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Current-driven spin oscillations in noncollinear antiferromagnetic tunnel junctions
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This study investigates the fascinating reality of noncollinear antiferromagnet Mn3Pt thin film and its potential
applications in spintronic devices, particularly in the context of all-antiferromagnetic tunnel junctions. By
employing atomic-scale Landau-Lifshitz-Gilbert (LLG) simulations, we explored the spin dynamics driven by
spin transfer torque (STT) in a Mn3Pt-based all-antiferromagnetic tunnel junction. The investigation revealed an
intriguing phenomenon: a spin-flop transition occurring within the Mn3Pt sublattices under the influence of STT.
This transition involves a transformation from a triangular antiparallel alignment to a quasiparallel configuration,
demonstrating the complex dynamics achievable through STT manipulation. Importantly, the study identifies
magnetic anisotropy as a key determinant of the stability of the spin-flop process, highlighting that larger
magnetic anisotropy leads to a more robust transition. Furthermore, through frequency analyses conducted via
simulations and theoretical considerations, the study elucidates the presence of terahertz oscillations. Notably,
the frequency of these oscillations exhibits a linear increase with the increase of current density. These findings
not only deepen our understanding of the oscillation properties of noncollinear antiferromagnets but also pave
the way for potential applications in high-frequency spin oscillators.
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I. INTRODUCTION

Antiferromagnets (AFMs) constitute a class of materials
characterized by an antiferromagnetic arrangement of spins,
resulting in a net magnetic moment of zero. They hold
significant promise for advancing next-generation spintronic
technology [1–4], owing to their inherently low stray mag-
netic fields, which enable high storage density [5]. Moreover,
the strong direct antiferromagnetic exchange interactions
endow AFMs with remarkable stability against external mag-
netic interference and facilitate ultrafast terahertz (THz) spin
wave dynamics, suggesting their potential as high-frequency
THz sources [6–8]. While extensively studied collinear an-
tiferromagnets such as MnF2 and Mn2Au [9–11] can be
described by the Néel vector l=m1−m2 and net magnetiza-
tion m=m1+m2, where m1 and m2 represent the magnetic
moments of the constituent atoms [12,13], recent focus has
shifted towards noncollinear AFMs. In noncollinear AFMs
such as Mn3X (X = Sn, Ge, Ir, or Pt) and antiperovskites
Mn3AN (A = Ga, Sn, or Ni), the fundamental unit consists
of at least three sublattices. These noncollinear AFMs ex-
hibit unique spin configurations and possess nonzero Berry
curvature, leading to a wide range of novel magnetic prop-
erties, including the spin Hall effect [14,15], anomalous
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Hall effect [16–18], anomalous Nernst effect [19,20], and
magneto-optical Kerr effect [21].

Noncollinear AFMs offer remarkable versatility in various
aspects, including electrical controllability as a free layer
in spintronic devices [22–27] and the generation of spin-
polarized currents [28–32]. These characteristics, coupled
with their vanishing stray fields and capacity for ultrafast
spin dynamics, make them particularly attractive for appli-
cations [33–35]. Recent experimental advancements, such
as the all-antiferromagnetic tunnel junction (AATJ) [36,37]
that consists of noncollinear AFM/MgO/noncollinear AFM
layers, demonstrate tunneling magnetoresistance (TMR) at
room temperature, highlighting the potential for utilizing
noncollinear AFMs in efficient spintronic devices and novel
concepts.

