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Information storage

information storage is a key technology in the modern world
important criteria for hi-tech storage devices are storage density, speed, stability, and price

leading storage device is hard disc: 2005 storage density is 245 GBit/in® demonstration in

Seagate labs
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Hard discs: a hano-technology

110 Gbit/in?

Inductive

Grain Structure and
Magnetic Transition

g .
Moy;
On
B =30 nm (o< 3 nm) \
W=194 nm, t = 15 nm, d= 10 nm Qe R R

bit dimension: 30 20Chm

FM free layer

read/write head ies < 10nm high
FM spacer

data rate > 1Gbit/sec c t FM pinned layer
urren AFM layer

time scale of writing procedure < 1ns
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|deas for future storage devices

Racetrack memory (TA-) MRAM Bit patterned media

P

MTJ element

information stored in array

of magnetic tunnel

information stored in junctions -6.3+f_0.3=1;n:] SFePt particles
. g iameter—""
domain walls PR
some conce ptS envolve S. Sun, Ch. Murray, D. Weller, L. Folks, A.
d . I . ) ) ) Moser, Science 287, 1989 (2000).
omain wall pattern is mo- spin torque switching and
ved with a current (spin thermal acivation improved hard disc

torque effect
¢ ) information stored in single

magnetic nanoparticles
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Magnetic data storage: ultimate limits

idea: self-organised magnetic array of

nanoparticles as storage media
problems:

super-paramagnetic limit:

E K.V
small volume V ! need materials with *6.31/-0.3 nm FePt particles
high anisotropy constant K 1 O Diameter =0+ 03

S. Sun, Ch. Murray, D. Weller, L. Folks, A.

large K1 | coercivity is also large ;
9 1 y 9 Moser, Science 287, 1989 (2000).

(e.g. 18T for FePt)
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Heat assisted magnetic recording

super-paramagnetic limit:

O

for nanoparticles in the nanometre regime:

materials with high anisotropy constant K 1
coercivity is also large (e. g. 18T for FePt)

HAMR:
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TemperatureT (K)

(Mryasov et al., Europhys. Lett. 69, 805 (2005))
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Pump probe experiments and HAMR
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FIG. 2. Transient remanent longitudinal MOKE signal of
Ni(20 nm)/MgF,(100 nm) ®Im for 7 mJcA? pump “uence.
The signal is normalized to the signal measured in the abs
of pump beam. The line is a guide to the eye.

magnetisation can break down and recover on ps time scale

(Beaurepaire, Merle, Daunois, Bigot, Phys. Rev. Lett. 76, 4250 (1996))

search for new heat-assisted magnetic recording schemes
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Opto-magnetic writing

writing information without applying an

external magnetic eld

uses circularly polarised light

eld pulse due to in- f/’]
verse Faraday effect: VB/’ 7
S s F Kt

(http://en.wikipedia.org/wiki/Faraday_effect)

time scale: some picoseconds

writing procedure with combined eld

and temperature pulse I"#$ % &'()(*+$ ,))-(./0'1) 21345/0' *5'(*6043 78 952/(:5'(46
)1:5* ..):5:$ &1+ <=5 5995/ (9 :043)5 %>-9: '0*;)1* .()1*0?56
1):5: (4 /=5 21345/0' 6(2104: 04" 4, $%()* « $ <=5 6(2104

: 1//5*4 @1: (7/10456 78 :@55.043 1/ =03=-:.356 & "/+
(Kimel et al. Phys. Rev. Lett. 99, 047601 (2007), '0¥:)1%)8 .()1*0?56 7512: 1"*(:: /=5 :;*91'5 :( /=1/ 5A5*8 :043)!
Nature 435, 655 (2005)) )1:5* .;):5)14656 1/ 1 60995*54/ :.(/$ <=5 )1:5* B;54'5 @1: 1

