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Tuning the Hall response of a noncollinear antiferromagnet via spin-transfer torques
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The kagome lattice antiferromagnets Mn; X(= Sn, Ge) have a noncollinear 120° ordered ground state, which
engenders a strong anomalous Hall response. It has been shown that this response is linked to the magnetic order
and can be manipulated through it. Here we use a combination of strain and spin-transfer torques to control
the magnetic order and hence switch deterministically between states of different chirality. Each of these chiral
ground states has an anomalous Hall conductivity tensor in a different direction. Furthermore, we show that
a similar manipulation of the strained sample can be obtained through oscillating magnetic fields, potentially

opening a pathway to optical switching in these materials.
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I. INTRODUCTION

A significant direction of current spintronics research lies
in characterizing and understanding the anomalous Hall (AH)
response of antiferromagnets. Contrary to conventional wis-
dom, which suggests a proportionality between the Hall signal
and the magnetization of the system, these systems show large
AH responses and tiny induced magnetic moments. It is now
understood that the AH response stems from the electronic
structure, especially Weyl points near the Fermi energy [1].
In particular focus are the kagome-lattice-based magnets
Mn; X, which show very high AH signals at room tempera-
ture with almost negligible induced magnetic moments. The
Hall response is an intrinsic property of the antichiral 120°
order, which exists in the range 7" = 5-380 K in Mn3Ge and
T = 50-420 K in Mn3Sn [2-4].

The 120° state can be expressed through the normal modes
belonging to the irreducible representation of the Dsj, sym-
metry group. These are grouped into modes in the kagome
plane, o and the doublets o = (o, oty ), and out-of-plane, By
and B = (B, By). The two doublets & and B transform as
vectors in the kagome plane [5,6]. The ground state manifold
comprises states that lie on the hands of a clock, with even
hours for Mn3Ge and odd hours for Mn3Sn, enforced by an
easy-axis anisotropy [6-8].

The singlet «p, which represents uniform rotation of
all the spins in the kagome plane, forms a new order
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parameter K = (cos ¢, sin ) with ¥ = «g/ /3. Its orienta-
tion is given by the single spin that satisfies the easy axis
in each of the clock states, see Fig. 1. This order parame-
ter K couples to the electronic structure via the local spins,
leading to a Hall conductivity tensor proportional to K, i.e.,
ofl = (e*/2mh)¢e*K, where ¢ is given by the electronic
band structure [1].

Thus, by controlling the local spin order we can manipulate
the orientation of the Hall vector in the kagome plane. This
was achieved using an uniaxial strain in a constant magnetic
field [9]. There a uniaxial strain in the kagome plane changes
the local Cs symmetry to a C,, see Fig. 1. The magnetic order
parameter, and hence the Hall vector, responds to this new
symmetry, aligning along an axis chosen by the strain [8,9].

In this paper, we present two ways of manipulating K in
a strained sample: (1) with an oscillating magnetic field and
(2) with spin-transfer torques (STT). The former is of inter-
est in optical experiments such as Ref. [10], where terahertz
pulses have been used to switch the order in a two-sublattice
antiferromagnet. The latter is partly motivated by the manip-
ulation of the local spin order through an STT achieved in
Refs. [11,12]. We show that by augmenting the setup with a
strain, we can use it to control the direction of the Hall vector
with great precision.

The implication of strain to control the spin-wave spec-
trum in two-sublattice antiferromagnets has been studied in
Refs. [13-15]; here we investigate a three-sublattice system.
Notably, we use strain to control the order parameter K. To
do so, we need to exert strains large enough to overcome
the small uniaxial anisotropy in these systems. The required
strains are ~0.1% of the exchange energy J. Such strains
are considerably smaller than what is required to affect the
electronic band structure (~1% of J). In each of the allowed
clock states (see Fig. 1), the system has an AH response of the
same size but in different directions. Recently, there has been
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FIG. 1. Magnetically ordered states of Mn3;Sn (blue easy spin)
and Mn;Ge (green easy spin) are shown with K. The direction of K
is given by local mirror planes; it is parallel to the spin that points
along the local easy axis for Mn;Sn and opposite for Mn;Ge. The
six ground states for Mn3;Sn are shown in red in the free energy
plot. Strain distorts the energy landscape such that as € — § the local
symmetry changes to C, in the kagome plane. A positive (compres-
sive) strain along the y axis (red double arrow) stabilizes states at
Y =0,m.