This paper conducts atomic-scale dynamical simulations to
investigate spin oscillations in the noncollinear AFM Mn3Pt
under a dc current, employing an AATJ structure composed
of MnPt/Mn3Pt/MgO/Mn3Pt [36] [depicted in Fig. 1(a)].
The simulations unveil alterations in the precession orbits
represented by the magnetizations of the three Mn3Pt sub-
lattices and analyze system energy during the steady-state
oscillations. Notably, antiferromagnetic exchange couplings
can induce a spin-flop state within noncollinear AFMs when
the spin transfer torque (STT) reaches a certain threshold,
albeit weak magnetic anisotropy can destabilize this state.
The oscillation frequency of the order parameter can be
tuned to the THz range. These atomic-scale models contribute
significantly to antiferromagnetic spintronic devices, partic-
ularly regarding current-induced auto-oscillatory behaviors,
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FIG. 1. (a) Schematic representation of an AATJ consisting of MnPt/Mn3Pt/MgO/Mn3Pt. The direction of positive current is indicated,
flowing the free layer to the reference layer. (b) Crystal and magnetic structure of Mn3Pt, with gray balls representing Pt atoms and colored
balls with arrows indicating Mn atoms of three sublattices. The colors yellow, blue, and green represent mA, mB, and mC , respectively. The
hexagonal spin structure of Mn3Pt in the (111) kagome plane, where Mn atoms are at the corners of each hexagon while the Pt atoms are at the
center (gray). The spins on neighboring Mn atoms are aligned at an angle of ∼ 120◦ with respect to each other. (c) Simulated magnetization
plotted against temperature for the three Mn sublattices, from which the Néel temperature (∼ 475 K) is determined.

and offer insights into the dynamics of noncollinear AFM
applications in electrical current-driven spintronic devices and
THz signal sources.

II. METHOD

In our simulations, we employed the VAMPIRE software
package [38] to investigate atomic spin dynamics. The Mn3Pt
alloy films were modeled using three groups of sublattices
with triangular opposite alignment, characteristic of antiferro-
magnetic coupling. The localized energy of the Mn3Pt system
was described by a spin Hamiltonian incorporating both ex-
change energy and anisotropy energy:

E = −
∑
i< j

Ji jmi · m j − K

2

∑
(mi · eik )2, (1)

where mi and m j represent the spin directions of the ith Mn
atom and its jth neighbor atom, respectively. Ji j denotes the
isotropic exchange coupling between magnetic sublattices,
with values of JN

i j = − 4.192 × 10−21 J/link for the nearest an-
tiferromagnetic exchange coupling and JNN

i j = 2.15 × 10−21

J/link for effective next-nearest exchange interactions (fer-
romagnetic exchange coupling). K= − 1 × 10−25 J/atom
represents the Néel pair anisotropy constant [36,39], and eik

is a unit vector connecting the ith Mn site with its kth nearest-
neighbor Pt atoms. The minimization of Néel anisotropy
energy leads to noncollinear antiferromagnetic textures in
Mn3Pt.

Here we consider an AATJ sample with a structure similar
to experiments [36]: substrate MnPt/Mn3Pt/MgO/Mn3Pt, as
illustrated in Fig. 1(a). The bottom AFM reference layer, non-
collinear Mn3Pt, is exchange biased by a collinear AFM MnPt
layer. The top noncollinear Mn3Pt layer serves as the free
layer, with dimensions of 5 × 5 × 2 nm and the (111) plane
of its fcc crystal phase identified as the kagome plane [see
Fig. 1(b)]. The unit cell contains three magnetic Mn atoms and
a nonmagnetic Pt atom. The magnetic atoms are represented
by the sublattices of mζ = (mζx, mζy, mζ z ) [40] with the z axis
along the [001] direction (where ζ=A,B,C). The reference
layer is also (001)-oriented Mn3Pt whose direction is fixed by
a MnPt pinning layer. The spin polarization direction of the
reference layer is aligned with a magnetic field applied along
the [001̄] direction [36]. Owing to momentum-dependent spin
polarization originating in the broken symmetries of Mn3Pt,
the application of a weak magnetic field (typically in a few
mT) is feasible to flip the noncollinear spin configurations
for generating the z-direction projection of spin expectation
[36,41]. In contrast, the applied magnetic field is not enough
to change the magnetic state of the Mn3Pt reference layer due
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to the strong antiferromagnetic coupling from the MnPt pin-
ning layer. Therefore, the Zeeman energy that originated from
magnetic fields was not considered in the spin Hamiltonian of
Eq. (1).

