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ABSTRACT

Writing and reading of magnetization states via mechanical strain are crucial for the development of ultralow-power spintronic devices. In
this study, a van der Waals magnetic tunnel junction (vdW MT]) of Fe;GaTe,/h-BN/MnBi,Te, is constructed to explore the magnetization
reversal under in-plane biaxial strains. Interestingly, the interlayer magnetic coupling of devices can be tuned to ferromagnetic and antiferro-
magnetic states by tensile and compressive strains, respectively. The various magnetic couplings on applied strains are analyzed using the
superexchange theory. Importantly, the interlayer coupling nearly vanishes after removing external strains, ensuring the nonvolatility of
magnetization reversal, resulting in the nonvolatile writing of magnetization states in the present vdW MT]. Moreover, the tunneling magne-
toresistance ratio of the device is up to —5745%, which remains —1478% even with —2% strain, showing great potential for reading the mag-
netization states. Therefore, this work provides an alternate avenue to write and read magnetization states in one vdW MT] under biaxial
strains.
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1. INTRODUCTION transition was observed in the Gr/Crl;/Gr devices, resulting in a
TMR of 95%, 300%, and 550% for bilayer, trilayer, and tetralayer
Crl; barriers, respectively.2 In recent years, Fe;GaTe, and Fe;GeTe,

have been widely used to construct all-2D MT]Js, showing very
17-21

Two-dimensional (2D) magnetic materials have opened up
exciting possibilities for designing van der Waals magnetic tunnel
junctions (vdW MTJs).'™ Similar to the structure of conventional

MTJs,” the vdW MTJs are vertically stacked with two ferromag- interesting results for next-generation memory devices.
netic (FM) electrodes and a nonmagnetic spacer. Notably, the Therefore, vdW MT]Js have exhibited tremendous potential for the

unique electronic behaviors of 2D FM electrodes present two sig- aRPIicatigl})_ 1?)fzzsgin devices and the exploration of fundamental
nificant advantages for vdW MTJs over their conventional counter- science.”” T

parts. On the one hand, the absence of dangling bonds could result Writing magnetization states in vdW MTJs with excellent
in cleaner interfaces, leading to better transport properties of vdW reproductivity and nonvolatility is the other core issue for magnetic
MTJs.”'” On the other hand, the vdW MTJs conform to the information storage in spintronics,”* ™’ which is usually deter-

curved surfaces, expanding their flexible applications.'"”'* A vital mined by the magnetization reversal from the antiferromagnetic
performance of vdW MT]Js relates to the fact that the tunneling (AFM) to the FM state and vice versa. An interlayer transition

magnetoresistance (TMR) effect offers an effective means of from AFM to FM interaction was demonstrated in atomically thin
reading magnetization states.'”~'® The vdW MT] of graphene (Gr)/ CrI; through a hydrostatic pressure, but the transition was irrevers-
Crl;/Gr showed a giant TMR of up to 19 000% with four-layer Crl, ible.”>*” Fortunately, Cenker et al. predicted and achieved a revers-
as tunnel barriers," which is an order of magnitude larger than that ible strain-manipulated phase transition from an interlayer AFM to

30

of MgO-based conventional MTJs.”® A field induced metamagnetic an FM state in a vdW CrSBr magnet.”’ Based on first-principles
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calculations, Zhu et al. predicted a reversible strain-induced switch-
ing from AFM to EM coupling in bilayer MnS,.”" The nonvolatility
of writing operation means the data can be maintained in the
device after removing the external stimulus such as an electric field
or magnetic field.”” Cheng et al. showed a nonvolatile control of
interlayer coupling between the AFM and the FM state in bilayer
Crl3/In,Se; vdW heterostructures by tuning the polarization of 2D
ferroelectric In,Ses”” Through the support of various ferroelectric
layers, the nonvolatile writing of magnetization states has been
explored.””” Nevertheless, the magnetization reversal speed would
be seriously limited by ferroelectric response and instable inter-
face.”>”” Most recently, the Dzyaloshinskii-Moriya interaction
torque was proposed to obtain magnetization switching controlled
by voltage pulses, which was demonstrated in 2D multiferroics,
CuCrP,Ses, and CrN, using first-principles calculations and micro-
magnetic simulations.”® Although the above progress has been
made, the writing and reading of magnetization states in vdW
MTJs are still full of challenges for practical applications. The
explorations of an efficient approach and intrinsic mechanism are
highly desired to achieve a nonvolatile magnetization reversal in
vdW MT]Js.

