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Spintronics, a technology harnessing electron spin for information transmission, offers a promising
avenue to surpass the limitations of conventional electronic devices. While the spin directly interacts with
the magnetic field, its control through the electric field is generally more practical, and has become a focal
point in the field. Here, we propose a mechanism to realize static and almost uniform effective magnetic
field by gate-electric field. Our method employs two-dimensional altermagnets with valley-mediated spin-
layer coupling (SLC), in which electronic states display valley-contrasted spin and layer polarization. For
the low-energy valley electrons, a uniform gate field is approximately identical to a uniform magnetic field,
leading to predictable control of spin. Through symmetry analysis and ab initio calculations, we predict
altermagnetic monolayer Ca(CoN), and its family materials as potential candidates hosting SLC. We show
that an almost uniform magnetic field (B,) indeed is generated by gate field (E.) in Ca(CoN), with B, « E.
in a wide range, and B, reaches as high as about 10° T when E, = 0.2 eV/A. Furthermore, owing to the
clean band structure and SLC, one can achieve perfect and switchable spin and valley currents and
significant tunneling magnetoresistance in Ca(CoN), solely using the gate field. Our work provides new
opportunities to generate predictable control of spin and design spintronic devices that can be controlled by

purely electric means.
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Introduction—The discovery of various spin-dependent
transport phenomena [1-13] has led to the emergence of the
field of spintronics, which has generated extensive interest in
both fundamental research and application design [14-30].
For advanced spintronics devices, an efficient and precise
control of spin is required. Since spin is a type of angular
momentum, a magnetic field is the most natural way to control
it. Under a uniform magnetic field B, the energy of an electron
with spin angular momentum s will be shifted by A « —B - s
[31,32]. According to this Zeeman effect, the behavior of spin
under a B field can be easily predicted, indicating that one can
use a B field to precisely control spin. However, magnetic
control of spin is not favored in application.

Various schemes are proposed to control spin via non-
magnetic methods. Since the spin-orbit coupling (SOC)
effect couples an electron’s motion (or momentum) to spin,
most of the current schemes use SOC to generate an effective
B field by electric means [33-36]. In the view of symmetry,
the addition of external fields may reduce the symmetry of the
systems and then may lead to indirect control of spin via
certain mechanisms in the systems both with and without

“These authors contributed equally to this work.
Contact author: zhiming_yu@bit.edu.cn
“Contact author: ygyao@bit.edu.cn

0031-9007/24/133(5)/056401(6)

056401-1

SOC [37-47]. For example, an external electric field and
interface engineering, which break spacetime-inversion (P7")
symmetry, generally can lead to net spin polarization [41,42].
However, the effective B field induced by these schemes
generally has a strong dependence on momentum k and is not
uniform even for the low-energy electrons. Moreover, in
practice using only a gate electric field to induce an effective
uniform magnetic field would be ideal [48-55].

The gate field is directly coupled to the layer degree of
freedom. For a two-dimensional (2D) material with multi-
ple atomic layers, a perpendicular gate field (E,) can create
a layer-dependent electrostatic potential. Then, when the
band electrons with opposite spin polarization have finite
and opposite layer polarization (+P;), an emergent spin-
layer coupling (SLC) occurs. With SLC, the gate field can
produce an energy shift of A o« —E,P; for the electrons
with opposite spins, similar to the Zeeman effect.
Particularly, the SLC scheme works for the systems both
with and without the SOC effect. However, to generate a
uniform B field via SLC, both spin and layer polarization of
all the low-energy electronic states should be the same or
opposite. This means that generic interlayer antiferromag-
nets like bilayer Crl; cannot accomplish the task, as their
low-energy electrons are distributed in different regions of
the Brillouin zone (BZ) having completely different spin
and layer polarization.
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FIG. 1.