A zero-field cooling process from 1000 to 0 K returned
the system to a ground state of the Mn3Pt free layer with
spins arranged in a head-to-head or tail-to-tail configuration
on the (111) crystal plane, corresponding to the ordered L12

phase with Pm3̄m space group. This configuration, character-
ized by the 120 ° angles between adjacent spins [as shown in
Fig. 1(b)], is consistent with previous studies [42,43]. Addi-
tionally, the temperature-dependent sublattice magnetization
curves obtained from the same simulation match well with
recent research findings, with the Néel temperature of around
475 K [17,44], as shown in Fig. 1(c).

Spin dynamics simulations at atomic level are conducted
by using the Landau-Lifshitz-Gilbert (LLG) equation, given
by Eq. (2) [38,45]:

∂mi

∂t
= − γ

(1 + λ2)

[
mi × Hi

eff + λmi × (
mi × Hi

eff

)]
. (2)

Here, γ= 1.76 × 1011 s−1 T−1 is the gyromagnetic
ratio, and λ= 0.01 is the Gilbert-damping constant.
The effective field on the ith sublattices, Hi

eff= −
μ−1

s ∂E/∂mi+Hi
th, is derived from the spin Hamiltonian,

where Hi
th= �(t )

√
2λkBT/γμs�t is the thermal field

described by a Gaussian distribution [46]. In order to
eliminate the contribution of thermal perturbations, all
dynamical simulations are conducted at T = 0 K. The
current-induced STT effect is described as an effective field
formula, given by [47]

Hi
STT = a je (mi × p) + b je p. (3)

This equation accounts for both dampinglike (aje ) and
fieldlike (b je ) components of the STT effective field in
tesla. The spin polarization p of this study is assumed to
be in the −z direction. As mentioned above, the atomic-
scale calculations based on the discrete energy model require
more precise effective field expressions to avoid the effects
of temperature-dependent saturation magnetization and the
thickness definition. The expressions of a je and b je for a single
sublattice in a unit cell are given by [48,49]

a je = h̄ηJea2

2|e|(1 + χmi · p)μs

b je = β
h̄ηJea2

2|e|(1 + χmi · p)μs
= βa je , (4)

where � is the reduced Planck constant, Je is the current
density with units in A/m², η= 0.085 is the STT efficiency
[29], |e| = 1.602 × 10−19 C is the electric charge, μs= 3.0μB

is the local spin moment, and a= 3.833 Å is the unit cell
length [42,44]. The spin-torque asymmetry χ is taken as χ= 0
for simplification, and β is the ratio of the fieldlike equivalent
field compared to the dampinglike equivalent field, which is
also considered as zero for simplification. Therefore, the STT
equivalent field HSTT mentioned in the following content is
equivalent to a je .

III. RESULTS AND DISCUSSION

As stable magnetization oscillations are excited, the evo-
lution of spin configurations with respect to current strength
can be categorized into three distinct intervals, as illustrated
in Fig. 2.

The first state is the triangular antiparallel state. In this
state, the three Mn sublattices within a unit cell maintain a
head-to-head or tail-to-tail configuration. Despite the increase
in the STT equivalent field, mC remains immobile, experi-
encing a pull toward the −z axis due to its proximity to the
polarization direction. Meanwhile, the out-of-plane polariza-
tion drives oscillations in the x and y components of mA

and mB, leading them to stabilize on the same precession
trajectory, as depicted in Fig. 2(a). Notably, mA and mB share a
common orbit (mAz = mBz) in this state, with their oscillations
exhibiting a phase displacement of π .

The second state is the unstable spin-flop state. With a
further increase in the STT field, the spin configurations en-
ter an unstable state due to the competition between STT
and antiferromagnetic coupling. This behavior resembles the
spin-flop state commonly observed in collinear AFMs. In this
state, at least two sublattices tilt toward the −z axis, and each
sublattice occupies a separate orbit. A typical configuration of
this state is depicted in Fig. 2(b).