Here, we study the writing and reading of magnetization states
in vdW MTJs through strain regulation caused by the sensitive
response of 2D materials, which is valuable for flexible spintronics
with energy efficiency. A vdW MTJ] with a Fe;GaTe,/h-BN/
MnBi,Te, stacking structure is constructed to explore the magneti-
zation reversal by applying strains. By investigating the interlayer
coupling of the device under different biaxial strains, the device can
be tuned to FM and AFM states by tensile and compressive strains,
respectively. Importantly, the interlayer coupling nearly vanishes
after the external strain is removed, ensuring the nonvolatility of the
magnetization reversal. As a result, the nonvolatile writing of magne-
tization states by strain is successfully realized in the vdW MT]J.
Furthermore, the TMR ratio reaches an impressive value of —5745%
without strain and remains —1478% even with —2% strain, showing
great potential for reading the magnetization states. Therefore, the
present study provides an alternate method to write and read magne-
tization states for flexible spintronic devices with the advantage of
both ultralow-power consumption and high-density storage.

Il. METHODS

First-principles calculations are performed using the density
functional theory (DFT) within the Vienna ab initio Simulation
Package (VASP).””"’ The Perdew, Burke, and Ernzerhof (PBE) gen-
eralized gradient approximation (GGA) functional is employed.’
The projector augmented wave (PAW) method* is used with a
cutoff energy of 500 eV. To account for the 3d orbitals of the Mn
atom, an effective Hubbard U (U.) value of 4eV is considered
based on Dudarev’s approach® The first Brillouin zone is sampled
using a T-centered 15x 15x 1 Monkhorst-Pack grid."* A vacuum
space of 20 A is utilized to model the 2D system. The convergence
criteria for energy and Hellmann-Feynman force components are set
to 1x107° eV and 0.001 eV/A, respectively. The vdW correction is
incorporated using the Grimme’s DFT-D3 scheme.”>*° The mag-
netic anisotropy calculations include the spin-orbit coupling (SOC)
effect. The VASP data are processed using the VASPKIT code."”

ARTICLE pubs.aip.org/aip/jap

For the investigation of spin-dependent transport properties
for the Gr/Fe;GaTe,/h-BN/MnBi,Te,/Gr device, the self-consistent
Non-Equilibrium Green’s Function (NEGF) formalism technique is
employed using the TranSIESTA code.”*™™ The Troullier-Martins
(TM) norm-conserving pseudopotentials (NCPP) are utilized.”’
The single-{ basis is employed for Gr, while the double-{ plus
polarization basis is used for Fe;GaTe,, h-BN, and MnBi,Te;. A
cutoff energy of 300 Ry and a mixing rate of 0.02 are chosen for the
self-consistent calculations. The density matrix and transmission
coefficients are calculated using 15 x 15 and 101 x 101 k meshes,
respectively. The convergence criterion for the density matrix is set
to 5x 107 eV. More details can be found in the supplementary
material.

Ill. RESULTS AND DISCUSSIONS
A. Strain regulates electronic and magnetic properties

Fe;GaTe, is a 2D vdW intrinsic ferromagnet with strong per-
pendicular magnetic anisotropy (PMA) and a high Curie tempera-
ture of over 300K, making it a promising candidate for
room-temperature spintronic devices.”””” As shown in Fig. 1(a),
the Fe;GaTe, monolayer has a hexagonal structure belonging to the
P6m2 space group, with the Fe;Ga heterometallic slab sandwiched
between two Te layers.” In Fig. 1(b), the spin-resolved energy band
and density of states (DOS) for Fe;GaTe, demonstrate its FM
metallic behavior. Considering the spin-orbit coupling (SOC)
interaction, the magnetic anisotropy energy (MAE) is calculated as
MAE =Ey — E,, where E, and E, represent the total energy of the
system with magnetic moments along the 6 and [001] directions,
respectively. The variation of the MAE with 6 plotted in Fig. 1(c)
confirms that the Fe;GaTe, monolayer exhibits PMA. On the other
hand, MnBi,Te, is chosen as the other magnetic layer in the vdW
MTJ with tunable magnetism and topological features, showing
potential application in novel spintronic devices.”*”> Figure 1(d)
shows the crystal structure of a MnBi,Te, monolayer that belongs
to the space group of P3ml. It consists of seven atomic layers
arranged as Te-Bi-Te-Mn-Te-Bi-Te, where Mn atoms in the
central plane form a triangular lattice.”” The energy band and DOS
in Fig. 1(e) reveal that MnBi,Te, is an FM semiconductor, exhibit-
ing a half-semiconductor characteristic with a potentially high
spin-polarization. The spin-resolved bandgaps of the spin- up and
spin-down channels are 1.00 and 1.27 eV, respectively, which are in
agreement with those of previous studies.”® Figure 1(f) indicates
that the easy axis of the MnBi,Te, monolayer is also perpendicular
to the xy plane.

