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ABSTRACT

We numerically investigate and develop analytic models for both the DC and pulsed spin-orbit-torque (SOT)-driven response of order
parameter in single-domain Mn3Sn, which is a metallic antiferromagnet with an anti-chiral 120° spin structure. We show that DC currents
above a critical threshold can excite oscillatory dynamics of the order parameter in the gigahertz to terahertz frequency spectrum. Detailed
models of the oscillation frequency vs input current are developed and found to be in excellent agreement with the numerical simulations of
the dynamics. In the case of pulsed excitation, the magnetization can be switched from one stable state to any of the other five stable states
in the Kagome plane by tuning the duration or the amplitude of the current pulse. Precise functional forms of the final switched state vs the
input current are derived, offering crucial insights into the switching dynamics of Mn3Sn. The readout of the magnetic state can be carried
out via either the anomalous Hall effect or the recently demonstrated tunneling magnetoresistance in an all-Mn3Sn junction. We also discuss
possible disturbance of the magnetic order due to heating that may occur if the sample is subject to large currents. Operating the device in a
pulsed mode or using low DC currents reduces the peak temperature rise in the sample due to Joule heating. Our predictive modeling and
simulation results can be used by both theorists and experimentalists to explore the interplay of SOT and the order dynamics in Mn3Sn and
to further benchmark the device performance.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0158164
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l. INTRODUCTION example, insulators such as NiO'”?’ and MnF,?! are well studied

and have the potential to carry charge-less spin waves or magnons.
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Antiferromagnets (AFMs) are a class of magnetically ordered
materials that exhibit negligible net magnetization owing to the
unique arrangement of strongly exchange-coupled spins on the
atoms of their unit cells. As a result, AFMs produce negligible stray
fields and are robust to external magnetic field perturbations, and
their precession frequency, set by the geometric mean of exchange
and anisotropy energies, is in the terahertz (THz) regime.' ” The
past decade has witnessed a rapid rise in theoretical and experimen-
tal research focused on the fundamental understanding and appli-
cations of AFM materials as active spintronic device elements.” "
There exists a broad range of AFM materials, including insula-
tors, metals, and semiconductors with unique properties that could
be exploited to realize magnonic devices,” high-frequency signal

generators and detectors,””'’""” and non-volatile memory."* * For

Insulating AFM Cr,03 shows magnetoelectricity below its Néel
temperature of 307 K, which was exploited to demonstrate voltage-
controlled exchange-bias memory and fully electrically controlled
memory devices.”” On the other hand, metallic AFMs have been
mostly used as sources of exchange bias in spin valves and tunnel
junction-based devices.”””* More recently, there has been signifi-
cant research activity in non-collinear, chiral metallic AFMs of the
form Mn3;X with a triangular spin structure and several intriguing
magneto-transport characteristics, such as a large spin Hall effect
(SHE),”> anomalous Hall effect (AHE),”* ** and ferromagnet-like
spin-polarized currents.”’

Negative chirality materials, such as Mn3Sn, Mn3Ge, and
Mn;3Ga, perhaps best represent the promise of non-collinear metal-
lic AFMs with a potential for ferromagnet-like spintronic devices
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in which the order parameter could be fully electrically controlled
and read-out.”’’*? In a recent experiment,” conducted in a bilayer
of heavy metal and Mn3Sn, a characteristic fluctuation of the Hall
resistance was measured in response to a DC current in the heavy
metal. This observation could be explained in terms of the rotation
of the chiral spin structure of Mn3Sn driven by spin-orbit torque
(SOT). Pal et al. and Krishnaswamy et al. independently showed
that Mn3Sn layers thicker than the spin diffusion length could be
switched by seeded SOTs.”"”” Here, the SOT sets the spin texture
of the AFM in a thin layer at the interface, which acts as the seed
for the subsequent setting of the domain configuration of the entire
layer. The seeded SOT also requires bringing the temperature of the
AFM above its ordering temperature and then cooling it in the pres-
ence of the SOT generated in a proximal heavy metal layer. Very
recently, a tunneling magnetoresistance (TMR) of ~2% at room tem-
perature in an all antiferromagnetic tunnel junction consisting of
Mn;3Sn/MgO/MnsSn was experimentally measured.”® The TMR in
Mn;Sn originates from the time reversal symmetry breaking and the
momentum-dependent spin splitting of bands in the crystal. These
recent works highlight the tremendous potential of Mn3Sn and other
negative chirality AFMs to explore and develop spintronic device
concepts.

In this paper, we discuss the energy landscape of a thin film
of Mn3Sn in the mono-domain limit and deduce the weak six-
fold magnetic anisotropy of the film via perturbation and numerical
solutions (Sec. I1I). Consequences of the sixfold anisotropy on the
equilibrium states, the origin of the weak ferromagnetic moment,
and SOT-induced non-equilibrium dynamics are carefully modeled
in Secs. 11 and IV. The analytic model of the threshold spin cur-
rent to drive the system into steady-state oscillations is validated
against numerical simulations of the equation of motion. Because of
the weak in-plane magnetic anisotropy, on the order of 100 J/m?, we
find that the critical spin current to induce dynamic instability of the
order parameter in Mn3Sn could be orders of magnitude lower than
that in other AFMs, such as NiO”*? and Cr,0;.!2 Additionally,
the oscillation frequency of the order parameter in Mn3Sn could, in
principle, be tuned from the gigahertz (GHz) to the terahertz (THz)
scale.'* We also examine the response of the system when subject
to pulsed spin current. Our results show that by carefully tuning the
pulse width of the current (¢pw) and the spin charge density injected
into the system (Jtpw, where J; is the spin current density), the evolu-
tion of the order parameter across different energy basins, separated
by 60° in the phase space, can be controlled. Our results of the SOT-
driven dynamics in single-domain Mn3Sn are closely related to the
experimental results of Ref. 33. Previous theoretical works on the
current-driven dynamics in collinear as well as non-collinear AFMs
have only addressed systems with zero net magnetization and those
with two-fold anisotropy.'*””** Another work focusing on NiO with
sixfold anisotropy had only presented numerical aspects of pulsed
SOT switching.”” On the other hand, here, we address both the
numerical and analytical aspect of current-driven dynamics in a six-
fold anisotropic system with a small non-zero net magnetization.
We also discuss the AHE and TMR detection schemes and present
the magnitude of output voltages for typical material parameters in
both the cases (Sec. V). Finally, we highlight the impact of thermal
effects on the dynamics of the order parameter and the temperature
rise of the sample when DC spin currents are acting on MnsSn to
generate high-frequency oscillations (Sec. VI). Our models highlight
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the limits, potential, and opportunities of negative chirality metal-
lic AFMs, prominently Mn3Sn, for developing functional magnetic
devices that are fully electrically controlled.

