
25344 |  Phys. Chem. Chem. Phys., 2023, 25, 25344–25352 This journal is © the Owner Societies 2023

Cite this: Phys. Chem. Chem. Phys.,

2023, 25, 25344

Momentum matching induced giant
magnetoresistance in two-dimensional
magnetic tunnel junctions

Yaohua Qiu,a Chun-Sheng Liu, b Xingqiang Shi, c Xiaohong Zheng *a and
Lei Zhang *de

Giant magnetoresistance was first experimentally discovered in three-dimensional magnetic tunnel

junctions (MTJs) in the late 1980s and is of great importance in nonvolatile memory applications. How

to achieve a magnetoresistance as large as possible is always a central task in the study of MTJs.

However, it is normally only of the order of magnitude of tens of percent in traditional MTJs. The ideal

situation is the metal–insulator transition together with the magnetization reversal of one magnetic lead.

In this work, we will show that this can be achieved using a two-dimensional ferromagnetic zigzag

SiC nanoribbon junction based on quantum transport calculations performed with a combination of

density functional theory and non-equilibrium Green’s function. Specifically, with the magnetization

configuration switching of the two leads from parallel to anti-parallel, the junction will change abruptly

from a conducting state to an insulating state, although the two leads are always metallic, with both spin

up and spin down channels crossing the Fermi level simultaneously. Extensive analysis indicates that the

insulating state in the anti-parallel magnetic configuration originates not from any present mechanisms

that cause full suppression of electron transmission but from momentum direction mismatching. This

finding suggests a fantastic mechanism for achieving magnetoresistance or electrical switching in

nanoscale devices by manipulating band dispersion.

1. Introduction

The discovery of a giant magnetoresistance (GMR) effect in
magnetic tunnel junctions (MTJs) by Fert and Grünberg et al. in
the late 1980s started a revolution of data storage technology in
computer science.1,2 Resulting from it, the data storage density
was substantially increased by tens of times and it rapidly
became the standard memory technology in digital products
such as computers and digital cameras. Starting from this
discovery, a new subject called spintronics appeared and the
spin degree of freedom of electrons as a carrier of information
started to attract the intensive attention of researchers.3–12

Traditional three dimensional MTJs are composed of an insu-
lator sandwiched between two ferromagnetic leads.13 When the
magnetizations of the two leads are parallel, one spin channel
will be in a highly conducting state and the other spin channel
will be in a lowly conducting state. As a two-channel parallel
resistor model, it will result in a low resistance state. In
contrast, when the magnetizations of the two leads are anti-
parallel, both channels will be largely blocked and thus a high
resistance state arises. However, the magnetoresistance is gen-
erally very low, typically on the order of tens of percent.1,2 Thus,
it is always a central task to achieve magnetoresistance as large
as possible. Theoretically, the ideal situation is the metal–
insulator transition together with the magnetization configu-
ration switching between parallel and anti-parallel. In tradi-
tional three dimensional MTJs, this is hardly achievable unless
both magnetic leads are half-metallic, with only one spin
channel crossing the Fermi level in the band structure of
each lead.

Together with the rise of two-dimensional (2D) materials
starting from the discovery of graphene,14–17 2D magnetic
materials with intrinsic magnetism are successively proposed
theoretically or synthesized experimentally, such as Gr2Ge2Fe6,
CrI3, VSe2, CrGeTe3, Fe3GeTe2, NiPS, CoH2, CrBr3, etc.18–27 More
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interestingly, some 2D materials, such as graphene28 and 2D
SiC,29 are intrinsically nonmagnetic but become magnetic
when they are cut into one-dimensional nanoribbons with
zigzag edges. The spatially separated edge states cause edge
magnetism which may be in either anti-ferromagnetic or ferro-
magnetic coupling between the two edges. The availability of
2D magnetic materials and magnetic nanostructures greatly
enhances the development of spintronics in the field of low
dimensional systems. Specifically, giant magnetoresistance
devices have also been proposed based on zigzag graphene
nanoribbons (ZGNRs).30–35 Interestingly, several mechanisms
based on the appearance/disappearance of states at the Fermi
level,30 spin matching/mismatching31 or orbital symmetry
matching/mismatching32 have been proposed to achieve con-
ducting–insulating transition with the switching of the mag-
netic field in the MTJs.

