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Abstract: CrSBr is a stable two-dimensional (2D) van der Waals (vdW) magnet with intralayer
ferromagnetic and interlayer antiferromagnetic couplings. Here, we propose to use CrSBr as the
barrier in spin-filter (sf) MT]J and establish the devices based on graphene/CrSBr/graphene structures.
Employing density functional theory (DFT) combined with the nonequilibrium Green’s function
approach, we investigated the transmission details, and the results show TMR values above 330%,
2 x 107% and 10°% with two-, four- and six-layer CrSBr at zero bias, respectively. Subsequently, we
systematically analyze the transmission spectra, transmission eigenstates, electrostatic potentials,
band structures and local density of states to elaborate the underlying mechanism of the TMR effect
in the sf-MT]Js. Our results indicate the great prospect of CrSBr-based sf-MTJs in applications, and
provide guidance for futural experiments.

Keywords: spin-resolved magnetic tunnel junction; A-type antiferromagnetic material; giant tunnel
magnetoresistance; transmission analysis

1. Introduction

Since the tunnel magnetoresistance (TMR) effect was observed in Co/Ge/Fe by Julliere
in 1975 [1], the technology of magnetic tunnel junctions (MT]s) on the basis of the TMR effect
has developed over a long period of time. MTJs are normally sandwich structures consisting
of two ferromagnetic (FM) layers on both sides and an insulating non-magnetic tunneling
barrier layer in the middle [2]. When the two FM layers present parallel/antiparallel
magnetization configurations (PC/APC), the transmission of carriers displays significant
distinction, so the electrical resistivity of MT]s could be regulated by an external magnetic
field [3,4].

Giant magnetoresistance (GMR) devices have a structure similar to that of MT]Js other
than the fact that there are conducting rather than insulating layers in the middle of GMR
devices. GMR systems are usually multilayer and stacked to improve this characteristic [5].
Spin valve sensors based on the GMR effect are applied in information technology, automo-
tive applications and biosensors [6]. The improvement in storage density requires good
scalability and a high sensitivity of sensor elements; therefore, a lot of research has ensued,
with studies on low-field applications [7], amorphous materials [8], etc. [9]. However, MTJs
are higher in sensitivity and lower in energy compared to GMR devices, and they have thus
been rapidly and creatively applied in magneto-resistive memories and sensors [3,4,10-12].

To downsize the devices and improve their performances, 2D materials that have
smooth interfaces and atomic-level thickness control [13] are considered for fabricating
MT]s [14,15]. Additionally, the discovery of 2D intrinsic magnets—Cr,Gey Teg [16], Crl3 [17],
Fe;GeTe; [18] etc. [19]—has opened a promising avenue to establish 2D MT]Js. Two-
dimensional vertical MT]Js are a kind of 2D heterojunction which can be epitaxially grown
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on a substrate layer by vdW forces. They have better interface quality and a smaller size
than traditional MTJs with MgO [20], AlOy barrier [21] and bulk FM layers.

A schematic diagram of a common MT] is presented in Figure 1a, in which a pining
layer is significant to maintain the magnetization in the fixed FM layer [22,23]. Only the
magnetization of a free layer can be modulated by an external field, so that people can
control MT]Js to reach PC and APC. Additionally, a layer of tunnel barrier is necessary to
filter the electrons and decouple the magnetism of two FM layers [24,25]. In 2000, taking
advantaging of the spin filter effect, a new kind of MT] device was proposed, called the
spin-filter MT] (sf-MT]J) [26]. It only consists of four layers (as shown in Figure 1b): two
normal electrodes and two FM and insulating layers with different coercivities. An external
field can only flip the magnetic moment of the layer with smaller coercivity so that the
sf-MT]J can switch between the PC and APC with different conductivities [27]. The sf-MTJs
have the potential to work in a small field, above room temperature and to possess larger
sensitivity [26].

Electrode
Ferromagnetic Layer (Free) Electrode
Tunnel Barrier Ferromagnetic Layer (Free)
Pinning Layer Ferromagnetic Layer (Fixed)
Ferromagnetic Layer (Fixed) Electrode
Electrode Substrate
Substrate

(a) (b)
Figure 1. The schematic diagrams of different MT]Js: (a) A common MTJ; and (b) A spin-filter MT]J.