Il. CRYSTAL AND SPIN STRUCTURE

Mn;3Sn has a Néel temperature of ~420 K and can only be sta-
bilized in excess of Mn atoms. Below this temperature, it crystallizes
into a layered hexagonal D0y structure, where the Mn atoms form a
Kagome-type lattice in basal planes that are stacked along the ¢ axis
([0001] direction), as shown in Fig. 1(a). In each plane, the Mn atoms
are located at the corners of the hexagons, whereas the Sn atoms are
located at their respective centers. The magnetic moments on the
Mn atoms, on the other hand, have been shown by neutron diffrac-
tion experiments’’ to form a noncollinear triangular spin structure
with negative chirality, as shown in Fig. 1(b). The nearest neighbor
Mn moments (m;, my, and m3) are aligned at an angle of ~120°, with
respect to each other, resulting in a small net magnetic moment m.
The weak ferromagnetism in Mn3Sn, and similar antiferromagnets,
such as Mn3Ge and Mn3GaN, has been attributed to the geometri-
cal frustration of the triangular antiferromagnetic structure, which
leads to slight canting of Mn spins toward in-plane easy axes.*' The
chirality of the spin structure breaks time reversal symmetry and
leads to momentum-dependent Berry curvature and modifies the
magneto-transport signals in Mn3Sn.”"" Switching from one chi-
rality to another flips the sign of the Berry curvature and thus the
sign of magneto-transport signals that are odd with respect to Berry
curvature.

Previous theoretical works =" posit the aforementioned crys-
tal structure to a hierarchy of interactions typical for 3d tran-
sition metal ions—strong Heisenberg exchange, followed by
weaker Dzyaloshinskii-Moriya (DM) interaction, with single-ion
anisotropy being the weakest. Their model of the magnetic free
energy interaction in a unit cell of bulk Mn3Sn crystal, based on this
hierarchy of interactions, predicts the existence of a small in-plane

12,43
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o
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FIG. 1. (a) Layered hexagonal crystal structure of Mn3Sn. The a and c axes are
parallel to the [1210] and [0001] directions, respectively. (b) Hexagonal crystal and
inverse triangular spin structure of MnzSn in the basal plane. In each hexagon, the
Mn atoms are at the corners (blue), while the Sn atoms are at the center (gray). The
spins (purple arrows) on neighboring Mn atoms are aligned at an angle of 120°
with respect to each other. The dashed lines connecting the Sn atoms represent
the three easy axes (ue,;) corresponding to the magnetocrystalline anisotropy.
They are ordered counterclockwise, whereas m¢, my, and mj are ordered clock-
wise. The red arrow represents the net magnetization. The z axis coincides with
[0001].
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net magnetization, sixfold anisotropy degeneracy, and the defor-
mation of the magnetic texture by an external magnetic field. The
basic spin structure of the free energy model in the case of Mn3Sn
comprises two triangles, with three spins each, one on each basal
plane.””"” While the free energy model of Ref. 42 explicitly consid-
ers an interplane exchange interaction in addition to the intraplane
exchange interaction, the free energy model of Ref. 43 considers an
effective exchange parameter, which includes both these effects. The
latter approach simplifies the system of six spins to that of three
spins. Therefore, in our work, we assume a free energy model based
on the latter approach, viz., a system of three magnetic moments.'***

lll. FREE ENERGY MODEL AND EQUILIBRIUM STATES

We consider a single domain non-collinear antiferromagnetic
particle of Mn3Sn of size Ly x W, X dg. In the continuum modeling
approach, the single domain Mn3Sn is assumed to be composed of
three equivalent interpenetrating sublattices, which are represented
by magnetization vectors m;,my, and m;.'"”’ Each magnetiza-
tion vector has a constant saturation magnetization, Mj, and is
strongly coupled to the other by a symmetric exchange interac-
tion, characterized by the exchange constant J;(> 0). In addition, an
asymmetric Dzyaloshinskii-Moriya interaction (DMI), character-
ized by the coefficient D(> 0), and single-ion uniaxial magnetocrys-
talline anisotropy, characterized by constant K.(> 0), are assumed
to I<]1el?‘cribe the system. The free energy density is, therefore, defined
as

F(mj;,mz, m3) = Jg(m; - m; + my - m3 + m3 - my)

+Dz-(m; x my + my x m3 + m3 x my )

- Z (Ke(mi : ue,i)2 + uoMsHa 'mi)> (1)
i=1

where u,; is the easy axis corresponding to m; Here, they
are assumed to be u, = —(1/2)x+ (v/3/2)y, wen = —(1/2)x -
(v/3/2)y, and u,3 = x, respectively. Typical values of these energy
constants are listed in Table 1. The last term in Eq. (1) is the Zee-
man energy due to the externally applied magnetic field H,. For
the results presented in this work, no external magnetic field is

considered.
Compared to previous works discussing micromagnetic mod-
eling of AFMs,'*"” monodomain modeling is applicable for AFM

TABLE I. List of material parameters for the AFM, Mn3Sn, and the heavy metal (HM),
which is chosen as W, in the SOT device setup.

Parameters Definition Values Reference
JE Exchange constant 2.4 %10 ]/m3 44
D DMI constant 2% 107 J/m? 44
K. Uniaxial anisotropy 3x10°J/m? 44
constant
M; Saturation magnetization 1.63T 44
o Gilbert damping 0.003 48
dum Thickness of HM 7 nm 46
Pum Resistivity of HM 43.8 uQ) cm 46
Osu Spin Hall angle for HM 0.06 46
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particles that are smaller than the domain size, which is typically
200-250 nm for Mn3Sn.”**® For such length scales, spatial variation
in exchange and DM interactions can be safely ignored.*” The details
of the micromagnetic simulation framework, including the bound-
ary conditions, can be consulted from our previous work.'* Since in
this work we focus on the mono-domain limit, the cell dimensions
are the same as the physical dimensions of the AFM layer. The thick-
ness of the AFM film plays a role in establishing the spin angular
momentum acting on the AFM from the proximal NM. In con-
trast to the continuum modeling approach presented in this work
and in Ref. 33, some previous works have employed a three spin
atomistic model.”***** Although the atomistic modeling approach is
more accurate, it becomes computationally expensive for large sys-
tems of size 10’s of nm and above since the number of atoms and
the associated spins increase. On the other hand, the continuum
modeling framework is more suitable for large systems and has been
shown to agree well with atomistic simulations in the case of another
manganese-based AFM, Mn,Au.”’ Therein, the material parameters
used in the continuum framework were well calibrated against those
in the atomistic model. The material parameters used in our work
are also calibrated against an atomistic model as mentioned in
Ref. 44.

