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* Lecture 1:
* The timescale and lengthscale problem
* Stocastic single spin models
*  Multispin models; micromagnetics and atomistic theories
 Spin excitations in ferromagnets and antiferromagnets

* Lecture 2:
 Introduction to pulsed laser processes
* New (linear) magnetisation reversal mechanism
* Linear reversal is calculated to give reversal times as fast as 300fs !
* Dynamics and the Landau-Lifshitz- Bloch (LLB) equation of motion

* LLB-micromagnetics and dynamic properties for large-scale simulations at
elevated temperatures

» Heat Assisted Magnetic Recording (HAMR); experiments and LLB-
micromagnetic model

* Opto-magnetic reversal — the ultimate speed record?
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Magnetism Group

Media SNR

SNR~10xlog,,(B/c;)) Small Grains (V)

Thermal Stability Writability
3/2 2.K
H
EB;KUV-{l—M} H,=a- ~— N -Mg
Ho M
KV =r(Tto, H)x kgT H, < Head Field
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Computatona Heat-Assisted'Magnetic Recording
- c a=lr "
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Hybrid Recording Using Light

Ring Head
IsotrW\rms
T sys '
‘ Media
(( }\\ Laser Spot
X \ magnetic film <——V
y
_H’ (x,y, Z) Switching field reduces with increasing
M. Kryder , et al. TMRC 2002 temperature
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Compuiationl The need foratomistic/multiscale approaches

Magnetism Group

* Micromagnetics is based on a continuum formalism
which calculates the magnetostatic field exactly but
which is forced to introduce an approximation to the
exchange valid only for long-wavelength
magnetisation fluctuations.

 Thermal effects can be introduced, but the limitation
of long-wavelength fluctuations means that
micromagnetics cannot reproduce phase transitions.

* The atomistic approach developed here is based on
the construction of a physically reasonable classical

spin Hamiltonian based on ab-initio information.
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* Uses the Heisenberg form of exchange
exch S C
EF =2 3,5,
j#i
* Spin magnitudes and ] values can be obtained
from ab-initio calculations.

* We also have to deal with the magnetostatic
term.

* 3 lengthscales — electronic, atomic and
micromagnetic — Multiscale modelling.
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gpoitetongy =9 ¢ .Model outline

Ab-initio information (spin,
exchange, etc)

l Dynamic response
solved using
Langevin Dynamics
‘ (LLG + random

Classical spin Hamiltonian

v

thermal field term)

Magnetostatics
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Computational !—-‘aser Pump-pr(()be .eXper]:.‘mentS

* High energy laser beam (pump) causes rapid heating of
a magnetic film

 Part of the beam is split off and used to measure the
magnetisation of the film using the Magneto-Optic Kerr

Effect (MOKE)

* Magnetisation changes on the sub-picosecond timescale
can be demonstrated experimentally

* Very important physics
» Also, potentially important because of the possible use
of Heat Assisted Magnetic Recording (HAMR)
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_ 2 temperature model
. \¢ ay =8

laser .
* 1. photon energy is transferred to electrons
2. energy is exchanged between electrons
electrons [ ™= |attice -
and phonons

\ ) / 3. energy dissipates into environment
spins

.
Two temperature model: = i,f i
electrons: (', ':t‘:' = —Ggll,—1;)+ P(t] % i
lattice: () dIr- = Ggll, —1;) E_ i
(M. . Kaganov et al., Sov. Phys. JETP 4, 173 (1957)) '2 '4 '5 'E L _e

time [psec|

—- perform Langevin dynamics simulation with 1. as temperature of the heat bath
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il “Ultrafast‘demagnetisation
Magnetism Group ; <4 5 rog e
1.0 M
m 380 ] T T T T T T T T T T T T T T T T T T T | 0.7520
209} - 370+
E ] L 0.745
o 360__ - 0.740
.:]E} 08F ] 350
et | L 0.735
E o7k A i 340-_ - 0.730
E ! L GE) 3301 - 0.725
kS .
506} n . 320—_ -0.720
05F . 1 300 +—r———7+—+—+——r——f——r+——r——r——1—+0.710
1 . i " 1 . ' 0.0 0.2 04 06 08 1 1.2 14 16 1.8 2.0 —HB—Temp
0 5 10 15 —®—Mag
at (ps) RN o
J A
« Experiments on Ni (Beaurepaire et al PR o] ] 1%
76 4250 (1996) wosl 1 h%

« Calculations for peak temperature of 02 5
375K 1] -

* Normalised M and T. During -
demagnetisation M essentially follows T 00 05 10 15 20
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* Approach:
 Spatial and temporal Fourier transforms
* Gives the dispersion relation

 Can also calculate a ‘mode occupancy’ from the
power/mode normalised by the total power

* We have studied the excitations in both
ferromagnets and antiferromagnets
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Ferromagnet

"‘L"L’I“f} =7 [Bani‘- T Bapp + BIE}TJT“. — COS ;II'EHJ]
Antiferromagnet

w(ks) = | Bupp £ /(Bami + 657)% — (257 (1 cos ka + 2)}2}
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120E+14 L] L] L | L] L] 1
AFM  © [ S—
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k.