Two-dimensional Crl3 multilayers were recently adopted to design and fabricate sf-
MT]Js in laboratory [28]. The two-dimensional Crlz multilayer has an A-type magnetic
order [29], which means that its intralayer coupling is FM while its interlayer coupling is
antiferromagnetic (AFM) [30]. Figure 2a presents an A-type AFM bilayer with an intralayer
FM order but interlayer AFM coupling, where the two layers have opposite magnetic
moments. A large enough external in-plane (out-of-plane) magnetic field can switch the in-
terlayer coupling from an interlayer AFM to FM order [28], meaning that the magnetization
changes from antiparallel to parallel, as shown in Figure 2b (the magnetization in a large
in-plane magnetic field) and Figure 2c (the magnetization in a large out-of-plane magnetic
field). As a result, we can employ the A-type AFM multilayer instead of FM layers with
different coercivities to design sf-MT]. Of course, the A-type layers must be insulators or
semiconductors because they also work as tunnel barriers.
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Figure 2. (a) A-type AFM bilayer with intralayer FM order and interlayer AFM order; (b) A-type
AFM bilayer in an external in-plane magnetic field; (c) A-type AFM bilayer in an external out-of-plane
magnetic field. Different external field can change the interlayer coupling into in-plane FM in 2 (b) or
out-of-plane FM in 2 (c).
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The TMR value, which is defined as (Gp — Gap)/(Gap) x 100%, is usually used
to express the gap between the conductance of an MTJ under PC (Gp) and APC (G4p).
A TMR up to 19,000% has been observed in the 2D Crl; sf-MTJ [28], which is an order of
magnitude larger than the TMR in MgO MTJs [25,31]. The results have strongly confirmed
the advantage of sf-MT]Js based on 2D A-type AFM materials.

In addition to Crls, there exist many other 2D A-type AFM materials, such as CrCls [32]
and MnBi,Tey4 [33] in experimental observations and YTiO3 [34], in first-principle calcula-
tions. Among them, CrSBr is a 2D A-type AFM semiconductor with a band gap of approxi-
mately 1.5 eV [35]. Bulk CrSBr single crystals can be grown from Cr and S;Br; by chemical
vapor transport or other methods for obtaining metallic alloys [36,37] and the monolayer
CrSBr flake can be easily exfoliated due to the interlayer vdW forces [35,38]. CxrSBr has a
high Néel temperature (Ty ~ 140 K), which allows the realization of 2D spintronic devices
in experiments [38,39]. In addition, unlike metals and oxide compounds [40,41], most 2D
magnetic materials tend to degrade in air through oxidation or hydration [16,17,42] but
CrSBr is stable in air so that it may be stored under ambient conditions for one month
without degradation [39]. In short, CrSBr is air-stable, has a relatively high Néel temper-
ature and shows semiconductor characteristics with a band gap approximately 1.5 eV,
allowing many methods to manipulate the magnetism [38]. It is thus a proper candidate
to investigate and reveal the spin-resolved transmission at a low dimension. Therefore,
we propose to employ multilayer CrSBr to design sf-MT]Js in this work and investigate the
transmission performances by DFT. These studies provide a promising direction for the
future MT] design.

2. Results

First of all, we built and optimized the supercell of a 2D layered CrSBr (the details of
structural relaxation and electronic structure calculation are given in Section 4: Materials
and Methods).

The optimized structure is exhibited in Figure 3a with three views, in accordance with
the former experiments [35,43]. After that, we employed even numbers of CrSBr layers
(two, four and six layers) and graphene to model the sf-MT]Js with a lattice mismatch of
6.75% and completed the device optimization. Taking the bilayer CrSBr, for instance, as
shown in Figure 2b, the MT]J consists of graphene electrode, the central transmission region
of bilayer CrSBr and another graphene electrode along the ¢ axis, which is also the direction
of electron transmission in simulation. The two graphene electrodes are semi-infinite.
Considering the vdW forces through the DFT-D3 method [44], it turns out that the distance
is 3.41 A between CrSBr layers and 3.25 A between CrSBr and graphene, indicating the
weak combinations. Figure 3c provides sf-MT]s specifically with two/four/six-layer CrSBr,
where the central regions are demarked by black lines and the electrodes are squared by
red lines. The 2D CrSBr is herein perceived as layers without defects, deformation and
degradation, which may affect the performance in transmission in real devices [45,46]. In
the experiment, sf-MT]Js are usually encapsulated by a hexagonal BN to improve the quality
of the interface and avoid degradation [28]. However, hexagonal BN does not influence
the transmission performance in calculations without current flowing through, so only the
internal space in encapsulation is considered in our work.

