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Antiferromagnetic (AFM) spintronics exploits the Néel vector as a state variable for novel electronic devices. Recent studies
have demonstrated that the Néel vector can be switched by a spin-orbit torque. These studies however are largely limited to
collinear antiferromagnets of proper magnetic space group symmetry. There is, however, a large group of high-temperature
noncollinear antiferromagnets, which are suitable for such switching. Here, we predict that spin torque can be efficiently
used to switch a noncollinear AFM order in antiperovskite materials. Based on first-principles calculations and atomistic
spin-dynamics modeling, we show that in antiperovskites ANMn; (A = Ga, Ni, etc.) with the AFM I'y, ground state, the
AFM order can be switched on the picosecond time scale using a spin torque generated by a spin current. The threshold
switching current density can be tuned by the ANMn; stoichiometry engineering, changing the magnetocrystalline
anisotropy. The I'y, AFM phase supports a sizable anomalous Hall effect, which can be used to detect the spin-torque
switching of the AFM order. The predicted ultrafast switching dynamics and the efficient detection of the AFM order state
make noncollinear magnetic antiperovskites a promising material platform for AFM spintronics.

Antiferromagnetic (AFM) spintronics is a frontier
research field, which has recently emerged as a subfield of
spintronics, where an AFM order parameter also known as the
Néel vector is exploited to control spin-dependent transport
properties. Due to being robust against magnetic perturbations,
producing no stray fields, and exhibiting ultrafast dynamics,
antiferromagnets are promising candidates to replace
ferromagnets in spintronic devices for information processing
and storage [1-3]. To realize this potential, however, new
schemes to write and read the information, which is stored in
the AFM Néel vector, are required. The absence of net
magnetization in antiferromagnets makes the realization of
these schemes more challenging compared to their
ferromagnetic counterparts.

Recent studies have shown that manipulation of the AFM
Néel vector can be achieved by passing an electric current
across a metallic collinear antiferromagnet of certain magnetic
group symmetry. For example, in the antiferromagnets, such
as CuMnAs [4] and MnyAu [5], where the space-inversion
symmetry is broken but the two spin sublattices form space-
inversion partners, the inverse spin galvanic effect produces
staggered field-like spin-torque on different sublattices [6, 7,
8]. When the electric current exceeds the critical value, this
leads to switching of the Néel vector [4, 5]. In the bilayer
heterostructures, such as NiO/Pt [9, 10] or Mn,Au/Pt [11],
switching of the Néel vector can be achieved as a result of the
antidamping spin-torque produced by an injected spin current
due to the spin-Hall effect. The detection of the AFM Néel
vector in these structures is usually performed using
anisotropic magnetoresistance (AMR) [12-14] or spin-Hall
magneto-resistance (SMR) effects [15-18]. However, very
small magnitudes of these effects (usually <1%) limit possible
miniaturization and readout speed of these devices. Also,
some of the observed magnetoresistive phenomena could have
been an artifact of the large writing currents and the associated
thermal effects, rather than the Néel vector switching [19].

Using the anomalous Hall effect (AHE) [20] may be a
more promising way to realize a detection scheme of the AFM
order parameter [21]. In this regard, noncollinear AFM
materials [22] could provide a viable alternative to their
collinear counterparts. Recent studies have shown that a
number of high temperature noncollinear antiferromagnets,
such as Mn;X (X = Ga, Ge, Sn or Ir) [23-28] and
antiperovskite ANMn; (A = Ga, Zn, Ag or Ni) [29-31] exhibit
large anomalous Hall conductivities (AHC). Due to the AHC
being odd with respect to time reversal symmetry, reversal of
the Néel vectors [32] in these compounds is expected to
change sign of the AHE that can be used as an efficient
detection scheme of the AFM order using the standard Hall
measurements.