extensive experimental work done on Mn3;X systems showing
the manipulation of the AH effect through strain variations—
for instance, in Refs. [16,17], where epitaxial strains are used
to effect large changes in the anomalous Hall responses of
Mn;Sn and Mn3Ga, respectively. Strain has also been used
very recently to reverse the sign of the Hall response com-
pletely in a constant magnetic field [9].

Additionally, we investigate the dynamics of the soft
modes ¢ and B under an oscillating magnetic field and
spin current. In the process, we show that strain and time-
dependent magnetic fields can be used to elicit a wide range of
antiferromagnetic resonances, which might be of importance
for future experiments and device designs. In all our numerical

J
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simulations we set the value of the effective exchange constant
J = 1 meV and measure all other energies with respect to J.
This sets a natural frequency scale of 3.3 THz and time scale
t = 0.3 ps, which is the unit of time in all our results.

II. ENERGY FUNCTIONAL

The magnetic energy functional for Mn3X can be captured
by the minimal model [7,18,19],

H=> JySi-S;+D Y 28 xS)—SZ(n, S;)%,

ij <i,j>

ey
where the first term describes the exchange interaction, the
second describes the Dzyaloshinskii-Moriya (DM) [20,21] in-
teraction with the out-of-plane DM vector, and the third gives
the magnetic anisotropy. The exchange interaction expanded
near the I point to quadratic order in soft and hard modes
takes the form

3J
UJZJQXJ;Si-SjZTSZ(o{-OC-FZﬂg). @)
Modes By and «, which induce a net magnetization, are pe-
nalized by exchange interaction and can be integrated out to
generate inertia for the soft modes v and B, as in Ref. [6].
This leads to the kinetic term

—%‘”1//% Bepiv 28, 3)

where py = 1/(2J) = (3/2)pg, with J =J; +J,. The re-
maining interactions from the DM vector and the local
anisotropy form an energy functional in terms of the soft
modes. This is modified by an in-plane uniaxial strain
(€xx — €y, 2€,y) = €(cos 2v, sin 2v. ), where 2¢;; = diu; +
d;u;, with u being lattice displacements.

The effect of strain in the Hamiltonian in Eq. (1) is cap-
tured through the variation of the Heisenberg exchange with
lattice site displacements ) ;[(07/9u) - dulS; - S, following
Egs. [15,22,23]. The exact form of the decay of J;; with
separation is not important and we retain only the first deriva-
tive correction. This correction is substantial in Mn3X, as
evident from the very strong magnon phonon coupling in the
antichiral 120° phase seen and calculated in Ref. [7] and also
estimated in Ref. [24] through measurement of magnetic order
under pressure. The total energy functional to quadratic order
in soft modes is

PB. 0B,

3
6
Jcosw

5; [€ cos2y — 4y, ) — 28 cos(4y — 20 )], (4)

where we have absorbed the factor 3/2 into €. The small pinning energy of the ¥ mode o /83/J implies that one can easily

affect the dynamics of the ¥ mode.