Specifically, magnetoresistance is related to different trans-
mission probabilities between the parallel and anti-parallel
magnetization configurations. Whether an electron can tunnel
through the barrier from one lead to the other lead depends on
many factors. First of all, both the left and right leads should be
conducting. In terms of electronic structure, for an electron
with energy E to transmit, the density of states (DOS) in both
leads should be nonzero at this energy E. Muñoz-Rojas’s
scheme uses the metallic ferromagnetic state and the insulat-
ing antiferromagnetic state of ZGNRs as the tunnel barrier to
realize GMR. The switching of the states is realized by applying
or not applying a magnetic field to the central ZGNR.30 Sec-
ondly, the spin channels of the two leads should match. Even if
the DOS is not zero, if the spin channel does not match, the
electrons cannot tunnel from one lead to the other. With
this mechanism, the conducting state and the insulating
state can be achieved by using half-metals as the two leads
and a magnetic field to tune the spin polarity of the half-
metallicity.31,36 In this situation, if the two leads are parallel in
magnetizations, electrons can transmit. In contrast, if the two
leads are have anti-parallel magnetizations, electrons cannot
transmit due to the spin mismatch in systems without spin–
orbit interactions. Thirdly, the orbital symmetries of the two
leads should not be orthogonal to each other. If it is odd
symmetry in one lead and even symmetry in the other lead,
the electrons cannot transmit due to the orbital orthogonality
in the two leads.32,37 To obtain an insulating state together with
the magnetization reversal, at least one of the above conditions
should be satisfied.

In this work, by adopting a ferromagnetic zigzag SiC nanor-
ibbon (ZSiCNR) for constructing a MTJ, we will show that the
junction will undergo a conducting–insulating transition
together with the magnetization configuration switching
between the two leads, leading to giant magnetoresistance. It
is quite unusual considering the facts of both leads being
metals with both spin channels crossing the Fermi level in
the band structure and the orbital nonorthogonality between
the two leads. Extensive analysis indicates that it originates
from none of the above three mechanisms, but from a new one
based on momentum matching or mismatching.

2. Simulation model and calculation
details

The two-probe MTJ in study is constructed with an 8-ZSiCNR
which contains 8 zigzag SiC chains along the x direction in
width. The junction is divided into three parts: the left lead
(left), the right lead (right), and the central region (central).
Although there is some arbitrariness in choosing the central
region in an infinite nanoribbon, we still have to make sure
that the central region should be long enough so that the
potential in the central region will saturate to that of the bulk
leads at its boundaries. In this work, 16 unit cells are chosen as
the central region, with the central eight unit cells for denoting
the magnetic configuration shown in Fig. 1(a) and its two ends
are periodically repeated to infinity along the z axis on both
sides as the leads (not shown). The transport direction of the
junction is along the z-axis. The size of the central region is
56.0 � 12.5 � 49.6 Å, which is large enough to avoid the
interaction from its periodic images in the xy plane. The
parallel (‘‘P’’) magnetization configuration is obtained by set-
ting the initial edge atomic magnetic moments in the whole
central region to be up while the anti-parallel (‘‘AP’’) magneti-
zation configuration is obtained by setting the initial edge
atomic magnetic moments of the left half to up and those of
the right half to down. In experiment, we may apply parallel or
antiparallel magnetic fields to the two leads and not to the
central region. Due to the proximity effect and the strong FM
coupling between the edge Si or C atoms at the same edge, the
neighbor edge atoms will be polarized with the same magne-
tization direction. The spontaneous extension of the magneti-
zation relaxation from the two leads to the device center will
automatically produce a uniform magnetization in the P case
and a magnetic boundary at the device center in the AP case.