In exchange energy dominant AFMs, such as Mn;3Sn, the hier-
archy of energy interactions leads to Jp > D > K.. As a result, the
exchange energy is minimized if the three sublattice vectors are at an
angle of ¥ with respect to each other. The minimization of the DM
interaction energy confines the sublattice vectors to the x-y plane
with a zero z-component and enforces a clockwise ordering between
the vectors m;, m,, and ms. The magnetocrystalline anisotropy
energy would be minimized if each m; coincides with its respec-
tive u,;. However, counterclockwise ordering of u.1, u.>, and ue;3
along with the clockwise ordering of m;, m,, and m3 implies that all
the magnetization vectors cannot coincide with their respective easy
axis simultaneously. This would lead to six equilibrium or minimum
energy states wherein only of the sublattice vectors is coincident with
its easy axis.

Minimizing Eq. (1) with respect to m; leads to six equilib-
rium states, as shown in Fig. 2. They are given as ¢, = nm/3, where
n=1{0,1,2,3,4,5}. In each case, only one of the three magnetization
vectors coincides with its easy axis. A small in-plane average magne-
tization, m = %, is also obtained, depicted by the red arrows
in Fig. 2. In each case, m coincides with the sublattice vector that
is aligned along its easy axis. Our numerical calculations reveal the
norm of the average magnetization to be equal but very small for all
the six ground states, approximately |m| ~ 3.66 x 10>, Therefore,
in Fig. 2, m is zoomed-in by 100x for the sake of clear presentation.
The small non-zero value of |m|| suggests that the angle between the
sublattice vectors is not exactly 120°, but deviates slightly. Defining
this deviation as 77;; = cos™ (m; - m;) — #, we find that ny ~ -0.36°
if either of m; or m; is coincident with its easy axis, while % i ® 0.72°
if neither m; nor m; coincides with its easy axes. This small cant-
ing of sublattice vectors is well known, as mentioned in previous
theoretical and experimental works."”*"*’ OQur numerical results
show that 77, + 7,5 + 75, = 0.

To gain further insights into the sixfold degenerate equilib-
rium states, we adopt a perturbative approach”>”' to derive a
simple model of the energy density. First, the order parameters, viz.,
sublattice vectors and the average magnetization vector, in the
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FIG. 2. Six possible equilibrium states in a single domain Mn3Sn crystal. They lie in the Kagome plane, which is assumed to coincide with the x-y plane, and are separated
from each other by 60°. In each case, only one of the sublattice vectors, m;, coincides with its easy axis, ue;. A small in-plane average magnetization, m, also coincides with
this particular m; and its corresponding easy axis. Here, m is not drawn to scale but magnified by 100x for the purpose of clear representation.

equilibrium states are assumed to be in the x-y plane. Second, the
angle between m; and m; is assumed to deviate slightly from 120°.
Therefore, we have

COS P
m = uy| sin @y (2)

0

and

cos(—(p 2 + r]-)
m 3 1

cos (1)
m; = | sin (([),) =1 sin (_(Pm — % + r],) 5 (3)
0 0

where u, = [m||, ¢,, is the azimuthal angle corresponding to m,
i = {1,2,3}, while 1, is the small deviation from the perfect & order-
ing (ie. 7 < 2). They are defined such that 7, + 1, + 17, = 0. Using
the perturbative approach, also presented in the supplementary
material, we find

K,
n ——— (V3 cos (2¢m) —sin (2¢m)), (4
m 3(]E+\/§D)< cos (2¢m) —sin (2¢ )) (4a)
N~ —L(\/g cos (2¢m) +sin(2(pm)), (4b)
3(Jg +V/3D)
which is then used to obtain u,, as
Ke
Um = ———=—. (5)
3(Jg +V/3D)
On further analysis, we obtain the energy density as
3Jg + 7/3D)K?
Fgw) =~ IBDIL o (69, ©)
18(Jg +V/3D)

where the constant energy terms are not shown. This cos (6¢m)
dependence explains the six minimum energy states shown in Fig. 2.
We find the analytic expressions of Eqs. (4) and (5) to match very
well against the numerical results (presented in the supplementary
material).

IV. SOT-DRIVEN DYNAMICS

The setup used for analyzing the dynamics of the antiferro-
magnet when subject to SOT is shown in Fig. 3. The spin current
generated due to charge-to-spin conversion in the heavy metal is
polarized along n,, which coincides with the z axis, per our conven-
tion. The Kagome lattice of Mn3Sn is formed in the x-y plane, while
the z axis coincides with [0001] direction, as shown in Fig. 1(b). This
setup resembles the experimental setup from Refs. 33 and 46, where
an MgO (110)[001] substrate leads to the selective growth of Mn3Sn
in the [0001] direction. The effect of SOT on the AFM order is max-
imum in this setup since the sublattice vectors predominantly lie in
the x-y plane with a small z-component, while the spin polarization
is perpendicular to the x-y plane.’* Other methods of spin injection,
such as a spin-polarized electric current from a proximal ferromag-
net, could also be used. As mentioned previously, our analysis of the
SOT dynamics will be carried out in the single-domain limit.