III. TIME-VARYING MAGNETIC FIELD

We now look at the precessional dynamics of the ¥ mode
under a magnetic field,

H = hy(1, 0, 0) 4 h(cos vt, sin vt, 0), (®)]

(

where the direction of the constant field is chosen to sim-
plify the expressions. We absorb the gyromagnetic ratio y
into the field strength and set spin length S = 1. To this we
apply a strain along the y axis, ¥ = /2. Let us first ana-
lyze the case h = 0. The energy terms we retain are of the
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FIG. 2. Oscillation around ground state at Y = 7/2 and initial
angular velocity ¥ (0) = 0.01, with a fixed strain angle ¥, = 7 /2.
We set the exchange J = 1 and anisotropy strength 6 = 0.01J, and

strain is set to € = 5 6. The oscillating component 4 is varied and we
can see the amplitude growth. The damping constant is op = 0.01.

order 1/J:

Unmag = —}[ho(é —€)sin Y + e cos(yr)]. (6)

All other terms are highly suppressed by the exchange energy
scale and do not contribute to the dynamics. From Eq. (6) it
is clear that the dynamics of the i mode is now controlled
by the C, anisotropy coming from the strain. This blurs the
distinction between the Sn and Ge compounds, and we can
traverse the clock manifold continuously using the appropri-
ate size and sign of strain. Note that the sixfold anisotropy
o 83/J7 is still present, but its contribution to stabilizing a
ground state is negligible if € >~ §. The equation of motion
around the ground state ¥ = 7 /2 is

= Llhote — 8) + 45 z ;,
Pyt = lho(e =) +45€l(y = T ) —aph. (]

where o is the damping. Small perturbations around the state
result in decaying oscillations, Fig. 2. The natural frequency
around this ground state v, o +/ho(e — ) + 4d¢ (see Ta-
ble I for the others). This can be tuned by changing the
orientation of strain 1. and H.

Let us now turn on the oscillating field. Now, since the dy-
namics is that of a forced oscillator, we can tune the frequency
close to or away from the natural values, see Table. I. For a
low enough dissipation, this is close to the resonant frequency.
The profile attains the expected growth at v;/, on increasing
the drive strength to & = 0.1 hy and to h = hy in Fig. 2.

TABLE 1. Natural frequencies at ¥, = 7 /2 and a constant mag-
netic field A along the x axis.

v Jpvg

0 —468¢

z 1[ho(e — 8) — 48€]
3 3[v/3ho(e — 8) + 45¢]
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FIG. 3. The strain switches signs after the drive is turned on.
The magnetic field is & = 0.1 hy, with (a) |hy| = 0.18 and (b) |hy| =
—0.18. Initial angular velocity is set to 1/(0) = 0. The two states
saturate to a v perpendicular to the initial state, i.e., from K, — £K,.
This switches the Hall conductivity from o™ to 0% or a magnitude
switch from |o|,; = 1 to |o|,, = 0. In the insets the magnetization
m, is measured in 1073y units.

In this protocol, away from resonant growth, the Hall angle
Y saturates to its initial state. We can change this if we switch
the sign of the strain while the drive is on. A change in the
sign of strain lowers the energies on the clock perpendicular to
the initial state. Any perturbation delivered by the oscillating
component of the field in this switched strain configuration
leads to the system settling in the newly favored ground
state(s), see Fig. 3.

IV. ADIABATIC SPIN-TRANSFER TORQUE

For the spin-transfer torque injection we use the setup in
Takeuchi et al. [11] (see Fig. 2), with a spin current being
pumped into the kagome plane from below. This is similar
to a spin orbit torque setup in that the spin is being injected
locally into the sample [25]. The adiabatic STT can be in-
corporated through a Rayleigh term Rsyr = n(m x mgp) - m,
where my is the polarization of the spin current. Consider
a spin polarization out of the kagome plane gy = Z. The
mode responds strongly, while the 8 doublet responds only to
a current polarized in the kagome plane. We turn the magnetic
field off and assume that a single domain state is created by
cooling down in a magnetic field. The relevant knobs remain-
ing are strain € and the STT amplitude 7. The dynamical
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FIG. 4. Varying strain at a constant angle . = 7 /2 and follow-
ing the evolution from 1 (0) = /2 under an out-of-plane STT. In
(a) the STT is constant and small 5n(t) = ny = 0.001 4, in (b) the
STT is driven at a frequency much higher than the natural frequency
n(t) = no sin(v,t), v, = 100 vy, and in the inset at the natural fre-
quency. The /2 angle is marked by a black line in (b) to show
convergence. In both cases 7y >~ 8.