The third state is referred to as the quasiparallel state,
depicted in Fig. 2(c). It occurs when the injection current
becomes strong enough to overcome the antiferromagnetic
coupling interaction. Here, all sublattices incline toward the
−z axis due to the orientation of the fixed layer’s polariza-
tion direction. Accordingly, the x and y components of all
sublattice magnetizations precess stably around the z axis
and gradually converge onto a common z-axis trajectory. This
results in oscillations with a phase displacement of 2π /3 be-
tween any two of them until they all align completely parallel
to the −z axis.

In order to elucidate the role of the STT effect on the Mn3Pt
free layer, we summarize the evolution of the z components of
mA, mB, and mC in response to the effective STT fields (cur-
rents), as depicted in Fig. 3. The simulation results, derived
from the aforementioned material parameters of Mn3Pt, are
illustrated in Figs. 3(c) and 3(d). In Fig. 3(c), the yellow region
represents the triangular antiparallel state, the white region
corresponds to the unstable spin-flop state, and the blue region
represents the quasiparallel state. These states are determined
by the magnitude of the STT equivalent field (current). The
metastable region spans approximately 1.27 T, as indicated
by the gray region in Fig. 3(d). Figure 2 indicates that the
in-plane components of net magnetization (mAx + mBx + mCx

and mAy + mBy + mCy) are zero, with this outcome being at-
tributed to the out-of-plane spin polarization in the reference
layer and the absence of external disturbances in the xy plane.
As a result, the in-plane net magnetization remains unaffected
and stays at zero. This implies that the net magnetization of
the free-layer Mn3Pt can be characterized solely by its mz

component. Furthermore, it suggests that the mz component
linearly increases as a function of the STT equivalent field.

In collinear AFMs, the application of external influences
such as an external field H along the anisotropy axes trig-
gers a spin-flop transition. For H < Hsf (spin-flop field), two
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FIG. 2. Current-driven magnetization precession of the Mn3Pt free layer, showcasing three distinct precession states as a function of the
current (Je): (a) triangular antiparallel state, Je= 3 × 1012 A/m2; (b) unstable spin-flop state, Je= 9 × 1012 A/m2; and (c) quasiparallel state,
Je= 8 × 1013 A/m2.

sublattices mA and mB maintain an antiparallel configuration,
resulting in |m| = |mA + mB| = 0. For H > Hsf , both mA and
mB orient toward the direction of H, and |m| reaches a certain
constant value, increasing linearly with the augmentation of H
[50]. However, in the case of Mn3Pt, when mCz is excluded,
the three-body problem can be transformed into a two-body
problem, resulting in a discontinuous change in the net mag-
netization when the STT equivalent field exceeds a certain
threshold. This discontinuity is shown by the orange squares
and solid line in Fig. 3(d).

Magnetic anisotropy stands as a crucial property, subject
to empirical tuning through strain or pressure application
[26,51,52]. Therefore, we investigate the impact of anisotropy
by adjusting the Néel pair anisotropy constant in our sim-
ulations. In Fig. 3(a), the Néel pair anisotropy is set to

K= − 1 × 10−24 J/atom. The metastable region, where differ-
ent states can coexist, diminishes. Furthermore, the variations
in mAz, mBz, and mCz with the STT field become more akin
to those observed in collinear AFMs. Figure 3(e) shows the
corresponding evolution of mz with K= − 1 × 10−26 J/atom.
The reduction in magnetic anisotropy enlarges the width of
the metastable region to approximately 1.44 T. Despite the
marked disparities in magnetic anisotropies, the progression
of mz with the STT equivalent field endures a linear trajectory,
as depicted in Figs. 3(b) and 3(f). Consequently, mz evolutions
remain unaffected by the influence of magnetic anisotropy.