Switching of the AFM order in these non-collinear
antiferromagnets can be achieved using a spin torque. It was
argued that the magnetic structure of a non-collinear
antiferromagnet can be dynamically controlled by injecting a
spin current [33]. Using a simple two-dimensional model of a
chiral antiferromagnet described by a single Kagomé layer, it
was shown that spin structure can be rotated in the in-plane by
spin-transfer torque [34]. Very recently, it was predicted that
the injected spin current, when it is polarized perpendicular to
the triangular plane, can drive a translational motion of a
domain wall in the I'4,-type antiferromagnet [35].

These modeling results provide important insights into the
spin-torque driven magnetization dynamics in noncollinear
antiferromagnets. However, a realistic description of the AFM
order switching based on the magnetic properties of these
antiferromagnets obtained from first principles is missing. In
this work, we combine density functional theory (DFT)
calculations and atomistic spin-dynamics modeling based on
the Landau-Lifshitz Gilbert-Slonczewski (LLGS) equation
[36], and predict that the spin torque can efficiently control the
noncollinear AFM order in antiperovskite materials. We
demonstrate that in antiperovskites ANMn; (A = Ga, Ni, etc.),



the AFM order of the I'y, ground state can be switched on the
picosecond scale by a spin current. The threshold switching
current density can be tuned by the ANMn; stoichiometry
engineering that changes the magnetocrystalline anisotropy.
The anomalous Hall effect then can be used to detect the spin-
torque switching of the AFM order.

Antiperovskite compounds have the perovskite structure,
where the cation and the anion interchange their positions
(Fig. 1(a)). The 3d transition metal based intermetallic
compounds AXMj; (A is usually the main group element; X is
the nonmetal element such as C, N; M is the 3d transition
metal element) is the most investigated antiperovskite material
family. A special interest has been attracted to Mn based
antiperovskite nitrides ANMn; (A = Ga, Ni, Cu, Zn, etc.),
where the AFM coupling within the frustrated Kagomé lattice
in the (111) plane results in a noncollinear alignment of the
magnetic moments in the AFM phases, such as I'y, (Fig. 1(a))
and I's, (where all the Mn magnetic moments are rotated by
90° in the (111) plane). These noncollinear AFM orderings
lead to various functionalities such as magnetovolume [22, 48,
491, magnetocaloric [50, 51], piezomagnetic [52-54], and
magnetoelectric [55, 56] effects.

Recently, the AHE has been predicted theoretically and
confirmed experimentally in Mn based antiperovskite nitrides
with the I'y; AFM order [29, 57-60]. Due to the AHC being
odd with respect to the time reversal symmetry operation,
reversal of the AFM order in the I'y, type antiperovskites is
expected to change sign of the AHE (Fig. 1(b)). This provides
an efficient approach to distinguish between the two reversed
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Fig. 1. (a) A cubic unit cell of antiperovskite ANMn; in the
noncollinear AFM T4, state. Red arrows denote the Mn magnetic
moments. (b) The sign change of the anomalous Hall conductivity
o, induced by AFM order switching. The insets show magnetic
configurations of ANMn; in the (111) plane. (¢) The orthorhombic
supercell of ANMnj; used for the modelling of spin dynamics. Spin
current Jg along the [111] direction exerts a spin torque on the
magnetic moments of ANMn;. (d) The switching process of the
AFM order driven by the spin torque. The spin torque rotates the
magnetic moments of the AFM TI'y, phase away from their initial
energy minimum thought the metastable AFM T's, phase. After
overcoming the magnetic anisotropy barrier and releasing the
current, the system relaxes to another minimum with the reversed

AFM states in the I'y,-phase compounds. Thus, demonstrating
a feasible method to switch between the two AFM states in the
I'4s compounds would open a promising direction in AFM
spintronics based on the AHE read-out.