Subsequently, the transmission probabilities in different transverse Bloch wave vectors
(referred to as transmission spectra in the following texts) at zero bias of the three sf-MTJs
are calculated and we deduced the conductance (Gp and Gp) and TMR values, exhibited
in Table 1. The sf-MTJ with two, four and six-layer CrSBr have a TMR of approximately
330%, 2 x 10”% and 10°%, respectively. Compared with two-layer sf-MT], the TMR of the
four-layer sf-MT] dramatically increases from 10%% to 10’ % orders of magnitude. We notice
that the increase comes from the change in G 4p, which is much smaller in the four-layer
sf-MT]J than that in the two-layer. In the six-layer device, the value of G 4p does not show a
significant change while Gp becomes much smaller on account of its increasing thickness,
resulting in the decrease in TMR. In conclusion, the sf-MT] with graphene electrodes
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and four-layer CrSBr has a giant TMR, making it a promising device model in future
experiments and applications, adding to the other aforementioned advantages of CrSBr.

(a) (b)
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Figure 3. (a) Structure of monolayer CrSBr (3 x 3) viewed along the a axis, b axis and c axis. Cr, S
and Br atoms are colored in blue, yellow and red, respectively; (b) The perspective view diagram
of a graphene/bilayer CrSBr/graphene sf-MT] device. C atoms are colored in gray; (c) The device
model based on the 2/4/6-layer CrSBr. The red and black squares represent electrodes and central
regions, respectively.

Table 1. The values of Gp (the 2nd column), G4p (the 3rd column) and TMR (the 4th column) of MT]Js
with different numbers of CrSBr layers through calculations.

Number of

CrSBr Layers Gp (Siemens) Gap (Siemens) TMR
2 435 x 10710 1.01 x 10~10 3.3 x 102%
4 1.87 x 10712 9.19 x 1018 2.0 x 107%
6 752 x 1014 6.86 x 10717 1.1 x 10°%

We will then make a detailed analysis and interpretation of the CrSBr-based sf-MT]Js to
explain the causes and mechanism of giant TMR and the performance variation of different
numbers of layers in the following section: Discussion.

3. Discussion

First of all, the transmission spectra are indispensable in the analysis of MT]Js, be-
cause the spectra contain plenty of information about the transmission of charge carriers.
Different spins of electrons and different magnetizations result in different scattering.
Four transmission spectra of the sf-MT] with two-layer CrSBr are exhibited in Figure 4.
Figure 4a,b are the majority and minority spin states, hereinafter referred to as the up (1)
and down (| ) states, in PC (the magnetic moments are parallel), while Figure 4c,d are the
up and down states in APC. The horizontal axis (k;) and vertical axis (k;) are momentums
in reciprocal space in parallel to the cross-sectional direction of the c axis. The various
colors from blue to red in the spectra represent transmission probabilities from low to high.
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Figure 4. The transmission spectra (transmission probabilities of electrons with different transverse
Bloch wave vectors) of (a) Majority spin states in PC; (b) Minority spin states in PC; (c) Majority
spin states in APC; and (d) Minority spin states in APC. The colors represent different transmission
probabilities with a logarithmic for presenting more information. (e) The transmission eigenstates
of the spots with the highest probability in (a,b) are from a c axis perspective. The figures are the
calculated results of the modeling.

Before we start analyzing the spectra, we divide the transmission electrons in different
orbitals and symmetries into four types as usual, according to the similar transmission
performance: Ai(s, pz,d,») with spherical symmetry, As (px, py, dxz, dyz) with two-fold sym-
metry, Ay (dxz_yz) and Ay (dy,) with other symmetries [47]. For instance, MgO emerged
as a barrier material because of the filtering characteristics for Ay electrons [48]. In the
spectra, A; electrons should surround the origin, A5 and A; electrons should distribute
around k; = 0 or k; = 0, and A; electrons distribute around the diagonals.