To gain further insight into the mechanism of the current-
induced magnetization precession theoretically, we begin with
an energy perspective by considering the free-energy density
of the three-body systems, defined as

Etot = Eexchange + Eanisotropy

Eexchange = −1

2

[
8JN

i j (mA,i · mB, j + mA,i · mC, j + mB,i · mC, j ) + 6JNN
i j (mA,i · mA, j + mB,i · mB, j + mC,i · mC, j )

]

Eanisotropy = −K

2
�

ζ=A,B,C

4∑
k=1

(mζ · eζk )2, (5)

where i and j are only used to distinguish one Mn sublattice
from their neighbor site Mn sublattices. Each Mn sublattice
(mA, mB, or mC) has eight nearest-neighbor exchange inter-
actions and six next-nearest-neighbor exchange interactions.
The introduction of a silent factor of 1/2 in the exchange

energy of Eq. (5) comes from a redundancy of calculation to
avoid double-counting of the exchange interactions. For the
anisotropy energy calculation, eζk denotes the direction of the
easy axis connecting the mζ sublattice with its kth nearest-
neighbor Pt atoms (each Mn atom has four nearest-neighbor
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FIG. 3. Evolution of the z component of individual sublattice
magnetization in the stable oscillation state of the free-layer Mn3Pt:
(a) K= −1 × 10−24 J/atom; (c) K= −1 × 10−25 J/atom; and (e)
K= −1 × 10−26 J/atom versus STT equivalent fields. Black, red,
and blue arrows denote the magnetization direction of mA, mB, and
mC , respectively. (b), (d), and (f) show the corresponding discrepan-
cies in trends between the net magnetization mAz + mBz + mCz and
mAz + mBz.

Pt atoms). Consequently, each sublattice is associated with
four eζk . For example, the directions of the easy axes eAk

for mA can be written in detail as (0,1,1), (0,−1,1), (0,1,−1),
and (0,−1,−1). By substituting m2

ζx + m2
ζy + m2

ζ z = 1, mAx +
mBx + mCx = 0, and mAy + mBy + mCy = 0, we can simplify
Eq. (5) into

Etot = −2JN
i j m2

z + 6JN
i j − 9JNN

i j

− 2K
[
3 − (

m2
Ax + m2

By + m2
Cz

)]
, (6)

where mz is the net magnetization of the free-layer Mn3Pt. To
examine the effect of various interactions on the system, the
energy analysis is conducted for K= − 1 × 10−25 J/atom as a
function of mz, as shown in Fig. 4. Notably, under a consistent
STT equivalent field, the total energy Etot and exchange
energy Eexchange are nearly equal, suggesting a minimal
energy contribution from magnetic anisotropy. Thus, we can

FIG. 4. The net magnetization dependence of total energy Etot

(circles) and exchange energy Eexc (crosses). The green line is ob-
tained from Eq. (6) with Eq. (11).

temporarily assume Etot ≈ Eexchange= − 2JN
i j m2

z +6JN
i j −

9JNN
i j in the next calculation.
Next, to facilitate the analysis of magnetization preces-

sion, we introduce an angular velocity ωζ p (ζ =A,B,C) around
the polarization direction (z axis) to describe the precession
angular velocity of the sublattices. We simplify Eq. (2) to the
standard LLG equation and consider STT as an independent
term. For simplicity, we consider only a single sublattice in
the following derivation. The LLG equation in the laboratory
coordinate system is written as[

dmζ

dt

]
L

= −γ

(∇mζ
Eζ tot

μs

)
× mζ + λmζ ×

[
dmζ

dt

]
L

+ γ HSTTmζ × (mζ × p). (7)

It is possible to utilize the rotation (R) frame around the
z axis in relation to the inertia laboratory (L) frame through
a coordinate transform [53,54]: [dmζ /dt]R=[dmζ /dt]L −
ωζ pp×mζ . Thus, Eq. (7) can be rewritten as the following
equation in the rotation frame [55–58]:[

dmζ

dt

]
R

= −γ

(∇mζ
Eζ tot

μs
+ ωζ p

γ
p
)

× mζ

+ λmζ ×
[

dmζ

dt

]
R

+ (γ HSTT − λωζ p)mζ × (mζ × p). (8)

For a stable magnetization precession around the z axis,
the damping torque should be counterbalanced by the driving
source of STT, leading to γ HSTT=λωζ p. In this case, the third
term of Eq. (8) is eliminated in the rotation frame, and Eq. (8)
can be rewritten as[

dmζ

dt

]
R

= −γ

(∇mζ
Eζ rot

μs

)
× mζ + λmζ ×

[
dmζ

dt

]
R

, (9)

where Erot contains the energy in the laboratory coordinate
system and the equivalent energy of STT EζSTT=μs ∫ (ωζ p

