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Two-dimensional (2D) van der Waals (vdW) magnetic semiconductors have attracted wide interest for
their promising application in next-generation spintronic devices. We investigate the scaling behavior of
the tunnel magnetoresistance (TMR) of the Ag/n-layer Crl;/Ag and graphite/n-layer Crls/graphite mag-
netic tunnel junctions (MTJs) by using ab initio quantum-transport simulations. The calculated monotonic
increasing TMR of the graphite/n-layer Crls/graphite MTJ with n = 2—4 at zero bias agrees with the exper-
imental value. The TMR of the Ag/n-layer Crl; /Ag MTJ generally increases with the tunnel-barrier layer
number, #, that is, from 200% (2-layer Crl3) to a record 10°% value (12-layer Crl3) at zero bias but has an
odd-even oscillation when n < 7. When we apply a bias voltage to the Ag/2-layer Crl;/Ag MTJ, the TMR
first decreases slightly and then increases, followed by a monotonic decrease. The noncollinear magneti-
zation direction of the Crl; layers also changes the TMR value of the graphite/n-layer Crls/graphite MTJ
relative to the collinear case, a result in agreement with experiments.

DOI: 10.1103/PhysRevApplied.17.034030

I. INTRODUCTION

Traditional magnetic tunnel junctions (MTJs) are typi-
cally composed of two magnetic metallic electrodes sep-
arated by a nonmagnetic insulating spacer. MTJs based
on the MgO spacer have a giant tunneling magnetore-
sistance (TMR) of up to 600% at room temperature by
changing the relative magnetization orientations of the two
magnetic electrodes, leading to very different bias out-
puts when a detection current is applied [1]. Nowadays,
MTlJs have already been widely used in the field of spin-
tronics, such as the magnetic head of hard disk drives
(HDDs), magnetic sensors, magnetic random-access mem-
ory, high-frequency oscillators, magnetic logic devices,
spin field-effect transistors, and spin-torque diodes [2—10].

Taking the magnetic head of a HDD, for example, the
whole history of development has gone through several
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stages, including anisotropic magnetoresistance (AMR)
[11], giant magnetoresistance (GMR) [12], and TMR
[1,13,14]. AMR is mainly achieved by the sensing layer
made of anisotropic magnetic thin films in the magnetic
head. GMR and TMR are achieved in similar sand-
wich structures, but the space layers of GMR devices
are nonmagnetic conductors. Due to the low AMR
value (1%—2%), the bias output shrinks below the bias
drop of the leads when the size of the magnetic head
becomes smaller, resulting in a low signal-to-noise ratio
(SNR), a low sensitivity, and thus a low storage density
(~1 GB/in.?) [15,16]. The discovery of GMR (10%—20%
at room temperature) increases the magnetoresistance
(MR) by an order of magnitude, and hence, the bias output
is greatly amplified when GMR-based MTlJs are applied
in the magnetic head. Therefore, a smaller change of the
stored magnetic field can be detected, and the storage
unit of the disk can be reduced in size. As a result, the
storage density of the disks increases to about 300 GB/in?.
Afterward, the TMR observed in the MT]Js that use Al,O3
(~20% at room temperature) and MgO (~600% at room

© 2022 American Physical Society
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temperature) as tunnel barriers further helps to improve
the detecting sensitivity and SNR of the magnetic head,
thus leading to an ultrahigh storage density (~800 GB/in.?)
[1,14]. The MgO-based MTJs are now widely adopted
in the magnetic heads of high-density magnetic recording
hard disks.

In addition to the introduction of metal oxides as a
tunneling barrier, another advance of great significance
to traditional MTJs is the introduction of nonmagnetic
semiconductors with a strong spin-orbit interaction
(especially III-V semiconductors) as the tunnel bar-
rier. Theoretically, the spin-dependent tunneling through
the nonmagnetic semiconductor barrier is fully studied
[17-21]. In nonmagnetic-semiconductor-based MTJs, a
large difference in the tunneling transparency of the bar-
rier for electrons in the two opposite spin states is
obtained due to spin-orbit coupling at the interfaces.
This leads to a strong spin polarization of the elec-
trons after tunneling through the barriers for the ini-
tially unpolarized electrons and leads to the dependence
of the TMR on the mean spin of the spin-polarized
electrons injected into the MTJ. Moser et al. exper-
imentally studied the TMR of the Fe/GaAs/Au MTIJ
and obtained similar results to the theoretical predictions
[22]. In general, such nonmagnetic-semiconductor-based
MTlJs are also of interest for the development of devices
for the processing of information stored in the magni-
tudes of the spin polarization of electrons in memory
cells.

Recently, the discovery of two-dimensional (2D) intrin-
sic magnets and their application in MTJs have pushed
the MR-improvement process one step further [23-28].
Thus, one of the most remarkable developments is the
Crl;-based MTJ with graphite electrodes. Several research
groups have reported very large TMR in this system. Klein
et al. observed TMR values of about 95%, 300%, and
550% in the 2-layer, 3-layer, and 4-layer Crl; MTIJs at
300 mK under zero bias voltage with magnetization per-
pendicular to the plane [29]. Song et al. reported larger
TMR values of about 310% (530%), 2000% (3200%), and
8600% (19 000%) in the 2-layer, 3-layer, and 4-layer Crl;
MTIJs at 2 K under about 0.3 V bias voltage with mag-
netization perpendicular (parallel) to the plane [30]. Kim
et al. observed a surprising TMR of 10°% in the 10-layer
Crl; MTJ at 1.4 K under 0.4 V bias voltage with per-
pendicular magnetization [31], which is much larger than
the maximum value (~1000%) of the traditional MT]Js.
Hence, the Crlz-based MTJs have much higher detecting
sensitivity and potential for achieving a larger storage den-
sity when applied in hard disk drives if the problems of
low Curie temperature and high transition magnetic field
are solved. The atomic thinness of the Crl; barrier layers
can also minimize the device’s size, and the tunability of
the magnetic property of Crl; purely by an external elec-
tric field also means low operation energy in these MTJs
[26,32-35].

Notably, the Crl;-based MTJs are composed of two
graphite electrodes separated by Crls layers, and the resis-
tance of this kind of MTJ depends significantly on the
relative magnetization orientations of the tunnel-barrier
layers (Crl;s layers), rather than the relative magnetization
orientations of the two electrodes in traditional MTIJs. In
such a MTJ configuration, the MR can be easily controlled
by the number of layers of Crl;. Although the MRs of
the 2-layer, 3-layer, 4-layer, and 10-layer Crl;-based MTJs
with graphite electrodes have been measured and show an
increasing tendency, TMR data in other layers are miss-
ing. Thus, one question remains open: what is the scaling
behavior of the TMR with the number of layers in those
missing layer numbers?