 Solid lines; analytical, symbols; numerical
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0.9 ' ' Y
Im|
DB L‘“mw—wﬂ‘k?:ﬁwre&wm—wﬁ
k. =40,01H
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magnetisation / mode occupancy
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‘Antiferromagnet
L t \ >

N

1
\m|
é}’ﬁ 09 } Fu = 00000) .
=3 08 k. = (0,0,2)
§ 0.7 | k. =(0,0,3) .
9 06 }
O
£ 05 }
5 04 }
a3 03}
2
S 02} 1
(4]
L T D Sy e
D BN S T VY TR T W ¥ T PR R P
0 50 100 150 200

t[ps]
* (Staggered) magnetisation equilibrates more
rapidly than FM
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0.9 Y
m| ——

0.8 p——— k. =(0,0,0)

k.= 1(0,0,1)

0.7 k. =1(0,0,2)

06 k k. =(0,0,3)

magnetisation / mode occupancy

t [ps]
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\

lili'tj C——

0.9 f
0.8
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0.1 NJJ
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t[ps]
* Much faster response

S

W= o

[ .
5553
Seses

magnetisation / mode occupancy

* Consistent with faster demagnetisation of the AF
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contmuous thin film

— 1000
— 800
- 600
5 = 400 =
g L
2 - 200 =
= C
- @
& o
: g
| |
30 35 40

time, [ps]

* Rapid disappearance of the magnetisation
* Reduction depends on | (coupling constant)
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T T T T T T 1 1000

— 800
- 600 &
_E electron temperature <,
5 = 400 ¢
2 08 | o =
v magnetization — 200 -
-y Q.
E :

I I I I

0 5 10 15 20 25 30 35 40
time [ps]

* Note the slow recovery of the magnetisation for the
higher pump fluence
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time [ps]
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* Snapshots of the magnetisation distribution after 19ps for 1=
0:02 (left) and 1= 0:2 (right).

* Fastrecovery if there is some ‘memory’ of the initial magnetic
state.

* For the fully demagnetised state the recovery is frustrated by
many nuclei having random magnetisation directions.
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B concr , ¢ ‘and Langevin Dynamics

. y = ay = = -
Si=-— S:xH. () - S:x (S, xH. (t
1+0[2 i |() 1+C(2 i ( i |())
Spin Conduction
<> <> Lattice <> e
system electrons bath

*What is a? Transfer of energy via complicated channels

*Very challenging. But interesting physics and important
applications

Are thermal fluctuations really uncorrelated? Next we look at the
etfects of correlated noise
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 Simulations so far used white noise
e Assumes uncorrelated noise source

* Here we introduce exponentially correlated
noise and investigate the effect on the relaxation
time of the magnetisation.
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mwmmsm{ﬂ/@ Exponent1ally correlated (Ornstein-

B enc b , & © 4 " tUhlenbeck) noise

N

{(e(n)=0 and  (e(t)e(t)) = —exp

D ( it -1 )
T T

Gaussian noise with zero mean and
exponential correlation function.

Correlation time t
Variance o2 =<¢2>=D/z
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Correlations shift the noise to low frequencies (right)
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Computational AtXlt1§ et al Phys ReV Lett &, 057203 (2009)
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dM , ‘
W = 9 h[ X LHU - Hch
H,), 1 |
— & = ——(Hy—\M)+R

(Ri(t)R;(t')) = —xkpTd;;0(t —t')

x=o/(2yt, p)

NB (very crude) direct simulation of the heat bath properties.
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Single-spin calculations — prbbability distributions

-
N

H =10 Tesla
app

H =1000 Tesla
app

1 1 0.020 LN L RN BN BN BN B
e I ——3=0.1 Boltzman distribution ' 01 Bt distibuto
0018 & o =01 numerical simulations ] 0.018 & = man distribution
' ! \ - ki ! \ —0—2=0.1 numerical simulations

