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Electric-field control of magnetization is crucial for next-generation spintronic devices with reduced energy
consumption and increased integration density. Based on magnetoelectric multiferroics whose Dzyaloshinskii-
Moriya interaction (DMI) vectors are coupled to their polarization, we propose the architecture of a DMI
transistor which utilizes voltage-controlled DMI torque to reverse the magnetization orientation, enabling
current-free magnetization reversal. By leveraging the properties of a CrN monolayer, we demonstrate the
feasibility of the DMI transistor through first-principles calculations, micromagnetic simulations, and analytical
calculations. We find that the switching time of the DMI transistor (in subnanoseconds) increases with the ex-
change interaction and decreases with the DMI. We also show how the size of the DMI transistor (in nanometers)
depends on the exchange interaction and the DMI and how it can be further tuned by the magnetic anisotropy.
In this paper, we pave the way toward highly desired electric-field control and current-free ultrafast spintronic
devices, with the potential toward logic-in-memory architecture overcoming the von Neumann bottleneck.

DOLI: 10.1103/PhysRevB.110.094418

I. INTRODUCTION

To meet the ever-increasing demand for information stor-
age and processing, next-generation microelectronic devices
with reduced energy consumption, increased operational
speed, and higher integration density are imperative to be
developed [1,2]. Utilizing the spin degree of freedom of
electrons, spintronic devices are expected to be promising
candidates due to their advantages in terms of modulation
and detection [3,4]. In spintronic devices, a bit of data is
encoded in the magnetization orientation of a ferromag-
netic (FM) layer (free layer) and decoded with a reference
FM layer by means of giant or tunneling magnetoresistance
effect, where the resistance varies dramatically while revers-
ing the magnetization orientation of free layer [5,6]. In the
current context, magnetic random-access memory based on
spin-transfer torque and spin-orbital torque has achieved com-
mercial success [7]. However, these devices rely on the charge
current to flip the magnetization, inevitably resulting in Joule
heating. Therefore, to further reduce the energy consumption,
writing magnetic information by means of charge-current-free
ways, such as by electric fields, has become a hot topic in
modern physics.

Electric-field control of magnetization can be achieved
through strategies such as magnetic anisotropy modification
by means of strain engineering in heterostructures composed
of FM and piezoelectric layers [8—11]. Moreover, taking ad-
vantage of magnetoelectric (ME) multiferroics, the interfacial
magnetic exchange bias in FM/ME heterostructures can be
reversely tuned by applying electric fields on the ME layer,
leading to the magnetization reversal of the FM layer [12-16].
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Recently, the Dzyaloshinskii-Moriya interaction (DMI) has
started to show its potential to reduce the device size and
increase the switching speed with strain pulse [17], mag-
netic field, or charge current [18]. Building on the progress
of ME multiferroics or heterostructures whose DMI vectors
are coupled to their polarization, it has been suggested that
consequential voltage-controlled reversal of the DMI vector
can lead to the transition from a skyrmion state to a quasiuni-
form FM state with reversed magnetization [19]. However, the
reproducible switching of magnetization requires the restim-
ulation of skyrmions by local heating [20] or spin-polarized
current [21], which greatly increases the complexity and en-
ergy cost.

Inspired by the above works and other relative re-
ports [22-27], we propose the conception of a DMI transistor
which enables the reproducible voltage control of magneti-
zation by utilizing the DMI torque to reverse the chirality of
the spin spiral and the magnetization. The feasibility of this
DMI transistor will be demonstrated in a specific material
with a reversible DMI vector, the CrN monolayer, through
a combination of first-principles calculations, micromagnetic
simulations, and analytical calculations. We will show the
advances of the DMI transistor in switching speed (in sub-
nanoseconds) and in size (in nanometers), depending on the
magnetic properties of the ME material.