Here, we investigate the scaling behavior of the
TMR of the Ag/n-layer Crl3/Ag and graphite/n-layer
Crls/graphite MTJs by using ab initio quantum-transport
simulations. The calculated monotonic increasing TMR
of the graphite/n-layer-Crl;/graphite MTJ with n =24 at
zero bias is in agreement with the experimental value.
Complete TMR data of the Ag/n-layer Crl3/Ag MTJ
at zero bias from n=2 to 12 are established. It gen-
erally increases with the tunnel-barrier layer number, n,
from 200% (2 layer) to a record 10°% value (12 layer)
at zero bias. This surprising TMR is the largest value
among all theoretical reports on the 2D MTJ configura-
tion with several tunnel layers [34,36—39]. More inter-
estingly, unexpected odd-even oscillations of the total
conductance, spin polarization, and TMR are observed
when 2 < n < 12 for the first two physical quantities and
2 < n <7 for the last one. By contrast, no such oscil-
lation is observed for the graphite/n-layer Crls/graphite
configuration. Additionally, the effects of the applied bias
voltage and the magnetization orientation of the Crl; lay-
ers on the TMR are also investigated quantitatively. When
we apply a bias voltage to the Ag/2-layer Crl;/Ag MT]J,
the TMR first decreases slightly and then increases, fol-
lowed by a monotonic decrease. The noncollinear mag-
netization direction of the Crl; layers also alters the
TMR value of the graphite/n-layer Crls/graphite MTJ rel-
ative to the collinear case, a result in agreement with
experiments.

II. COMPUTATIONAL METHOD

The electronic structure calculations of n-layer Crl; are
carried out using the projector augmented wave method
with the Perdew-Burke-Ernzerhof (PBE) generalized gra-
dient approximation (GGA) [40], as implemented in the
VASP package [41-43]. The energy cutoff is 400 eV for the
plane-wave basis expansion with the total energy conver-
gence criteria of 1 x 10™* eV per unit cell. The Monkhorst-
Pack k-point mesh is sampled with a separation of about
0.01 A~! in the 2D Brillouin zone. The ionic relaxation
for structure optimization stops when the residual force on
each atom is less than 0.01 eV-A~!. The vdW-D2 approach
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is adopted to describe the interlayer van der Waals (vdW)
interaction. The Hubbard U value is set as zero because
previous results have shown that the U value has little
effect on the band gaps of monolayer Crl; [44].

For the MTJs, the spin-resolved transport characteristics
are simulated by using density-functional theory (DFT)
coupled with the nonequilibrium Green’s function for-
malism, as implemented in the Atomistix ToolKit 2018
software package [45,46]. The exchange-correlation inter-
action here is represented by the spin-polarized generalized
gradient approximation in the form of the PBE potential.
The real-space density mesh cutoff is taken as 60 hartree.
The double-zeta-polarized set is used. The boundary con-
ditions are period-, period-, and Dirichlet-type conditions
along x, y, and z directions (z is the transport direction),
respectively. The k-point meshes for the electrode region
and the central region are 10 x 10 x 20 and 10 x 10 x 1,
respectively. In addition, all of our calculations are per-
formed at 0 K.

In our calculations, the spin-resolved transmission coef-

ficient, T];” (E) (ky stands for the reciprocal lattice vec-
tor along the surface-parallel direction in the irreducible
Brillouin zone, o is the spin index), is represented by
[47-49]

T, (E) = T[T} (E) Go' (B) Ty (B) Go' (E)], (1)

where Gﬁ” (E) and G];”T(E) stand for the retard and
advanced Green’s function, respectively.

-1
Ky Ky

Gl(E) = |E+is)l —H =Y B =Y B .
Lo ro

where 8, is an infinitesimal positive number, I, is
the identity matrix, H," is the Hamiltonian matrix,

and Zf/“hg (E) is the self-energy matrix. Ff)'y’g(E) =
k
i(Zf/”r,g —ZTI/ILU) is the broadening width originating

from the left or right electrode in the form of self-energy
k . . . .
> ,” . Given a certain energy, the transmission function,

/r, o
T,(E), is obtained by averaging the transmission coeffi-
cient, T (”T (E), over all different k. The spin-resolved drain
current, [, is obtained through the following Landauer-

Biittiker formula [50,51]:

+00
1oV, V) = 2/ {76 (E, Vi, Vs (E — ps)
—fo(E — up)]}dE, 2)

where fs and fp are the Fermi-Dirac distribution functions
for the source and drain, respectively; us and up are the
Fermi levels of the source and drain, respectively; and V5,

and V, are the bias voltages of the two electrodes and the
gate voltage, respectively. The spin orientation of the Cr
atoms is initially set as the out-of-plane direction, which
is also the easy axis of the Crl; layers, unless otherwise
specified.

ITI. RESULTS AND DISCUSSION

A. Electronic structures of n-layer Crl;

The side and top views of the atomic structure of 2-layer
Crl; are shown in Figs. 1(a) and 1(b), respectively. Accord-
ing to the experimental results, the ground magnetic state
of 2-layer Crl; is set as the 4-type antiferromagnetic state
with an out-of-plane easy axis, featuring intralayer ferro-
magnetic (FM) coupling and interlayer antiferromagnetic
(AFM) coupling [26]. The optimized distance between the
two layers is dy=23.39 A. We first calculate the spin-
resolved band structure of monolayer Crl; in the FM
ground state. We find that the smaller band gap of the
majority-spin electrons is Ay =1.13 eV, and the larger
band gap of the minority-spin electrons is A;=1.99 eV.
Then we calculate the spin-resolved AFM and FM band
structures of 2-layer Crls, which are shown in Figs. 1(c)
and 1(d), respectively. In the interlayer AFM-coupled
state, the smaller band gap degenerates for two spins com-
ing from the different layers with ASN = 1.13 eV. The
larger band gap is also degenerate for two spins coming
from different layers with AIN =2.02 eV. In the inter-
layer FM-coupled state, the smaller band gap is slightly
reduced to Abm = 0.99 eV, which comes from the weak
coupling of the spin-up electrons of the 2 layers, and the
larger band gap is slightly reduced to AlM =194 ¢V, due
to the weak coupling of the spin-down electrons of the
2 layers. Al and AlT are close to the previous calcula-
tion results [52] but slightly smaller than the experimental
doped band gap of 1.24 eV measured on cleaved bulk
Crl; in the FM ground state by angle-resolved photoemis-
sion spectroscopy [53], due to neglecting the many-body
effect in the standard DFT approach. When the Crl; lay-
ers pile up in a FM order, the majority-spin electrons and
minority-spin electrons will encounter a small and a large
tunnel-barrier heights in both layers, respectively. The total
resistance is dominated by the small tunnel-barrier height
and has a small value. By contrast, when the Crl; lay-
ers pile up in an AFM order, both spins will encounter a
larger tunnel-barrier height in either layer. Thus, the total
resistance will have a large value.

To consider the layer-related effect, we also calculate
the spin-resolved AFM and FM band structures of n-layer
(n=3-8) and bulk Crl; for comparison. Figures 1(e)
and 1(f) display the spin-resolved band structures of
3-layer Crls, representing the odd layers. The band struc-
tures of 2-layer and 3-layer Crlz in the FM state are very
similar, and the band gaps are also nearly the same. As
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Side (a) and top (b) views of the atomic structure of 2-layer Crl;. Arrows represent the magnetic moments in each layer.