/γ ) dmζ z = μs ∫ (HSTT/λ)dmζ z= (μsHSTT/λ)mζ z. We inte-
grate the three sublattices into one system, thus the total
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FIG. 5. The dependence of (a) net magnetization and (b) oscillation frequency on the STT equivalent fields at various anisotropies. The
solid lines are the theoretical results calculated from Eq. (11) for plot (a) and from Eq. (12) for plot (b).

equivalent energy of the system reads

Erot ≈ Etot + ESTT = −2JN
i j m2

z + 6JN
i j − 9JNN

i j + μsHSTT

λ
mz.

(10)
It should be noted that when the magnetic moment direc-

tion of one sublattice aligns with the polarization direction
p (either parallel or antiparallel), such as mC in the trian-
gular antiparallel state depicted in Fig. 2(a), ωC p = 0, and
the change of Erot is mainly governed by mA and mB. The
equilibrium state corresponds to the minimum of Eq. (10) with
respect to mz. Therefore, by evaluating ∂Erot/∂mz= 0, one can
obtain the mz dependence as

mz = μs

4λJN
i j

HSTT (when γ HSTT = λωζ p). (11)

Equation (11) clearly demonstrates the relationship be-
tween the mz and both the STT equivalent field and the
antiferromagnetic exchange constant. For a certain value of
JN

i j , the mz is linearly proportional to the STT equivalent field.
This analytical result is in good agreement with the simulation
results shown in Fig. 5(a). By substituting the analyzed mz into
Etot , as illustrated in Fig. 4, we analytically obtain the system
energy represented by the green line, which is in good agree-
ment with the simulation results. Additionally, the exchange
interactions can affect the mz value of systems for a given
STT, but the extent of the magnetic anisotropy still plays a
significant role in determining the mz of individual Mn atoms.

Finally, the relationship between the frequency and the
STT equivalent field is derived as

f = ωζ p

2π
= γ HSTT

2πλ
. (12)

This analytical result agrees well with the simulation re-
sults of the frequency of mB as a function of the STT
equivalent field presented in Fig. 5(b), confirming that f in-
creases almost linearly with HSTT [24,59,60]. Leaving aside
any assumptions about balancing oscillations, the frequency is
indeed related to the effective field. In our system, the effective
field can be approximated as the exchange field, represented
by Heff = 4JN

i j mz/μs. Consequently, f is, in fact, a function

of mz. The consistent trend observed between Fig. 5(a) and
5(b) precisely indicates this relationship.

IV. CONCLUSION

In conclusion, we have developed an atomic-scale sim-
ulation model for all-antiferromagnetic tunnel junctions,
employing the noncollinear AFM Mn3Pt as the free layer. The
presence of the unique magnetic symmetry of noncollinear
AFMs facilitates the generation of out-of-plane spin polar-
ization. This setup enables stable spin oscillations in the
free-layer Mn3Pt, driven by STT, and exhibiting terahertz fre-
quencies. Three distinct oscillation states are identified with
varying STT strength: the triangular antiparallel state, the
unstable spin-flop state, and the quasiparallel state. The pres-
ence of an unstable region, influenced by magnetic anisotropy,
precedes the deterministic flip in Mn3Pt. Exchange inter-
actions primarily affect the net magnetization under given
STT equivalent fields. Moreover, the oscillation frequency
of Mn3Pt sublattices shows a linear relationship with STT
equivalent fields, falling within the THz range. This study
provides a comprehensive understanding of spin dynamics
in noncollinear AFMs and offers insights into the potential
mechanism of magnetization dynamics in spin-torque oscilla-
tors based on noncollinear antiferromagnetic tunnel junctions.
However, in order to improve the performance of antiferro-
magnetic tunnel junctions, further investigations are required
to quantify the strength of the magnetic field, charge cur-
rent, and resulting spin current injected into the noncollinear
antiferromagnetic free layer, as well as the current-induced
magnetic switching and oscillations.
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