The zoo of all-optical magnetic switching
mechanisms & time-scales

Andrel Kirilyuk

FELIX Laboratory, Radboud University,
Nijmegen, The Netherlands

Radboud University § %E

1 | ESM Krakow - September 2018 Yo

IIIIII



VOLUME 76, NUMBER 22 PHYSICAL REVIEW LETTERS 27 MAY 1996

Ultrafast Spin Dynamics in Ferromagnetic Nickel

E. Beaurepaire, |l -C. Merle, A. Daunois, and J.-Y. Bigot
Institut de Physique et Chimie des Materiaux de Strasbourg, Unité Mixte 380046 CNRS-ULP-EHICS,

23, rue du Loess, 67037 Strasbourg Cedex, France
(Received 17 October 1995)

Eric Beaurepaire Jean-Yves Bigot
28.10.1959 — 24.04.2018 29.02.1956 — 02.05.2018

Radboud University § %E

| ESM Krakow - September 2018 Yo



VOLUME 76, NUMBER 22 PHYSICAL REVIEW LETTERS 27 MAY 1996

Ultrafast Spin Dynamics in Ferromagnetic Nickel

E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot

Institut de Physique et Chimie des Matériaux de Strasbourg, Unité Mixte 380046 CNRS-ULP-EHICS,
23, rue du Loess, 67037 Strasbourg Cedex, France

1,0
S os o r (b
8 M e
£ 08 o 60
o 2
EO,? g 500 T
g 06t " (LE’ 400 ¢ T,
= 300 .
05 " ' 0 2 4 6 0 2 4 6
0 5 015 At (ps) At (ps)
ates) C.d(T.)ldt=— G.(T,~ T) - G.(T,~ T, + P(t)
e,’ectrons il‘ ,l: Iat§tlce ‘ Cd(T)ldt=-G (T,-T, -Gy(T,-T)),
G& @‘1 Cd(T)ldt=—-Go(T)-T,) - G(T; - T)),
f44 0
IR IRIN]

Radboud University § %E

ESM Krakow - September 2018 Yoy s



APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 18 3 MAY 2004
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Femtosecond Spectrotemporal Magneto-optics
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A new method to measure and analyze the time and spectrally resolved polarimetric response of
magnetic materials is presented. It allows us to study the ultrafast magnetization dynamics of a CoPt3
ferromagnetic film. The analysis of the pump-induced rotation and ellipticity detected by a broad
spectrum probe beam shows that magneto-optical signals predominantly reflect the spin dynamics in

ferromagnets.
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Coherent ultrafast magnetism induced by

femtosecond laser pulses

Jean-Yves Bigot™*, Mircea Vomir and Eric Beaurepaire
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Distinguishing the ultrafast dynamics of spin and

orbital moments in solids

C. Boeglin', E. Beaurepaire', V. Halté', V. Lopez-Flores', C. Stamm?, N. Pontius?, H. A. Diirr* & J.-Y. Bigot'
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Only laser pulses can be fast enough!

single spin, / spin precession o
exchange _ s spin-orbit and damping !T thermal activation
VYV coupling  H=1Tesha -
magnetic I i, Wi : £
::X: anisotropy \ =
-15 -6
10 10

PECEEELE

Benchmark: 180° (or 90°) switching
reverse in <1010 s, keep stable for 108 s
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Did it switch? Interpretation of the data...
picture by Bert Koopmans, TUe
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Part 1: classification of laser-induced effects

Part 2: the switching as such
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Effects of the laser pulse: classification

l. Thermal effects:
change of M is a result of change of T
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Laser-induced collapse of magnetization
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Beaurepaire et al, PRL 76, 4250 (1996)

Radboud University g%

o
2
12 ESM Krakow - September 2018 %m"a_@‘?



3T model and derivatives
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Effects of the laser pulse: classification

Il. Nonthermal photo-magnetic effects:
based on photon absorption
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Photo-magnetic anisotropy in garnets
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Time delay (ns) 0 (deg.) . .
pump polarization
SH® SH? dependence!
t=9 Hansteen et al., PRL 95, 047402 (2005);

Phys. Rev. B 73, 014421 (20086).
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Effects of the laser pulse: classification

lll. Nonthermal opto-magnetic effects:
do not require absorption
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Inverse Faraday effect

D = eeoE((n)E*(m)
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Inverse Faraday effect to excite spin dynamics

—~ equivalent to a 100 fs
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Hansteen et al., PRB 73, 014421 (2006);

Kimel et al., Nature 435, 655 (2005) Kalashnikova et al, PRL 99, 167205 (2007)
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Effects of the laser pulse: summary

. Thermal effects: ' @

change of M is a result of change of T

. Nonthermal photo-magnetic effects: .=
based on photon absorption

displacive effect

Ill. Nonthermal opto-magnetic effects:
do not require absorption '
impulsive effect o

oH' T oH
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Part 2: the switching as such
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1. Switching based on thermal effects

)"
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Ferrimagnetic RE-TM alloys & multilayers (e.g. GdFeCo)