Spin-resolved band structures of AFM (c¢) and FM (d) 2-layer Crl;. Spin-resolved band structures of AFM (e) and FM (f) 3-layer Crl;.

Fermi level is set to zero. Band gaps of different spins are indicated.

for the AFM state, the bands of the spin-up and spin-down
electrons in the 2-layer Crl; coincide entirely, while the
bands of the spin-up and spin-down electrons in the 3-layer
Crl; are slightly different, which is due to different spin-
up and spin-down layer numbers. Figure 2 summarizes the
layer dependence of the spin-resolved band gaps of the
n-layer Crl;. We can see that the variation tendency of
the band gaps with increasing number of layers is not sim-
ply a monotonous one, as the case of 2D black phosphorus
[54]. As and A; of the FM state both first decrease with
increasing n, and reach a minimum when n =6, before
they start to increase with n. The whole tendency is like
the case of 2D Bi,0,Se [55]. A and A; of the AFM state
keep going up and down around certain energy levels until
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FIG. 2. Layer dependence of the spin-resolved band gaps of
n-layer Crls.

they reach the bulk value. It is worth noting that the varia-
tion range of all spin-resolved band gaps is relatively small
(less than 0.2 eV), indicating a weak coupling between
Crl; layers [53,56].

B. Transport properties of the Crl;-based MTJs

1. TMR of the out-of-plane-magnetized
Ag/n-layer Crl;/Ag MTJ at zero bias

We use n-layer Crl; with layer number, n, ranging from
2 to 12 to connect the Ag (111) surface to build the
Ag/n-layer Crl3/Ag MTIJs, as shown in Fig. 3(a). The
noble-metal Ag is selected for the electrodes because of
a small lattice mismatch with Crls, a relatively small work
function, and a low Schottky barrier height, which leads to
better performance in the MTJ [4]. The optimized distance
between Ag (111) and the adjacent Crls layer is 2.71 A
with minor structure distortion during the relaxation pro-
cess. At the interface, we can see that Ag and I atoms
form covalent bonds with a bond length of 2.95 A, which
indicates that iodine is likely to form compounds with
noble metals represented by Ag. Meanwhile, the distance
between Crly layers increases from 3.39 to 3.59 A.

Then we simulate the transport properties of the MTlJs.
Grm and Gapym are defined as the conductance of the
MTIs when Crlj layers are FM ordered and AFM ordered
[Fig. 3(b)], respectively. Ggy and Gapy are calculated at
E=E; as

2
Grv = %[TFM,T(E) + Tpwm,, (E)], 3)
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Ag/n-layer Crl;/Ag magnetic tunnel junction. (a) Device model. (b and ¢) Layer number # dependent linear conductance

(b) and spin polarization (c). All of the results listed above are with out-of-plane magnetization.

2

Garm = %[TAFM,T(E) + Tarm,, (E)], 4
where Tpy and Tapy represent the transmission functions
of the MTJs in the FM and AFM states, respectively. Pry
and Py are defined as the spin polarization (P) of the
MTIJs when Crl; layers are FM ordered and AFM ordered
[Fig. 3(c)]. At zero bias, P is calculated as

Pem = [Tem, () — Trm, (B)]/

X [Tem, (E) + Tem, (B)], 6))
Parm = [Tarm, (E) — Tarwm,, (E)]/
X [Tarm,, (E) + Tarm,, (E)], (6)

at E=E;. The value of P directly reflects the spin-
filtering effect in the MTJs. As mentioned above, the
spin-dependent band gaps of n-layer Crl; lead to spin-
dependent tunnel-barrier heights in Crl; MTJs. Specif-
ically, when the MTIJ is in the FM state, the spin-up
electrons (defined as the majority electrons) encounter a
low tunnel barrier in every Crl; layer, and hence, can
mostly tunnel through the barrier. On the other hand, the
spin-down electrons (defined as the minority electrons)
encounter a high tunnel barrier in every Crls, and hence,

can hardly tunnel through the barrier. Taking the two situ-
ations together, we can conclude that the tunneling process
in the FM-ordered MT]J is dominated by the majority elec-
trons that encounter a low barrier, thus resulting in a high
Grm and Pgy. As for the AFM-ordered MTIJ, the whole
system is symmetric, and the situation is the same for elec-
trons of both spins. They both encounter a high tunnel
barrier when tunneling through Crl; layers that possess
opposite spin, thus resulting in a low Gapy and Pagn. As
shown in Figs. 3(b) and 3(c), for the same layer number,
n, Gy is generally several orders of magnitude larger than
GarMm, and Ppy is also larger than Papy, except for n =3
and n =15, where both Pgy and Papy approximate 100%.
The reason why there are special cases involves the mod-
ification of the spin-filtering model and will be discussed
later. Now, we focus on layer-related behavior.

As shown in Fig. 3(b), generally speaking, Gpy and
Garm both tend to decrease with n, and the latter falls
more sharply. This is comprehensible, as each additional
layer acts as another spin filter and reduces the num-
ber of electrons that can tunnel through. Additionally, the
spin-filtering effect suppresses the transmission of both
majority- and minority-spin electrons in the AFM configu-
ration, while it allows a transport channel for majority-spin
electrons in the FM configuration. What is more interesting
is that, for Ggy, the scaling behavior exhibits odd-even
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oscillation from n=2 to n=12, while, for Gapym, it
monotonously decreases when n < 7 and exhibits odd-even
oscillation from n =7 to n = 12. The calculated Ggy; of the
Ag/4-layer Crl3/Ag MTJ (~107"! €*/h) here is 2 orders of
magnitude larger than the previously reported Gry of the
Cu/4-layer Crl3/Cu MTJ (1073 ¢%/h) [36], indicating that
the Ag electrodes are better for electron transport, probably
because of the smaller work function and lower Schottky
barrier height mentioned above. Meanwhile, our calculated
Gpm of the Ag/2-layer Crl;/Ag MTJ (~10~! €*/h) is 5
orders of magnitude larger than the previously reported
Gpm of the Ag/Crl;/h-BN/Crl;/Ag MTJ (107¢ &%/h),
and our calculated Gapy of the Ag/2-layer Crl;/Ag MTJ
(~1072 €?/h) is also 5 orders of magnitude larger than
Garm of the Ag/Crl3 /h-BN/Crl3 /Ag MTJ (1077 €2/h) [4].
This indicates that the #-BN layer in the middle blocks the
transport of electrons and this blocking is spin insensitive.
It is also worth noting that Gy of the Ag/n-layer Crl;/Ag
MT]J remains relatively large (~1072 e*/h), even when the
layer number, #, is up to 12. We will talk about the reason
later.

Meanwhile, as shown in Fig. 3(c), Ppy remains close
to 100% from n=2 to n=12, indicating a perfect spin-
filter efficiency (SFE) of the FM-ordered Crl; layers. The
previously reported Cu/4-layer-Crl; /Cu MT]J also exhibits
nearly 100% Pgy [36]. Hence, the FM-ordered Crl; layers
are an ideal spin-current source. On the contrary, Papy 1S
related to the parity of the layer number. On the whole,
the variation tendency exhibits odd-even oscillation. For
the even layer numbers, Papy is randomly distributed
around zero. For the odd layer numbers, Py exhibits a
monotonously decreasing tendency. Notably, when n > 8§,
the transmission function is less than 1078 and the preci-
sion limit of the calculation is approached. So, the calcu-
lated P has a margin of error, which might account for the
Papm that deviates from 0 when » =10 and n=12. The
mechanism behind the behavior of Papy will be discussed
later.