For each sublattice of Mn3Sn, the magnetization dynamics is
governed by the classical Landau-Lifshitz-Gilbert (LLG) equation,
which is a statement of the conservation of angular momentum.
The LLG equations for the sub-lattices are coupled via the exchange
interaction. For sublattice i, the LLG equation is given as™

m; = —yyo(m,- x H,eff) + a(m; x ;)

h oy
- 21\/)1}5]:1“ m; x (m; x np), (7)
X
Y,
~ z
NJC . /ﬂp
Cayy, Metal 1 J ~

FIG. 3. Device setup for manipulating the magnetic state in MnzSn. Spin-orbit
torque, which is generated due to the spin-Hall effect in the heavy metal, is utilized
to manipulate the state of the thin layer of Mn3Sn. m is the small but nonzero net
magnetization in Mn3Sn. J; and Js are the charge current density and spin current
density, respectively.
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where ;= 2% ¢ is the time in seconds, H,eff

B is the effec-
tive magnetic field experienced by m;, « is the Gilbert damping
parameter for MnsSn, J; is the input spin current density with
spin polarization along n, = z, and d, is the thickness of the AFM
layer. Other parameters in this equation # = 1.054561 x 107* J s,
o =4mx 107 N/A% e=1.6x10"" C,and y = 17.6 x 10" T"' s~
are the reduced Planck’s constant, the permeability of free space,
the elementary charge of an electron, and the gyromagnetic ratio,
respectively. The spin current density depends on the input charge
current density, J,, and the spin-Hall angle of the heavy metal
(HM), 6su, as J, = Osi/.. The spin-Hall angle is associated with the
efficiency of the SOT effect. A recent experiment*® on switching
dynamics in Mn3Sn estimated a large (small) and negative (positive)
s in W (Pt). Subsequent experiments’*® have also preferred W
as the heavy metal in their SOT switching experiments; therefore, in
this work, we consider the HM to be W. Its properties are reported
in Table I.

The effective magnetic field for sublattice i can be obtained by
using Eq. (1) as

pef___ L OF  Jk

=- =- m; + m
poM; Om; oM (my ©
D i — 2K,
+ zx (mJ mk) + ° (mi . ue,i)ue,i + Ha, (8)
.u()Ms PlOMs

where (i,j, k) = (1,2,3),(2,3,1), or (3,1, 2), respectively. For all the
numerical results presented in this work, Egs. (7) and (8) are solved
simultaneously with ¢;, = 0 as the initial state. The results would be
equally applicable if any of the other five equilibrium states were
considered as the initial state. The dynamic instability caused in
the order parameters depends on the magnitude of the SOT rela-
tive to the intrinsic energy scale of the AFM. Numerical simulations
of the coupled LLG equations show that when the input spin cur-
rent density (J,) is below a certain threshold current (J), the order
parameters evolve to a non-equilibrium stationary steady-state in
the Kagome plane, as shown in Fig. 4(a). However, the z-component
of the order parameters in the stationary steady-states is zero. On
the other hand, if J; > ]Sth, the order parameters exhibit oscillatory
dynamics, as shown in Fig. 4(b). The oscillation frequency can be
tuned from the GHz to the THz range depending on the magnitude
of J, relative to ]Sth. Finally, Fig. 4(c) shows that if the current is turned

(a) (b)

pubs.aip.org/aip/apm

off during the oscillatory dynamics, the system could switch to one of
the six equilibrium states, gj,;. Different final states can be achieved
by tuning the duration or the magnitude of the current pulse.

A. Stationary states and threshold current

In order to analytically evaluate the threshold current and the
stationary state solutions, we consider m as that given in Eq. (2) since
our numerical result in Fig. 4(a) indicates it to be in the Kagome

. 1, +1m, +1i 5
plane. Next, we evaluate = w as’!

n’1=—%(m1xHiff+m2xH§ff+m3xH§ff)
+g(m X My +my X my + m ><1i‘1)—li V)
3 (m 1 2 2 3 3 3 2¢ Md,

x (mp x (m; xz) +my x (my xz) +ms x (m3 xz)) (9)

and then simplify it to
y OF . iyl
= L APzt - , 10
3M; Ogm - 0T 2o Md, (10)
where we have used m;xHT= =L 0F,_ -1 OF Oou,

5 oM, 8¢; ™ T oM Oy O¢;
__1 OF i _ -

= 3L, g, L Since the steady-state z-component of m must
be zero for currents below the threshold current, the net torque is

zero in the z-direction, viz., 1, = 0. Therefore, we have

_y (3)e+7VED)K?
M; 9(jg +\/3D)’

By
2e Md,

AP = sin (6¢m) + (11)

When the spin current is turned on, the energy of the order
parameters increases, and they drift away from their equilibrium
state. The intrinsic damping of the system, however, dissipates some
of the supplied energy. If the net energy is less than that required
to overcome the intrinsic energy barrier, the system settles to a
non-equilibrium steady-state, where the antidamping torque due
to the spin current is balanced by the torque due to the internal
field. Therefore, m = 0, ¢,» = 0, and the non-equilibrium stationary
steady-states are given as

x1073

103
180 L0 0.03 180 T
S B R me o
Q
£ 120+ — m. }0.02
j=10) w
3 g
= 601 H0.01
S
0t , 0.00
0.0 04 08 12

t (ns)

0.0 0.4 0.8 1.2
t (ns) t (ns)

FIG. 4. Response of order parameter m to different spin currents. (a) Non-equilibrium stationary steady-state solution for Jg = 0.1 MA/cmz. This current is below the
threshold current. (b) Oscillatory steady-state dynamics for DC current Js = 0.5 MA/cm?. (c) Switching dynamics for current pulse of magnitude Js = 0.5 MA/cm? and
duration tpy = 500 ps. For both (b) and (c), Js > J™. Here, the thickness of the AFM layer d, = 4 nm and J® ~ 1.7 MA /cm?.
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FIG. 5. Non-equilibrium stationary steady-states as a function of the applied spin
current Js for different thickness of the Mn;Sn layer. The applied current is below
the threshold current in each case. Numerical results from the solution of Eq. (7)
(symbols) fully agree with the analytical results obtained from Eq. (12) (lines).