Here, we explore spin-torque switching of the AFM order
in antiperovskite compounds exhibiting the I'y, noncollinear
antiferromagnetism. We consider an antiperovskite thin film
stacked in the (111) plane with the Mn magnetic moments
aligned noncollinear in this plane due to the AFM exchange
coupling. The magnetic dynamics is induced by spin current J;
injected along the [111] direction, as shown in Fig. 1(c). The
spin current may be carried by a spin-polarized charge current
from an adjacent ferromagnetic layer or may be produced by
an adjacent heavy-metal layer due to the spin Hall effect. The
spin current J; exerts a spin-transfer torque rotating the Mn
magnetic moments in the (111) plane. The related
magnetization dynamics is determined by the LLGS equation
[61, 62, 63]:

Here is the Gilbert damping constant, y is the

gyromagnetic ratio, — is the unit magnetization vector

for each sublattice with the magnetization
field

. The magnetic

——is determined by the spin Hamiltonian:

where is the magnetic moment of a Mn atom, is the
exchange coupling energy between sublattices, K is the
magnetic anisotropy energy per Mn atom, and is the
direction of the easy axis for each sublattice.

is the effective magnetic field produced by the spin current
Jy with the spin polarization along the direction. The
is the
magnitude of the sublattice magnetization, e is the electronic
charge, is the Planck’s constant, L is thickness of the
sample. This effective field generates the spin torque ~

coefficient  is given by —, where

, which drives the magnetization dynamics.

To reverse the AFM order, all the moments need to be
rotated by within the horizontal plane (Fig. 1(d)). If s
along an in-plane direction, the induced out-of-plane field
will have a tendency to reorient the moments out-of-plane.
This will produce an additional parallel magnetic component
which is energetically unfavorable due to the intrinsic AFM
exchange coupling between the moments. On the other hand,
if is along the out-of-plane direction, i.e., , the

induced field is along the in-plane direction
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Fig. 2. Spin dynamics in antiperovskite NiNMn;. (a) Top panel:
schematic of effective magnetic field ﬁf (black arrows) on the three
sublattices 771;, 75, and 715 generated by spin current J, with the spin
polarization P along the z-direction. Bottom panel: time-dependent
variations of the x- and y- components of 77, during the application of
spin current J, = 1.8x 102 A/m% (b) Top panel: schematic of the
spin-torque switching process induced by two spin-current pulses.
Bottom panel: time-dependent variations of the x- and y- components
of i, driven by applying the two spin-current pulses of 4.9 ps in
duration.

perpendicular to #71; (black arrows in Fig. 2(a)). In this case,
the staggered field ﬁf will rotate the magnetic moments in
three sublattices nearly uniformly, not affecting the 120°
angles between the nearest magnetic moments. This won’t
cost the exchange energy and thus is more favorable for the
switching. Therefore, below we consider the spin-torque
switching driven by spin current J; with the spin polarization
D along the 2 direction.

The atomistic modeling of the spin-torque dynamics is
performed using an ANMn; (111) slab of thickness L = 6 nm
which consists of periodically repeated supercells (Fig. 1(c)).
Specifically, we consider NiNMn;, an antiperovskite metal,
which AFM Ty, order and non-vanishing AHE effect near
room temperature have been confirmed recently [30, 58].
Consistent with the experiments, our DFT calculation shows
that the I'y, order with negligible net magnetization has the
lowest energy among the tested magnetic states in NiNMn;.
The parameters in Eq. (2) for NiNMn; are obtained from our
DFT calculations. We found that each Mn atom has the

moment of 2.76 pg and Ni atom doesn’t have the local
magnetic moment. The exchange constant J;; is found to be —
24 meV, using the energy mapping method [64]. Reversal of
the I'y, magnetic structure by 180° rotation of all magnetic
moments about the [111] axis passes through the I's, magnetic
structure (90° rotation), which has higher energy due to
magnetic anisotropy (Fig. 1(d)). By calculating the energy
difference between the I's, and I'y, phases, we find that the
magnetic anisotropy constant K = (Esg — E44)/3 ~ 0.03
meV per Mn atom. The damping constant  has been found
experimentally to be in the range of 0.05 to 0.28 for similar
non-collinear magnets [65, 66]. In our modeling, we assume
a; = 0.1 and gyromagnetic ratio y = 1.76 x 101T"'s™.
Figure 2(a) (top panel) shows the initial magnetic
configuration, where the magnetic moments 7,, 11,, and 5
for the three sublattices point toward the center of the triangle
formed by the nearest Mn atoms. In order to track the
simulated spin-torque switching process, we observe variation
of m,, which initially has zero x-component (m;) and
maximum y-component (m,,). Figure 2(a) (bottom panel)
shows the rotation of 71; due to the spin torque produced by
spin current density J; = 1.8x 1012 A/m’: when the current is
turned on, m;, and m, start to oscillate, revealing the
clockwise rotation of the moments. The time period of these
oscillations is T = 9.8 ps, which corresponds to the frequency
of f~ 0.1 THz. The observed oscillation frequency