The effects of strain on the magnetic anisotropy and intralayer
magnetic coupling of the Fe;GaTe, and MnBi,Te, monolayers are
investigated prior to constructing the vdW MT]J. The in-plane
biaxial (€) strain ranging from —2% to 4% is applied to examine
the magnetic properties of the Fe;GaTe, and MnBi,Te, monolay-
ers, where € is defined as € = (a — ay)/ao. The a and a, are the
lattice constants with and without strain, respectively. Figure 2(a)
shows the MAE of Fe;GaTe, as a function of biaxial strain. It is
observed that the MAE initially decreases and then increases dra-
matically, reaching around 1837 eV per unit cell with a tensile
strain of over 2%, while for the compressive strain, there is only a
slight increase in the MAE of Fe;GaTe,. The variation of the MAE
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FIG. 1. Structures, energy bands, DOSs, and MAEs for monolayers. (a) Schematic illustration of the crystal structure for the FesGaTe, monolayer. (b) Spin-resolved
energy band and DOS of Fe;GaTe,. The red (blue) line represents the spin-up (down) band. (c) MAE of Fe;GaTe, as a function of @ in polar coordinates. (d) Schematic
illustration of the crystal structure for the MnBi,Te, monolayer. (€) Spin-resolved energy band and DOS of MnBi,Te,. The orange (cyan) line represents the spin-up (down)
band. Ey; (Eg,) represents the bandgap of the spin-up (spin-down) channel. (f) MAE of MnBi;Te, as a function of & in polar coordinates.

for MnBi,Te,; with applied strain is plotted in Fig. 2(b), which
shows a monotonically decreasing trend of the MAE with the
increase in strain. Despite the effects of strain on the magnitude of
MAE:s for Fe;GaTe, and MnBi,Te,, the sign of the MAE remains
positive. This indicates that both the Fe;GaTe, and MnBi,Te,
monolayers maintain their PMA behavior within the range of
applied strain. To investigate the intralayer magnetic coupling of
Fe;GaTe, and MnBi,Te, under the strain, four magnetic configura-
tions of FM, AFM1, AFM2, and AFM3 (see Fig. Sl in the
supplementary material) are considered. The exchange energy
(AE,) 1is calculated as AEe =Eja apm — Eintra > Where
Eintra_ arm and Einy, v are the energies of the system with intra-
layer AFM and FM coupling, respectively. As illustrated in Fig. 2
(c), both the tensile and the compressive strains lead to a decrease
in the AE., of Fe;GaTe,. Comparatively, for MnBi,Te, shown in
Fig. 2(d), AE decreases and increases with the tensile and com-
pressive strains, respectively. Notably, the values of AE., for
Fe;GaTe, and MnBi,Te, shown in Figs. 2(c) and 2(d) are always
positive, demonstrating the stability of intralayer FM coupling
under the applied strain. Overall, these results indicate that
Fe;GaTe, and MnBi,Te,; monolayers exhibit a stable PMA and
intralayer FM coupling under strain, making them suitable for

constructing the vertical vdW MT] to explore magnetization rever-
sal controlled by strain.

