TECHNISCHE
UNIVERSITAT
DARMSTADT

UNIVERSITAT
BIELEFELD

Role of thermal activation in the spin-orbit
torque switching of antiferromagnets

Markus Meinert
Department of Electrical Engineering and Information Technology, TU Darmstadt

Center for Spinelectronic Materials and Devices, Bielefeld University



UNIVERSITAT
BIELEFELD

1. Thermal activation in the Néel-order switching of Mn,Au

2. Néel-order switching in magnetron-sputtered CuMnAs films

3. Electrical switching of the Néel order in MnN with the spin Hall effect of Pt

4. Ohmic contributions to the electrical read-out
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Thermal activation in the Néel-order switching of Mn,Au
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Electrical observation of the Néel-order switching

Auxiliary voltage and
current measurements
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Pulses and bursts

pulse At duty cycle: f - At

/
/| frequency f

l ] | .
Y time

burst, N pulses

* Longsingle pulse heats the film
» Chop the single pulse into N shorter pulses
» Keep the total charge per burst constant, i.e. NjAt = const.



UNIVERSITAT [yt
BIELEFELD DARMSTADT

Electrical switching of Mn,Au
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Thermal activation model - Part |

Idea: Uncoupled grains, coherent switching. 0 |
1.5 | /\ i

Energy: _ — NSOT energy

3 10 \
E/Vg = K4II sin® 29 —L- Beff/Vcell B 0.5

0] R e ST

Energy barrier: 0 90 180 270 360

¢ (degree)
Eg = min ( max [Ky sin®2¢ — (L Beg)/Veen] — E(@;)
cw,cew | [@;,9¢]
Effective field: Ky anisotropy energy density
Ve: grain volume
Bos=(x2z) y Veen:  unit cell volume

X: spin-orbit torque efficiency
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Thermal activation model - Part Il

10

a0l L] zt_f_r(rtt)ant density | o 5
Switching rate (Néel-Arrhenius): o 00l los
1 N fo: attempt rate = N %
-= foe kBT At: pulse width 100 / 102 g
e LI
Switching probability: Ty: base temperature time (us)
d: film thickness
Py, (A) = 1 — e=At/7 w: current channel width
o: electrical conductivity
Ps: density of the substrate

Film temperature: Cs, kg: thermal parameters of the substrate

2whj* ( . (2\/Kst/Ps Cs
arcsinh o

2/ks(t — A0/ ps cs>>

aw

> + 0(t — At) arcsinh(

TTKgO

8 C.-Y. You et al., Appl. Phys. Lett. 89, 222513 (2006).
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Model parameters and PHE calculation

K = fitting parameter ARy, = A (sin2¢)

2 ~
I%z%h,DzZan,dzZSnm A~ 10

Vcell = 4,75 X 10_29m3
L] = 2 X 4ug

x = 0.2mT/(101A/m?)

25 T
m AFRM
- lognormal fit

20

fo = 1012571

151

count

w = 12um

10

o = (73pQcm) !

diameter D (nm)
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Experiment vs. theory

Experiments Monte Carlo Simulations
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M. Meinert et al., Phys. Rev. Applied 9, 064040 (2018)
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Néel-order switching in magnetron-sputtered
CuMnA:s films
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Magnetron-sputtered CuMnAs

10° f | | | | | | { * Growth of CuMnAs from alloy target
e Substrate temperature: 410°C

CuMnAs (001)
CuMnAs (002)
CuMnAs (003)
CuMnAs (004)

GaAs (001) / CuMnAs 100 nm / Ti 3nm

counts

GaAs (002)
GaAs (004)

* Oriented growth of tetragonal
CuMnAs with preferred (001)

4IO 5I0 6I0 7I0 80 d|rect|0n

e * Perpendicular grain size = 10nm

* Large surface roughness

14001
1200+
10001
800}
600
400+ 41 nm

200+

O 1 1 1 1
18 20 22 24 26

o (degree)

0nm

T. Matalla-Wagner, MM, et al., arXiv:1903.12387
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Electrical switching of CuMnAs
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" T. Matalla-Wagner, MM, et al., arXiv:1903.12387
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Parameter extraction

Solution of our model equations in linear response:

burst number

0 100 200
““““““““““ A LyvVyg B
a0 |AR]PJ’IEEE %Q fDexp( XVg) B)

g ) jJwh V2kpTV. kT
¢ [§ — fittoswitching
< 10 == fit to relaxation
- - = absolute switching
O ‘ [ [ |
P ematontime(s) Exact solution for decay (relaxation):
Empirical fit of pulsing- and relaxation-phases t
g PHising P Rpug(t) = Rpue(t = 0) exp (-;)
b b
R,(b) = Rop + c1 exp (—) + 9 exp (—)
H1 H2

t [
Re(t) = Ros + dy exp (—;1) +dy exp (—;2)

0
db

R, =

b=0 T. Matalla-Wagner, MM, et al., arXiv:1903.12387
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Dependenceson T, j, At
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We switch grains with lower

barrier at lower

temperature, because y is

constant!

10
T. Matalla-Wagner, MM, et al., arXiv:1903.12387
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Size matters: grain size distribution and (un-)blocking

25

SV)

201

15
Thermally
Disordered AF

Ty

count

Unset AF
10t

v

/ '\ not switchable grains Inspired by exchange bias physics!

% / 10 20 30 20 K. O’Grady et al.
unblocked grains \ grain volume J. Magn. Magn. Mater. 322, 883 (2010)

switchable grains, just blocked at T,
“active part” of the distribution, changes with T,

Joule heating makes blocked grains switchable!
The switching must be thermally assisted! Otherwise, long-term
16 retention of written state is impossible.
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Electrical switching of the Néel order in MnN with
the spin Hall effect of Pt
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Ry read

()

(b) After write “0”

= LH
Lv
XMLD

Counts (a.u.)

868 871 874

) T - - - - Energy (eV)
d 0.015} Pt(2 nm)/c-Fe,04(30 nm) b ©) 5
g o
~ 0,01 =
~ © 1+
2 0.005] % of X. F. Zhou et al., Phys. Rev. Appl. 11, 054030 (2019)
I R \j; Baldrati et al., arXiv: 1810.11326v2
0 N — 80 3 T. Moriyama et al., Sci. Rep. 8, 14167 (2018)

18 R W I Y. Cheng et al, arXiv:1906.04694
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The antiferromagnet MnN

intensity (cps)
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10 M. Meinert et al., Phys. Rev. B 92, 144408 (2015)




- TECHNISCHE
UNIVERSITAT UNIVERSITAT
DARMSTADT

BIELEFELD

Electrical switching of MnN
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«— p = 200 pQcm g
Ta b6 +«— p = 180 pQcm
Si / SiOx
substrate
b)
g
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M. Dunz, T. Matalla-Wagner, M. Meinert, arXiv:1907.02386
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Electrical switching of MnN: Parameters
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Grain size analysis

Anisotropy analysis via “York protocol”:
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M. Dunz, T. Matalla-Wagner, M. Meinert, arXiv:1907.02386
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Ohmic contributions to the electrical read-out

UNPUBLISHED
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