qualitatively agree with that predicted in ref. 33, ie. f =
1 Js vK
43 Jo agp’
discussion below). We note that the predicted AFM dynamics
may be interesting for the development of compact generators
of coherent radiation in the Thz frequency range, which are
important for different technological applications [67, 68, 69].

where J. is the critical current density (see

The 180° rotation of the moments can be achieved by
application of a spin current pulse, which duration is a half
time of the oscillation period, i.e. T/2 = 4.9 ps. As shown in
Figure 2(b), applying such a pulse to the original magnetic
configuration of NiNMn;, where all three Mn magnetic
moments 7, , M,, and 3 are pointing to the center of the
triangle formed by the nearest Mn atoms, switches i, m,,
and m; to be pointing away from the center of the triangle.
The switching occurs through an intermediate I's, phase where
the magnetic moments are aligned in a vortex. Applying a 4.9
ps pulse again switches the magnetic structure back to the
initial configuration. These results demonstrate a possibility of
an ultrafast spin-torque switching of the AFM order in
NiNMn;.

The spin current is produced either by a spin-polarized
charge current or a charge current resulting in the spin Hall
effect. Since a large charge current generates Joule heat and
thus energy consuming, it is desirable to reduce its density and
hence J; required for the spin-torque switching. The major
factor influencing J; is the anisotropy energy [33, 70]. In order
to reorient Mn magnetic moments, the Zeeman energy ph; of



the magnetic moment in the effective field ﬁf generated by J;
should overcome the anisotropy energy K, i.e. uhy > K. This
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Fig. 3. (a) Critical current density J. for switching of the AFM order
in ANMn; antiperovskite as a function of the anisotropy energy. The

red dots are J. obtained by the atomistic spin dynamics modeling.
The solid black line is obtained from J. = % (b) The energy

difference between the I'y, and I's, magnetic configurations in Ga,.
«Ni,NMn;. The insets show the energy as a function of rotation angle
¢ of the magnetic moments around the [111] axis in Ga;..Ni,NMn;
for x = 0 (GaNMnj3) and x = 1 (NiNMn;), where 4E = E,; — E(¢).

condition leads to the critical current density J, = %, where

V is the volume of the cubic unit cell of NiNMn;. This result
for J. is identical to that obtained in ref. 33. Since J, is
proportional to K, reducing the magnetic anisotropy is
expected to reduce the critical current density.

This expectation is confirmed by our atomistic modeling
of the spin-torque switching of NiNMn;, where we fix all the
parameters but vary the magnetic anisotropy constant K. As
expected and seen from Fig. 3(a), with decreasing K the .
decreases linearly. According to our modeling results, the
critical current density J, is reduced to about 10'® A/m” if the
anisotropy constant K is 0.01 meV per Mn atom. The
calculated critical current density is in agreement with that

predicted by the simple estimate |, = % (see the solid line
in Fig. 3(a)).

The magnetic anisotropy of the antiperovskite can be
controlled by chemical doping. There are a number of
antiperovskites with the AFM I's, order, such as GaNMns.
Therefore, a doped compound Ga; Ni,NMnj is expected to
exhibit the ground I's, state in the Ga rich phase and the I'y,
state in the Ni rich phase. At the intermediate doping x, there
should be a transition point between these two phases, where
the magnetic anisotropy is zero. Figure 3(b) shows the
calculated energy difference between the I's, and I'y, magnetic
orderings as a function of doping x. Consistent with
experimental results, we find that the ground state is I's, for
GaNMn; (x = 0) and I'y; for NiNMns (x = 1). There is a
transition between the two phases for x = 0.58. At this region,
the magnetic anisotropy is strongly reduced, and the small
critical current density ~101° A/m? is expected for spin-
torque switching of the AFM order.