\ ——3=1 Boltzman distribution , { 1=1  Boltzman distibutio

0.016 y o =1 numerical simulations - 0.016 1 *"_ Mah distiodion

) Lo | —0—3=1 numerical simulations
——1=10 Boltzman distribution ! \ . o
0.014 +=10 numerical simulations - 0.014 m—).=10 Boltzman distribution
' . ‘\ 2=10 numerical simulations
0.012 o \
P[0]0.010 -

0.008
]
0.008 -
L
0.004 -
L
0.002 -
L
0.000 oy
0.0 05 1.0 15 20 25 30 35 35
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Wieneino clolh , & ¥ equilibrium properties

(=
| | |
1 LL-Langevin .
LLMS. 7= I fs [
LLMS. 1.=10fs O
0.8 a
0.6 0.02 B
0.015
0.4 0.01 7
0.005
0.2 B .-_.:.: O ]
0 | | |
0 200 400 600 800

T[K]
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— |G equation
O rczld—15s MS equation

1.0 B t =5d-15s MS equation
L N .
i “‘AAA —A— 1 =1d-14s MS equation
: A""%‘m
AN
A
i . AN
, Wy, AApN T=500K
N7 \i Wi, Z AAA -
E V A vav,Y AL
. BANA N
AAAA AA
0.6 — o — AAAAAAZ
_ s SRR A OO0 XX LT
0.5 - T=600K
0.4 . , . , . , . , : .

0.00E+000 2.00E-013 4.00E-013 6.00E-013 8.00E-013 1.00E-012

time[s]
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* Large scale (micromagnetic) simulations
essentially work with one spin/computational
cell

 Single spin LLG equation cannot reproduce
ultrafast reversal mechanisms at elevated
temperature (conserves |IM1)

* Pump- probe and HAMR simulations require
an alternative approach

* Landau-Lifshitz-Bloch (LLB) equation?
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¢LLB equation
" g

Transverse (LLG) term
Longitudinal term introduces I

fluctuations of M

(m - Heg)m m x [m x Hg]|
e | 5

m=

m = —y/m x Hy + a

m?2

e macro-spin polarization is m = (S)
e longitudinal () and transverse (o) damping parameters are
given by | = Qz%. o =a {l — %]

e effective field:

a8t ey ..i..(l—:”_?f)m. T<T

Hy=H-- O Se—tnt)m. T2 T,

here H is applied field and m, is zero-field equilibrium spin polarization
the second term is an expression for the anisotropy field

Multiscale approaches to sub-picosecond heat driven magnetisation reversal
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= 1 T | | S g | | T
||_ , ||
& 05F 2 4 7 osp 2) i
"5 | e :? ...... z
; 0 = J . ] ; O = . N
© i 2
S 05t 1 & o5t .
c <
a0 analytical form —— & analytical form ——
g | | | g 4 | | |

0 100 200 300 400 0 100 200 300 400

time t7.J/ g time t7.J/ g
S ~— ] g
- 06 -4 b - 06 -
5 | ; )
04 JREREC 7 T/T, = 0.69 5 04f A T/T, =069 —
0 | TIT =090 N -| T/T = 0.90
ook, TR . %;ﬂm ------ o2k . %YTFT;L ------
- T st - L TJTE =111
0
0 100 200 300 400 0 100 200 300 400
time t7.J/ 11 time tv.J/ g

* Precessional dynamics for atomistic model (left) and (single spin) LLB
equation (right)
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[ ‘LLG o

200- — -

- . -
150 T

T (simulation)
* 1 (simulation) ‘\
— LLB equation )

Relaxation of M \
| /\\

O .
UO 02 04 06 08 18 2.0
kE

e Effective a increases with T (observed in FMR exper1ments)

100+

*Critical slowing down at T
*Longitudinal relaxation is in the ps regime except very close to T,
* Atomistic calculations remarkably well reproduced by the LLB equation

*Makes LLB equation a good candidate to replace LLG equation in
micromagnetics.
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T . “ ¢ ¢, "LLB parameters

* Important parameters are;

* Longitudinal and transverse susceptibility
* K(T), M(T)

* These can be determined from Mean Field
theory.

* Also possible to determine the parameters
nuréleflcaL_y by comparison with the Atomistic
model.