FM spin down
G . € o (
RS o

(] e ¢ &
;' \. E: ® o » §1
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e
..
e e

Figure 4 exhibits the spin-resolved transmission
eigenstate at £y and the I' point in k space in the
out-of-plane-magnetized Ag/4-layer Crl;/Ag MT]J at zero
bias in the FM and AFM states. We can see visually that,
in the FM state, the spin-up electrons can mostly tunnel
through the barriers and reach the other electrode, while
the spin-down electrons are primarily blocked in the chan-
nel. In the AFM state, both the spin-up electrons and the
spin-down electrons are primarily blocked in the channel.

We then calculate the TMR of the Ag/n-layer Crl;/Ag
MT]J at zero bias. From a practical point of view, when
we apply a progressively increasing magnetic field to flip
the magnetization of the AFM-ordered MTJ, the total
conductance gradually increases and reaches a maximum
when the magnetic field reaches the critical point. If
the TMR in this dynamic process is defined as TMR =
[R(H) — R(0)/R(0)] x 100%, where H is the strength
of the external magnetic field, then TMR surely changes
with H [31]. However, our static calculation focuses on
the two stable states, that is, the initial AFM state and
the final FM state. Thus, we use the definition TMR =
[(Rapm — Rem)/Rem] x 100% and do not include the
effect of the external magnetic field that is applied during
the dynamic process. Utilizing the reciprocal relation-
ship between R and G, we can transform the definition
into TMR = [(GFM — GAFM)/GAFM] x 100%. Figure 5
exhibits the variation tendency of the TMR with the layer
number, n, in the Ag/n-layer Crl;/Ag MTJ at zero bias.
Compared with the previously calculated TMR of about
3000%for the Cu/4-layer -Crl;/Cu MTJ, we obtain a
much larger TMR value (~75000%) in the Ag/4-layer
Crl;/Ag MT]J, indicating that Ag is a better choice for
the electrodes [36]. In addition, the calculated TMR of
the Ag/2-layer Crl;/Ag MTIJ is about 1500%, which
is very close to the previously calculated TMR of the
Ag/Crl3/h-BN/Crl;/Ag MTJ (~1250%) [4]. We men-
tion above that Ggy and Gagy of our Ag/2-layer Crl;/Ag
MTJ are both 5 orders of magnitude larger than Gy
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FIG. 4. Spin-resolved transmission eigenstate at £, and the I" point in k space in the out-of-plane-magnetized Ag/4-layer Crl3/Ag

MT] at zero bias. Isovalue is 0.1 arb. units.
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FIG. 5. Calculated TMR in a log)y scale of the Ag/n-

layer Crl3/Ag MTJs and the graphite/n-layer Crls/graphite
MTIs. Previous calculations of Crl; MTJs with Ag and Cu
electrodes and previous experiment results of Crl; MTJs with
graphite electrodes are listed for comparison [3,23-25,30].
Thereinto, all the calculation results [3,30] and experiment
results [23—25] are obtained under zero bias voltage. All of the
results listed above are with out-of-plane magnetization.

and Gapym of the Ag/Crl;/h-BN/Crls /Ag MTJ due to the
spin-insensitive blocking effect of the 4-BN layer. Then,
according to the definition of TMR, which can be written
as TMR = [(Ggm — Gapm)/Garm] x 100%, if we multi-
ply Gpvm and Gapy by the same factor (107°), TMR does
not change. This explains the similar TMR results above.
As for the overall scaling behavior of the TMR with the
layer number, when n < 7, the variation tendency of the
TMR (10°%—10°%) exhibits odd-even oscillation. That is,
if we assume / is a positive integer and 2/ <7, then we
have TMRy; > TMRy;4; (the subscript represents the cor-
responding layer number). Separately, for the odd layer
numbers or even layer numbers, the TMR monotonously
increases. When n > 7, the odd-even oscillation disappears
and the TMR monotonously increases from n =7 (10°%)
to n=12 (10°%).

It is noteworthy that the odd-even oscillation is
not observed experimentally in the graphite/n-layer
Crls/graphite  MTJ, where the TMR monotonously
increases from 95% at n =2 and 300% at n =3 to 550%
at n=4 with perpendicular magnetization orientation at
zero bias voltage in Klein’s experiment, and from 80%
(50%) at n =2 and 500% (500%) at n =3 to 900% (600%)
at n =4 with perpendicular (parallel) magnetization orien-
tation at zero bias voltage in Song’s experiment [30,31].
For comparison, we also calculate the transport proper-
ties of the graphite/n-layer Crls/graphite MTJs from n =2
to n=4 with out-of-plane magnetization at zero bias.
The corresponding TMR is 600%, 800%, and 18 000%,
respectively. Notably, we do not choose the graphite-
electrode configuration, in the first place, to study the

layer-dependent scaling behavior because the transmission
function decreases sharply with layer number n (about
107* when n=4) in our vertically stacked graphite-
electrode MTJ model. When »n > 4, the calculation is out of
our precision. The monotonous increasing trend of the cal-
culated TMR is consistent with the experimental results.
Meanwhile, the monotonous increase of the TMR with
layer number in the graphite/n-layer Crls/graphite MTJ
indicates that the occurrence of the odd-even oscillation
in the Ag/4-layer Crl;/Ag MT]J originates from the choice
of Ag electrodes, which we will explain in detail later.

2. Projected local density of states (PLDOS) of the
out-of-plane-magnetized Crlz-based MTJs at zero bias

a. Description and comparison of PLDOS figures.—To
further understand the mechanism of the odd-even oscil-
lation of the TMR with n and the generally increas-
ing TMR with n, we plot the spin-resolved PLDOS
for the graphite/n-layer-Crls/graphite MTJ and Ag/n-
layer Crl;/Ag MTJ (n=3, 4) in the FM and AFM states,
respectively, with out-of-plane magnetization at zero bias
for comparison, as shown in Figs. 6 and 7. The spin-
filtering effect existing in configurations of both electrodes
and the tunnel barriers of every Crl; layer for both spins
are directly visualized in the PLDOS figures. We can see
clearly that electrons of different spins encounter tunnel
barriers of different heights (yellow lines). The lower tun-
nel barrier corresponds to A in the spin-resolved band
structure, and the higher tunnel barrier corresponds to A,
in the spin-resolved band structure.