LA
1 2e d,

(31e+7v3D)K; |

9(e+v/3D)’

(Pm O + lsm (12)

where adding ¢}, ensures that the above equation is valid irrespec-
tive of the initial equilibrium state. The stationary state of the system
as a function of the input spin current density (J; < J) is shown
in Fig. 5 for different AFM thicknesses. It shows excellent agree-
ment between the analytic model of Eq. (12) and that obtained from
the numerical simulation of Eq. (7) for all AFM thicknesses exam-
ined here. These results should be widely applicable as long as the
thickness of the AFM film is within the single-domain limit."*" In
general, ¢y, increases with input current since higher current injects
more energy and the order parameter moves further away from its
equilibrium orientation. Finally, the threshold current corresponds
to J,, which makes the argument of sin™*(-) in Eq. (12) equal to +1.
It is, therefore, given as

2¢ (3J5 + 7V3D)K?
“ho9(p+\3D)

It corresponds to the minimum current that pushes the order para-
meter above the energy barrier. As expected, the strength of J™
depends on the effective energy barrier imposed by the intrin-
sic energy interactions [Eq. (6)]. Similar expressions have also
been obtained in the case of collinear and non-collinear AFMs
with two-fold anisotropy;”'"'*'***** however, prior works have not
addressed the case of the sixfold anisotropy in materials such as
Mn3Sn and Mn3Ge.

i (13)

B. Oscillation dynamics under DC SOT

For currents above the threshold current (J; > ];h), the net
energy pumped into the system overcomes the intrinsic barrier

ARTICLE pubs.aip.org/aip/apm

imposed by the effective anisotropy of the system. The z-component
of the order parameter increases due to the SOT, as shown in
Fig. 4(b). For the case of the spin polarization perpendicular to
the Kagome plane, as considered in this work, an equal spin
torque acts on all the sublattice vectors along the z-direction.”*”"
As a result, their z-components increase in magnitude, which, in
turn, increases the z-component of the average magnetization since
m; = (myz + maz + m3;)/3. Consequently, an effective exchange
field (ocJpm;) arises in the z-direction, which leads to oscillation
of the order parameters around the z axis with frequencies in the
GHz-THz range.""!

For currents close to the threshold current (J; 2 ]sth), m; is
small, as shown in Fig. 4(b). It depends on ¢, and the exchange con-

14,44
stant as m; ~ —TW“:/—M, while our numerical simulations reveal

that ;:.72 < 0.1. Therefore, we can use Eq. (11) to obtain the time
period for 27 rotation as

12 Mid, /wm,oﬂﬂ der,
h ] " ]‘l\
f Yis Jomo 1- ( A sin (6(pm)
2
2e Md, I o
&= tan (3 - =
_ Byl tan~! (3¢m) A
(]m )2 (]m )2
3v/1-|= - =
Js s o
2e Md, 2
- af s7a 77[, (14)

h oyl 0\ 2
)

where we assumed ¢, , = 0. Figure 6 shows the frequency of oscil-
lation of the order parameter, f, as a function of the spin current
density for different AFM thicknesses, d,. First, for each AFM thick-
ness, f increases with J; since more energy is pumped into the
system. Second, at any current, f decreases with d,, since the strength
of spin torque is inversely proportional to d,. Finally, numerical val-
ues of frequency obtained from the solution of Eq. (7) (symbols)
match very well against the results of Eq. (14) (lines), thereby show-
ing the efficacy of our models. The results suggest that close to the

-
oO ge ;aﬁ)

02 04 06 08 1.0

J, (MA/cm?)

FIG. 6. Oscillation frequency as a function of the applied spin current J for different
thicknesses of the Mnz Sn layer. The applied current is above the threshold current
in each case. Numerical results from the solution of Eq. (7) (symbols) agree very
well with the analytical results obtained from Eq. (14) (lines).
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2
threshold current f scales as ~J™ (]—) — 1, whereas f increases

];l‘
almost linearly with J; for J; > J®. This linear scaling of frequency
with the input current has also been suggested in previous works;
however, the dependence of the f on the sixfold anisotropy has not
been discussed previously.

C. Switching dynamics under pulsed SOT

If the input spin current is turned off during the course of
the oscillation, the order parameter loses energy to the intrinsic
damping of the AFM. As a result, m, reduces to zero, while ®,, set-
tles into the nearest equilibrium state, as shown in Fig. 4(c). Here,
7/2 < @, < 5m/6 when the current is turned off; therefore, the order
parameter settles into the ¢, = 277/3 equilibrium state. Comparing
Figs. 4(b) and 4(c), one can conclude that it is possible to switch
to all six states if the current pulse is switched off at an appropri-
ate time. Indeed, the same is shown in Fig. 7, where different final
states are achieved by changing the duration of the current pulse of
magnitude J; = 0.6 MA/cm’. Another way to switch between stable
states is by varying the magnitude of current pulse for a fixed dura-
tion. Figure 8 shows switching of the order parameter from g, = 0
to @n = 7/3,2m/3 and 7 as the magnitude of the input current is
increased, while its duration is fixed at 100 ps. In Figs. 7 and 8, we
only present switching in one direction, that is, from ¢;,] = 0 through
@i = 1 since ¢y = 477/3 and ¢, = 57/3 could be achieved by chang-
ing the direction of input current. Finally, m, (o< —¢,,) increases in
both magnitude and frequency with J [Fig. 8(b)] since ¢, increases
with current [Eq. (11)].

Increasing either the magnitude or the duration of the current
pulse increases the input energy to the order parameter. As a result,
it starts a precessional motion until the current pulse is turned off,
after which it loses its energy to the intrinsic damping and reaches an
equilibrium state. The final state could, therefore, be considered as a
function of the net input energy. For low energy switching operation
between two equilibrium states, the net input energy should be just
enough to move the order parameter to the top of a barrier preceding
the final equilibrium state; thereafter, the intrinsic damping of the
system assists in the switching process. To determine the duration
(tpw) and magnitude (J;) of the current pulse required to switch
from ¢y} = 0 to ¢ = nm/3 (n={1,2,3}), we use Eq. (11). We find
that t,w and J required to switch to a different state depend on the
final state as

(@n-1)n +tan_1( A )

Vi-02/1)

]stpw =0 . (15)

hoy 3\/1- (/1)

This equation suggests that for large currents (J; > Ji), the
final equilibrium state only depends on the input spin charge den-
sity (Jstpw) as Jstpw ~ a%m 7(2”;1)"
above the threshold current density corresponds to the small pulse
width regime. For current magnitude near the threshold current