B. Writing magnetization states by strain

To investigate the feasibility of manipulating magnetization rever-
sal by strain, a vdW MT]J of Fe;GaTe,/h-BN/MnBi,Te, is constructed
by vertically stacking the Fe;GaTe, monolayer, hexagonal boron
nitride (h-BN) monolayer, and MnBi,Te, monolayer, after optimizing
the stacking types (see Fig. S2 in the supplementary material). The
device structure is illustrated in Fig. 3(a), where the 2D insulating
h-BN layer serves as a spacer to reduce the interlayer coupling
between Fe;GaTe, and MnBi,Te,. The fixed layer is the MnBi,Te,
monolayer because of its small MAE compared with that of Fe;GaTe,,
as shown in Fig. 2. The magnetic moments of the Mn atom in
MnBi,Te, are along the positive direction of the z axis. The magneti-
zation direction of the free layer Fe;GaTe, can be switched between
parallel and antiparallel to that of MnBi,Te,, resulting in two distinct
magnetization states, FM and AFM states, as shown at the bottom of
Fig. 3(a). The goal is to achieve the switching between FM and AFM
states by applying an in-plane biaxial strain to the device. Figures 3(b)
and S3 in the supplementary material depict the spin- and atom-
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FIG. 2. Strain effect on the MAE and exchange energy (AE,) of monolayers. The MAE of the (a) Fe;GaTe, and (b) MnBi,Te4 monolayers as a function of biaxial strain.
Variations of AE for the (c) FesGaTe, and (d) MnBi,Te, monolayers with biaxial strain.

resolved energy bands of the FM and AFM states for the device,
respectively. It can be observed that Fe;GaTe, and MnBi,Te, within
the device retain the energy band characteristics of metals and half-
semiconductors compared with their freestanding layers [Figs. 1(b)
and 1(e)], respectively. This indicates that the device exhibits a metallic
property because of the presence of the metallic Fe;GaTe,, and each
monolayer is connected through vdW interaction.

The influence of biaxial strain on the interlayer coupling of
Fe;GaTe,/h-BN/MnBi,Te, is explored. The coupling energy
AEapm-pym is defined as AEspnm-pm = Einter_arMm — Einter_pm» Where
Einter apm and  Eipeer gy are the energies of Fes;GaTe,/h-BN/
MnBi,Te, in the AFM and FM states, respectively. As depicted in
Fig. 3(c), the AEsppm_pm increases monotonically with the applied
strain, indicating that the magnetization state of the device tends to

be FM for the tensile strain and AFM for the compressive strain.
This suggests the possibility of controlling magnetization reversal
by strain in the device. Importantly, there is almost no interlayer
coupling between Fe;GaTe, and MnBi,Te, when the biaxial strain
is zero. This essential phenomenon ensures that the magnetization
reversal induced by strain is nonvolatile, meaning the magnetiza-
tion state can be maintained in the device after removing the
biaxial strain. Additionally, it is found that the magnitude of
AEapm_pm can be tuned to around 0.2 and 0.1 meV with tensile
and compressive strains, respectively. 0.1 meV corresponds to a
magnetic field of 0.29 T due to the magnetic moment of Fe;GaTe,
being ~5.93 up/f.u. Thus, the interlayer coupling induced by strain
can overcome the coercivity ~0.1 T of Fe;GaTe, "~ resulting in the
reversal of the free Fe;GaTe, layer. Therefore, the nonvolatile
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FM states. (a) Schematic diagram of the structure and magnetization states for the

FesGaTe,/h-BN/MnBi,Te, device. (b) Spin- and atom-resolved energy bands of Fe;GaTe,/h-BN/MnBi,Te, in the FM state. (c) Variation of energy difference between AFM

and FM states for Fe;GaTe,/h-BN/MnBi,Te, with biaxial strain.

magnetization reversal driven by strain can be realized in the
Fe;GaTe,/h-BN/MnBi,Te, device, which is highly expected for
potentially writing the magnetization states in flexible spintronic
devices. This novel approach shows promise for the development
of advanced flexible spintronic devices with ultralow-power con-
sumption and high-density storage capabilities.