1 M SiN (5-60 nm) ’
GdFeCo (20-30 nm) ‘

SiN (5nm)
AlTi (0 or 10 nm)

RE (Gd)

float glass
or SiN membrane

RaR

dcd < Yreco
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Toggle switching in GdFeCo

Each next image - a single unpolarized laser pulse

a) initial b) state after the N" pulse
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Ostler et al., Nature Commun. 3, 666 (2012)
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Switching of a multi-domains structure: reproducibility
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Le Guyader et al., Phys. Rev. B 93, 134402 (2016)
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Dynamics of sublattices Radu et al., Nature 472, 205 (2011)
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ferri-magnet turns ferro!
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Longitudinal relaxation in multi-sublattice magnets

Mentink et al., PRL 108, 057202 (2012);

as
/dt=>"e(H1_H2)+>‘1H1 where S; = M, /v,
as, =_}\‘ (H _H )+)\ H, and H; = —(SW/(SS@

H_/W_J

exchange relativistic (usual damping)

A(T) = A\ (J12(T))  N(T) ~T/Te

conservation Stot Bloch relaxation
dS _ dS dSi/dt:—Si/Ti 20L. T
Jdt =T Jdt A, o SALT
, Xz/)\z W,
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Crossover from temperature- to exchange-dominated

—

S =z O, Independent

derived in Mentink et al., PRL 108, 057202 (2012);
see Kirilyuk et al., Rep. Prog. Phys. 76, 026501 (2013) for summary
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The range of switching

Vahaplar et al, PRB 85, 104402 (2012)
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Mechanism: thermal, fast sublattice-selective
demagnetization + exchange-driven reversal

Time-scale: ~1 ps reversal, 30-1000 ps recovery
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2. Photo-magnetic switching in dielectrics
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Co-substituted YIG film
M{L)+
=D

Y,CaFe; ,Co, ,GeO,, on GGG (001)
thickness d=7.5 um (grown by LPE)

magnetic anisotropy:
K,= -104 erg/cm?

K,= 103 erg/cm?

domain structure: metastable states
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Single-pulse switching
A. Stupakiewicz et al., Nature 542, 71 (2017)
Image of the final state >10 ms

after 50 fs single pulse

images
200%x200 pm?

* repeatable

e zero applied field

* room temperature

« tiny absorbed energy (<1 K)

difference
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Time resolved observation of switching

switched after first quarter-period

Normalized magnetization M,

1
—

delay time (ps) precessional switching!

A. Stupakiewicz et al., Nature 542, 71 (2017)
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Precise atomic-scale control of anisotropy?

[100]
T
T 0. [1-10] 0 TN [110]
3 [110] [100] S ® A
G 104 % % © - ‘
'8 S g) 05 A @-2=1300 nm
__"8__ (101, {0g) § ' :‘ : @-2=1140 nm
> : : VA
g 054 g 0.0- 90 —[010]
D8 N /
: * £ os I T Y
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z 0.0{ . i <
1000 1100 1200 1300 1400 1500 {iip
pump wavelength (nm) 180

A. Stupakiewicz et al., to be published
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Mechanism: photo-magnetic anisotropy driving
the precessional reversal (nonthermal |)

Time-scale: precessional motion in the
anisotropy field: 20-60 ps
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3. Opto-magnetic effect (but not only...)

Q Q

sH' T ) oH

36
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More universal? All-optical control of ferromagnetic
thin films and nanostructures

CO / Pt Fe Pt C-H. Lambert,*? S. Mangin,»?* B. S. D. Ch. S. Varaprasad,® Y. K. Takahashi,?
) M. Hehn,” M. Cinchetti,* G. Malinowski,” K. Hono,” Y. Fainman,’
M. Aeschlimann,* E. E. Fullerton'**

Science 345, 1337 (2014)
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Helicity-effect in the ultrafast demagnetization

(a)
[Co(0.4 nm)/Pt(0.7 nm)]3 multilayers

magnetic circular dichroism?

(b)

N ——
s O RCP, M, |
) 0 RCP, M, 1
= (o) -
0% °.00
D -
oo o h
A W
A
[ = v LCP, M,
05F 4 A LCP, M, -
.“.l“ll.“.‘lll.‘l“lllll“l ll‘l‘ 4
1000 1500 2000 2500 3000

0 500
Delay (ps)

Tsema et al, Appl. Phys. Lett. 109, 072405 (2016)

2qN,
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Pulse width dependence R wedapali et al, PRB 96, 224421 (2017)

A
z +
V
. | | | E
00 10 20 30 40
Pulse duration (ps) Co/Pd

in collaboration with O. Hellwig, HGST

0.5

M/M,
o
o

o
3y

N
o
o

in collaboration with
R. Medapalli and E. Fullerton

Spot size (um)
a
o

pulse width (ps)
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Number-of-pulses dependence in Co/Pt, Co/Pd

The initial nucleation is due to randomized demagnetization,
and is followed by helicity-dependent growth

Radboud University g%@
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Domain wall motion (CoPd sample from HGST)

o o o)

Opuses 2.2 ps pulse km/s
10 : - . - . -
o B (Co/Pt)x2 on glass o 4
)] m (Co/Pt)x2 on MgO
10° 2, = O (ColPd)x2onglass |
pulses 8_ = O (Co/Pd)x2 on MgO
E 5 i n 1 2
C |
S o) [ &
2x10* o * o G
pulses =8 H J 89@
DOt o 0 + 0

5 10 15
Fluence (mJ/cm?)