II. RESULTS

The critical component of the DMI transistor is the spiral
magnetic order in the ME material, whose chirality is deter-
mined by the DMI and exchange interaction. Therefore, we
start by considering a one-dimensional (1D) magnetic chain
propagating along the x axis with a lattice constant a. The

©2024 American Physical Society
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FIG. 1. (a) Diagram of spin spiral states with opposite Dzyaloshinskii-Moriya interaction (DMI) vectors, where the spins on the left side
are fixed toward the x axis, and those on the right side are parallel and antiparallel to the z axis, respectively. (b) and (c) Top and side views
of the CrN monolayer with two polarization states 1 and |, which can be converted to each other by m,. (d) Nudged elastic band of the CrN
monolayer as a function of A, which is defined as the relative height between the Cr layer and the N layer along the ¢ axis. (e¢) DMI hysteresis
loop of the CrN monolayer. (f) The polarization state is switched by a pulsed electric field, and the spin on the right side also flips.

spins are assumed to lie in the xz plane, and the unit vectors
can be written as S(x) = cosfe, + sinfe,, where 0 (x) denotes
the orientation of the spin with respect to the z axis. The
Hamiltonian reads as

HZ—Zd,‘j'(SiXS]‘)—JZS[‘S]‘, (1)
(i.J) (i.J)

where the first term refers to the DMI characterized by the
vector d;;, the second term refers to the Heisenberg exchange
interaction characterized by the constant J, S; and S; denote
the unit spin vectors on sites i and j, respectively, and (i, j)
denotes the nearest-neighboring magnetic atom pairs. To be
noted, since the spins are confined in the xz plane, only the y
component of d;; is relevant. Therefore, the DMI vector d can
be written as de,, with a constant d denoting the strength of
DMI. This simplified atomic model allows us to gain insights
into the fundamental physics of the DMI transistor. The DMI
prefers right- or left-handed canted alignment of neighboring
spins, while the Heisenberg exchange interaction favors
parallel or antiparallel alignment. The competition between
these two interactions gives rise to a homogenous spin-spiral
magnetic ground state with a fixed angle A6 between the
neighboring spins. The energy density as a function of §6 is
given by

—JS?%cosAO — dS%sin AO

e(A0) = , Afe(—m, ] (2)

a
Therefore, A6 for the magnetic ground state should meet
de_ S 1Gina6 — deosad) = 0 (3a)
d(A0)  a -

d? S?

= 2 (JeosAd +dsinAd) > 0. (3b)
d(Af) a

Equation (3a) gives rise to tanAf = }i, which yields two
solutions Afpi, and A6y, in the given domain. Here, Afp,
satisfies the condition in Eq. (3b) and corresponds to the
minimum value of &, while A0, dissatisfies the condition
in Eq. (3b) and corresponds to the maximum value of ¢. In the
case of FM coupling (J > 0), Ay, lies in the range (0, 7 /2)
for d > 0 and (—m/2,0) for d < O (see the Supplemental
Material [28] for the proof, see also Refs. [29-33] therein).
Consequently, the magnetic ground state can be expressed as
S(x) = cos(z”TX + 6y)e; + sin(2’;—x + 6p)e,, where the magni-
tude of A = Azgm[:" represents the wavelength of the spin spiral
with a positive value denoting clockwise rotation and vice
versa, while 6 represents the initial phase. Particularly, when
the 1D magnetic chain is with the length of |A|/4 and the ini-
tial phase of 6y = 7 /2, as shown in Fig. 1(a), the orientation
of the spin in the right side would be parallel or antiparallel to
the z axis for d > 0 or d < 0, respectively. In other words, by
reversing the DMI vector, the magnetization orientation can
be 180 ° reversed deterministically.

Since the reversal of the DMI vector controlled by an
electric field has been implemented theoretically and exper-
imentally [16,34-40], we apply the above conception in a
specific material, the CrN monolayer, for demonstration. As
illustrated in Fig. 1(b), the CrN monolayer, which is pre-
dicted to be a two-dimensional FM and ferroelectric (FE)
multiferroics [26,31], features a hexagonal arrangement of Cr
and N atoms, stacking as two atomic layers. The lattice vectors
of the CrN monolayer in this paper take the form of:

a a 0 0| |x
b| = acos%’r asin%” ollyl, @)
c 0 cl|z
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where a and c represent the in-plane and out-of-plane lattice
constants, respectively. Given that a mirror plane m, exists
in each pair of nearest-neighboring Cr atomic pairs, the DMI
vector d;; can be described as d;; = d)|(e.xe;;) +d,e. ac-
cording to Moriya’s rules [41], where e;; denotes the unit
vectors along two magnetic atoms sited in i and j, and e,
denotes that along the ¢ axis. For simplicity, we consider the
in-plane component dj; only, which gives rise to the Néel-
type propagation of the spin spiral, adhering to our previous
assumption for the 1D atomic model. The Cr and N atomic
layers are spatially staggered, giving rise to an out-of-plane
polarization. Therefore, we calculate the nudged elastic band
by defining the relative height between the Cr and N layers
along the ¢ axis as h. As depicted in Figs. 1(c) and 1(d),
the system exhibits two energetically degenerate ground states
labeled as 1 (up-polarized) and |, (down-polarized), separated
by a ~ 3meV potential barrier. The presence of the potential
barrier between the states 1 and | enables the polarization to
maintain or be reverse by a finite out-of-plane electric field,
resulting in an electrical hysteresis loop as well as a DMI
hysteresis loop, as illustrated in Fig. 1(e), where the DMI
constant d is extracted by means of mapping the energies of
the CrN monolayer with a real-space spin-spiral configuration
in our first-principles calculations to the Hamiltonian of the
DMI term [42]. Under each electric field, the lattice struc-
ture is relaxed with two initial states 1 and |, and the final
states with two opposite polarizations can be obtained within
the range of the coercive field ~ 0.3 V/A (like the previous
work [35]). It is worth noting that the states 1 and | can be
converted into each other by a mirror plane m,, resulting in the
opposite DMI vectors, i.e., dy = —d| (see the Supplemental
Material [28] for the proof). On the other hand, the Heisenberg
exchange interaction, characterized by the exchange constant
J, is identical for the states 1 and |, i.e., Jy =J,. The cal-
culated DMI and exchange constants for the states 1 and |
are dy = —d, = 1.15meV and J; = J, = 55.4meV, respec-
tively, leading to a wavelength of Ay = —A| = 96 nm.

Consequently, in a CrN nanoline with the length of |A|/4,
if the spin on the left side is pinned toward the x axis (by
means of exchange bias), the spin on the right side would
be out-of-plane polarized. The z component of spin S, would
be determined by the sign of d, which is governed by the
polarization of CrN and controlled by the out-of-plane electric
field e,. As illustrated in Fig. 1(f), the polarization state is
switched by a pulsed electric field, and the spin on the right
side also flips. To be noted, the electric field is used only to
switch the polarization state, and it will be removed after the
switching.

To demonstrate the basic architecture of the DMI transistor,
the diagram is depicted in Fig. 2(a), where the left and right
panels denote states 1 and O for the DMI transistor, respec-
tively. The blue and red regions refer to the CrN monolayers
with the states 1 and |, respectively. On the left of the DMI
transistor, a fixed layer plays the role of pinning the initial
phase of the spin spiral by means of exchange bias. On the
right of the DMI transistor, a free layer is FM coupled with
the spin spiral serving as the source electrode (S), which
consists of a magnetic tunneling junction (MTJ) combined
with a space layer and a reference layer serving as the drain
electrode (D). For the state 1, the spin rotates counterclock-

Lo

DMI transistor

(b)

NAND

FIG. 2. (a) Diagram of the Dzyaloshinskii-Moriya interaction
(DMI) transistor, where the blue and red regions refer to the CrN
monolayer with the states 1 and |, corresponding to low and high
resistance (1 and 0), respectively. The polarization state of the CrN
monolayer can be switched through the gate electrode (G). On the
right of the DMI transistor, a magnetic tunneling junction (MTJ) is
constructed with a reference layer and a free layer serving as the drain
electrode (D) and source electrode (S). A fixed layer (F) is set on the
left side. (b) and (c) NAND and NOR logical gates constructed by
connecting the MTJs of two DMI transistors in parallel and in series,
respectively.