In the transmission, the spots with the highest probabilities dominate the performance.
In general, Figure 4a shows a relatively higher transmission probability of up spin in PC
than the other three circumstances, which is consistent with the spin-resolved scattering in
MT]s. The differences indicate that up spin electrons in PC have a higher transmission than
other three circumstances, which leads to the obvious TMR effect.
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The four highest transmission spots are circled in red in Figure 4a and are located near
the k, = 0 axis, meaning that As or A; electrons have the best transmission performance in
the two-layer CrSBr-based sf-MT]. For a better understanding of the dominant electrons in
the transmission, the eigenstates in the transmission are calculated and drawn in Figure 4e.
The eigenstates mainly surround magnetic atoms Cr. It is obvious that the eigenstates have
four nodes. The cloud structures belong to the d,>_» electron, so we can deduce that A;
electrons dominate the transmission in the sf-MT] with the two-layer CrSBr.

However, it should be noted that the TMR of the two-layer device is not high (330%).
The TMR dramatically increases when the CrSBr barrier change from two layers to four
layers. It can be recognized from Table 1 that the most significant difference between the
four layers and two layers—other than TMR values—is G4p, which is seven orders of
magnitude less. As a result, we can qualitatively declare that the giant TMR with four-layer
CrSBr originates from the strong scattering in APC. When there are only two layers in
the middle of the sf-MT]J, the device does not possess adequate filtration in APC. The
bilayer Crl3 sf-MT] shows a good characteristic [28] because Crl; is insulating but CrSBr is
a semiconductor.

Another point of concern is that the transmission spectra of up states and down states
in APC (Figure 4c,d) are not the same, indicating that the two spin states are scattered dif-
ferently. Clearly, Figure 4d has some red spots with higher transmission probabilities than
Figure 4c. The phenomenon is not common in MTJs and leads to the higher level of G4p
with bilayer CrSBr, so we investigated the spin-resolved band structure and electrostatic
potentials of bilayer CrSBr to explain the phenomenon.

Through the hybrid functional method [49], the electrostatic potentials of bilayer CrSBr
are obtained and displayed in Figure 5, where Figure 5a is the potential in PC and Figure 5b
is that in APC. To more intuitively illustrate the figures, we labeled the locations of the
conduction band minimum (CBM) of up and down spin instead of placing the diagrams of
band structures. The vacuum level is set to 0 eV (Eyac in Figure 5). The CBM of up/down
spin is labeled by Ecgi1/ Ecpmy - Electron affinity is defined as the difference between the
vacuum and CBM, labeled by E,,;+ or E,; with a different spin.

I

20

Electrostatic Potential (eV)

-30

“““““““““““““““ F'(Ii M~

“VAC
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E, =508 eV, E, 1= 5.96 V)

____________________ }}::'('_Il.\]A
E, | =6.61eV “CBMY

E ..~
E,, 1 =6.65eV e

15 20 25 0 5 10 15 20 25

Z (A) Z (A)
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Figure 5. (a) The electrostatic potential of the bilayer CrSBr in PC; and (b) The electrostatic potential
of bilayer CrSBr in APC. The location of the vacuum energy level is marked by a blue solid line,
and the energy levels of CBM are marked by blue dashed lines. The horizontal axis represents the
position in the direction of transmission. The thickness of the vacuum is 10 A. The figures are the
calculated results of the modeling.
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The work function of the graphene electrode (Wg,, defined as the difference between
the vacuum and Fermi level) is also calculated for comparison. It turns out that the W,
is 2.87 eV, which is obviously smaller than E,;; and E,,| in PC and APC. As a result, the
electrons will transfer from graphene to CrSBr in the sf-MTJ with bilayer CrSBr. However,
the up and down states are not equivalent because E,;+ and E,;| show visible distinction.
With the parallel magnetization in Figure 5a, the Ecpyy of bilayer CrSBr is lower than
Ecpm, so the electrons trend to transfer from graphene to spin-up CBM in CrSBr, resulting
in the high transmission probability of up states in sf-MTJ under PC. On the contrary, with
the antiparallel magnetization in Figure 5b, Ecpp and Ecpyyy are much closer but Ecpayy
is lower. This may come from the imperfect antiparallel magnetization of CrSBr [35]. Thus,
the electrons trend to transfer from graphene to spin-down CBM in CrSBr, but the tendency
is weaker. The conclusions elucidate the reason why Figure 4a has higher transmission
spots compared to Figure 4d and why the TMR is not large enough.