Illustration of the mechanism of valley-mediated SLC and the gate-field control of spin. (a) A generic altermagnet with two

valleys V; and V, features intrinsic spin-valley locking, which is protected by certain (magnetic) crystalline symmetry O rather than
time-reversal symmetry 7. (b) Meanwhile, a 2D valleytronic material may host O-protected valley-layer locking, where the two valley
states have opposite layer polarization (P;). (c) The combination of spin-valley and valley-layer locking leads to a novel spin-valley-
layer coupling: valley-mediated SL.C in 2D altermagnets. (d) This effect enables an intuitive, predictable, and precise control of the spin

polarization by electric gate field.

Besides, for the famous spintronics (valleytronics) mate-
rials, transitional metal dichalcogenides (TMD), their low-
energy electrons are localized at the K or K’ valley and then
share similar or opposite physical properties. But since the
bilayer TMD has time-reversal symmetry [56,57], the gate
field alone may produce finite spin polarization in each
valley but cannot generate net spin polarization. Therefore,
for further development of spintronics, it is crucial to find a
magnetic counterpart of the TMDs, which not only has
abundant coupled physics but also permits a predictable
control of spin polarization via gate field alone.

Here, we address this task by proposing a novel type of
spin-valley-layer coupling, valley-mediated SLC, and pre-
dicting ideal material candidates: monolayer Ca(CoN), and
its family materials. Here, the ideal means that the band
structure is clean and the SLC effect is significant. We show
that the valley-mediated SLC can naturally appear in the 2D
valleytronics materials with altermagnetic ordering and
valley-layer coupling, as illustrated in Fig. 1. Via ab initio
calculations on Ca(CoN),, we find that an almost uniform
effective magnetic field indeed is generated by gate field, and
its strength reaches ~10° T for E, = 0.2 eV/ A. Moreover,
several interesting phenomena associated with SLC are
revealed, such as a new design scheme for realizing a giant
tunneling magnetoresistance (TMR)-like device without a
heterojunction structure. Our work thus opens a new research
direction for the field of spintronics.

Valley-mediated SLC—Since our target is generating spin
polarization through the gate field alone, the systems studied
here should be spin neutral but break time-reversal symmetry
(7). We also require the low-energy electrons to have similar
or opposite polarizations. These requirements naturally point
to the 2D valleytronics materials with antiferromagnetic or
altermagnetic (AM) ordering. However, the bands in anti-
ferromagnetic materials are at least doubly degenerate,
making the polarization ill defined.

Thus, we consider a generic AM material, where the low-
energy bands around each valley are not degenerate. Owing
to the altermagnetism, the valleys must come in pairs with

opposite spin polarization, leading to intrinsic spin-valley
locking [43,45], as shown in Fig. 1(a). Furthermore, certain
2D valleytronics materials can host valley-layer coupling
[58], where the electronic states in different valleys have
opposite layer polarization [see Fig. 1(b)]. By combining
both effects, the electronic states with opposite spin polari-
zation (in different valleys) will exhibit opposite layer
polarization, leading to the valley-mediated SLC [see
Fig. 1(c)]. With this SLC effect, a uniform electric field
can act as an (almost) uniform magnetic field to influence the
spin-polarized bands, enabling precise control of the spin by
gate field [see Fig. 1(d)].

Symmetry requirements—We then analyze the symmetry
conditions for the valley-mediated SLC. For simplicity, we
consider a 2D collinear AM system with only two valleys
labeled as V; and V, (see Fig. 1). We also assume that the
Néel vector of the system points out of the plane; in such
case, the directions of the spin polarization of the valley
electrons for the systems without SOC must be along the
=z direction (as an infinitesimal SOC effect can fix the spin
polarization of systems to these directions), while for the
systems with strong SOC, they may or may not be along the
+z direction. For consistency of discussion, we further
require the spin polarization of the valley electrons to be
approximately along the 4z direction in the SOC systems.

For each Bloch state |y (k)), we can define a spin (layer)
polan'zation Ps(l) = <W(k>|ﬁs(1) |l//(k)> with PS = gz (pl = ?z)
denoting the z component of the spin (position) operator.
Py, > 0(P; <0)and P, > 0 (P, < 0) indicate that the state
has more weight distributed in the spin-up (spin-down) and
top (bottom) layer, respectively. Notice that P ;) and the spin
(layer) polarization of the magnetic atoms are two completely
different concepts, which are respectively defined in k space
and real space. Therefore, it is not reasonable to infer Py
from the magnetic configuration of systems.

