier, they hardly pass the barrier, leading
to a low G and a low P [41]. Namely, Gy is higher
than Gapm, and Ppv is larger than Papy, the same as
our calculated results in Figs. 2(b) and 2(c). As the tun-
nel barrier becomes thick, G of this junction in the FM
and AFM states linearly decreases. The relation between
Grym (Gapnm) and thickness [ is well fitted with log Gpy =
1.09d — 1.19(e*/h) and log Gapm = 1.40d — 1.60(e? /1),
respectively. The decreasing G also positively relates to
the corresponding k-resolved transmission coefficients of
the CrPS4-based MTJs with different tunnel barrier thick-
nesses in Fig. 4. We discuss it later. The Pgy shows odd-
even oscillation ranging from 60% to 100% (tunnel layer
number < 7) and then maintains 100% (tunnel layer num-
ber > 7). The Papm fluctuates in the range of —40%—40%
when the tunnel layer number increases from 2 to 10.

The TMR is defined as TMR = (Gpy — Garm)/Garm X
100%. The calculated TMR is summarized in Fig. 2(d).
We find that the TMR tends to increase with the tunnel
layer number. To be specific, the TMR displays different
layer dependence when the tunnel layer number is less
or larger than 6. When the tunnel layer number is less
than 6, the TMR (137%—13 657%) increases when the tun-
nel layer number increases in the odd or even sequence
(except the bilayer case), but the TMR oscillates with
the adjacent odd-even tunnel layer number. We find that
the Au/2—6-layer CrPS4/Au MTJs with the 2n-layer tun-
nel barrier (assuming # is an integer and 2n <7) have
higher TMR than that one with the 2n + 1-layer tunnel
barrier (2n + 1 is odd). For example, the TMR in the Au/4-
layer CrPS;/Au MTJ is 1649%, larger than 619% of the
Au/5-layer CrPS,/Au MTJ.

As the tunnel barrier thickness increases to more than 6
layers, the TMR’s odd-even oscillation in our CrPS4-based
MTlJs disappears. We do not pursue the TMR beyond the
10 tunneling layers. First, the tunnel film thickness in the

h

traditional MTJs has to be controlled within a certain scope
to guarantee an effective tunnel. For example, the thickness
of the MgO tunnel barrier film used in the Co-Fe-B/MgO
MT]Js is less than 3 nm in the experiment [15]. The thick-
ness of the tunnel region in our Au/6-layer CrPSs/Au
MTIJs exceeds 3 nm, the experimental film scale, and
in the Au/10-layer CrPS4/Au MTJ approaches approxi-
mately 5.6 nm. Second, as the tunnel barrier gets thick, the
transport probabilities would exponentially decrease even
beyond the simulated accuracy, which makes the results
no sense. The transmission coefficient of the graphite/8-
layer/graphite MTJ at the AFM state vanishes at the Fermi
level at the I" point. Third, the calculation burden becomes
heavy and exceeds the computational capability. Finally,
as the function of the TMR versus » in Fig. 2(d) shows,
the TMR tends to be saturated at approximately 10°%
when n=_8-10. The TMR’s increase rate in n=9 and 10
are 18% and 2%, respectively, far less than the order of
magnitude increase from n=3 to 8. Therefore, we can
estimate the large n limit from the TMR value at n=10.
Namely, the TMR at the large n limit is estimated to be
10°%.

A further relationship between the TMR and the tunnel
thickness needs to be discussed. Using Wentzel-Kramers-
Brillouin (WKB) approximation, the tunneling transport
possibility (7) is [42]

- <_2/ dx/2u[U — 1;, ¥ BX) .a]>. )

Here B(x) is the x-dependent magnetic field, o the spin
index, p the effective mass of a free electron, (U — Ey)
the tunnel barrier height in the nonmagnetic system, and
n Plank’s constant. The conductance is given by

G =4y 117 (6)

where A is a constant. We can get Ggyv and Gapw,

h

/ _ . 1 _ _ .
Gt — A{exp (_4 / dx /2010 = By + Bem ) o]) + ew (_4 / dx /20U = E; — B a])]’ -
0 0

P'ax.2ulU—E; + B -
Garm = 4 |:exp (_4/ /2l fh+ AFM(X) - 0]
0

where / is the tunnel thickness. After using Taylor expansion,

) - (_ A /1 dx\/2u[(U—th— BAFM(xya)])}’
0

®)

B(x)-o

1 l i
/(;dx\/[U—E/ +B(x)0]=‘/o dx,/(U—E/)—F/(; dx\/([]———Ef) (9)
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The TMR becomes
Grng —
™R = &P Garm
Garm
VBrM )0 Brm (x)-0 /B (x)-o /B (x)-o
exp(—%fdx%) +exp< [ dx (FLI\;I(I; > —exp(—%f % ) —exp( [ dx \/’(\S\f_Ef) )
B A/ BapM()-0 A/ BaRM()-0
exp< [ dx =R +exp| 2 [dx v =l
(10)
According to the Heisenberg model,
1
Bx)-o = Ji(x) S;- 0 + Jix)S;-o. 11
/0<x)o DI S +) @S o (1)