The local density of states (LDOS) is displayed in Figure 6 which could help to
understand the process of transmission. At first, Figure 6a shows that when the sf-MT]J is in
PC, the spin-up electron states in both CrSBr layers can be seen as metallic, because there is
a high density of states near the Fermi level in the bilayer CrSBr. It can be deduced that the
transmission performance of spin-up electrons is excellent. In contrast, Figure 6b shows
that the spin-down electrons are strongly scattered. In Figure 6¢ or Figure 6d, only the right
or left layer has states near the Fermi level, which shows a clear dependence on the spin
polarization as well as indicates the scattering of electrons. In general, the up electrons in
PC have a good transmission that others do not, so the obvious TMR effect emerges.

GrL CSBL CSBR GrR GI‘L CSBL CSBR GrR

ST = & = 5
| = = | 25
1.0} L H H H =
pop———————— . N
q"-') A 0 7 7 n A 19 »
g : : : : : . 3
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E : : == o
: —— — 12 5
Jo = — 1 [@ £
= = = 193 ¢
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E 0.0 L — 131D - EF |, 8
Gs.:) -0.5 — :
Mo = 0
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Figure 6. The local density of the states of the sf-MT] based on bilayer CrSBr. (a) Up states in PC;
(b) Down states in PC; (c) Up states in APC; and (d) Down states in APC. The vertical axis is the
electron energy levels in which the Fermi level is set as 0 eV. The horizontal axis is the position of the
device along the transmission direction. Different layers of the device marked above the figure by
Gry (the graphene on the left); CSBy, (the left layer of the bilayer CrSBr); CSBR (the right layer of the
bilayer CrSBr); and Gry (the graphene on the left). Red colors indicate a high density of states. The
figures are the calculated results of modeling.
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Subsequently, we will discuss the giant TMR of sf-MTJs with four-layer and six-
layer CrSBr. Like the two-layer device, we also obtained the transmission spectra. The
transmission probabilities of electrons in APC are tiny, leading to negligible G 4p. That is one
of the factors to the giant TMR values of the two devices (above 107% and 10°%). However,
the spectra of APC carry little information for the lack of spots with high transmission
probability. Therefore, we only provide the transmission spectra of spin-up electrons in PC
that have distinct transmission characteristics to illustrate the giant TMRs in Figure 7a,b.

Transmission Transmission
Probability Probability
1.0x10* 2 0 1.0x10°
0.4+ (b)
F 1.0x10°
0.2 _
- 1.0x10°
- 1.0x10% & 0.0
02 - 1.0x107°
F 1.0x107°
-0.4
1.0x102 1.0x10™

w W /
/

SERRTE ¥
& ¢ e o

Figure 7. (a) Transmission spectrum of up states in 4-layer sf-MT] under PC; (b) Transmission

spectrum of up states in 6-layer sf-MT]J under PC. The spots with highest transmission probabilities
are circled by red; (c) Transmission spectrum of graphene electrodes. Transmission spectra in the
figure represent the transmission probabilities of electrons with different transverse Bloch wave
vectors; (d,e) The transmission eigenstates of the spots with highest probability in (a,b) from the
c axis perspective. The figures are the calculated results of the modeling.

Compared with Figure 4a, The transmission characteristics apart from the surrounding
regions of the highest transmission probability in Figure 7a are more indistinctive. To verify
the fact that the difference is independent from graphene electrodes, the transmission
spectrum of the electrodes is calculated and presented in Figure 7c. The spectrum basically
consists of characteristics of A; electrons, which are circular around the center. In addition,
there is also small transmission at the midpoints of the left and right sides coming from
the straining of the graphene when building the heterostructure. The features of graphene
electrodes are relatively obvious in Figure 4a, but not in Figure 7a, meaning that four-layer
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CrSBr entirely dominates the transmission. The eigenstates of the highest transmissions in
the red circles can be seen in Figure 7d, similarly with Figure 4e. The eigenstates mainly
originate from A; electrons with some deviation towards the lattice of graphene, suggesting
that the graphene /CrSBr interfaces have a modest effect on transmission.