equation for the ¥ mode with ¥, = /2 is

. 26€ .
pyi = — = sin2y)

Ziz (€2 sin(2y) + 48€ sin(4y) + 382 sin(6y)]

+3n(t) — 3apy. ®)

We can play the same switching game here as we did with
the oscillating magnetic field in Fig. 3, i.e., starting the evo-
lution of v at 7 /2 and the strain along the x axis ¥ = 0, we
can adjust the driving amplitude to shift the final orientation
of the order parameter, ¢. For a very small driving param-
eter n = 0.0015 we can switch from an initial state along
Y =m/2 to a state Y = 7w as we tune strain from positive
to negative, see Fig. 4(a). Note that in the absence of strain,
€ = 0 (blue line), we obtain a uniform precession of the ¥
mode as observed in Ref. [11]. The perpendicular switch of
the state happens sharply as € switches signs.

Alternatively, we can use a time-varying drive
n =nsin(vyt) and relax the smallness condition on 7.
For a fast frequency drive v, 2 100 v, the order parameter
settles at the minima corresponding to the one favored by the
strain anisotropy, at long times even for n >~ §, see Fig. 4(b).
At this value of  a driving frequency matching the natural
frequency scale of the minima produces a time-dependent
precession of the ¥y mode, which washes out the Hall effect
and magnetization signals as shown in the inset of Fig. 4(b).
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FIG. 5. In (a) we use an out-of-plane polarized STT of constant
magnitude n = 0.015 6 and switch from an initial state of ¢ (0) =0
(= m/2 in the inset) to its diametric opposite. A positive strain is
applied along the x axis, ¥. = 0, (= 7 /2 in the inset) with magnitude
€ = §/2. The drive starts at + = 200 and lasts until r = 350 (=~ 45
ps width), with ¥ (0) = 0. In (b) the coupled system from Eq. (10)
is driven at the natural frequency of S,. We initiate the drive using
an out-of-plane STT n'(t) = n[®(F — 1) — O(t — 2)], where O(t)
is the Heaviside step function. The parameters are € = —548, n =
28, and D = 104, with § = J/100. The damping constant is set to
ap = 0.003.

V. FULL SWITCHING WITH STT

In the presence of the STT we can also fully switch the Hall
vector at a constant strain through a protocol design. We first
settle on a ground state using a strain, say, state III in Fig. 1.
Note that on the clock (Fig. 1) the strain stabilizes diametri-
cally opposite states with reversed signs for the Hall signal,
so state IX is also a global minimum of the free energy. We
then turn on an out-of-plane polarized STT. This causes the ¥
mode to precess for a large enough STT magnitude. We let ¢
evolve until we cross the state at XII (or VI, since both paths
are equally probable) and then turn off the spin current. The
strain then forces the final state to be diametrically opposite to
the initial state, reversing the sign of the Hall signal. This is
shown for selected parameters in Fig. 5(a) and can be adjusted
according to experimental situations. We can tune both the
length of the drive and the strength to achieve the switching.

For a current polarized along the kagome plane, the three
modes, ¥ and B, are mixed. We analyze this case now with
my = 4/2/31n (1,0, 0). To keep the analysis tractable we as-
sume that the strain is large enough, € > §, to maintain an
effective C; symmetry. The Rayleigh dissipation function in
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this case reads
R =nby+ B —iB)+ S B-B+30). O

We assume that the three modes have a well-defined inertia
set by the exchange, with minor modifications from the strain
and local anisotropy, which can be ignored. The equations of
motion to linear order in 1/J are

Y ~
o = TE Sin[2(¢ + )l + 0By — 3apy + 30'(t),

(10a)
2p’ . € .
b= (5 - 2v3D)B — v — o, (10b)
20 .. € .
anﬁy = —(5 n 2\/§D>ﬂy — 10— apBy. (10¢)

where we have added an STT with an out-of-plane polariza-
tion to initiate dynamics " =~ n through a step function.