One obvious feature is that the transport capacity of
the graphite-electrode configuration is much weaker than
the Ag-electrode configuration, especially near the Fermi
level. For example, the transmission function at the Fermi
level of the FM-ordered Ag/3-layer Crlz;/Ag MTJ is
about 102, while that of the FM-ordered graphite/3-layer
Crls/graphite MTJ is about 1072°. Graphene’s unique
dispersion near the Fermi level, which leads to a small
electron density of states (DOS) at E, partly accounts for
the extremely small transmission function. The increasing
transmission function as the energy moves away from the
Fermi level is also due to the augmented conical Fermi
contour of the graphene electrodes. Another important fac-
tor for the huge difference in transmission is the interaction
between the electrodes and the Crl; layers. The graphene
electrodes hardly interact with the Crl; layers, whereas the
interaction between the Ag electrodes and the Crl; layers
is very strong. We can see an obvious increase in DOS
near the Fermi level of the Crl; layers, especially the two
Crls layers adjacent to the electrodes. We call this the met-
allization effect of the Ag electrodes, as the increase in
itinerant electrons near the Fermi level makes the Crl; lay-
ers behave more like magnetic metals. We will talk about
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Fermi level is set to zero energy. Black lines indicate the boundary lines of the electrode and tunnel region, and yellow lines are the
spin-dependent potential-barrier profiles. Numbers indicate the corresponding Crl; layers.

this metallization effect in detail later, as it involves the
modification of the simplest spin-filtering model. We first
explain the general increasing tendency of the TMR under
the framework of the simplest spin-filtering model.

b. Qualitative theoretical model explaining the increasing
TMR.—The quantitative explanation for the generally
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Energy (eV)
(=3

|
)

increasing TMR with »n is similar to the strict theo-
retical derivation in recent work on the CrPS4-based
MT]J [49], where the Wentzel-Kramers-Brillouin (WKB)
approximation is used, and a monotonously increasing
cosh function relationship between TMR°% (TMR®e")
and tunnel-barrier thickness is obtained. Here, we try to
give another more approximate explanation by making
use of the PLDOS figures. In Figs. 6 and 7, we find
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Spin-resolved PLDOS of the Ag/4-layer Crl;/Ag and graphite/4-layer Crl;/graphite MTJs for the AFM and FM states.

Fermi level is set to zero energy. Black lines indicate the boundary lines of the electrode and tunnel region, and yellow lines are the
spin-dependent potential-barrier profiles. Numbers indicate the corresponding Crl; layers.
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that, for the tunnel barriers (marked with yellow lines),
when 7 increases from three to four, the product of the
height and length (defined as s) also increases proportion-
ally. This proportional increase exists for every n from
2 to 12. According to the WKB formula, the tunneling
transmission function (7)) can be written as

T exp {_4/ dx2ulU— E; + B(x)o] o
h

where U — E is the tunnel-barrier height in the nonmag-
netic system, u is the effective mass of an electron in the
band, B(x) is the x-dependent magnetic field, o is the spin
index, and 7 is Plank’s constant. U — E; + B(x)o is equiv-
alent to the height of the tunneling barrier in the magnetic
system (defined as /). Notably, there is no tunnel barrier
in the two electrodes, and the tunnel barriers in the central
region can be divided into n discrete rectangles. So, if we
introduce s here, we can get

T =~ exp (—@ Xn:\/c_i\/dTh)

- (_%mﬂz f) o ®

i=1

where d is the distance from center to center of two adja-
cent Crl; layers, and i is the layer label. The conductance
is given by

2
G= - Xg: T, . )
Thus, we can get
2
Grm = Z(TFM,T + Trmyy)s (10)
2
Garm = ;(TAFM,T + Tarm,y)- (11)

Since TFM,T > TFM,¢ and TAFM,T = TAFM,¢, we have

Gem — Garm . Trmp

r(n) = -1,

Garm 2T arM 1

1 42 “
= E eXp |:TM\/E (;a/si,AFM,T

- Z«/Si,FM,T>:| -1, (12)
i=1

where r(n) refers to the TMR of the MTJ with n-layer
spacer. If we define B; (C;) as the area of each higher

(lower) tunnel barrier for the spin-up electrons in the
AFM-ordered configuration, and D; as the area of each
tunnel barrier for the spin-up electrons in the FM-ordered
configuration, then we have

S; = dhl (Si = B,‘, Ci, and D,) (13)
For the sake of simplicity, we assume that B;, C;, and D;
are independent of i (like the case in the graphite-electrode

configuration) and equals constant values of B, C, and D,
respectively. Then we have

;mz g (VB+C), (14)
Z\/SF—MT = nvD. (15)
=1

So,
r(n):%exp [4?«/3 (“/E;”/E—\/B> n:| —1.
(16)

The values of B, C, and D can be seen in the PLDOS
figures, and we have B > D and C > D. Therefore, as n
increases, the TMR also increases exponentially. Further-
more, if we assume u &~ mg (mg is the mass of the free
electron), and we can get B/d ~ 1 eV, C/d ~ 0.2 eV, and
D/d =~ 0.2 eV from Fig. 7 (the graphite-electrode case),
then we have

r(n) ~ %exp(1.92n) —1. (17)

We plot this model in Fig. 8 to make a comparison with
our actual calculation results. We find that, when n =2, 4,

10724
10'"{ —m—Calc. Ag Elect.
1010 —*— Calc. Gra. Elect.
: Model Prediction
. 10°4 a "
X 10° . n”
o 1074 n
Z 10° '\./
105' /
10 /’\
10°1 %
L1 L —
2 3 4 5 6 7 8 9 10 11 12

n

FIG. 8. Comparison of the predicted TMR of our model using
WKB approximation with our actual calculated TMR in the out-
of-plane-magnetized MTJs at zero bias.
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and 6, the predicted TMR of this model is very close to our
calculated TMR of the Ag-electrode configuration at zero
bias. In other cases, there is a deviation between the model
and actual calculated value, since B;, C;, and D; are depen-
dent on layer label i and total layer number #, and cannot
be seen as constant values, especially at the boundary adja-
cent to the Ag electrodes. Due to the metallization of the
Crl; layers that are adjacent to the Ag electrodes, B;, C;,
and D; are actually close to zero at the boundary. We will
talk about this next.

¢. Metallization effect. —First, we want to clarify that
the metallized Crl; layer has stronger coupling with
other neighboring Crl; layers due to enhanced inter-
layer exchange interactions from more itinerant electrons.
Therefore, the metallization effect from the Ag electrodes
not only affects the outermost layer, but can also be
transmitted to the inner layers through enhanced inter-
layer coupling. However, this metallization effect from the
electrodes diminishes rapidly, as it is transmitted to the
inner layers due to the relatively large interlayer distance
(3.59 A) and the enhanced but still weak interlayer interac-
tion. Thus, we can assume that the degree of metallization
(defined as ) of the Crl; layers, which reflects the effect
of the Ag electrodes, is largest in the outermost layer, and

7 decreases rapidly as it gets closer to the innermost layer.
So, when # is small, most of the Crl; layers are affected by
the Ag electrodes. When 7 is large enough, the inner Crl;
layers that are now in the majority are hardly affected by
the Ag electrodes, and thus, behave the same, regardless
of electrode type. The spin-filtering effect of the metallized
Crl; layers that are in the minority is greatly diluted by that
of the unaffected Crl; layers that are in the majority. There-
fore, the effect of the electrodes becomes insignificant for
large n.