First-principles calculations are performed using the Nanod-
cal package which combines density functional theory and non-
equilibrium Green’s function techniques for the quantum
transport study.38,39 The wave functions are expanded by linear
combinations of atomic orbitals (LCAOs) in the form of double
zeta polarized basis (DZP). The atomic cores are described
using norm-conserving pseudopotentials and the exchange–
correlation potential is treated at the level of the generalized
gradient approximation (GGA) in the form of Perdew–Burke–
Ernzerhof (PBE).40 The real space mesh grid is determined by a
cutoff energy of 50 Ry. For the lead self-consistency and
electron transport calculations of this MTJ, the k-grids of the
reciprocal space are set to 1 � 1 � 100 and 1 � 1 � 1,
respectively. The density matrix and the Hamiltonian conver-
gence criterion are both set to 1 � 10�4 a.u. The force con-
vergence criterion is set as 0.04 eV Å�1 for geometry relaxation.

The spin-resolved conductance is calculated by

Gs ¼
e2

h
TsðEFÞ (1)

where e is the electron charge, h is the Planck constant, and
Ts(EF) is the spin-resolved transmission coefficient with spin
s(s = m,k) at the Fermi level EF. Ts(E) is calculated by
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Ts(E) = Tr[GL(E)GR(E)GR(E)GA(E)]s (2)

where GR(A) is the retarded (advanced) Green’s function of the
central region and GL(R) is the linewidth function of the left
(right) lead which describes the coupling between the lead and
the central scattering region.

3. Results and discussion

Although silicon prefers sp3 instead of sp2 hybridization, thus
2D silicon materials cannot be constructed, it is possible to
form a layered structure by mixing C and Si with sp2 hybridiza-
tion. SiC nanotubes41,42 and 2D SiC sheets29 are such typical
examples and both have been successfully synthesized. Unlike
carbon nanotubes which may be metallic or semiconducting
depending on the chirality, SiC nanotubes and 2D SiC materials
are all semiconductors. Just like carbon nanotubes and gra-
phene that can be cut into 2D nanoribbons, SiC nanotubes and
2D SiC sheets can also be cut into nanoribbons. Very interest-
ingly, SiC nanoribbons with zigzag edges are magnetic, with
edge states and edge magnetism localized on the two
edges.43–46 More interestingly, the ground state is an anti-
ferromagnetic (AFM) one with a ferromagnetic (FM) order in
one edge and an antiferromagnetic order between the two
edges and it is intrinsically half-metallic. However, this half-
metallicity is basically useless since its energy is only very
slightly less than or even almost equal to that of the ferromag-
netic state.44 Thus, the antiferromagnetic state cannot be
stabilized. Nevertheless, the ferromagnetic state can be fixed
by applying a magnetic field or by putting the sample on a
magnetic substrate. This enables the convenience of studying
the magnetoresistance effect which needs both leads to be

ferromagnetic and the switching between parallel and anti-
parallel can be accomplished by applying magnetic fields with
identical or opposite directions. Thus, our study in the follow-
ing will focus on the ferromagnetic state of zig-zag SiC
nanoribbons.

The band structure of the 8-SiCNR in the ferromagnetic state
is shown in Fig. 1(c). It is seen that there are one spin up band
and one spin down band crossing the Fermi level, and thus, it is
a metal in terms of band theory. Since the transport properties
of materials are determined by the bands around the Fermi