Here i andj are the index of the current layer and the adjacent layers, respectively. S; (S;) and J; (J;) are the spin operator
and the exchange coupling within one layer (between the adjacent layers), respectively.
When / = 2na (even layer), n is an integer, and a the width of each layer,

' B -0 2a —2)a
d — NS 5308 | o+ 2L S +53°8 | -0
N e RN A S Z 7 \/(U | 2 Z 7

a

- JU-E)

/i Ly Bamo (the details are located behind the main body)

2Y USiH2Y S+ Q=Y S+ @n—4> US| o (12)
i J i J

0B g
Brm@)-0 e B0
exp ( 2 [dx ) + exp ( [ dx )
N S U-E JU-Ep
- TMR®" = 5 AV
 cosh [+ [2 SIS+ 2508+ Qn =) Y S+ (4n—4) Y, stj]} ) )
= > _
When [ = (2n — 1)a (odd layer) and  is an integer, larger than 2,
B o 23 S +2 ZJS +@n—=3) Y S+ (@4n—6) ZJS
x = n— n— .o,
o JU—E) \/(U Ep) - 7
Bapm(x) - o
X = JiSi-o (14)
VU-E) JU-Ep Z
cosh { P [2 SIS 2 Y TS 4+ @n—3) S+ (4n—6) Y, stj]} — Garwm
. TMR®% = : . (15

Garm

And Gapm = cosh ( ZJ NE 0) which is irrelevant to n.

. /(U Ep)

All unmarked range of 1ntegration is from 0 to the tunnel thickness /. The function of TMR®¥*" (TMR°) versus d has
the same monotonicity as the cosh function, which is widely known as a monotonically increasing function. In conclusion,
the TMR increases with the tunnel layer thickness, in agreement with our calculation in Fig. 2(d).
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We take a 4-layer CrPS, tunnel barrier to explain the equation of fcf

BAFM Barm(x) - o 2a

/4ad Bapm(x) -0
Tyt 5

CJU-E)

3a
/
2a

We also use graphite as the electrodes to build the
2—7-layer CrPS4-based MTJs and calculate the TMR
(Fig. 3), which does not show the odd-even behavior
but increases with tunnel layer number n. Previous the-
oretical reports about the TMR of the CrTe,/1-7 layers
B-doped graphene/CrTe, MTJs, the MnSe,/1-2 layers
h-BN/MnSe, MTJs, and the CoFe/3—11 MgO layers/CoFe
MTlJs also increases with their tunnel layer thickness
[43-45].
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FIG. 3. (a) Device model of the graphite/2D CrPS,/graphite

MTIJ. (b) Comparison of layer-dependent tunneling magnetore-
sistance of the graphite/n-layer CrPS4/graphite and the Au/n-
layer CrPS4/Au (n is from 2 to 7) MTJs.
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(16)

The odd-even TMR behavior blames the electrode
option. To clearly reveal the deep reason, the spin-resolved
LDOS (Figs. 4-6) in the FM and AFM states are plotted to
make a comparison between the Au electrodes case and the
graphite electrodes one. When n=2 (Fig. 4), in the case
of the Au electrode, due to the heavy interaction between
Au and neighbor CrPS,, there is complete metallization
(spin-up channel) in the FM state and strong hybridiza-
tion (two spin channels) in the AFM state. However, in the
case of graphite electrodes, the mutual interaction between
graphite and CrPS, is weak, and the band edges of 2L
CrPS, and tunnel barriers are clear. When 7 increases to
3 (Fig. 5), in the case of Au electrodes, the G difference
between the two states is small because their tunnel bar-
riers (the FM spin-up channel and the AFM spin-down
channel) are low and even the same, resulting in a degraded
TMR. By contrast, in the case of graphite electrodes, the
FM barrier height maintains while the AFM tunnel bar-
rier number becomes more and would drastically reduce
Garm and thus improve the TMR level. The barrier and the
TMR with graphite electrodes also follow this rule when n
increases to 4 (Fig. 6). As for the Au electrodes, the TMR
is improved because the number of nonzero tunnel barriers
in the AFM states is more. Considering the heavy interac-
tion between Au and the adjacent CrPS4, when the tunnel
layer is not thick, it is hard to ignore the mutual CrPS,
layers’ hybridization, which obscures the barrier profile,
reduces the difference between Gy and Gagy, and leads
to a fluctuate TMR. When the tunnel barrier gets thick, the
interlayer interaction gets weak, the barrier profile tends to
become as uniform as that with graphite electrodes, and the
TMR increases with 7.