We plot the spin-resolved PLDOS of the Ag-electrode
MTIJs with 2-layer, 5-layer, and 8-layer Crl; spacer lay-
ers in Figs. 9—11 to further explain the metallization effect.
The Ag/2-layer Crl;/Ag MTJ corresponds to the small-n
case. As shown in Fig. 9, both Crl; layers are metallized
and behave like magnetic metals, which filter the elec-
trons with different spins according to the spin-resolved
DOS at the Fermi level. The Ag/8-layer Crl;/Ag MTIJ
corresponds to the large-n case. As shown in Fig. 11, the
outermost two Crl; layers are greatly metallized (corre-
sponding to maximal t) and their adjacent 12 layers are
also metallized, to a certain extent (white stripes near the
Fermi level in Figs. 11(c) and 11(d), corresponding to lim-
ited 7). Whereas the innermost two Crlj layers are hardly
affected by the Ag electrodes (corresponding to nearly zero
7) and behave the same, regardless of the electrode type.

(a) FM Spin Up (b) FM Spin Down FIG. 9. Spin-resolved PLDOS
I 2 T T of the Ag/2-layer Crl;/Ag MTJ
2 .
for the AFM and FM states.
| Fermi level is set to zero
S 1 1 2 % ! e 1 energy. Bla.ck lines indicate the
L g . & B boundary lines of the electrode
&>‘3 0, w200 0.3 and tunnel region, and yel-
s | L% | low lines are the spin-dependent
H -0.89 potential-barrier profiles. Num-
-1 3 N - bers indicate the corresponding
: 1 = Crl; layers.
1 ot
2 *- -8 i -2 L 4 1% 217
0 10 20 30 0 1020 30 =
z(A) 7 (A) 278
. . ]
(c) AFM Spin Up (d) AFM Spin Down 5y 2
2 2 | &
' ! -3.8 -
i i
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As n continues to increase, and when the contribution of
the metallized part to overall transport is relatively small,
the effect of the electrodes becomes insignificant.

d. Modification of the spin-filtering model.—First, we
would like to emphasize that the previously used spin-
filtering model is an approximation that treats each Crl;
layer as an independent and identical tunnel barrier [29].
This model can help understand some basic phenomena,
but it ignores the interlayer coupling and the effect of the
electrodes. In our Ag/n-layer Crl;/Ag MTJs, the interac-
tion between the Ag electrodes and the adjacent Crl; layers
is very strong, and the interlayer coupling of the Crl; layers
is also enhanced due to the metallization effect, as we state
above. So, we have to include these two factors to fully
understand the complex phenomena. In fact, the conduc-
tance G and the SFE of the Crl; layers are both influenced
by the degree of metallization, 7, and the interlayer cou-
pling, which prevents the Crls layers from being treated as
equivalent tunnel barriers.

The effect of t on G is easily comprehensible. A
higher T means more itinerant electrons near the Fermi
level, and thus, larger G. The effect of ¢ on SFE can be
comprehended in two extreme cases. When 7 = 0, which
means the Crl; layer is not affected by the Ag electrodes,

z(A)
5-Layer Crl,

Ag

we assume this Crls layer has the highest SFE because
of the spin-dependent tunneling process. As 7 increases,
which corresponds to the increasing DOS of the itiner-
ant electrons near the Fermi level, the conductance of the
spin-up (G) and spin-down electrons (G) both increase
greatly. Because the original G, is several orders of mag-
nitude smaller than the original G4, the relative increase
ratio of G should be larger than that of G4. Then, accord-
ing to the definition of P, which can be written as P =
(Gy — G))/(Gy + G)), if we multiply G, by a larger fac-
tor than the factor that we use to multiply G, at the same
time, P decreases, which corresponds to the decrease of
the SFE. When 7 = 1, which means the Crlj layer is com-
pletely transformed into a magnetic metal, we have to
make it clear that, although the Crl; layer no longer works
as a tunnel barrier, it still has the ability for spin filtering,
justas 2D FM metals do. This feature is also verified by the
different PLDOS of the spin-up and spin-down electrons
in the highly metallized outermost Crl; layers shown in
Figs. 9(c) and 9(d). The spin filtering of the 2D FM metals
originates from the different DOS of the spin-up and spin-
down electrons near the Fermi level, and the SFE of the 2D
FM metals should be lower than that of the 2D FM semi-
conductors, according to our reasoning above. Previous
experiments have also shown that P of the MTJ with 2D
FM metal Fe;GeTe, electrodes (7 layer and 21 layer) is
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(a) FM Spin Up (b) FM Spin Down FIG. 11. Spin-resolved PLDOS
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66% [25], which is lower than the experimental P value
(99%) of the FM-ordered graphene/4-layer Crls/graphene
MT]J [29]. This agrees with our conclusion. In summary,
for the Crl; layers in the Ag-electrode MTJs, the larger
the degree of metallization, 7, the larger the conductance,
G, and lower the SFE. Notably, G changes greatly with t,
whereas SFE changes slightly.

Next, we consider the effect of interlayer coupling.
Previous calculations have shown that, in the graphite/3-
layer Crl;/graphite MTJ, the 11| (the arrows represent
the relative out-of-plane magnetization directions of the
corresponding Crls layers) configuration exhibits larger
conductance, G, than the 11 configuration [57]. The rea-
son for this difference is ascribed to the stronger magnetic
coupling between the first two layers in the 11| con-
figuration, which leads to a conduction-band edge closer
to the Fermi level for the spin-up electrons. In our Ag-
electrode MTJs, the interlayer coupling is enhanced due
to the metallization effect, as we state above. Therefore,
the phenomenon that the coupling between Crl; layers
with the same spin leads to larger conductance should
also be more obvious. Actually, the behavior of Gpy in
our out-of-plane-magnetized Ag/n-layer Crl;/Ag MTJ at
zero bias can be comprehended using this mechanism.
Gpm remains relatively large (~1072 €2/h), even when the
layer number is up to 12 and exhibits odd-even oscillation