* In the following we use numerically determined
parameters in the LLB equation and compare the
dynamics behaviour with calculations from the
atomistic model.
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m o spin model for FePt [4]
DDD; : o LLG calculations for a grain of size

32 % 32 x 48 spins

= 006 v
004 4 ey (left fig.), \| and m, were eval-

0.02 .7 uated and used for LLB calcula-

0 sl e TR i ] )
0 100 200 300 400 500 600 OO 8OO tions

TIK]

longitudinal relaxation (left) and transverse relaxation after 30° exitation
(right) for atomistic LLG and macro-spin LLB modeling

1 I 0.4 | T
| LLG, 300K 0 L LLG, 0K _
0918, LLG, 600K 7 0 PR LLG, 300K
b LLB -~ vaS Co . LB ----- .
08 H TTrrmmae s e s e — Y N
Ay A N Y AN
’_,v, 07 - '.‘ N H 0 - ] ;'"I:'"""':‘:"":tl'"I', """"" ".""'I:""""‘:EV‘" """" *':';:.“':"-
= 06 L '\‘ _ - -Dl _‘I:; Ij :- .1 '.:'.‘ g _.1'_‘ et -
“_| ‘02 _.T‘i ‘r". ‘. -'I “"J —
05 - | Y s
M"&.. '03 _1~ " :,' —
— LY
04— T SRl ieeeem 04N _
03 | | | Y N O Y N S B
0 0.5 1 15 2 0 1 2 3 4 5 b 7 8
t[ps| t[ps]
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0.8 T 1 T T T T 1
0.7 i||I =
06 |\ max Eﬁ{ %
% 05 | \—-J .
¥ 0.4 =
g 03 | | . .

% atomic spin (LLG)

g 02 /max 750K macro spin (LLB) —— =
01 atomic spin (LLG) |

: macro spin (LLB) ——

0 | | | | | | |

0 2 4 b 8 10 12 14

time [ps]

Single LLB spin cannot reproduce the slow recovery with a single longitudinal
relaxation time.

State dependent relaxation time?
Big advantage in terms of computational efficiency.

LLB equation is an excellent candidate approach to complete the multiscale
formalism
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w recovery — multispin LLB

 Essentially micromagnetics with LLG replaced
by LLB to simulate the dynamics.

* Exchange between cells taken as «c M? (mean-
field result)

* Capable of simulating the uncorrelated state
after demagnetisation.
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magnetisation

Atomistic model LLB-umag

1000 0.0 N |Cke| T =max. electron Temperature
-1 800 s
1 600 = 087 —= Te=820 K
600 <
electron temperature = 0.7 4 —e— Te=880 K
= 400 ¢ 0.6 Te=920 K
0.8 E o = ] —w— Te=960 K
06 T magnetization — 200 5 T 051 Te=980 K
| = ]
. 3 =" 04! —<— Te=1000 K
0.4 H 8 1 § Te=1020 K
0.3 1 :
0.2 1 0.21 ‘
o L TR I (N I B 0.1 :
0 5 10 15 20 25 30 35 40 ] 3

0.0

time [ps] 01

° time (plé)) 20

Calculations with the LLB-umag model agree
well with atomistic calculations, including the
slow recovery
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Our simulation results

K(T=0)=5.3 106 erg/cm?
Ms(T=0)= 480 emu/cm?
Tc=630 K

_ Hext=0.2 T
, 0.80 -
\ e B 0.75
i 0.70
I1b < 05
B 0.60 -
055+
. B ‘= 0.50
b{l ¢ £ 0.45
0.40
Fd 0.35
I I ] 0.30
e 0.25 1
0 50 100 150 200
M.van Kampen et al PRL time (ps)

88 (2002) 227201
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Tue UniversivzBx perimental studles of Heat Assisted/Reversal and

Computational

T —— Comparlson with LLB- mlcromagnetlc model

2.5ms

Happlied

*  Experimental set-up (Chris Bunce, York)
* Uses hard drive as a spin-stand to alternate between reset field and reversal field
« Sample used — specially prepared CoPt multilayer (G Ju, Seagate)
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e Reversal occurs in a

) Reflestivity field of 0.52T (<<
o : intrinsic coercivity of
oot 1.4T
Dot Demenctis * Note 2 timescales.
)oT  Demagnetisation i i
&Pk Associated with
e e L Longitudinal (initial
B} e e e il fast reduction of M)
| Partial recovery into Wy
©) 05T criinal diection ] Fa apd transverse (long
LW e syl timescale reversal
":\._._ ,F*":-::: il —+0.70 .
_ﬁg: eiveanet| c0u| - OVET particle energy
st crpmens e 02| Darriers) relaxation

0 5 Tme(ps)  ag 1000
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* Film is modelled as a set of grains coupled by exchange and
magnetostatic interactions.

* The dynamic behaviour of the grains is modelled using the
Landau-Lifshitz-Bloch (LLB) equation.

* The LLB equation allows fluctuations in the magnitude of M.
This is necessary in calculations close to or beyond T..