The Au/7-layer CrPS,/Au MTJ is taken as an example
to elucidate the tunneling pathways in thick tunnel layer.
As the LDOS in Fig. 7 shows, the first and seventh CrPSy
layers are highly metalized by Au electrodes in both the
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FM or the AFM states [dashed circles in Fig. 7(a)], while
other CrPS, layers have the obvious band gaps for two
spins. Electrons with different spins suffer from different
barriers after they pass the heavily hybridized states of the

first CrPS, layer. In the FM state, the spin-dependent bar-
rier is uniform. The barrier height is about 0.15 eV for
the spin-up channel and about 1.13 eV for the spin-down
channel. The total transmission probability is expected to
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FIG. 6. Spin-resolved projected LDOS of the Au/4-layer CrPS4/Au magnetic tunnel junction (a)~(d) and the graphite//4-layer

CrPS,4/graphite magnetic tunnel junction (e)}—(h).

be large as well as the conductance because the majority
(spin-up) electrons face a small barrier. In the AFM state,
the barrier height oscillates for two spin channels. Two
spin electrons have to cross the barrier one by one: the bar-
rier heights for the spin-up electrons are 1.14, 0.43, 1.14,
0.43, and 1.14 eV, respectively, and the barrier heights
for the spin-down electrons are 0.22, 1.12, 0.22, 1.12, and
0.22 eV, respectively, when electrons depart from the left
electrode. These barriers lead to a smaller total transmis-
sion probability in the AFM state than that of the FM state.
As the thickness of the tunnel region increases, the trans-
mission probability in the two states decreases because of
the increasing width of the tunnel barrier. The transmission
probability in the AFM state is much smaller because the
number of the barriers is more. The transmission probabil-
ity difference between two states becomes larger, and the
TMR increases.

We also plot kj-resolved transmission across the Au/2D
CrPS4/Au MTJs with different tunnel layers for the FM
and AFM states in the Brillouin zone (BZ) (Fig. 8).
I" is in the center of the BZ. The transmission distribu-
tion for the odd or even tunnel layer MTJs in the FM
state is quite different, especially for the 3—6-layer cases:
The highest transmission coefficient is located around
the I' point when the MTJ has odd tunnel layers. In
contrast, the highest transmission coefficient in the BZ
becomes marginalized when the MTJ has even tunnel lay-
ers. Besides, the area with high transmission coefficients
in the case of the odd layer is larger than that of the even
layer. As the tunnel region gets thicker (>7 layers), there

is no apparent odd-even transmission difference. The trans-
mission is reduced around the I' point and maximizes in
a certain peripheral region. The transmission in the AFM
state has the same distribution as the corresponding FM
counterpart but possesses a much smaller possibility. As
the color bar in Fig. 8 shows, the transmission possibility
reduces exponentially along with the increasing tunnel lay-
ers, in agreement with Egs. (6) and (7) we declare and the
lower G of the whole system in Fig. 2(b).

IV. DISCUSSION

One of the biggest challenges of the technological inves-
tigation in low dimensions is the instability of the target
2D material. Many materials are stable in bulk but corrode
once they are cleaved down to several layers [3,46,47].
The inert hexagonal boron nitride (£-BN) is widely used
for encapsulating the 2D vdW materials to prohibit degra-
dation. For example, all reported spintronic devices based
on the 2D Crl; are covered by #-BN thin flakes to min-
imize environmental effects [48,49]. However, the weak
adhesion of A-BN makes it difficult to adapt to certain
2D materials such as TMX; (TM =Ta and Nb, X=S,
Se, and Te) [50]. Luckily, the CrPS, crystal, including the
few-layer and monolayer counterpart are stable in the air
[20,24,51]. What is more, the few-layer CrPSy is fabricated
to act as the top and bottom protection layers for NbSe;
nanoelectronics [50]. This, therefore, implies that the
spintronics built by the 2D CrPS, could work well without
adding any outer protection.
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and (d)] states. The number marked in (a) indicates the different CrPS,4 layer. The Fermi level is zero. The black lines are the boundary
of the electrode and tunnel region. The green lines are the spin-dependent potential barrier profile. The LDOS are in the log scale. The

barrier heights are labeled.