with layer number n. By contrast, previous calculations
have shown that Ggyy of the Au/n-layer CrPSs/Au MTJ
decreases linearly and monotonically with » and reaches
about 10719 ¢2/h when n = 10 [49]. The metallization effect
of the Ag electrodes and enhanced coupling between the
FM Crl; layers account for the relatively large Ggy. The
odd-even oscillation of Gpy indicates that the coupling
between Crl; layers with the same spin prefers pairwise
pairing (possibly related to the A-B stacking mode), and
the conductance of the two coupled Crls layers is larger
than that of an uncoupled single Crl; layer. Whereas, for
Garm, the AFM-ordered configuration lacks the pairwise
coupling of the adjacent same-spin Crl; layers (but there is
probably secondary coupling between nonadjacent same-
spin Crl; layers, which we will mention later). Therefore,
Garpum generally decreases with increasing » when n < 8.
When n> 8, Gapm exhibits odd-even oscillation, which
means Gapmo > Garm2/—1 Where [ is a positive integer
and 2/> 8. We assume the reason might be that, when n
is a large even number, the two adjacent Crlz layers with
opposite spins can be combined to be treated as a funda-
mental unit and then couple with each other. This coupling
resembles the coupling between adjacent same-spin Crls
layers (as the 1| units are nearly the same, if we ignore
the metallization effect when # is large), and thus, can also
improve the conductance.
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Then, according to the definition of TMR, which can be
written as TMR = GF%_GAFM = gFM — 1, we can com-
AFM AF!
prehend the behavior of TMR from the relative change
between Ggy and Gapm. When n < 8, the odd-even oscil-
lation of the TMR is the result of combining the odd-even
oscillation of Gy and the monotonic decreasing of Gapy.
Meanwhile, the combination of the reduced decreasing rate
of Gapm and the relatively larger decreasing rate of Ggy
when n=3, 5, and 7 leads to the relatively low TMR.
When n > 8, Gpy and Gapym exhibit odd-even oscillation
at the same time. Notably, the relative change rate of Ggy
[i.e., (Gem, n — Gem, n—1)/(GEm, n—1)] is larger than that of
Garum [i.e., (Garm, » — GarM, n—1)/(GaFM, n—1)] When 7 is
even, and the situation is opposite when n is odd (n > 8). In
other words, when the conductance increases due to cou-
pling (either between adjacent Crl; layers or between 1
units), Ggy increases faster than Gapy. When the conduc-
tance decreases due to one extra layer, Gapy decreases
faster than Gpy. This is actually a sign that the coupling
between adjacent same-spin Crlj layers is stronger than the
coupling between adjacent 1 units. This difference leads
to the monotonic increasing of the TMR when n > 8.
Here, we explain why we do not pursue TMR beyond
12 Crl; layers. Our calculation results show that the con-
ductance, G, generally decreases with increasing » in the
Crl;-based MTJs. Notably, our Ag-electrode MT1J is a spe-
cial case, as Gpy remains relatively large (~107* &*/h),
even when the layer number is up to 11 due to the met-
allization effect of the Ag electrodes and enhanced cou-
pling between the Crls spacer layers. By contrast, Gapm
is already reduced to about 10~'! ¢?/h when n reaches
11. We have also mentioned that Ggy of the Au/10-
layer CrPS;/Au MT]J is about 10~1° ¢2/A [49]. We assume
that the general decreasing tendency of G with increas-
ing n will not change. Then too small a conductance
will result in many problems. First, when G is too small,
the calculation will be beyond our precision. For exam-
ple, our calculated G of the graphite/4-layer Crls/graphite
MTJ reaches about 10~2* ¢%/h, and, when we increase n
to 5, we find that the calculation is already beyond our
precision. At the same time, too large an n also means
more atoms and will exceed our computational ability.
Second, in practical experiments, if G is too small, the
measuring current will also be too small to distinguish.
Previous experiments show that the minimum current in
the graphite/10-layer Crlz/graphite MTJ already reaches
1 pA [25]. Therefore, when n is very large, the the-
oretically predicted large TMR cannot be measured by
experimental means, which means this prediction loses
its practical value. Third, a low resistance-area product
(RA), which is related to impedance matching, and power-
consumption reduction are required for MTJs [58]. Too
small a G means a very large RA, which also prevents
the practical application of MTJs. Finally, if we want to
downscale the device size, we also have to control the

thickness of the spacer layer, which means that n cannot
be too high. For the above reasons, we choose a suitable
range of n to conduct our calculations and do not pursue
TMR beyond 12 Crl; spacer layers. In addition to having
a large TMR, the most suitable » for practical applications
should also consider other factors, including appropriate G
and RA.

To finish clarifying the effect of interlayer coupling on G
and TMR, we now explain the effect of interlayer coupling
on the SFE. Previous calculations have shown that, in the
graphite/n-layer Crlz/graphite MTJ, they have P, ~ 0.79,
PTT ~ 0.92, PTTT ~ 0.94, PTTl ~ (0.73, and PTlT ~
0.35 (the arrows represent the relative out-of-plane magne-
tization directions of the corresponding Crls layers) [57].
The difference between P; and P, 4 indicates that the
spin filtering of two adjacent Crl; layers with opposite
spins cannot simply cancel each other out. The difference
between P44, and P4 4 indicates that the coupling between
two adjacent Crls layers with the same spin can greatly
improve the SFE, which resembles the phenomenon that
this coupling leads to an improvement of G.

After modifying the simplest spin-filtering model with
the metallization effects of the Ag electrodes and enhanced
interlayer coupling, we now get back to the variation
tendency of Papym in our out-of-plane-magnetized Ag/n-
layer Crl;/Ag MT]J at zero bias. For the even-layer con-
figurations like 11 ... 141, even if we consider the
metallization effect and the interlayer coupling, the overall
device is still symmetric for both spins. Therefore, the sum
of the spin filtering of all the Crl; layers for the spin-up and
spin-down electrons is still the same, which leads to the
near-zero Papm.even. For the odd-layer configurations like
M ... M1, when 7 is small (typically less than seven),
all the Crl; layers are metallized, to a certain extent, and
the interlayer coupling is greatly enhanced. Although the
two Crls layers with the same spin are not adjacent, there
is probably still a certain degree of coupling between them
that helps improve Papyv Wwhen n =3 and 5. To be specific,
when »n =3, this coupling refers to the coupling between
the first layer and the third layer, which are also the two
outermost layers with the highest v and thus, the strongest
coupling. When n =5, the situation is similar and the cou-
pling between the first layer and the fifth layer is probably
not very weak because all the Crl; layers are metallized, to
a certain extent. The significantly reduced decreasing rate
of Gapy When n=3 and 5 also suggests the probable exis-
tence of coupling between nonadjacent same-spin layers
because this coupling can also lead to an improvement in
G. When 7 is large, more unmetallized layers appear in the
middle and coupling between nonadjacent same-spin Crls
layers (especially the coupling between the two outermost
same-spin layers that contributes most to the improved
Parmodd When n =3 and 5) is blocked. At the same time,
spin filtering of one specific Crl; layer is diluted by the spin
filtering of all the other Crl; layers. Therefore, Parm.odd
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gradually decreases with increasing n and approaches zero
when # is large enough.

3. ky-resolved transmission of the
out-of-plane-magnetized Ag/n-layer Crlz/Ag MTJ at
zero bias

For a more comprehensive understanding of the spin-
dependent tunneling process, we also plot kj-resolved
transmission of the Ag/n-layer Crl;/Ag MTJs with out-
of-plane magnetization at zero bias for the FM and AFM
states in the 2D Brillouin zone (BZ) from n=3 to n =10,
as shown in Fig. 12. An intuitive first impression is that
the transmission coefficients of the FM state are gener-
ally more significant than those of the AFM state, and the
difference in the order of magnitude generally increases

FM State AFM State

3 Layer 3 Layer
soxto? [l Tl 5.0x10+

5 Layer

5 Layer
10x10‘2- Ml 1 ox10 y

7 Layer

roxto' I 0x10“’
9 La er
1ox0" B omo—"’

with the layer number, judging from the scale bar, which
also leads to the general increasing of TMR. The distri-
bution of the red area in the 2D BZ for the FM state is
generally different from that for the AFM state, except
for n=3 and n=>5. The different distributions in 2D BZ
represent different tunnel channels and partly account for
the huge TMR. When n=3 and n =35, the distributions
for both states are very similar, despite the numerical dif-
ference. This corresponds to the approximate 100% P apm
when n =3 and n =15, as we explain above.