#10 .1"2. #$ <=5 :21)) :0?5 A1*01/0(4 (9 /=5 @*0//54 6(21
'1;:56 78 /=5.;):5-/(- .;):5 B;/;1/0(4 (9 /=5 )1:5* 04/54.@%
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Goals and concepts

goals: understanding of spin structures and dynamics, involving
time scales from femtoseconds to years
length scales from electronic to sample size

temperatures from zero up to the Curie temperature

concepts: multi-scale modelling

electronic structure: \ atomic spin model: \ continuum theory:

e.g. SDFT theory e.g. stochastic Landau - Landau-Lifshitz-Bloch
Lifshitz equation, Monte equation of motion

periodic structures,
Carlo methods

layers or small clusters up tosome M 3

up to 107 spins

, many material properties , hon-equilibrium
from rst principles ,  nhite temperatures, thermodynamics for
|/ mainly ground state cal- dynamic properties realistic sample size

culations /  some phenomenological /  more phenomenological
modelling needed modelling needed
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Atomic spin model

model of localised spins §i = ;= sona given lattice
X X X X 3s e Ye. S.) S S.
H= 30 s s d () B s ow MEE)E S S5
hij i i i i<j !
exchangei/ anisotropyﬁg‘ external eld )f magneto-static PP

parameters (Heisenberg exchange, anisotropy constants, atomic magnetic moment):
phenomenological: t experimental values
derived from rst principles ( Mryasov et al., Europhys. Lett. 69, 805 (2005))
(Szunyogh et al., Phys. Rev. B 79, 020403(R) (2009))
dipolar interaction with W = ¢ §=4 leads to:
shape anisotropy
non-trivial domain con gurations

large numerical effort
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Atomic spin model

Universitat
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[

model of localised spins §i = ;= sona given lattice
X X X X 3s e Ye. S.) S S.
H= 37 sS4 (S B 5w EENES) S5
hij i i i i<j !
exchangei/ anisotropyﬁg‘ external eld )f magneto-static PP
aims:

ground states |  energy minimisation
zero temperature dynamics !  Landau-Lifshitz-Gilbert equation of motion

equilibrium thermodynamics ! Monte Carlo, mean- eld, spin wave theory, random phase

approximation, Langevin dynamics

Z non-equilibrium thermodynamics !
Langevin dynamics (Brown, Phys. Rev. 130, 1677 (1963))
time-quanti ed Monte Carlo (Nowak et al. Phys. Rev. Lett. 84, 163 (2000))
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Stochastic Landau-Lifshitz-Gilbert equation

Landau-Lifshitz-Gilbert equation  with thermal noise:

S = ar 7 < S Hi(t) precession % tprec 1= B

1+ 2) . Si S Hi(t) | relaxation % lrelax ~ tprec=

>
with Hj (t) = éﬂ + (1) uctuations yd
and h_i ()i =0; hi (0) ; ()i = (t)2k g T s=:
: describes coupling to the heat bath (! damping constant)
minimal time scales:
for the demagnetisation for the reordering process
S S
i 300fs 1ps
dis 2 k 5 T re J P
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Stochastic Landau-Lifshitz-Gilbert equation

Landau-Lifshitz-Gilbert equation  with thermal noise:

S = ar 7 < S Hi(t) precession % tprec 1= B

1+ 2) . Si S Hi(t) | relaxation % lrelax ~ tprec=

o>
with Hj (t) = g"—_ + (1) uctuations

andh ()i =0; h; (0); (i= § ()2keT s=:

: describes coupling to the heat bath (! damping constant)

Langevin dynamics simulation:
numerical integration of the LLG equation
(see e. g. Nowak, Ann. Rev. of Comp. Phys. 9, 105 (2001))

Heun-method )  Stratonovich integral

simulation of 10’ spins possible with FFT methods
(  40nm)3
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Simulating the magnetic response to the heat pulse

electrons
two temperature model: (Kaganov, Lifshitz, Tanatarov, Sov. Phys. JETP 4, 173 (1957))
electrons: Cg dthe = Gel(Te T+ P(1)
lattice: Cj % = Gg(Te T))

perform thermodynamic spin model simulations with T¢(t) as temperature of the heat bath
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Magnetisation dynamics for different