Switching of the AFM order in the I'y, phase can be
detected by measuring the anomalous Hall conductivity:

e? d3k S
0-(1,8 = —? Bzwgaﬁ(k),#(3)

where Qup = Y, f,(K)Q) (k) is the sum of the Berry
curvatures Qn,aﬁ(l_c)) corresponding the individual bands n,

fn(E) is the Fermi distribution function, and indices (a, f)
denote Cartesian co-ordinates. The expression for the Berry

curvature y, o (E) is given by [71, 72]

(wn,ﬁ|va|wm,ﬁ><¢m,ﬁlv3|¢n,ﬁ>
(Em(k)—En(K))2

Qnap(K) = —2ih% Tipen H##(4)
where 9, is the Bloch function and ¥ is the velocity
operator. The Berry curvature is odd under certain symmetry
operations, i.e. 00, (k") = —Q,(k), where O is a symmetry
operation such as time reversal symmetry or mirror symmetry
[72, 73]. In the I’y AFM state, there is no such symmetry
operation O with respect to which Q,, is odd [29]. Therefore, a
finite value can be obtained according to Eq. (4), leading to
the appearance of the anomalous Hall effect. Figure 4 shows
the calculated AHC oy, of Ga;,Ni;NMn; as a function of
energy for x = 0.58. We find sizable g, = 260 Q" 'cm™!
the Fermi energy. Rotating the magnetic moments around the
[111] axis changes the magnetic space group and thus the
band structure, which affects the magnitude of gy, [74]. As
shown in Supplemental Material [36], o, decreases when the
moments are rotated away from their initial alignment in the
I'4, state, and vanishes when the moments are aligned in the
I's, state. The AHC changes sign with reversal of the AFM
order, as shown in Fig. 4.

We note that the AFM order can be switched in the
antiperovskite ANMn; films layered in the plane different
from (111). As long as the spin-polarization of the spin current

at
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Fig. 4. Calculated anomalous Hall conductivity (AHC) of

antiperovskite Gag 4,Nig ssNMn; with the AFM T, order as a function
of energy. The red and blue lines denote the AHC for the two AFM
states with reversed magnetic structure shown in the insets.

has the component perpendicular to the (111) plane, the spin-
torque switching of the noncollinear AFM order can be
achieved. The spin current can be generated from a non-metal
bottom layer through the spin Hall effect. Recently, such a
spin-Hall torque switching has been reported in the GaNMn;
(001)/Pt bilayer structure [75]. In this experiment that AFM
switching was detected using a conventional AMR effect,
since the noncollinear AFM I's, phase in Mn;GaN does not
support the AHE [29]. The sign change of the AHC in
noncollinear AFM antiperovskites exhibiting the AFM I,
phase, which is demonstrated in our paper, is advantageous for
the AFM order detection compared to the conventional AMR
and SMR measurements.

In conclusion, we have predicted a possibility of spin-
torque switching of the noncollinear AFM order in Mn-based
antiperovskite nitrides, such as NiNMn;. We have shown that
this switching can be achieved on the picosecond time scale
using a spin-current density feasible in experiment. The
critical current density for AFM switching can be reduced by
controlling the magnetocrystalline anisotropy through the
stoichiometry engineering. For the antiperovskite compound
GaNi,NMn; with x = 0.58, we have predicted the critical
spin-current density and sizable anomalous
Hall conductivity . The anomalous Hall
conductivity changes sign with the AFM switching and hence
can be used for the AFM order detection. Our prediction offers
a new material platform based on noncollinear AFM
antiperovskites to realize both the efficient manipulation and
detection of the AFM order, which is promising for the next
generation of the AFM spintronic devices.
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