Us 2 ];h) and large f,w, the final state scales almost linearly with f,w

. Such a large current density

2
as ]Sthtpw\ / (]]Ti) -1~ oc% M‘Td“ % To verify these claims, we solved

Eq. (7) for tpw in the range [1,100] ps and spin charge density in the
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FIG. 7. The response of single domain Mn3Sn to a current pulse of a fixed ampli-
tude of 0.6 MA/cm? but different durations. Left axis: Magnitude of current pulses,
with a rise and fall time of 5 ps each. Right axis: (a) The azimuthal angle, ¢, as
a function of time. (b) The z-component of the average magnetization, m,, as a
function of time. ¢,, can be switched from its initial state (g, = 0) to a different
state if the netinput energy (tuned by varying t,y) overcomes the effective potential
barrier. As the pulse duration increases, m, stays non-zero for a longer period.

range [0,1) C/m”* and evaluated the final states. It can be observed
from Fig. 9 that for small tp, the final states (¢, ) are, indeed, only
dependent on Jtpw, more evidently for ¢, = 27/3 and . This is
because the input current is large for these cases. On the other hand,
the final states for large pulse width clearly depend on tpy. This
behavior is more noticeable for ¢,; = 77/3 and ¢, = 277/3, whereas
for g,1 =, it would be evident for longer pulse widths. The over-
laid dashed lines correspond to Eq. (15) for n = 1,2, 3 and represent
the minimum spin charge density required to switch from ¢, = 0 to
@m = nm/3 as a function of the pulse width. The fluctuations of the
Hall resistance under the effect of SOT in Ref. 33 were credited to the
aforementioned pulsed dynamics. However, an expression describ-
ing the interdependence of J; and ¢,y required to switch from one
known state to another known state, as a function of the material
parameters, was missing.
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FIG. 8. The response of single domain Mn3Sn to a current pulse of fixed duration
of 100 ps, but different amplitudes. Left axis: Magnitude of current pulses, with
a rise and fall time of 5 ps each. Right axis: (a) The azimuthal angle, ¢, as
a function of time. (b) The z-component of the average magnetization, m;, as a
function of time. ¢, can be switched from its initial state (¢, = 0) to a different
state if the net input energy (tuned by varying Js) overcomes the effective potential
barrier. m; increases, in both magnitude and frequency, with an increase in the
pulse amplitude.

V. READOUT OF MAGNETIC STATE
A. Anomalous Hall effect

Non-collinear AFMs, such as Mn3Sn, exhibit non-zero AHE
due to the non-zero Berry curvature in the momentum space when
certain symmetries are absent.”® In a Hall bar setup, a read current
(Ir) lower than the threshold charge current (I™") to induce dynam-
ics is applied to a bilayer of the heavy metal and Mn3Sn, as shown in
Fig. 10. A voltage (V) transverse to the current flow is measured to
detect the magnetization state of Mn3Sn. Since this voltage depends

Mn;Sn 46,53

on the Hall resistance of the Mn3Sn layer, R;; ", it is given as

-2

d

Vi =Iz|1+ PMn;Sn HM RII\.I/[mSn, (16)
PHM  dMn,Sn

pubs.aip.org/aip/apm

0.99

120

tow (PS)

FIG. 9. The final state of m as a function of the pulse duration, f,w, and the total
injected spin charge density, Jstow. The overlaid white dashed lines represent the
analytic bounds of Eq. (15). Here, the thickness of the AFM film is dz = 4 nm.

g

]
Mng, - \l
* i =

FIG. 10. A Hall bar setup to measure the output voltage signal, Vy, generated on
the injection of charge read current, /z. This current is lower than the threshold
current to induce dynamics, . The arrows show different orientations of m.

where pumngsn(prv) and duvinsn(dum) are the electrical resistivity
and thickness of the Mn3Sn (HM) layer, respectively. The Hall resis-

tance of Mn3Sn depends on the Hall resistivity Pgmsn and is given
MnsSn

as RY™" = f2__ In the above equation, the magnitude of cur-
Mny sn

rent leakage into the AFM layer is evaluated assuming a parallel
resistance combination of the heavy metal and the AFM layers, as

-1
Iglmsn = IR(I + Mf&) . On the other hand, the transverse
PHM  OMnj3Sn

-1
Hall voltage can be obtained as Vy = Vll}/lmsn(l + Mdd&) ,
PHM  OMnzSn

where the bilayer is assumed as two resistances connected in
series.

To calculate the Hall voltage in our device setup, we con-
sider Py = 43.8 uQ cm and duym = 7 nm, corresponding to that
of W (listed in Table I), while the other parameters are taken as
PMinysn = 330 pQ cm,” dyingsn = 4 nm, and [p} ™| =3 uQ cm.* If
a read current of Ig = 50 A is applied to the bilayer, a Hall volt-
age of Vi = 1.86 yV is generated in the HM layer. As indicated in
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Eq. (16), a larger read current would increase’ the detected Hall
voltage. Alternatively, a larger Hall resistivity of Mn3Sn would be
desired to generate larger read voltages. Since the read and write ter-
minals in this device setup are the same, this setup is more suitable
for detecting the switching dynamics.

B. Tunneling magnetoresistance

An all antiferromagnetic tunnel junction built using two
Mn;Sn electrodes has recently been shown to exhibit a finite TMR
at room temperature.’® It was experimentally demonstrated that a
TMR value of about 2% at room temperature was possible for thicker
tunnel barrier (MgO) and large resistance-area (RA) product. The
high (low) resistance state corresponds to an angle of 7(0) between
the magnetic octupoles of the two Mn3Sn layers. The electronic
bands in Mn3Sn show momentum-dependent spin splitting of the
Fermi surface due to the broken time reversal symmetry.”"” As a
result, a spin-polarized current is generated. The relative orienta-
tion of the magnetic octupoles in the two AFM layers controls the
magnitude of the spin-polarized current and, hence, the magnetore-
sistance.”” A simple representation of an all-Mn3Sn tunnel junction
is shown in Fig. 11. Here, a thick layer of Mn3Sn, with fixed orien-
tation mg, is used as the reference layer, while the order parameter
m of the thinner layer is modulated using the device setup of Fig. 3.
The different orientations of m with respect to mg are measured as
the read voltage, V', across a resistive lead, Ry, resulting in a finite
read voltage, Vz.

