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Electrical manipulation of magnetic materials
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Magnetization reversal
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Magnetic-phase transition
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Oscillation/Resonance
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R. Sharma et al., 
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Electrical manipulation of magnetic materials
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Néel-vector rotation
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P. Wadley et al., Science 351, 587 (2016).

⚫ Néel-vector rotation in CuMnAs

⚫ Mn2Au

M. Meinert et al., PRAp 9, 064040 (2018).

S.Yu Bodnar et al., NCOMM 9, 348 (2018).

X.F. Zhou et al., PRAp
11, 054030 (2019).

⚫ NiO

T. Moriyama et al., SREP 8, 14167 (2018).

⚫ PtMn

S. DuttaGupta et al., NCOMM 11, 5715 (2020).



Electrical manipulation of magnetic materials
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Non-collinear antiferromagnets

Large anomalous Hall effect due to non-vanishing Berry curvature
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Behaves like ferromagnet despite negligible magnetization

Theory

H. Chen et al., PRL 112, 017205 (2014).

L12-Mn3Ir

J. Kübler & C. Felser, EPL 108 67001 (2014).

Experiment

D019-Mn3Sn

S. Nakatsuji et al., 
Nature 527, 212 (2015).

A. K. Nayak et al.,
Sci.Adv. 2, e1501870 (2016).

D019-Mn3Ge



ANE, MOKE
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M. Ikhlas et al., Nat. Phys. 
13, 1085 (2017).

T. Higo et al., Nat. Photo. 12, 73 (2018).

Anomalous Nernst Effect (ANE) Magneto-Optical Kerr Effect (MOKE)

H. Reichlova et al., 
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Chiral-spin reversal
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H. Tsai et al., Nature 580, 608 (2020).

Same protocol as SOT-induced magnetization switching
Any characteristic phenomena in NC-AFM?



Chiral-spin rotation – characteristic phenomenon in NC-AFM
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O. V. Gomonay and V. M. Loktev, Low Temp Phys. 41, 698 (2015).

L12-Mn3Ir



Electrical manipulation of magnetic materials
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Objectives
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• (Indirect) observation of 
chiral-spin rotation

• Comparison with chiral-spin 
reversal

• Effect of multidomain 
structure

• Thickness dependence

Mn3Sn

HM
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Stack deposition and characterization
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Deposition temperature : 400 oC

Post annealing temperature : 500 oC

Substrate
MgO(110)

Underlayer
W, Ta

Mn3Sn

Cap layer
MgO/Ru

• Layer structure

➢ VSM (out, in-plane)

• m - HꞱ(//)

• Crystal structure analysis

• RH (ρH) - HꞱ

➢ PPMS

➢ XRD

- “2q-q” : Indicating out-of-plane lattice structure

- “f scan” : Indicating in-plane lattice structure

V

I

V+

V-

I+ I-

f scan

2q-q

m : Magnetization

HꞱ(//) : Out of plane (In-plane) 

magnetic field

RH : Hall resistance        

ρH : Hall resistivity

J. Yoon et al., Appl. Phys. Express 13, 013001 (2020).



Structural characterization by XRD

• W underlayer is suitable to form M-plane-oriented Mn3Sn.

• Insertion of Ta prevents the formation of WMn2Sn.

• Epitaxial relationship: 

– MgO(110)[𝟎𝟎𝟏] ll W(211)[𝟎𝟏ഥ𝟏] ll Mn3Sn(𝟏ഥ𝟏𝟎𝟎)[𝟎𝟎𝟎𝟏]
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J.-Y. Yoon et al., Appl. Phys. Express 13, 013001 (2020).
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TEM observation of M-plane sample
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a b

c

a ≈ 5.6 Å
b ≈ 5.6 Å
c ≈ 5.6 Å

: Mn

: Sn

MgO(110) sub.

W

Ta

D019-Mn3Sn



Magnetic and magneto-transport properties

• Small residual magnetization ~ 5 mT

• Large anomalous Hall conductivity ~ 13 W-1cm-1

@ high-temperature annealing
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Sample structure and RH-H loop
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MgO(110) sub.

W (3 nm)

Mn3Sn (tMn3Sn)

Pt (4 nm)

Ta (1 nm) Lch

wch

wprobe

10 mm

V
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tMn3Sn = 8.3 nm

• tMn3Sn: 8.3 – 22.5 nm

• Sandwiched by Pt and W/Ta
➔ Enhanced SOT

• MgO-capped sample is 
prepared as a reference.