The transmission spectrum of the sf-MT] based on six-layer CrSBr is purer in Figure 7b
than in Figure 7a. The other transmission channels are lesser and the filtering of A, electrons
is better. It is worth noting that the spots with the highest transmission have an upward
shift. This may come from the increase in the thickness of CrSBr. With a six-layer CrSBr, the
influence of the graphene/interface is weaker and the influence of inner layers is stronger,
arousing the shift of the red spots in Figure 7b. The eigenstates of the highest transmission,
presented in Figure 7e, also support the deduction. The eigenstates in Figure 7e are also
mainly A, electrons but they tend to be more orderly and the deviation towards graphene
is smaller than in Figure 7d.

4. Materials and Methods

All the computed results were obtained by first-principles calculations based on the
quantum atomistix toolkit (quantumatk) [50] and Vienna Ab initio Simulation Package
(vasp) code [51]. The electrostatic potential and band structure calculations were performed
by projector augmented wave (PAW) method [52] in vasp. Considering the fact that the
Perdew-Burke-Ernzerhof (PBE) functional [53] usually underestimates the band gap, we
used a hybrid functional in the scheme of HSEQ6 [49] to perform the computation. The
energies converged to 10~° eV, the cut-off energy was set to 400 eV and the thickness of the
vacuum layer along the ¢ direction was 10 A. In all the calculations in our work, the vdW
forces were considered by the DFT-D3 method [44].

The optimizations and transmissions were implemented in quantumatk, based on
DFT [54] in combination with the nonequilibrium Green'’s function (NEGF) [55,56]. The
simulations in our work were performed at 0 K. A cut-off energy of 105 Hartree and a
I'-centered k-point mesh of 6 x 8 x 1in the scheme of the Monkhorst-Pack were used in the
optimization. The forces converged towards 0.01 eV/A. In the transmission calculations,
the k points along the ¢ directions should have been greater and therefore, the k-point
mesh was set to 6 x 8 x 741. The spin-resolved conductance is calculated by the Landauer

conductance formula:
Ga—thjT <||,]> @

where ¢ is the spin index representing up (1) and down () and G is the conductance.
The transverse Bloch wave vector is k|| which is equal to (ks, ky). The symbol j represents
the Bloch state for a certain k|| and T is the transmission probability along the positive
direction from the left to right electrode.

5. Conclusions

In conclusion, we designed a new 2D sf-MTJ based on two, four and six layers of
A-type antiferromagnetic CrSBr and graphene, connected with vdW forces. The sf-MT]J has
a stable structure and presents a giant TMR effect with TMR values that are as high as 330%,
2 x 107% and 10°% depending on the number of CrSBr layers. The transmission spectra
of the sf-MT]Js were calculated and the spin-up and spin-down states showed significant
differences in transmission. We analyzed the underlying mechanism of the high TMR
through the transmission spectra, eigenstates, electrostatic potentials and LDOS of the
two-layer device. The results show that the device had a good filtering characteristic of
A, electrons which dominated the transmission. The HSE06 band structures confirmed
the electron transfer from graphene to CrSBr in the device and demonstrated the details
in transmission spectra. The LDOS presented the electron distribution in the device and
supported the existence of the TMR effect.

The sf-MT]Js with the four-layer and six-layer CrSBr turned out to have a bigger TMR
because a thicker barrier had a better scattering of tunneling electrons for the semicon-
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ducting property. This was reflected in the transmission spectra for the tiny transmission
probabilities in APC. Considering the fact that CrSBr is an air-stable 2D vdW intrinsic
magnet, which is easy to prepare and has a high Néel temperature, our results demonstrate
that the sf-MT]J with the CrSBr barrier (especially four layers) and a graphene electrode
may have a prospect in experiments and applications.
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