To realize the valley-mediated SLC, the following sym-
metry requirements must be satisfied: (i) Symmetries
that guarantee vanishing spin or layer polarization at V)
should be broken, such as horizontal mirror M, which
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makes P; = 0O for all the bands and (ii) we can divide the
symmetries of the AM system into two parts, R and O; V|
and V, are invariant (interchanged) under the operators
in R (O), as follows:
RVigy=Vig,  OVig = Vo). (1)
To achieve valley-contrasted spin and layer polarization, any

operator in R must maintain both spin and layer polarizations
for each valley:

RP)(VIR™ = Py (V). (2)

with i = 1, 2. Meanwhile, any operator in O reverses the
polarizations:

OP () (V12) O™ = =Py (Va1). (3)

This indicates that the gate field should break O.

These two requirements apply to the systems with and
without SOC, the symmetry of which are described by
magnetic groups and spin groups, respectively. For SLC,
the main difference between the magnetic group [59] and
the spin group [60-62] is the constraints they imposed on
spin polarization. Notice that, we have assumed that the
spin polarization of the valley electrons for the systems
with and without SOC are the same, i.e., pointing along the
4z direction. Thus, for the magnetic systems discussed
here, it is enough and convenient to use the magnetic
groups rather than the complicated spin groups to analyze
the SLC in the systems without SOC [63]. We conducted a
search through all 528 magnetic layer groups (MLGs) to
identify those that may host valley-mediated SLC. Our
findings are summarized in Table S1 of the Supplemental
Material [63], which provides a systematic and specific
guide for identifying material candidates.

Candidate materials—In addition to developing design
principles, it is equivalently important to identify candidate
materials. Here, we demonstrate that the family of mono-
layer decorated transition metal nitride A(BN), (A = Mg,
Ca, Zn and B = Mn, Fe, Co) materials are the potential
candidates with valley-mediated SLC; among them the
monolayer Ca(CoN), is the most representative. We focus
on the monolayer Ca(CoN), in the main text. The properties
of the other candidates can be found in the Supplemental
Material [63].

The monolayer Ca(CoN), has a square lattice structure
with optimized lattice constant a = b = 3.55 A, consisting
of five atomic layers in the sequence of Co-N-Ca-N-Co [see
Figs. 2(a) and 2(b)]. The top (bottom) Co and N atoms are
almost in the same plane. Remarkably, the separation
between the top and bottom Co-N layers is about 3.9 A,
which is as large as the typical interlayer spacing of van der
Waals heterostructures. We confirm that the ground state of
monolayer Ca(CoN), exhibits an AM configuration [63],
as illustrated in Fig. 2(c), and belongs to MLG 59.5.414,
which is exactly a target MLG candidate. The magnetic
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FIG. 2. (a) Schematic showing the process of stripping mono-
layer candidates (red dashed area) from the bulk. (b) Top view of
the crystal structure of monolayer A(BN),. (c) Spatial spin-
density distribution of monolayer Ca(CoN),, showing the mag-
netic moments are mainly localized around the top and bottom
Co atoms with opposite directions. (d) Phonon spectrum of the
monolayer Ca(CoN),.

moments are mainly on the Co sites with a magnitude of
~3up, and the Néel vector is along the z axis. The monolayer
Ca(CoN), is also dynamically stable [see Fig. 2(d)] and
features thermal stability up to 300 K [63].