level, we plot the wave functions of the four bands at k ¼ 0:35
2p
a

(a is the lattice constant of the primitive cell along the periodic
direction) to see the spatial distribution of these states, as
shown in Fig. 2. It is seen that the two bands starting from the G
point above the Fermi level and going down from left to right
are localized on the Si-edge. In contrast, the two bands starting
from the G point below the Fermi level and going up from
left to right are localized on the C-edge. Here, the Si-edge or
C-edge mean the edge terminated with Si or C atoms apart from
the passivating H atoms. The four bands closest to the
Fermi level are thus marked with ‘Si-d’, ‘Si-u’, ‘C-d’ and ‘C-u’,
denoting the spin down(up) band localized on the Si(C)-edge,
with ‘d’ and ‘u’ denoting ‘spin down’ and ‘spin up’, respectively.
From the atomic magnetic moments shown in Fig. 2(d), the
magnetism is extremely localized at the edges, with maxima of
0.276mB at the Si atom and 0.254mB at the C atom, decaying
rapidly away from them to the center. Since the magnetic
moments of most internal atoms are close to zero, the magnetic
coupling between the two edges is weak and the difference
between the AFM and FM configurations is negligibly small in
this system.44

Fig. 1 (a) The central region of the device S1 with a parallel magnetic configuration (‘‘S1-P’’). (b) The equilibrium transmission function. (c) The band
structure of the left lead. (d) The band structure of the right lead. The red dots mark two spin-matching (spin up) bands crossing the Fermi level in the two
leads.
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The transmission function of the junction with a parallel
configuration (labelled as ‘S1-P’) is shown in Fig. 1(b). It is seen
that the transmission at any energy is an integer. It is natural
since all Bloch states can be transmitted without any scattering
and each Bloch state will contribute 1 to the transmission when
the potential is periodic. In this case, the band structures of the
left and right leads are presented in Fig. 1(c) and (d), respec-
tively. There is one to one correspondence for each energy-
momentum (E–k) pair. Specifically, the transmission for each
spin channel at around the Fermi level is exactly 1.0. The
scattering states and the atom projected density of scattering
states (DOSS) at the Fermi energy are shown in Fig. 3. The
scattering states are the eigenstates of a two-probe device,
demonstrating how a Bloch state incoming from one lead is

transmitted and reflected when passing the scattering center.
The scattering states shown in Fig. 3(a and b) indicate that the
Bloch state does not decay after passing the central region. The
DOSS at a specific energy reflects better the scattering process
than the scattering states since it is the integration of the
scattering state over the real space and projection onto each
atom, while the scattering state shown in Fig. 3(a and b) only
shows the information of the real part or the imaginary part at a
specific isovalue. It is seen that the magnitude of the atomic
projected DOSS (Fig. 3(c and d)) keeps fixed or periodic when
going from left to right, indicating perfect transmission in
this case.

However, for the anti-parallel configuration (labelled as ‘S1-
AP’, see Fig. 4(a)), the spin indices of the bands in the right lead
are exchanged, as compared with those of the left lead (see
Fig. 4(c and d)). Now it is seen that the transmission around the
Fermi level is exactly zero, suggesting the complete blocking of
electrons (see Fig. 4(b)). The scattering states and the atomic
projected DOSS shown in Fig. 5 also reflect the complete
blocking of electrons. It is very strange and interesting, con-
sidering that none of the three factors above, namely, zero
density of states, orbital symmetry mismatch and spin mis-
match, explains this blocking since, obviously, on the one
hand, both spin channels cross the Fermi level in both leads,
thus the spin mismatch does not occur and the density of states
for each spin channel is nonzero, and on the other hand, the
states of these bands are all localized on one edge and thus they
do not have definite orthogonal symmetries to cause blocking
between them.

However, two possible mechanisms may still cause the
blocking in the anti-parallel configuration. The first one is
the inter-edge spatial separation between the initial states
and final states during the tunneling process. Take the spin
up channel as an example. Let’s focus on the spin up band
marked with a red dot in each lead (see Fig. 1(c, d) and 4(c, d)).

Fig. 2 The state at k ¼ 0:35
2p
a

� �
for (a) the Si-u band, (b) the Si-d band,

(c) the C-u band’ and (d) the C-d band. Here, ‘u’ and ‘d’ stand for ‘‘spin up’’
and ‘‘spin down’’, while positive and negative values are shown in red and
blue, respectively. In (d), the atomic magnetic moments in the unit of mB

(Bohr magneton) are also shown, with those of C atoms on the left side
and those of Si atoms on the right side.