Theoretical calculations have revealed that for vacuum as a
tunnel barrier, RA product increased from ~0.05 Q ym? in the par-
allel configuration to 0.2 Q ym? in the antiparallel configuration.”®
For the states corresponding to ¢;1 = 7/3 and @, = 27/3, the RA
product is evaluated to be ~0.07 and 0.11 Q pm?, respectively.”
Assuming the same value of RA product in our device setup, we
estimate the voltage drop across Ry = 50 Q as Vi = 9.1 mV for the
parallel configuration, while V7 = 7.1 mV for the antiparallel con-
figuration of the free and fixed layers of the tunnel junction. On
the other hand, V; = 8.8 mV and V; = 8.2 mV for (pfnq = /3 and

TVR
X = ™

¥, Reference Mn;Sn
Tunnel barrier
z Free Mn,;Sn
~
m*
Heg
‘Y Metal \£:
R,

FIG. 11. All antiferromagnetic tunnel junction atop the heavy metal layer. Both
the reference and free layers are composed of MnzSn. The arrows in free MnzSn
show the six equilibrium orientations of m, while that in reference Mn3Sn shows the
fixed orientation of its order parameter, mg. A small read voltage, Vg, is applied,
and a voltage, V/, is detected across the resistive load, R;. V, depends on the
orientation of m with respect to mg.
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gof;‘,l = 27/3, respectively. Here, we considered Vg = 10 mV, while the

area of the tunnel barrier was assumed to be </ = 100 x 100 nm?,
This setup can be used for detecting both the oscillation and
switching dynamics.

VI. CONSIDERATION OF THERMAL EFFECTS

When Mn3Sn is driven by large DC SOT to excite oscillatory
dynamics in the 100’s of GHz range, it is likely that Joule heating
in the device structure would impose practical limits on the oper-
ating conditions. For example, our simulations show that we need
~17 MA/cm? spin current to generate oscillations of the order para-
meter at 100 GHz in a 4 nm thick film of Mn3Sn. Due to the spin
Hall angle of the heavy metal being less than unity, the required
charge current could be 2-20x higher than the spin current. The
large charge current requirement will increase the temperature of the
device structure, which, if significant, could alter the properties of
the magnetic material or in extreme cases change the magnetic order
completely. In addition to the magnitude of the input current pulse,
the Joule heating in the device also depends on the electrical proper-
ties and the size of the heavy metal that the charge current passes
through. The temperature rise of the device due to the generated
heat depends on the ambient temperature and the thermal prop-
erties of the conducting (magnetic and non-magnetic) media and
the substrate. Finally, in the pulsed response case, the time-domain
temperature profile is expected to be sensitive to the duration of the
applied current, and thus, the peak temperature in this case could be
markedly different from that achieved when DC charge currents are
used in the device.

A recent experimental investigation of field-assisted current-
driven switching dynamics in Mn3Sn attributes the switching pro-
cess to Joule heating.”"” They show that despite the spin diffusion
length in Mn3Sn being extremely small (roughly 1 nm), the mea-
sured AHE signals showed switching behavior for films of thick-
nesses ranging from 30 to 100 nm. Subsequently, this switching
dynamics was explained as a demagnetization of the AFM order in
Mn3Sn due to Joule heating over a time scale of 10’s of nanosec-
ond (ns), followed by a remagnetization of the AFM order due to
cooling in the presence of SOT. We must, however, point out that
the SOT device setups in these experiments were different from
our setup of Fig. 3. Unlike our case, the spin polarization asso-
ciated with the SOT was in the Kagome plane, which increases
the current requirement.””** Nevertheless, an accurate investigation
of the current-driven magnetization dynamics in our device setup
requires a careful consideration of the temperature rise due to Joule
heating.

To investigate the temperature rise in our setup, we assume
a one-dimensional heat flow into the substrate (MgO), as pre-
sented in Ref. 56. Consequently, the junction temperature is strongly
dependent on the properties of the substrate, such as its ther-
mal conductivity xeb =40 W/(m K), thickness dgypb, mass density
P = 3580 kg/m’, and specific heat capacity Coub = 930 J/(kg K).
These values are taken from Ref. 57. In our model, we assume that
the HM and Mn;3Sn are at the same temperature and that the tem-
perature is spatially invariant in the bilayer. The area of the heat
source is set by the dimensions, i.e., the length and the width, of
the bilayer. The rise in the junction temperature, ATj(t), is then
calculated as™®
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ATy(f) = ATM((l LA eXP(ka/T))

T k=odd K
—G(t—tpw)(l . D eXp(_kz(tz_ tpw)/T))), (17)
T k=odd k
where
2 (PM Sn@Mn; s +(Mm)2PHMdHM)
amy < deaf? \Promsninsn ¥ )

Ksub (1 4 Prngsn_digy )2

PHM dMn3 Sn

is the maximum possible rise in the junction temperature for an
input charge current density, /., and includes the current leakage
into the Mn3Sn layer (as described in Sec. V A). The rate of the heat
flow into the substrate is determined by the thermal rate constant,

4d§ub/’subc
2

7= *® Finally, 6(-) in Eq. (17) is the Heaviside step function.

T Kyl
Figurbe 12 shows the maximum rise in the junction temperature

for different substrate thicknesses and DC input charge current den-
sities. As expected, ATy increases with both dg,, and /.. An increase
in J, increases the heat generated in the metallic layers, whereas
an increase in dg,, increases the thermal resistance in the direc-
tion of heat flow. Assuming the heat sink temperature to be 300 K,
ATy 2 120 K would change the antiferromagnetic order since the
Neéel temperature for Mn3Sn is ~420 K. If we consider dg,, = 2 pm,
then ATy < 120 K for J, < 9.4 x 107 A/cmz. This limits the use of a
4 nm thick Mn3Sn film as a signal generator to about 33 GHz. On
the other hand, for dgp, = 5 pm, the charge current density is lim-
ited to J, < 6 x 10’ A/cm?, which limits the frequency of the signal
source to about 21 GHz. The white dotted line overlaid in Fig. 12
represents this upper limit for the charge current for different sub-
strate thicknesses. A thinner substrate, or the metallic heat sources

ATy (K
100  (K)
300
—~ 75
§ 200
= 50
=
e 100
0 0

dsub (,U’m)

FIG. 12. Maximum possible rise in the junction temperature, ATy, for different
substrate thickness, dsy, and input charge current density, J;. ATy increases
with both dsip, and Je, as expected. The white dotted line corresponds to
ATy =120 K, which is the maximum temperature rise before the antiferromag-
netic order in MnzSh changes.
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with a smaller area of cross section, could help lower the maximum
temperature rise.