Compared with the traditional MTJ, the building block
and the intrinsic mechanism of our 2D antiferromagnet-
based MTJ are different. The traditional MTJ consists of
one tunnel region (i.e., Al;O; and MgO) and two fer-
romagnetic regions—one is the free layer to switch the
magnetic alignment along with the external magnetic field,
and the other is the pinning layer made up of a ferromag-
netic film depositing on an antiferromagnetic film to pin
the magnetic structure of the ferromagnetic film depend-
ing on their mutual exchange coupling. The maximum
TMR record of the traditional MTIJs, built by Co-Fe-B
and MgO, originates from the different decay rates within
the MgO for the different electronic Bloch states in the
ferromagnetic electrodes [14,15,39]. Instead of the dif-
ferent multifunctional layers, the kernel of our MTIJs is
the intrinsic semiconducting and antiferromagnetic 2D
CrPS4, which simultaneously provides the tunnel barrier
and the magnetic transition. The conductance difference
occurs because electrons with different spins experience
different tunneling barriers when the magnetic order in
CrPS, switches with the external magnetic field. The MTJs

composed of the 2D antiferromagnets open a potential
route to achieve 2D spintronics.

As we discuss the ideal spin-resolved transport of
the 2D CrPS4-based MTlJs, the surprising giant TMR
implies a signal that the atomically thin 2D mag-
nets may achieve incredible possibilities, unreachable
in the conventional spintronic devices [52]. The mag-
netic tunnel junctions made up of several-layer CrPS,
and graphene electrodes have been experimentally fab-
ricated, and a high TMR of approximately 300% is
observed in the case of an §-layer CrPS; MTJ below
38 K and under a strong magnetic field [53]. We believe
that the MTJs built by other A-type antiferromagnetic
semiconductors might also have similar TMR behavior
with large values and layer-increasing tendency. There
are plenty of A-type antiferromagnets in the 2D regime,
such as MnBi,Te,, transition-metal oxyhalides (MYX;
M=Cr/V/Ti, Y=0/S/Se, X=CI/Br), and transition-
metal trihalides (VX3; X=CI/Br/I) [54]. MnBi,Tey4
and CrSBr have scaled down to the monolayer in the
experiment [10,55]. Their transport performance lacks
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systematic study up to now except for our CrPSy.
Further calculations and experiments are highly desirable.
Besides, among the class of A-type antiferromagnets, the
band structures in the FM state with half-metallic features
in or nearby the Fermi level would produce a very large
TMR theoretically. A zero tunnel barrier height for the
majority spin electrons caused by the half-metallic band
structures enhances the transmission probabilities in the
FM state and thus the TMR. However, none of them has
been found yet.

V. CONCLUSION

In summary, we make a comprehensive study of the
layer-dependent TMR of the 2D CrPS4-based MTIJs
by using the method of ab initio quantum-transport
simulation. The TMR of the 2D CrPS4-based MTIs
generally increases with the increasing layer. It experi-
ences an odd-even oscillation when the tunnel thickness is
less than 7 layers and then monotonically increases up to a

I =

5X10-5 W

8x10-1 I

s~
~
~
1
1 1
1
~
~
~

10-1: I

FIG. 8. kj-resolved trans-
mission coefficients across the
Au/n-layer CrPS4/Au (n is
from 3 to 10) magnetic tunnel
junction in the Brillouin zone
for the FM and AFM state
calculated at the Fermi level.

AFM state

Tl 5101

remarkable value of 370 000% when the tunnel thickness
stacks to 10 layers. We explain the relationship between
the TMR and the tunnel barrier thickness by using WKB
approximation. The calculated giant TMR of the Au/2D
CrPS4/Au MTJs allows us to firmly believe in the poten-
tial of the 2D antiferromagnets to develop next-generation
spintronics.
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TABLE I. Spin- and layer-dependent band gaps (¢V) of 2D CrPS, in the AFM and FM states.
2L 3L 4L 5L 6L 7L 8L 9L 10L Bulk
AarMmpy 0.57 0.55 0.54 0.56 0.53 0.56 0.56 0.31 0.07 0.83
AAFM,¢ 0.35
Apmp 0.69 0.52 0.65 0.64 0.68 0.64 0.64 0.64 0.64 0.72
Apm,y 1.15 1.11 1.10 1.09 1.08 1.08 1.07 1.07 1.07 1.43
APPENDIX approximately 420%, larger than our former calculation

Since Au is used for providing electrons, we specu-
late that the deformation would not change the order of
magnitude of our results. To make a confirmation, we
choose an intrinsic 5-layer Au (111) to contact 3-layer
CrPS, without optimization and with the same inter-
layer distance of approximately 1.67 A to be a reference
group and calculate the transport behavior. Its TMR is
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FIG. 9.

results with all Au atoms relaxed (137%) but at the same
order of magnitude level. Because the TMR changes by
1 order-of-magnitude with the increasing tunnel barrier
thickness, the effect of different relaxation ways (partial
relaxation and complete relaxation) of the Au electrode on
the TMR is negligible compared with the layer-dependent
scaling behavior.

5L CrPS, AFM 5L CrPS, FM
1
.,
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Spin-resolved band structures of 4 to 10 layers CrPS4 in the AFM and FM states.
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