The dependence of coupling strength (AEapnm_pMm) On biaxial
strain in Fig. 3(c) can be understood by the superexchange
theory.””* In the literature, Zhu et al. theoretically demonstrated
that the strain modulation of the bond angle and interlayer distance
would affect the interlayer magnetic exchange, leading to the transi-
tion of interlayer coupling in bilayer MnS,.”" Sun et al. reported
the interlayer magnetic transition from AFM to FM in few-layer
VSe,, which is attributed to the strain regulation of interlayer mag-
netic exchange.59 For the present Fe;GaTe,/h-BN/MnBi,Te, device,
the interlayer magnetic coupling is mainly attributed to the
exchange interactions between the d orbitals of Fe and Mn medi-
ated by p and s orbitals. Figure 4(a) displays the crystal fields and
splitting of d orbitals for Fe and Mn. Under the trigonal bipyrami-
dal crystal field of D3, symmetry, the five degenerated d orbitals of
Fe should be split into a, (d..), e, (dy; and d,.), and e, (d,>—_,» and
dy) states.’’ In the MnBi,Te, monolayer, the d orbitals of Mn in
an octahedral coordination environment are split into a doubly
degenerate state e, (ds2—2, d2) and a triply degenerate state t,5 (dy,»

dyr d},z).(’l’62 In this case, there would exist two kinds of exchange
paths involving four possible hopping channels, that is, e,-p...p-a,
and eg-p...p-e; (path 1) and t,e-p...p-a; and tye-p...p-e; (path 2), as
illustrated in Fig. 4(b). Each channel is mediated by several p and
one s orbitals across two vdW gaps. Notably, o bonds are formed
between e, and p orbitals or a, and p orbitals, whose strengths are
much stronger than that of 7 bonds formed between t,, and p
orbitals or e; and p orbitals.”” Therefore, the e,-p...p-a; channel of
path 1 plays a dominant role in determining the interlayer mag-
netic coupling, as highlighted by the red frame in Fig. 4(b). The
electron virtual hopping processes along the eg-p...p-a; channel in
Fig. $4 in the supplementary material shows the FM and AFM
exchange interactions. When the biaxial strain is applied to the
device, the strain would influence the competition between the FM
and AFM interactions by changing the ¢, as shown in the left of
Fig. 4(b). The dependence of ¢ on biaxial strains is plotted in Fig. 4
(c). The ¢ tends to 90° and 180° with the increase in the tensile
and compressive strains, respectively. The insets draw the eg-p...
p-a; channel with ¢ of 90° and 180°, which correspond to the FM
and AFM exchange coupling according to the Goodenough-
Kanamori-Anderson (GKA) rule, respectively.“'(’(’ Thus, the inter-
layer coupling in the Fe;GaTe,/h-BN/MnBi,Te, device favors the
FM state under the tensile strain, while it favors the AFM state
under the compressive strain. Without strain, AFM interaction is
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respectively. (b) Interlayer exchange interactions between Fe;GaTe, and MnBi,Te, monolayers mediated by p and s orbitals across two vdW gaps. Only Fe atoms in the
middle layer of Fe;GaTe, are displayed here for simplicity. The ¢ is the angle of Fe-Te-B. (c) Dependence of ¢ on biaxial strains. The insets in the tensile and compres-

sive strain regions refer to the cases where ¢ =90° and ¢ = 180°, respectively.

comparable to FM interaction, resulting in a near zero coupling by
the competition between the AFM and FM interactions.

C. Reading magnetization states under strain

The storage of binary bits 0 and 1 in magnetic recording
relies on the manipulation and detection of magnetization states
in the magnetic recording media.”””*® Writing of magnetization
states regulated by strain has been achieved in the Fe;GaTe,/
h-BN/MnBi,Te, device. Now, it is crucial to detect the magnetiza-
tion states in such a device for its practical application in informa-
tion storage. The TMR effect is an effective means to read the
magnetization states in spintronic devices.'>” To investigate the
spin-dependent transport properties of the present device, a vdW

MT] of Gr/Fe;GaTe,/h-BN/MnBi,Te,/Gr is constructed, as shown
in Fig. 5(a). The central scattering region includes four atomic
layers of Gr on both sides. The arrows at the bottom show the
magnetization directions of each magnetic layer for the FM and
AFM states. In Fig. 5(b), the spin-resolved transmission spectra
are shown for the device in the FM and AFM states without
strain. The TMR effect of the device can be calculated using the
following formula:”’

TMR — (TFM_spin—up + TFM_spin—down) - (TAFM_spin-up + TAFM_spin—down)

TFM_spin—up + TFM_spin—down
% 100%,
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where TFM_spin-up (TAFM_spin-up) and TFM_spin-down (TAFM_spin-down)
represent the transmission probability of spin-up and spin-down
channels at the Fermi level when the device is in the FM (AFM)
state, respectively. Based on the results of Fig. 5(b), the calculated
TMR is up to —5745%, which has the potential to effectively read
the magnetization states of the Fe;GaTe, free layer. Thus, by com-
bining this reading technique of the TMR effect with the previously
demonstrated writing method of applying a strain, a flexible spin-
tronic device with both high density and energy efficiency can be
achieved.