1 1 T T T T 1 1000
— 800
é electron temperature - 600 <
o 08 7/~ lattice temperature = 400 g
T 200 2
S 5
: -
- 2
O 5 10 15 20 25 30 35 40
time [ps]

(Kazantseva et al., Europhys. Lett. 90, 247201 (2003))

electron (and lattice) temperature from two-temperature model, material parameters for Ni,

realistic assumptions for laser power and duration

(Rieh, Durr, Eberhardt, Phys. Rev. Lett. 81, 27004 (2008))

Langevin dynamics simulations for model with 80° spins and periodic boundary conditions
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Magnetic states after 19ps

= 0:02 faster recovery due to non- = 0:2: slow recovery due to zero

zero initial magnetisation initial magnetisation
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Micromagnetic continuum theory

description on a length scale  lattice constant aQ:

magnetisation assumed as smooth vector eld S(r) with constant length

] Z q Z Z Z
E=_ (rSdv = SidVv Mg S Bdv -} S H.dv
2a as vy Y, 2
exchange anisotropy external eld magneto-static

Landau-Lifshitz-Gilbert equation is standard equation of motion

for a micromagnetic theory at elevated temperatures:

| LLG equation with Langevin dynamics will fail: e s
thermally excited spin wave spectrum is limited by cell size

alternative approach must include thermodynamics of the cell (macro-spin) itself
(Garanin, Phys. Rev. B 55, 3050 (1997))

Landau-Lifshitz-Bloch equation
(Garanin and Chubykalo-Fesenko, Phys. Rev. B 70, 212409 (2004))
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Magnetisation relaxation close to Curie temperature

Consider relaxation of magnetisation which is

initially tilted by an angle with respect to an
external eld @—\

at zero temperature:

t=

my (t) = mge ~ ? cosf= p)

e

with transverse relaxationtime » = 1= H

for nite temperature:
simulation of spin model (483 spins) with LLG equation

simulation of single macro-spin with LLB equation

Universitat
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Simulation of spin model with LLG equation

=30 =135
c 1 | | |
1
é( 05 [ 2 = g \ o —
Iy S s 0.6f - b)
é O i i} ;,ga{-:, ‘ o Y AR % N aweT PN e
2 Retoos N g 0AF T ] T2T, 20169 ——
g < 2 e | TEE=090 -
g 051 \y 1 | & o2k T . Tz? =0:97-----
g) 4 . E Tf_ls f 1 04 ..........
3 analytical form—— T=T,=1:11
e 1 | | | 0 | | |
0 100 200 300 400 0 100 200 300 400
timetJ= timet J= 0

= 30 : transverse relaxation faster approaching Tc ! 2 decreases

= 135 : magnetisation shows dip during reversal
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Longitudinal and transverse relaxation time

150

1004 t, (simulation)
e t, (simulation)
| —— LLB equation
f 50-
A :

—_—r T T T T T
00 02 04 06 08 10 12 14 16 18 20
K T/

AL A, T

longitudinal relaxation time shows critical slowing down
transverse relaxation time breaks down close to Curie temperature
magnitude of magnetisation not constant in time (and space)

all these effects well described by LLB equation
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Landau-Lifshitz-Bloch equation of motion

ety 1 Yon
atomistic simulations only possible up to @ﬁg%’
(20nm)3 system size; for larger samples ®®%\>g’,8
’ @@vlo R@

macro-spin models are neccessary

new, alternative approach is Landau-Lifshitz Bloch equation  for the macroscopic
thermodynamic magnetisation m = hSi:

(Garanin, PRB 55, 3050 (1997)), Garanin and Chubykalo-Fesenko, PRB 70, 212409 (2004))

J

m= m; H. t g m (Hy + §) m; ~mi  m; (He + 3)
i i
S = (1 < T<T = T T
8 2
| | < 1 m;
. i I P —(1 —')mi T TC
_ m,ex+m,e 2A(T 2~ 2
HL = H Y S (my my) e

one needs Me(T), A(T), - (T), = (T)
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Equilibrium properties for LLB approach