Fig. 3 The scattering state propagating from left to right at E = 0.0 eV in the S1-P case for (a) spin up and (b) spin down, with only the real (imaginary) part
(not) shown since either of them reflects well the spatial distribution feature of the scattering state, and the density of scattering states (DOSS) for (c) spin
up and (d) spin down. In (c) and (d), the black and pink balls indicate the positions of the C and Si atoms, while the size of the red filled circles shows the
magnitude of the DOSS at the corresponding site. The central vertical dashed line marks the device central position along the transport direction.
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The incoming state from the left lead is localized at the Si-edge,
while the outgoing state is localized at the C-edge. There is an
inter-edge spatial separation induced tunnel barrier between
the upper edge (Si-edge) and the lower edge (C-edge). Shall
this spatial separation induced barrier cause the complete
blocking? The second one is the band dispersion of the two
bands crossing the Fermi level in the two leads. It is seen that
the slope of the Si-u band is negative while that of the C-u band
is positive in the right half of the first Brillouin zone (see
Fig. 3(c and d)). Will the different sign of the slope cause the

complete blocking? To determine which one is the true factor
that causes the blocking, we set up the following junction.
We turn the right half of the central region and the right lead
by p around the central axis along the transport direction
and connect it to the left half of the central region. Now,
the connection region is made up of Si–Si dimers and C–C
dimers (see Fig. 6(a) and 8(a)). We still consider the parallel and
anti-parallel magnetic configurations between the two leads
and we will call these two configurations as ‘S2-P’ and ‘S2-AP’,
respectively.

Fig. 4 (a) The central region of the device S1 with an anti-parallel magnetic configuration (‘‘S1-AP’’). (b) The equilibrium transmission function. (c) The
band structure of the left lead. (d) The band structure of the right lead.

Fig. 5 The scattering state propagating from left to right at E = 0.0 eV in the S1-AP case for (a) spin up and (b) spin down, and the atom projected DOSS
for (c) spin up and (d) spin down. In (c) and (d), the black and pink balls indicate the positions of the C and Si atoms, while the size of the red filled circles
show the magnitude of the DOSS at the corresponding site.
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In ‘S2-P’, the band structure of the right lead is the same as
that in the left lead since the magnetizations in both leads are
pointing up. In this case, the spin up electrons will tunnel from
the Si-u band in the left lead to the Si-u band in the right lead.
However, the states in the Si-u band in the left lead and those in
the right lead are localized at the upper edge and at the lower
edge, respectively. Thus, the band slopes of the two bands
between which the tunneling occurs are the same, but the
spatial separation induced barrier will be developed between
them. It is seen now that both spin channels are conducting
well (see Fig. 6(b)), with the transmission at the Fermi level
reaching about 0.5. The atomic projected DOSS in Fig. 7(a and
b) also shows clearly the partial transmission of each spin
channel and the transmission path switching from the top
(bottom) edge to the bottom (top) edge for the spin up (down)
channel. Thus, the inter-edge spatial separation induced tunnel
barrier is not the cause for the electron transmission blocking.

In contrast, in ‘S2-AP’ (Fig. 8(a)), the two spin indices of the
band structure in the right lead will be exchanged (Fig. 8(c and
d)), just like that in ‘S1-AP’. Now the states in the spin up
channel in the left lead will be localized at the upper edge (Si-
edge), and those in the right lead will also be localized at the
upper edge (C-edge). In this case, there is no inter-edge spatial
separation induced barrier between the initial state and the
final state in the tunneling process. However, since the spin up
state comes from the Si-u band in the left lead while it comes
from the C-u band in the right lead, these two bands have
opposite slope signs (see Fig. 8(c and d)). It is found that in this
situation, the transmission of both spin channels around the
Fermi level is extremely low (Fig. 8(b)). The atomic projected
DOSS in Fig. 7(c and d) also shows that the two spin channels

are blocked in this case. Thus, we may conclude that the
blocking is caused by the slopes with opposite signs, not by
the spatial separation induced tunnel barrier.