According to our symmetry analysis [63], the monolayer
Ca(CoN), will exhibit valley-mediated SLC as long as it has
two valleys at the X and Y points. In fact, these two valleys are
connected by 75,, symmetry (with S, = C4,P), which
interchanges both spin and layer polarizations (P and P;) of
the two valleys. Since the monolayer Ca(CoN), has negli-
gible SOC effect, it can be considered as an AM without
SOC. The band structure of the monolayer Ca(CoN),
without SOC is shown in Fig. 3(a), where two valleys for
both the conduction and valence bands at the X and Y points
are observed. Therefore, we can conclude that the valley
states must feature valley-contrasted spin and layer polari-
zation. By analyzing the spin projection of the valley states,
we find that both the conduction and valence bands residing
at the X valley are completely composed of spin-up, while
those at the Y valley only contain spin-down [see Fig. 3(a)].
Additionally, the conduction band at the X (Y) valley is
mainly distributed in the top (bottom) Co-N layer, whereas
the valence band at the X (Y) valley is mainly distributed in
the bottom (top) Co-N layer [see Fig. 3(b)]. We have checked
that the band dispersion and the two polarizations of the two
valleys remain unchanged when SOC is included, consistent
with the above analysis [63]. These results explicitly dem-
onstrate the existence of the valley-mediated SLC.

Gate-field control of spin—Owing to SLC, one can
easily predict the behavior of the spin states of the
monolayer Ca(CoN), under E.. For the conduction band,
the gate field (E, > 0) pushes up the X valley with spin-up
and pulls down the Y valley with spin-down, behaving like
a magnetic field pointing along the z direction with
BT > 0. For the valence band, the spin splitting is opposite
because the layer polarization of the spin states around X
and Y valleys are reversed [see Fig. 3(b)], leading to an
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FIG. 3. (a) Band structure of monolayer Ca(CoN), in the AM

configuration without SOC. The red color denotes the spin-up
channel, and the blue color stands for the spin-down channel,
respectively. (b) Orbital-projected band structures without SOC,
showing the low-energy bands are mainly contributed by Co and
N atoms. (¢) Band structure of monolayer Ca(CoN), under a gate
field of E, =0.2 eV/A. (d) Spin (valley) splitting for VBM
(AE,) and CBM (AE,) [indicated in (c)] versus E,.

effective magnetic field of BST < 0. Figure 3(c) shows the
calculated band structure of the monolayer Ca(CoN), with
an experimentally achievable gate field of E, = 0.2 eV/ A
[74]. The results are consistent with our expectations.
Moreover, the induced B field in monolayer Ca(CoN),
has the following distinctive features.

First, the conduction (valence) states around the X (Y)
valley have almost the same energy shift [63], indicating
that the gate field induces a static and uniform effective B
field. To the best of our knowledge, the uniform effective B
field has not been reported before and cannot generally be
generated by schemes other than the SLC scheme.

Second, the spin splitting of the conduction band
minimum (CBM) and valence band maximum (VBM) is
significant, respectively reaching up to 123 meV and
78 meV for E, = 0.2 eV/A [see Figs. 3(c) and 3(d)].

The strength of the induced effective magnetic field may
be approximately expressed as

AEC v
Bt =—<1. (4)
9sS;

where AE,. (AE,) is the energy splitting for CBM (VBM),
s, =1/2, and g, is the effective g factor which here is
assumed to be 2. From Eq. (4), one knows that for the
conduction (valence) band, a gate field of E, = 0.2 eV/ A
produces a B field as large as 1062 T (—673 T).

Third, we also calculate the spin splitting as a function of
E_, and the result is shown in Fig. 3(d), which clearly shows

that a continuous, wide-range, and switchable control of
spin (valley) polarization is achieved. Particularly, a linear

relationship between the Bi?fv) and E, can be observed in a

wide range. Approximately, we have B‘Z,f(fy) = Xe(n E. with

Ze =5.15%10° TA/V and y, = —2.71 x 10° TA/V. All
these features are highly advantageous for the application
of the gate-field control of spin.

Effective model for valley-mediated SLC—Another ad-
vantage of the valley-mediated SLC is that we can establish
a low-energy effective Hamiltonian to describe it. The
magnetic point group of the X and Y valleys is m'm’2 for
the monolayer Ca(CoN),. The band representation of the
CBM (¢¥) and VBM (¢¥) at the X valley of the monolayer
Ca(CoN), with SOC is 2E and 'E respectively, while that
of the CBM () and VBM (¢)) at the Y valley is ' E and
2E. Using the four states {@¥, ¢, ¢!, p?} as the basis, the
k - p effective model can be expressed as