8e+21
1 1 I 1 1 I i 1 1
I 2 O
6e+21 - kH
0 =)
£ =, 4e+21
TNGS20 PN ONE ! PO
2e+21 [ 55, :(;_i__,‘ R é‘;\ oS
0e+00 & £ =
0 300 6007 900
T [K] T [K]
zero eld magnetisation Mg(T)
2.5e-11 | | I | | I : | |
susceptibilies (T) and - (T) ‘
2e-11 —
exchange stiffness A(T) T 15e11 _
E.
here from Langevin dynamics simulations < le-11 —
of the FePt model 5e-12 —

alternatively from other methods (MFA, MC,

RPA) or from experiment
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Single LLB macro-spin: reversal paths

circular

different reversal paths possible, depending on temperature:

elliptical linear
circular elliptical linear
0
Qe r7T $&1 |
#$'%4 : -
# ~ O H e - - _W¥W-_.____
[ #B
&#$'0 —
) NP T PR a0l 11| gug
&" &HSYH #H$Y " SHIHS' Yo #S'YHSYo

ln L
&#H$% #
!

#3$'%

(Kazantseva et al., Europhys. Lett. 86, 27006 (2009))
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Opto-magnetic writing

writing information without applying an

external magnetic eld

uses circularly polarised light

eld pulse due to in- f/’]
verse Faraday effect: VB/’ 7
S s F Kt

(http://en.wikipedia.org/wiki/Faraday_effect)

time scale: some picoseconds

writing procedure with combined eld

and temperature pulse I"#$ % &'()(*+$ ,))-(./0'1) 21345/0' *5'(*6043 78 952/(:5'(46
)1:5* ..):5:$ &1+ <=5 5995/ (9 :043)5 %>-9: '0*;)1* .()1*0?56
1):5: (4 /=5 21345/0' 6(2104: 04" 4, $%()* « $ <=5 6(2104

: 1//5*4 @1: (7/10456 78 :@55.043 1/ =03=-:.356 & "/+
(Kimel et al. Phys. Rev. Lett. 99, 047601 (2007), '0¥:)1%)8 .()1*0?56 7512: 1"*(:: /=5 :;*91'5 :( /=1/ 5A5*8 :043)!
Nature 435, 655 (2005)) )1:5* .;):5)14656 1/ 1 60995*54/ :.(/$ <=5 )1:5* B;54'5 @1: 1

#10 .1"2. #$ <=5 :21)) :0?5 A1*01/0(4 (9 /=5 @*0//54 6(21
'1;:56 78 /=5.;):5-/(- .;):5 B;/;1/0(4 (9 /=5 )1:5* 04/54.@%

Universitat
Konstanz

Ulrich Nowak, Universitat Konstanz, Slide 25 of 35



Single LLB macro-spin: Opto-magnetic reversal

0 "
51 [ - magnetic eld B in Z direction
=10 B E E (inverse Faraday effect)
-15 ” i B max = 20 T
-20 eld pulse duration time  t = 0.4ps
1100 electron temperature T¢
—. 900 .
X, calculated from two-temperature model
° 700 .
500 simulation parameters for GdFeCo:
300 T. = 500K, Anisotropy
K =6:05 10°Jm °
cellsizez =30 nm
0.5t 1129K - magnetization averaged over 100
g L 12raK : simulation runs
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Opto-magnetic reversal window

0.4ps ——
"reversal window” found numerically as
well as experimentally (Vahaplar et al.,
Phys. Rev. Lett 103, 117201 (2009)
1000 opening of "reversal window” depends
on the eld pulse duration as well as
800 - - - -
100 80 60 40 20 1] the maximum electron temperature
Switching probabilityYo] _
for high temperature pulses:
— 1200 = : — g U265 7 . .
< C Experiment 0.260 5 numerically: sample demagnetised
— o
1160} 0.255 5 Psw =50 %
o 9 0.250 B : _
3 110 0215 2. experimentally: sample reverts to
@ I < i : .
o] 0.240 5 initial state (independent of helicity)
E 10801 q0.235 < Psw =0%
— .. 40230 3
100 80 60 40 20 0 —
Switchability (%)
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Opto-magnetic reversal window