The time to reach ATy, on the other hand, depends on 7. For
a constant input current, AT;(t) reaches ~95% of ATy in t = 37.
If we consider dgy, = 1 ym, then 7 = 33.7 ns, and the time to reach
95% of the steady-state temperature is ~100 ns. Consequently, input
currents larger than J, = 1.3 x 103 A/cm? could be safely applied if
the duration of the pulse is of the order of few 10’s of ps. Figure 13
shows the non-quasi-static response of the rise in junction temper-
ature, ATj(t), as a function of time for current pulses of duration
tpw = 100 ps. It can be observed that even for charge current density
as large as J, = 3 x 10® A/cm?, the temperature rise is less than 24 K.
Therefore, such large currents could be used during the switching
operation, if required. Similar behavior is expected for other values
of tpw << 7. A drawback of the high value of 7, due to large dyp, is the
slow removal of heat from the system, resulting in a slow decrease of
temperature, as shown in Fig. 13. A thinner substrate or a substrate
with lower thermal capacitance is preferred to reduce the time for
heat to flow from the source to the sink, decreasing 7.

The aforementioned analysis does not consider the tempera-
ture dependence of the material parameters (electrical and thermal)
of the AFM, the HM, or the substrate. In general, the material prop-
erties of the AFM, such as the uniaxial anisotropy constant, could
decrease with an increase in temperature due to Joule heating.'®
Therefore, if the input current is slowly increased from zero to a
higher value, the stationary steady-state solutions could be different
from those given in Eq. (12), while the onset of dynamics could occur
at an input current lower than that predicted in Eq. (13). The oscil-
lation frequency at an input current [Eq. (14)], on the other hand,
could increase owing to the lower threshold current as well as Joule
heating induced lower saturation magnetization. Consequently,
the order parameter could be switched at a faster rate using a

24 Dt Tt T T
/
/  —— J.=0.10 GA/cm’
9 e [ll Jc =0.20 GA/Cm2
= . F ~-= J.=0.30 GA/cm?
< |/
< !
6 i
g
I
0

0 100 200 300 400 500
t (ps)

FIG. 13. Temperature rise of the HM-Mn3Sn bilayer due to Joule heating asso-
ciated with the charge current pulse of different amplitudes, as indicated in
the legend, and 100 ps duration. For J; = 3 x 108 A/cm?, the temperature
rise of the junction is ~24 K. On the other hand, for J; = 1 x 10® A/em? and
Jo = 2 x 108 A/cm?, the maximum temperature rise is ~2.7 and 10.6 K, respec-
tively. Once the input current pulse is turned off, the temperature begins to recover
to the ambient temperature; however, the recovery is slow due to the large time
constant of heat flow associated with the substrate.
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current pulse of smaller duration since Jit, [Eq. (15)] would
decrease. However, an exact value of the threshold current, station-
ary state, oscillation frequency, or minimum pulse width required to
switch between two states as a function of the input current would
depend on the relative change in the antiferromagnetic material
parameters with temperature.

Non-zero temperature leads to random fluctuation of the AFM
spins, and as a result, the order parameter would exhibit a distri-
bution around the equilibrium states in the six degenerate energy
wells. When acted upon by external spin current, the order para-
meter would exhibit stochastic dynamics—each stationary steady-
state below the threshold current would show a distribution around
a mean value, the oscillation frequency would exhibit a non-zero
linewidth, and Jtpw would show thermal noise-induced random-
ness. The effect of thermal fluctuations would be more prominent
below and near threshold current, while its effect on the dynamics
would be weak for large values of input currents. Similar to ferro-
magnets, thermal noise in AFMs could be modeled as three random
Gaussian fields, one for each sublattice, with zero mean and standard
deviation equal to one.’® In our modeling approach, this field would
be added to Eq. (8), and the total field would consist of those due
to exchange interaction, DM interaction, uniaxial anisotropy, exter-
nal field, and thermal noise. The goal of our work, however, was to
understand the deterministic dynamics in monodomain Mn3Sn, and
therefore, the effect of thermal noise is not considered here.

VIl. CONCLUSION AND OUTLOOK

In this work, we investigated the SOT-driven oscillation and
switching dynamics in sixfold magnetic anisotropy degenerate
single-domain Mn;3Sn thin films. The spin polarization associated
with the SOT was assumed perpendicular to the Kagome plane.
Numerical simulations of the SOT-driven dynamics in the DC
regime reveal that the frequency of oscillation of the order para-
meter in Mn3Sn could be tuned from 100’s of MHz to 100’s of GHz
by increasing the input spin current density. Analytic models of fre-
quency vs input spin current density presented here for the first time
show excellent agreement with the numerical results, obtained by
solving the classical coupled LLG equations of motion for the sub-
lattice vectors of Mn3Sn. In addition to the oscillatory dynamics,
switching of the order parameter between the six energy minima
could also be accomplished by utilizing pulsed input spin current.
In this case, the switching of the order parameter can be controlled
by tweaking the amplitude and the pulse width of the input spin
current. To provide a physical insight into the physics and func-
tionality of Mn3Sn in the pulsed-SOT regime, we developed analytic
models of the final state that the order parameter settles into as a
function of the spin charge density and revealed excellent match
with numerical results. Motivated by recent experimental advances
in electrical detection of the magnetic state of Mn3Sn, we discussed
AHE and TMR as possible schemes to detect the state of the AFM
in a microelectronics-compatible manner. We showed that AHE
voltage signals could be in the range of ~yV, while the TMR volt-
age signals could be around 7-9 mV with a further possibility of
increasing this voltage range for higher RA product values. Finally,
we evaluated the temperature rise as a function of the input cur-
rent pulse. Our results showed that the maximum temperature rise
for MgO substrate of thickness dg, = 1 ym is less than 24 K for
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current pulses with fpy < 100 ps and J. <3 x 10* A/cm®. On the
other hand, in the DC mode, the maximum temperature rise is found
to be 120 K for J, = 1.3 x 10° A/cm?, thereby limiting the applica-
tion of Mn3Sn as a coherent signal generator for frequencies of up to
45 GHz. In this work, we considered thin films with thicknesses less
than 10 nm. Typically, such films show twofold degeneracy, instead
of the sixfold, owing to epitaxial strain. This will be addressed in our
future work.

SUPPLEMENTARY MATERIAL

See the supplementary material for the perturbative analysis of
the ground state.
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