H= ATZ + ) (kxTx + kyTy) + 1}2<kx7x - kyTy)Gz’ (5)

where A =0.281 eV is the half of the band gap,
v, = 0.760 eV/A, and v, = 0.748 eV/A (v, = v, when
the SOC effect is ignored.) Both ¢ and 7 are Pauli matrices
that act on the valley space and the basis of {¢Y, ¢} } with
V = X and Y, respectively. Since the basis {¢!, ¢!} has
opposite layer polarization, 7 can also be regarded as acting
on the layer space. Similarly, ¢ can also be considered to
operate in the spin space, as the low-energy states at the X
(Y) valley are spin-up (spin-down) electrons. Therefore, the
physics of the SLC is solely encoded in the last term of
Eq. (5) which pairs 7 with o. With the concept of the
effective magnetic field, the main influence of the gate field
on the low-energy bands of monolayer Ca(CoN), can be
written as

He = —s.g,diag(BE", B, B —B5T). (6)

Discussions—Owing to valley-mediated SLC, the mono-
layer Ca(CoN), is an ideal material for realizing various
spintronics devices with great advantages in controllability,
significance, and convenience. On doping the monolayer
Ca(CoN), with either electrons or holes, and subjecting it
to a gate field, the system exhibits a significant spin
polarization, for which the polarized direction can be easily
switched by reversing the gate field. Thus, the monolayer
Ca(CoN), is a suitable platform for generating a current
with perfect and switchable spin polarization.

The TMR device, an important spintronics device, gen-
erally requires a heterojunction structure and is controlled by
a magnetic field. However, the gate-field control of spin in
monolayer Ca(CoN), suggests a new paradigm for achiev-
ing a TMR-like device without both a heterojunction
structure and magnetic field, which would significantly
simplify the experimental procedures. As illustrated in
Fig. 4, the device is constructed by the monolayer
Ca(CoN), alone and is divided into three regions by gate
field. For parallel (antiparallel) configuration, the gate field at

056401-4



PHYSICAL REVIEW LETTERS 133, 056401 (2024)

(a) Parallel ¢ (c) 1.8
% " = o o
TR 2 o g . g 124
AA aa Ad |
(b) Antiparallel Eoel$
@ @ Parallel
" ' ' o0 : A Antiparallel
o R X S % 00

AA AAd A 02 03 04

E-field (eV/A)

FIG. 4. Schematic of novel TMR-like device based on mono-
layer Ca(CoN),. (a),(b) Parallel and antiparallel configurations of
the TMR-like device. (c) Total transmission as a function of E,
for the Ca(CoN), tunnel junction in parallel and antiparallel
configurations. The calculation details are shown in the Supple-
mental Material [63].

the left and right regions is the same (opposite). With a
suitable Fermi level, the middle region is still insulated while
the other regions become doped. In a parallel configuration,
the matched conduction channels between the left and right
regions would result in a low-resistance state. In contrast, in
an antiparallel configuration, electrons moving from left to
right must switch spin, valley, and layer indexes, i.e.,
changing from spin-up, X valley, and top layer to spin-
down, Y valley, and bottom layer, making the tunneling
resistance of the system extremely high. For conventional
TMR devices, only the spin index changes in the antiparallel
configuration. Therefore, compared with them, our design
should exhibit stronger suppression in the antiparallel
configuration, and then feature a more pronounced TMR
effect. We present the calculated overall transmission for
both parallel and antiparallel configurations in Fig. 4(c),
which clearly demonstrates our analysis.

Besides, the unique band structure of the monolayer
Ca(CoN), leads to many intriguing and adjustable optical
properties. From Eq. (5), we find that the monolayer
Ca(CoN), exhibits valley- and spin-contrasted elliptical
dichroism [63]. Then, the opposing layer polarization of
valence and conduction bands at each valley will generate
spin-resolved interlayer excitons [58] and layer photo-
galvanic effects [75] under left or right elliptically polarized
light, as optically excited electrons and holes are localized
in different layers. Furthermore, one can use the gate field
to effectively modulate the interlayer excitons and photo-
galvanic effects.
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