T too low!
T too high!

max
Te

10 12 "reversal window” depending on peak

electron temperature and length of

: : : : : : : eld pulse

1300

. window depends also on:

electron-phonon coupling
1100 ¢

electron and phonon speci ¢ heats
reversal

T [K]

900 | material parameters of the spin

no reversal

model: damping constant,

700 susceptibility and anisotropy

O 02 04 06 08 1 12 14

temperature
t[ps] P
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Opto-magnetic reversal in extended systems

(Vahaplar et al. Phys. Rev. Lett. 103, 117201 (2007))

simulation of an extended Ims of size 10 10 m? possible including dipole-dipole

interaction

laser power assumed to have a gaussian shape
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Spin Seebeck effect

Spin Seebeck effect:

generation a spin voltage through a
temperature gradient in a ferromagnet
(K. Uchida et al., Nature 455, 778 (2008))

Spin current:

ow of angular momentum  two possible types of carriers (Y. Kajiwara et al., Nature 464, 262 (2010))

spin current via polarized electrons chargeless spin current via magnons
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Domain wall in a temperature gradient

Microscopic view:

magnetization

: domain wall motion

magnonic spin currgnt
f——

space coordinatg

Thermodynamic view:

F=J

E=

J,

0.1
0.08
0.06 5
0.04
0.02

0

0 100 200 300 400 500 600 700 800
TIK]

magnons from the hotter region enter
the colder region changing their sign in

the wall

by conservation of angular momentum
the domain wall is pushed towards the

hotter region

(D. Hinzke et al., PRB 77, 094407 (2008))

freeenergyF = E TS of a domain
wall is a monotonious decaying function

of temperature

in a temperature gradient the free ener-
gy of the domain wall is minimized by

moving towards the hotter region
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Domain wall motion in a temperature gradients

Microscopic view: Thermodynamic view:
stochastic LLG equation LLB equation
spin model simulation of the LLG equation micromagnetic simulation of the LLB
equation

magnon current created by hot boundary

domain wall is attracted by hot boundary domain wall moves into the hotter region

domain wall motion is accompanied by

precession (above Walker breakdown)
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Domain wall motion in a temperature gradient

reduced magnetization

309
{ 306
Y
T SN, = W 37 S < NUR { 3037
=
0.5 ®
(]
3
0 s
-05¢
-1

40 50 60 70 80
space coordinate [nm]

simulation of the Landau-Lifshitz-Gilbert

equation of motion

domain wall moves towards hotter

region

shape and orientation of the domain wall

changes

domain wall velocity [%]

50 |

40 |
30 |
20 |

% _
10 -

0 0.05 0.1 015 0.2 0.25
temperature gradiefg] [%1]

o

simulation of the Landau-Lifshitz-Bloch

equation of motion

T . —
v 50 rrFSfor% 0:1 K=nm

I should be measurable

Walker breakdown
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Final remarks

Summary:
multiscale modelling:
spinmodel for FePt from frist principles Europhys. Lett. 69, 805 (2005)
from rst principles to macro-spins Phys. Rev. B, 77, 184428 (2008)
exchange stiffness at nite temperatures Phys. Rev. B, 82, 134440 (2010)
high temperature spin dynamics:
rapid heating dynamics with LLB equation Appl. Phys. Lett. 91, 232507 (2007)
LLG equation describes ps spin dynamics Europhys. Lett. 81, 27004 (2008)
linear vs. elliptical reversal: analytical results Europhys. Lett. 86, 27006 (2009)
ultra-fast spin dynamics: the effect of colored noise Phys. Rev. Lett. 102, 057203 (2009)
opto-magnetic writing Phys. Rev. Lett. 103, 117201 (2009)
domain wall motion by spin currents:
current induced domain wall motion Phys. Rev. B 91, 232507 (2010)
non-adiabatic spin torque Phys. Rev. Lett. 105, 056601 (2010)
domain wall motion in temperature gradients in preparation
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