The (too) high speed probably implies after-pulse motion

thermal (MCD) or opto-magnetic?
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Entropy, thermal magnons?

Magnon flow
W._Jiang et al, PRL 110, 177202 (2013)

160_)\=0.02,k=0.8m A=0.05k=080]

140
120
100+

Role of entropy

DW velocity [m/s]

F. Schlickeiser et al, PRL 113, 097201 (2014)

a
A
= 0.05,k=094" 2—H

0o o2 o4 o5 os 1 Boththermal, based on MCD

temperature gradient [K/nm]

why would they be so sensitive to the pulse width??
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inverse Faraday effect Vahaplar et al, PRB 85, 104402 (2012)

— 0.8 m =
g Z
@ 0.7 0.6
2
‘% 0.6 0.3
C
3

0.5
5 \ 0
()]

4
G O 0.3
o L
= 0.3 FAt=10 ps
T Swes 0.6

0.2 0.4 0.6 0.8 1.0
H,,,-pulse duration t_ (ps)

Combination of thermal + opto-magnetic, better with longer pulses

difficult to estimate the effective field!
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Mechanism: demagnetization-driven nucleation
followed by domain-wall motion (magnons,
entropy, IFE?) - i.e. thermal + nonthermal Il

Time-scale: DW motion of few nm/pulse

Radboud University g%f
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Summary:

@ Metallic ferrimagnets: thermally-induced, exchange

driven toggle switching
-3

@ Multilayers with strong spin-orbit: domain wall
motion by inverse Faraday effect ®» B

Radboud University %E
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Spare slides
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Controlling the route of the phase transition

90° reorientation phase transition t=3.7ns E=4.3uJ

() T T Oscillations
\.Q.y
At
T =T | |Broken symmetry
eff 1
i
. 8 I

hIJ—'

t=3.7ns, T=19K
T e <T, Domain creation

L 18 |a8

1
T
-M, 0 M

(SmPr)FeOs

Reorientation Phase transition Excitatio

de Jong et al, PRL 108, 157601 (2012) ]
thermal + opto-magnetic
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Polarization dependent...

Stanciu et al, Phys. Rev. Lett. 99, 047601 (2007)
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Different ferrimagnets: TbFeCo

1.OF |

: 0., (800 nm)

_ Fe ---0.15 0.35---
0.5 ---0.25 0.45---

Khorsand et al., Phys. Rev. Lett. 110, 107205 (2013) M L
™ = ETb
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Different ferrimagnets: NdFeCo and PrFeCo

demagnetization : :
: ‘ : sperimagnetic arrangement
with an ‘overshot
(a) e N B S B — (a) e longitudinal dynamics @ TR-MOKE data @ 0.11T
i . PrzoFeCo = = «fan structure dynamics <<+ <+ combined dynamics
106 . ' ' ' " '
1.02 | —
™y 1.04
Q _—~
- a v
~~ 1.00 | - - 102+
L <
¢ £ AR
@ © 100}
0-98 |- 0.60T ]
1 : L ' l : 1 ; l 0.98 | . : : )
(b) ] ' Nd Il=eCo ' b 0 100 200 300
105 L 0.08T 30 i (b) probe delay (ps)
§ 0.13T 1 127 }IE\K | | —O—INdFeCIo .—5
~  1.00 ’ _ e 10 ] \i —a—PrFeCo 42
X " 0167 s si N 3
Qx 0.19T E 6 \ i 13
© o9e5F i Ll g 4 % . [25
g —:: 32T % 2 ‘_{} T __1 %:
090 AoP eewe 065T | 3 0-_ ---------- k} $ \\E H-O 8_
. 1 . 1 i 1 . 1 i 1 ——
0 100 200 300 400 0.1 0.2 0.3 04 0.5 0.6
probe delay (ps) applied field 4 H (T)

J. Becker et al, Phys. Rev. B 92, 180407(R) (2015)
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Morin 1st order phase transition in DyFeOs

T>Tm=39 K
weak FM

D. Afanasiev et al,
PRL 116, 097401 (2016)

same linear
polarization
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Dynamics: from precession to the new phase

-2 ps Ops 16ps 22ps 29ps 42ps 66ps

difference with
2nd order

D. Afanasiev et al,

= o
= Y =] PRL 116, 097401 (2016)
i‘j i::

@ ®
".:, s _ thermal +
S P ﬂ25chrn Q ™y B}
L I ! Q) . ; ! s ' _
30 45 60 naSRIaLtALlE  opto-magnetic

Tlme delay (ps) Time delay (ps)
= =
=4 = Y
£ £ ' T
2 = : -~
=] o '
o 2} o 2| " m i |
o QR 0.6 Jicm?

15 30 45 60 15 30 45 60
Time delay (ps) Time delay (ps)
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