It is easy to understand since the slope actually determines

the group velocity v ¼ 1

�h

@E

@k
. The transmission mode in the left

lead and that in the right lead with the same k have opposite
propagating directions; thus, it is impossible for a right moving
wave in the left lead to continue to move right in a left moving
mode in the right lead.47 Although it is well known that the
longitudinal k in the transport direction is not a good quantum
number in a device and it may change in the tunneling process,
it is believed that it can only change in a small range. According
to the band symmetry, in the other half of the first Brillouin
zone of the right lead, there are necessarily k points that have
the same group velocity direction as the left lead. However,
since the difference between the two k points that have match-
ing group velocity is too large, the transmission between them
will be small or even negligible. In the first Brillouin zone, half
k points with a positive slope are responsible for electrons’ right
propagation while the other half points with a negative slope
are responsible for electrons’ left propagation. For electrons
incoming from the left lead to continue to propagate in the
right lead after passing the central region, the k points in the
same half of the first Brillouin zone should have the same
group velocity direction, which we call the momentum match-
ing. In certain cases, the transmission may be nonzero even if
the group velocity directions in the same moiety of the first
Brillouin zones of the two leads are opposite. Such transmis-
sion occurs between two k points with the same group velocity
direction from the different moieties of the first Brillouin zones

Fig. 6 (a) The central region of the device S2 with the parallel magnetic configuration (‘‘S2-P’’). (b) The equilibrium transmission function. (c) The band
structure of the left lead. (d) The band structure of the right lead. The green box in (a) marks the connection region of the junction.
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of the two leads. Although nonzero, it will be much smaller
than the cases with the same group velocity in the same moiety
of the first Brillouin zone due to the large k difference. The large
k difference in the two leads is not beneficial for electron
transport, which is particularly important in valleytronics
where inter-valley scatterings are generally negligible just for
this reason. Consequently, the momentum matching effect
serves as a basic mechanism for designing electrical switching
devices or GMR devices. To check the feasibility and the
robustness of this mechanism, we have performed calculations
on SiC nanoribbon junctions with different ribbon widths and

the conductor–insulator transition together with the reversal of
the magnetic configurations has always been achieved.

4. Conclusions

In summary, we have studied the spin polarized transport in a
magnetic tunnel junction constructed with a ferromagnetic 8-
ZSiCNR using density functional calculations. By switching the
magnetization direction of the right lead, a metal-to-insulator
transition behavior is observed, namely, two conducting and

Fig. 7 The DOSS for the scattering state propagating from left to right at E = 0.0 eV in the S2-P case for (a) spin up and (b) spin down and that in the S2-
AP case for (c) spin up and (d) spin down. The black and pink balls indicate the positions of the C and Si atoms, while the size of the red filled circles show
the magnitude of the DOSS at the corresponding site. The blue dashed curves with arrows indicate transmission paths in the S2-P case.

Fig. 8 (a) The central region of the device S2 with the anti-parallel magnetic configuration (‘‘S2-AP’’). (b) The equilibrium transmission function. (c) The
band structure of the left lead. (d) The band structure of the right lead. The green box in (a) marks the connection region of the junction.
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insulating states are achieved, which definitely leads to giant
magnetoresistance. The insulating state is not caused by any
present formalisms, such as zero DOS, orbital symmetry mis-
matching or spin mismatching, but by a new formalism that we
call momentum mismatching. This suggests a fantastic scheme
for designing giant magnetoresistance by only considering or
manipulating the matching or mismatching of the band dis-
persion of the materials. Although the device is actually a
continuous nanoribbon in this work, the momentum mis-
matching effect can be extended to other systems that have
two leads with opposite group velocity directions.
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