• Wch: 3 – 50 mm
➔ Estimation of domain size 

(presented later)

• Lch: 50 mm

• Wprobe: 3 mm

• Negative RH-H loop
➔ AHE due to chiral-spin structure

• Square hysteresis 
even at tMn3Sn = 8.3 nm

Y. Takeuchi et al., Nat. Mater. (2021) doi.org/10.1038/s41563-021-01005-3



Configurations
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s ⊥ kagome plane s ∥ kagome plane

Y. Takeuchi et al., Nat. Mater. (2021) doi.org/10.1038/s41563-021-01005-3

spin

11ത200001

1ത100
spin

000ത111ത20

1ത100



spin

Main result

• RH transits to intermediate level regardless of directions of initialization and current.

• Threshold current is largely different between the two configurations.

• Fluctuation level is largely different below and above the threshold current.
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SOT plays a dominant contribution.

➢ Joule heating plays 
a negligible role. 
(DT < 11 oC)
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➢ Pt-capped sample 
shows smaller IC and JC.

➢ HC linearly decreases with I.

Y. Takeuchi et al., Nat. Mater. (2021) doi.org/10.1038/s41563-021-01005-3
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Possible scenario

1. Chiral-spin structure starts with uniform state by initialization.

2. Hall cross consists of multiple domains.

3. Chiral-spin structure in each domain starts rotating above IC.

4. When I is turned off, each domain settles into one of the six stable points.

5. RH is observed as an average of each domain.
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Chiral-spin LLG simulation
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Calculation results

• Chiral-spin structure oscillates above a threshold.

• Frequency varies with the applied current.

– Tunable oscillator?

• Threshold current increases with q, consistent with 
experiment.
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spin

spin

Rotation vs. Reversal (Tsai et al. 2020)

Continuous rotation Bipolar switching

H = 0 HX ≠ 0

JC ~ 1 MA/cm2 JC ~ 10 MA/cm2
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Quantification of domain size – concept

Fluctuation level → Mean domain size

SPICE-SPIN+X Seminars "Electrical manipulation of non-collinear antiferromagnet" Shunsuke Fukami (Tohoku Univ.) 32

Narrower wire Wider wire

-30 -20 -10 0 10 20 30
-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

R
H
 (
W

)

I (mA)

-30 -20 -10 0 10 20 30

JHM (MAcm-2)

Fewer domains
➔Larger RH fluctuation

More domains
➔Smaller RH fluctuation

Y. Takeuchi et al., Nat. Mater. (2021) doi.org/10.1038/s41563-021-01005-3



Quantification of domain size – result

➢ Good agreement with a scale suggested 
from W-dependent HC.
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• Switching efficiency

– Ferri: Large and increases with t up to 8 nm

– Ferro: Small and decreases with t

• FM: 𝑘F
↑ ≠ 𝑘F

↓
➔ Surface torque

• AFM: 𝑘F
↑ = 𝑘F

↓
➔ Bulk-like torque
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Spin torque on AFM

spin-transfer 

torque

𝜆C =
𝜋

𝑘F
↑ − 𝑘F

↓

J. Yu et al., NMAT 18, 29 (2019). How about in NC-AFM?



Switching efficiency vs. tMn3Sn

• Follows 1/t relation.

• Larger than FM and collinear ferrimagnet.
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Why efficient in NC-AFM?

i. Field-driven dynamics

– Out-of-kagome-plane anisotropy

– Small net magnetization

ii. Current-driven dynamics

– In-kagome-plane anisotropy
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MS = 5 mT

Y. Takeuchi et al., Nat. Mater. (2021) doi.org/10.1038/s41563-021-01005-3
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Summary

◼ Epitaxial M-plane-oriented Mn3Sn thin film 

➢ Prepared on MgO(110) substrate with W/Ta buffer layer.

◼ Chiral-spin rotation

➢ Transition and fluctuation of Hall resistance are observed above a threshold.

➢ Threshold current depends on the Kagome-plane orientation.

➢ Consistently explained by a chiral-spin rotation induced by SOT.

• Chiral-spin rotation requires no field and smaller current, compared with reversal.

➢ Domain size estimated as 240 nm from the fluctuation level vs. wire width.

➢ Higher switching efficiency than collinear systems.
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