wise, while the magnetization on the right side and that in
the source electrode are parallel to the magnetization in the
drain electrode, leading to a low resistance denoting 1, while
for the state |, the reverse applies. The pulsed voltage applied
on the gate electrode can switch the polarization state of the
CrN monolayer, hence switching the magnetization of the
source electrode and the state of the DMI transistor. Here,
we define positive and negative electric-field inputs as 0 and
1, respectively. Consequently, the corresponding outputs of
the DMI transistor are 1 and 0, respectively. Furthermore, by
connecting the MTJs of two DMI transistors in parallel, a Not
AND (NAND) logical gate can be constructed [see Fig. 2(b)].
Namely, the output of the NAND logical gate will be 0 only
if the two inputs are both 1 (in state | with high resistance 0).
Similarly, a Not OR (NOR) logical gate can be constructed
by connecting the MTJs of two DMI transistors in series
[see Fig. 2(c)]. In other words, the output of the NOR logical
gate will be 1 only if the two inputs are both O (in state 1
with low resistance 1). Considering that the NOR and NAND
gates constitute a complete set for binary operations, the DMI
transistor holds the potential to serve as the basic unit of a
computing system. Moreover, the nonvolatility provides the
DMI transistor potential toward logic-in-memory architecture
that can overcome the von Neumann bottleneck.

Afterwards, we perform micromagnetic simulation to val-
idate our analysis. A nanoline is set with the length of
|A|/4 = 24 nm, and the magnetization of the left side is fixed
with 6 = /2, where the DMI and Heisenberg exchange
interaction are both considered. For simplicity, the long-range
dipolar interaction is ignored in this size-limited 1D case.
Nevertheless, the demagnetization can be approximately con-
sidered as an effective magnetic anisotropy, which considers
the shape anisotropy [43]. The total-energy functional of the
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FIG. 3. Micromagnetic simulation results. (a) 6 and M, as a
function of x. (b) Magnetization dynamics with o = 0.1, where
reproducible magnetization reversal can be achieved in 0.5 ns. (c) T
as a function of «. (d) Ty as a function of A/D?, with @ = 0.1, where
the value for the CrN monolayer is uniformed as 1.

unit local magnetization M(r) reads as

E[M(r)] =/ {DIM(V - M)—(M - V)M.] + A(VM)*}dr?,
Vv
&)

where D = —% and A = % represent the strength con-
stants of the DMI and Heisenberg exchange interaction,
respectively, in the continuum magnetic model, effectively
derived from the atomic model [42]. It is worth noting that the
estimation of the effective thickness ¢ = 0.2nm has no impact
on A, and we will demonstrate this later in this paper. After
energy minimization, as expected, M(r) rotates linearly with
x, with M, reaching —1 and 1 on the right side for the states 4
and |, respectively [see Fig. 3(a)].

To explore the dynamic response of the DMI transistor, we
then perform magnetization dynamics, which is described by
the Landau-Lifshitz-Gilbert equation [44]:

14
14+ a2

where y represents the gyromagnetic ratio, o denotes the
Gilbert damping constant, and Hegr = — % denotes the effec-
tive magnetic field contributed by the DMI and Heisenberg
exchange interaction, which are both counted to the total
energy. We begin with D = 0J/m? and alternate between
setting D = D, D = D4, and D = D sequentially. As illus-
trated in Fig. 3(b), reproducible magnetization reversal can
be achieved in 0.5 ns with « = 0.1. Additionally, we perform
magnetization dynamics with a series of « (see the Supple-
mental Material [28]), and the switching time 75 is found to
vary inversely with «, i.e., Ts = C|/«, as shown in Fig. 3(c).
Additionally, since the magnetization switching is driven
by the DMI torque tpymr = MxHpymy, with Hpyp denoting
the DMI term of Hcg, 75 should be inversely proportional
to the strength of the DMI. In addition, though all the mag-

M=—

M x Hegr +aM x (M x Hegr)],  (6)

netic vectors evolve in the mean time (coherently), the spin
wave travels throughout the spin spiral and influences the
magnetization evolution. In other words, each spin evolves
due to the torque from local interactions (since the long-range
dipole-dipole interaction is ignored) and then influences the
nonneighbored spins step by step. Consequently, 75 should
also be directly proportional to the length of the nanoline
|1]|/4 as well as proportional to A/D for D < A. Thereupon,
we perform the magnetization dynamics with a series of D
and A (see Fig. S2 in the Supplemental Material [28]) and
find out the relationship 7s = C,A/D? just as we expected
[see Fig. 3(d)]. To sum up, we obtain the relationship:

Ts = CA/aD?. (7)

Namely, to fabricate ultrafast DMI transistors, we demand
materials with small A, large «, and large D. Another cru-
cial determinant of the switching time is the speed at which
polarization switches between the states 1 and |, which is
not considered in our simulation. It is worth noting that the
effect of thermal fluctuation of the DMI transistor should be
considered in a practical device. We have checked that, for
a DMI transistor with very small size 24x0.1x0.1 nm, the
functionality of the DMI transistor can be easily destroyed
by a small thermal fluctuation. By contrast, for the size of
24x10x0.2 nm, which corresponds to a CrN monolayer with
a length of 24nm and a width of 10nm, the robustness of
the DMI transistor is dramatically enhanced to overcome
the thermal fluctuation (see Fig. S3 in the Supplemental
Material [28]). Therefore, although we are considering a 1D
case, a large enough size of the DMI transistor is vital for the
robustness of the DMI transistor against thermal fluctuation.

Furthermore, to extend the universality of our conclusion
and take a deep dive into the DMI transistor, we perform
analytical calculations to explore the magnetic ground states
with a 1D continuum model, in which the uniaxial magnetic
anisotropy is also considered. The Hamiltonian of the uniaxial
magnetic anisotropy takes the form of H,,; = — Zik(Sf)z,
where k denotes the strength of uniaxial magnetic anisotropy.
Like the Heisenberg exchange interaction, k’s for the states 1
and | are also identical and extracted from our first-principles
calculations as ky = k; = 0.26 meV. We assume the propa-
gating direction of magnetization in the 1D continuum model
is along the x axis, and the nanoline is with a limited range
[0, L]. Hence, all nabla operators in Eq. (5) are reduced to
a single term representing partial differentiation solely with
respect to x. The total-energy functional of the unit local
magnetization m(x) is given by

Lt /om)> om,  dm, )
Em(x)]= A o +D| m,—— —my, —Km; |dx,
0 X ox ox

where the Heisenberg exchange interaction, DMI, and uni-

axial magnetic anisotropy are considered and characterized

by the strength constants A, D, and K = \/%/;ul , respectively.

The magnetic moments lie in the xz plane, so that m(x) takes
the form of m(x) = cosfe, + sinfe,, where 6(x) denotes the
orientation of the magnetic moment with respect to the z axis.

094418-4
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K=2.4 MJ/m®

FIG. 4. Solutions of the boundary value problem (BVP) for the
magnetic ground state. (a) 6, df/dx, and m. as a function of x, for
K = 0MIJ/m? (left panel) and K = 2.4 MJ/m? (right panel). (b) L¢
as a function of K (the solid and dashed lines correspond to the results
in the configurations of different initial and final phases).

Consequently, Eq. (8) becomes

LI rdoN*  de 5
E[@(x)]:/ A(d—) +D— — K cos®0 |dx.  (9)
0 X dx

Through the calculus of variation, the function 6 (x), which
minimizes the energy, is given by the following equation:

d*0  cosfsing

dx> ~  A/K
Consequently, the problem of extremizing the functional
transforms into a boundary value problem (BVP) involving

a second-order differential equation. Naturally, the boundary
conditions read as [43]

x e (0,L). (10)

D
0,(0)=0,(L) = ——. 11
0) (L) A (11)
Here, in our case, the magnetic moment on the left side is
fixed toward the x axis, giving rise to the following boundary
conditions:

0(0) == 12
_ Ev ( a)

0,(L) = b
T A7
Substituting the values of D, A, and K, we can numerically
solve this BVP and extract the critical length L that satisfies
04(Lc) =0 and 6 (Lc) = . As shown in Fig. 4(a), the left
panel is the solution with K = 0J /m3, which is identical to
that of the micromagnetic simulation in Fig. 3(a). As ex-
pected, 6, is identical to Orad/m? for K = 0J/m?, resulting in
0, = —% and thze homogeneous spin-spiral magnetic ground