4. Bias effects

The calculated TMR values of the graphite/n-layer
Crls/graphite MTJs at zero bias are much larger than
Klein’s experimental values [29] at zero bias and Song’s

FM State

4 Layer
Y ot B W oxio

AFM State
4 Layer

6 Layer

6 Layer
o0 B W ioxo®

8 Layer
roxto [IE 0x10‘7

10La 10 Layer
YW oo

FIG. 12. kj-resolved transmission coefficients across the Ag/n-layer Crl3/Ag (n is from 3 to 10) magnetic tunnel junction in the
Brillouin zone (dashed line) for the FM and AFM states calculated at the Fermi level.
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FIG. 13. Bias voltage dependence of the spin-resolved current for the FM state (a), the AFM state (b), and the TMR (c) in the

Ag/2-layer Crl;/Ag MTI.

experimental values at zero bias [30], but close to Song’s
largest TMR values at ¥, 2 0.3 V. The difference between
the two experimental results is probably due to the effect of
such detailed conditions as the detailed interfacial quality,
measuring temperature, and applied bias [8]. The calcu-
lated values at zero bias are much larger than the exper-
imental values at zero bias because the calculations are
carried out under ideal conditions, including absolutely flat
surfaces and zero temperature.

In terms of the applied bias voltage, the calculation
results and Klein’s experimental results [23] are both
obtained under zero bias voltage, while Song’s largest
TMR is obtained under V;,~0.3 V [24]. To determine
the effect of the bias voltage on the TMR, we calculate
the spin-resolved current and the TMR of the Ag/2-
layer Crl; /Ag MTJ with out-of-plane magnetization under
different bias voltages, as shown in Fig. 13. As the
bias voltage, V}, increases from zero, the spin-resolved
current generally keeps increasing. In the FM-ordered

configuration, the spin-up current is much larger than the
spin-down current, while, in the AFM-ordered configura-
tion, the spin-up and spin-down currents are very similar.
With increasing V7, the TMR first slightly decreases from
1510% to 1480% and then increases until 7, =0.03 V,
where the TMR reaches the maximum value of 1880%.
After that, the TMR monotonically decreases with increas-
ing V, and the whole tendency is similar to that in Song’s
experiment using graphite electrodes [30].

5. Magnetization-direction effects

In Song’s experiment, we notice that the TMR of the
in-plane-magnetized configuration is generally larger than
that of the out-of-plane magnetized configuration. So, we
perform noncollinear spin-polarized transport calculations
in the in-plane magnetized graphite/n-layer Crls/graphite
MT]Js to determine the noncollinear spin-orientation effect.
As shown in Fig. 14(a), the transmission coefficients

a b c
( 1) o (b) In-Plane Magnetized Crl; Layers )1 05
1 FM Spin Up —m-Calc. L TMR (This Work)
- L FM Spin Down —A~— Calc. Il TMR (This Work)
1071 ~ ®- L AFM Spin Up -0O- Expt. L TMR [24]
- (= L AFM Spin Down 10*4 -4- Expt. Il TMR [24]
< 10-17 4 —®— 1l FM Spin Up/Down _—
.g —A— 1| AFM Spin Up/Down -
a2 19 S L.
E, 1074 :\ Out-of-Plane Z 10° A
I \\r\ Spin-Up and 7
=10 \ u Spin-Down / 102 27T K
S < 1 o --
10-2 . Electrons =
—)
107 T T T Transmission 10’ T
2 3 4 2 3 4
n n
FIG. 14. (a) Comparison of the transmission function at £ = 0 eV between the in-plane and out-of-plane-magnetized graphite/n-

layer Crls/graphite MTJs at zero bias. (b) Schematic model of the noncollinear transport process. Red arrows represent the spin
orientation of the electrons, and green arrows represent the magnetization direction of the Crl; layers. (c) Same as (a) but for TMR at

zero bias.
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of spin-up and spin-down electrons are exactly degen-
erate in the in-plane-magnetized Crl; layer because the
incoming out-of-plane-magnetized spin-up and spin-down
electrons are symmetric for the in-plane-magnetized Crl;
layers, as shown in Fig. 14(b). Furthermore, the transmis-
sion coefficients monotonically decrease with increasing
n, and those of the FM-ordered configurations are larger
than those of the AFM-ordered configurations. In addi-
tion, compared with the transmission coefficients in the
out-of-plane-magnetized configurations, the transmission
coefficients in the in-plane-magnetized configurations are
several orders of magnitude smaller when n =2, and the
difference becomes smaller as 7 increases. When n =4, the
transmission coefficients in the in-plane- and out-of-plane-
magnetized configurations are very similar.

Now we turn to the TMR results. As shown in Fig. 14(c),
compared with the collinear (out-of-plane) situation, the
calculated TMR in the in-plane-magnetized configura-
tion is slightly larger when n=2 (880% > 600%) but
slightly smaller when n=3 (160% < 830%) and n=4
(13000% < 18 000%). In Song’s experiment, the TMR at
zero bias in the in-plane-magnetized configuration is close
to that in the out-of-plane-magnetized configuration when
n=23 [30]. When n=2 and 4, the TMR values at zero
bias in the in-plane-magnetized configuration are smaller
than those in the out-of-plane-magnetized configuration
[30]. The reduction tendency of the TMR in the in-plane-
magnetized configuration coincides with our calculation
results.

IV. CONCLUSION

We first summarize the scaling behavior of spin-
resolved band gaps of n-layer Crl; and find that the
variation range of all the spin-resolved band gaps is rel-
atively small (less than 0.2 eV). Then we investigate
the scaling behavior of TMR of the Ag/n-layer Crl;/Ag
MTJ with layer numbers over a large range (from 2
to 12 layer) at zero bias with out-of-plane magnetiza-
tion, and a generally increasing trend of TMR with the
tunnel-barrier layer number, n, is revealed, that is, from
200% (2 layer) to an incredible 10°% value (12 layer).
Specifically, when n <7, the variation trend of TMR
exhibits odd-even oscillation, and the TMR monotonously
increases from n=7 to n=12. We also calculate the
TMR of the graphite/n-layer Crls/graphite MTJ from 2
to 4 layers at zero bias with out-of-plane magnetiza-
tion, and a monotonously increasing trend of the TMR
is obtained, which corresponds with the experimental
results. Furthermore, the TMR of the Ag/2-layer Crl;/Ag
MTJ under increasing bias voltage is found to slightly
decrease from 1510% to 1480%, when V, =0.01 V, and
then increases until 7, =0.03 V, where TMR reaches
a maximum value of 1880%. Additionally, compared
with the collinear (out-of-plane) situation, the calculated

TMR of the in-plane-magnetized MTJs with graphite elec-
trodes is slightly larger when n=2 (880% > 600%) but
slightly smaller when n=3 (160% < 830%) and n=4
(13000% < 18 000%). The reduction tendency of the TMR
in the in-plane-magnetized configuration coincides with
the experimental results. Our results will motivate further
explorations of 2D-magnet-based MTlJs.
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