* The LLB equation can respond on timescales of picoseconds via
the longitudinal relaxation time (rapid changes in the
magnitude of M) and hundreds of ps - transverse relaxation
over energy barriers.

* LLG equation cannot reproduce the longitudinal relaxation

* The film is subjected to a time varying temperature from the
laser pulse calculated using a two-temperature model.
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-

Demagnetisation/recovery

of the magnetisation of Superparamagnetic
Individual grains reversal

1200
900
600
300

TK]

1 I I I I I I | I
0 20 40 60 80 100 100 300 500 700 900

t[ps] tlps]

* Simulations show rapid demagnetisation tollowed by recovery on the short timescale.
Over longer times the magnetisastion rotates into the field direction due to thermally
activated transitions over energy barriers.

« This is consistent with experimental results
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Effect Of the magnétic field

T T T ] T T T ]
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Also qualitatively in agreement with experiments
LLB equation is very successful in describing high temperature dynamics
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All-Optical Magnetic Recording with Circularly Polarized Light

C.D. Stanciu,"* E Hansteen," A. V. Kimel."' A. Kirilyuk," A. Tsukamoto,” A. Ttoh,” and Th. Rasing’
nstitute for Molecules and Materials, Radboud University Nijmegen, Toernoviveld I, 6525 ED Nijmegen, The Netherlands
“College of Science and Technology, Nihon University, 7-24-1 Funabashi, Chiba, Japan
(Received 2 March 2007; published 25 July 2007)

We experimentally demonstrate that the magnetization can be reversed in a reproducible manner by a
single 40 femtosecond circularly polarized laser pulse, without any applied magnetic field. This optically
induced ultrafast magnetization reversal previously believed impossible is the combined result of femio-
second laser heating of the magnetic system to just below the Curie point and circulary polarized light
simultaneously acting as a magnetic field. The direction of this opto-magnetic swiiching is determined
only by the helicity of light. This finding reveals an ultrafast and efficient pathway for writing magnetic
bits at record-breaking speeds.

* What is the reversal mechanism?
* Isit possible to represent it with a spin model?
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« Simple “2-temperature’ model

* Problem — energy associated with the laser pulse (here expressed as an
effective temperature) persists much longer than the magnetic field.

« Equlibrium temperature much lower than T,
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* Reversal is non-precessional — m, and m, remain zero. Linear reversal mechanism
» Associated with increased magnetic susceptibility at high temperatures
* Too much laser power and the magnetisation is destroyed after reversal

» Narrow window for reversal
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New reversal mechanism via a strongly non-uniform (demagnetised) state.
VERY fast (timescale of longitudinal relaxation)
Micromagnetics with LLG equation cannot reproduce behaviour
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Large fields required for ps reversal (Kazantseva et al, EPL, in press)
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- Well defined temperature range for reversal

» Critical temperature for the onset of linear reversal

« BUT atomistic calculations are very CPU intensive

* LLB micromagnetic model used for large scale calculations
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Vahaplar et al Phys. Rev Lett., 103, 117201 (2009)
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* Note the criticality of the experimental results
 Characteristic of linear reversal
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* Calculations suggest a thermodynamic contribution
(linear reversal).

e But

* Energy transfer channels are not well represented
* What is the origin of the field — Inverse Faraday Effect?
* Electron/phonon coupling plays a role
* Role of the R-E —is this important?
* These require detailed studies at the ab-initio level — the
multiscale problem still remains!
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*Atomistic model has been developed using Heisenberg
exchange.

*The Landau-Lifshitz-Bloch (LLB) equation incorporates
much of the physics of the atomistic calculations

‘LLB-micromagnetics is proposed, essentially using the
LLB equation in a micromagnetic formalism.

*LLB-micromagnetics is shown to be successful in
simulating ultratast dynamics at elevated temperatures.
Important for pump-probe simulations and models ot

HAMR. Also thermally assisted MRAM?

*New (linear) reversal demonstrated with sub-picosecond
reversal times

‘Demonstrates the probable thermodynamic origin of
Opto-Magnetic reversal.
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* Micromagnetics will continue as the formalism of
choice for large scale simulations under normal
conditions of temperature and timescale

« However, atomistic and multiscale calculations
are vital for ultratast dynamics

* Challenges
* Picosecond dynamics
* Damping mechanisms
* Introduction of spin torque
* Link between magnetic and transport models

* Models of atomic level microstructure are necessary.
(The ultimate problem of magnetism vs microstructure?)
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* Seagate Technology

* EU Seventh Framework Programme (FP7/2007-
2013) under grants agreements NMP3-SL-2008-
214469 (UltraMagnetron) and N 214810
(FANTOMAYS).
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