¥4

states with A = = %. These results are consistent with

(12b)

those obtained from the atomic model above for d < J. It
also explains why the estimation of the effective thickness
t keeps A unchanging. The right panel of Fig. 4(a) is the
solution with K = 2.4 MJ/ m3, which is the value for the CrN
monolayer. The critical length Lc of 10.8nm is effectively
reduced compared with that with K = 0J/m?. Additionally,
6, (x) varies with x and reaches — % on the right side, which is
featured by Eq. (10), the boundary condition in Eq. (12b), and
0(x). We also performed micromagnetic simulation results
with uniaxial magnetic anisotropy considered, as shown in
Fig. S4 in the Supplemental Material [28], which agrees with
our analytical calculation results. Furthermore, we preformed
calculations with —O.IMJ/m3 <K <10 MJ/m3 [35,40,45],
where K > 0 denotes the out-of-plane magnetic easy axis and
vice versa. As shown in Fig. 4(b) (solid curve), L¢ increases
with K from 10 to —0.1 MJ /m3, and the speed also increases.
This conclusion suggests that a small and positive K could
effectively reduce Lc, resulting in the reducing of the size of
the DMI transistor. To be noted, when K < 0, Lc increases
extremely fast so that we only preform the calculation within
a rather limited range for negative K. Nevertheless, when
K < 0, if we set the initial phase with 6(0) = 0, require the
final phase with 64(Lc) = —m/2 and 6, (Lc) =7 /2, Lc is
actually equivalent with the situation with K > 0 in the con-
figuration of 6(0) = 7 /2, 64(Lc) =0, and 6 (Lc) = 7 [see
the dashed curve in Fig. 4(b)]. In other words, by selectively
setting the initial and final phases, L¢ as well as the length of
the DMI transistor can be effectively tuned by the magnetic
anisotropy.

It is also worth noting that, in a real device, the fixed layer
would not perfectly pin the initial phase when the magnitude
of K is sufficiently large. For instance, the ground state of the
spin spiral varies with different 6(0) as well as the correspond-
ing energy Ey[0(x)]. Therefore, a torque v = aane[%;c)] arises
and forces the magnetization of the fixed layer to deviate
from the expected orientation and results in an unexpected
6(0). Contrarily, Ep[6(x)] is identical for 6(0) when K is
neglectable; hence, 6(0) can be well pinned by the fixed layer
in this case.

In addition to our previous analysis, we would like to
briefly discuss the potential materials and heterostructures,
whose DMI vectors can be controlled by external electric
fields. Considering the ongoing challenge of finding intrinsic
materials that exhibit both FE and FM at room tempera-
ture, we propose alternative approaches. For instance, in a
FE/FM/FE heterostructure, the FM layer can be polarized
by the FE layers through the FE proximity effect [34], and
the sandwich structure ensures the degeneracy between the
up and down polarization states. Additionally, a dielectric
FM material might be temporarily polarized by applying an
electric field, giving rise to the volatile DMI transistor with
the potential for building ultrafast dynamic logic networks.

III. CONCLUSION

In conclusion, we propose the architecture of a DMI
transistor which enables the reproducible magnetization flip-
ping with the electric field by utilizing gate-controlled DMI
torque to reverse the chirality of the spin spiral and the
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magnetization. Through the combination of first-principles
calculations, micromagnetic simulations, and analytical cal-
culations, we find that the switching time of the DMI transistor
(in subnanoseconds) increases linearly with the magnitude of
exchange interaction and decreases linearly with that of the
Gilbert damping constant and quadratically with that of DMI.
We also find that the size of the DMI transistor (in nanome-
ters) increases linearly with the strength of the exchange
interaction, decreases linearly with that of DMI, and can be
further tuned by the magnetic anisotropy. The DMI transistor
harbors the potential to serve as a fundamental building block
of the next-generation logic-in-memory spintronic systems
and break the von Neumann bottleneck, with lower energy
dissipation, higher speed, and higher integration density. In

this paper, we pave the way toward highly desired electric-
field control and current-free ultrafast spintronic devices.
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