From this we can see that B, is decoupled in this configu-
ration and driven by the STT term. The i and 8, modes are
coupled through the spin torque amplitude and the coupled
system is not forced, and the coupling is purely through the
STT. Note that if we had chosen a spin current polarization
along §, modes B, and ¥ would have been coupled. From
numerical solutions to Egs. (10a) and (10b) we can see that
if we drive using an STT at the natural frequency of the B,
mode, we set the coupled ¥y mode into exponential growth
above a threshold strength of n, see Fig. 5(b).

VI. NONADIABATIC/FIELDLIKE STT

In most situations an adiabatic spin-transfer torque is
accompanied by a sizable nonadiabatic component. To
investigate the effects of that we use the Rayleigh dis-
sipation function of the form R’ =m-mgy. Considering
my = (£, ¢’, 0), the Rayleigh function takes the form

R = %(ﬂ)ﬁx + Bxﬁy) - %(,Brﬁx - ﬁyﬂ)) (11)

For mg polarized out of the kagome plane, my =
2\/6(0, 0, ¢;), we have a correction to third order in the field
strength:

R =0.By(B: + B;). (12)

As is evident, this effect appears at a quadratic order in 8 for
the in-plane polarization, whereas for an out-of-plane polar-
ization the effect appears at a cubic order in fields. Irrespective
of the polarization, the nonadiabatic STT does not act on the
azimuthal mode ¥ to the linear order and hence does not affect
the Hall signal or the magnetization in the kagome plane.
The B modes are gapped by the DM interaction, see
Eq. (4), and will hence undergo oscillations about zero ampli-
tudes, unless significantly larger strains € ~ D are applied. If
both adiabatic and nonadiabatic (in-plane polarization) STT
are present, all modes are coupled, but there will be no
change in the AH response unless the STT drives the  modes
near resonant frequencies. The corrections to the equations of

motion from this nonadiabatic STT are of the form

. 28 R
P = 76 Sin[2( + ¥l + 0B — apy + 31/(1),

20", (€ ; g ¢
T’BX = (E — 2«/§D>,Bx —nY —apB, — Eﬁy + 5'8’“
20", € ; ¢ ¢
= B, = _(5 + 2«/§D)ﬁy —n=apPy = P = by

13)

Here the adiabatic STTs are represented by the out-of-plane
component 1" and the in-plane component 1. The out-of-plane
component of the nonadiabatic STT only appears at the cubic
order in fields. This term is then present only if both time-
reversal and inversion symmetries are broken and is expected
to be small.

VII. DISCUSSION

We have demonstrated that the addition of strain can be ef-
fectively employed to modulate the STT response of the chiral
antiferromagnets Mn3;X. The strain converts the symmetry of
the system from Cg to C, in the kagome plane and allows to
switch between the six ground states of the system. Each of
these six chiral states has a different orientation for the order
parameter K and hence a different AH conductivity tensor,
explicitly shown in Ref. [1].

Thus, a controlled protocol for switching between the
ground states provides a deterministic way of manipulating
the Hall response. Once we manipulate the energy landscape
with strain (Fig. 1), the switching can be affected by os-
cillating terahertz magnetic fields or a spin current, using
techniques similar to those experimentally demonstrated in
Ref. [10]. We have outlined two switching protocols em-
ploying STT: (1) using a pulse of variable width and small
amplitude, which switches the Hall angle i by +m /2 (Figs. 3
and 4), and (2) the one switching i by £, which requires a
controlled STT pulse width and amplitude (Fig. 5).

The theory presented here provides the groundwork for
spin-transfer torque based devices in Mn3;X. Since the Hall
signal is substantial in these materials, a switch in the response
should be easily detectable. The additional advantage is that
these compounds show the magnetic ordering at room tem-
peratures, and all the way down to cryogenic temperatures for
MnsGe [3].
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