The spin-dependent transport properties of the Gr/Fe;GaTe,/
h-BN/MnBi,Te,/Gr device under different in-plane biaxial strains
are further investigated. Figures 5(c) and 5(d) show the spin-
resolved transmission spectra of the device under —2% and 4%
strains, respectively. In Fig. 5(c), the TMR of the device with —2%
strain remains negative and is calculated up to —1478%.
Comparatively, the sign of TMR for 4% strain is reversed, and its
value still exceeds 50% [Fig. 5(d)]. Although the magnitudes of
TMR under both compressive and tensile strains decrease com-
pared with the strain-free case, they are still sufficient for effectively
reading the magnetization states of the present device in practical
applications. To understand the reason for different strain effects
on the TMR of the device, the spin-resolved transmission probabili-
ties at the Fermi level for both the FM and AFM states under the
—2%, 0%, and 4% strains are summarized in Fig. 5(e). Under the
—2% compressive strain, the electron transmission probabilities of
all transport channels increase slightly and remain similar to the
case of the 0% strain. In contrast, the 4% tensile strain has a distinct
influence on the transmission of four channels. The transmission
probabilities of both the spin-up channel in the FM state and the
spin-down channel in the AFM state (FM_spin-up and
AFM_spin-down) decrease slightly, while there is a sharp decrease
in the other two channels (FM_spin-down and AFM_spin-up). As
a result, the electron transport in the device under the —2% (0%)
and 4% strains is dominated by the AFM_spin-up and the
FM_spin-up channels, respectively.

To further confirm the observed difference in electron trans-
mission under different strains, the kj-resolved transmissions of the
four channels for the Gr/Fe;GaTe,/h-BN/MnBi,Te,/Gr device with
the —2%, 0%, and 4% strains are plotted in Fig. 5(f). For the device
under the —2% strain, the transmission probabilities of the four
channels are similar to that of the 0% strain. Specifically, the
spin-up channel for the AFM state exhibits the highest transmis-
sion probability, while the spin-down channel for the AFM state
shows the lowest transmission probability. In the FM state, there is
a slightly higher transmission in the spin-down channel compared
with the spin-up channel. In contrast, the electron transmission in
the device with the 4% strain shows a distinct difference from that
of —2% and 0% strains. For the FM state, the spin-up channel has
the highest transmission probability, while the spin-down channel
has the lowest. Comparatively, for the AFM state, the transmission
probability of the spin-down channel is slightly higher than that of
the spin-up channel. These results agree with the observations at
the Fermi level in Figs. 5(b)-5(d), validating the strain- and spin-
dependent modulations of electron transport in the device.
Furthermore, the transmission probabilities of the four channels
under different strains in Fig. 5(f) are all concentrated around the

ARTICLE pubs.aip.org/aip/jap

" point, which is consistent with the kj-resolved DOS of the Gr
electrode in Fig. S5 in the supplementary material.

IV. CONCLUSIONS

The vdW MT]J of Fe;GaTe,/h-BN/MnBi,Te, is designed based
on the Fe;GaTe, and MnBi,Te, monolayers with a stable PMA and
intralayer FM coupling under the strain. The nonvolatile magneti-
zation reversal has been realized in the device by employing strain.
The TMR effect is as large as —5745% without strain and remains
significant even with —2% and 4% strains, allowing for effectively
reading the magnetization states in the device. The current strategy
offers an insight for designing flexible spintronic devices with both
high-density storage and ultralow-power consumption.

SUPPLEMENTARY MATERIAL

See the supplementary material for the magnetic configura-
tions of the Fe;GaTe, and MnBi,Te, monolayers, the relative ener-
gies of different stacking types for the two monolayer materials, the
energy bands of the Fe;GaTe,/h-BN/MnBi,Te, device in the AFM
state, a schematic of virtual hopping along the e,-p...p-a; channel
between Fe and Mn atoms, and the kj-resolved DOS of the Gr elec-
trode under different biaxial strains.
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