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Studies on Magnetic Nanostructures
by André Philippi-Kobs (AP)

Scattering pattern

[19.6.] X-ray Magnetic Circular Dichroism
(XMCD) & Resonant Magnetic Small
Angle X-ray Scattering (mSAXS)

* Role of Spin-Orbit Coupling and Exchange Splitting
« Sum Rules

 XMLD and Natural Dicroisms

« mSAXS of Magnetic Domain Patterns
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[21.6.] Femtomagnetism

 Introduction to Ultrafast Magnetization Dynamics
Induced by Femtosecond Infrared Pulses

« Pump-Probe Experiments of Nano-Scale Magnetic
Domain Patterns L '

 All-Optical Switching At (ps)

* Manipulating Magnetism by XUV and THz Pulses Time-resolved MOKE (i 120 fs)
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Femtomagnetism

1.) Ultrafast demagnetization (IR pump, A = 800 nm)
- Discovery and typical parameters
- Three-temperature model
- Ultrafast demagnetization of nano-scale domain patterns
- TR Fourier transform holography
2.) All-optical switching (IR pump, A = 800 nm)
- Ferrimagnetic systems
- Is there AOS in ferromagnetic systems?
3.) High X-ray fluences (XUV pump, A = 20.8 nm)
4.) THz dynamics (THz pump, A =100 pm)
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Femtomagnetism

> Electromagnetic spectrum

Das fur den Menschen sichtbare Spektrum (Licht)
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4.) THz gap
L-edges (soft X-rays)
M-edges (extreme UV, i.e., XUV)
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Femtomagnetism

> Ultrafast demagnetization (IR pump, A = 800 nm)

- Discovery and typical parameters

1.0 1 ¥ no pump =
o - Pulse duration 70 fs
Ii:l.'.l C . . o
Q 09} [=) 4 - In-plane magnetized Ni film
w . . . . .
Q = s - Characteristic time of demagnetization
o At=23ps
© & of 260 fs
c 08} - . L
® . . - Recovery time of magnetization >100 ps
— -50H % 50 1 - Fluence of 7 mJ/cm?
N o7 (Oe) - (2.8*10'6 Photonen/cm?,
::_En . 4*102° Photonen/(cm?3s))
S 0.6 -
=z
0.5F ] -
0 5 10 15
At (ps)
E. Beaurepaire et al., Phys. Rev. Lett. 76, 4250 (1996).
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> Ultrafast demagnetization

1.) Creation of highly excited electrons
during the pulse duration (< 20 fs)

f ATV
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MNon-thermal
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2.) Thermalization of electron system (<200 fs)
due to electron-electron-scattering

f a
Fermi-Dirac
( hot )
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Femtomagnetism

> Ultrafast demagnetization

3.) Thermalization of electron, phonon, and
spin reservoirs (<1 ps)
due to electron-phonon-, electron-spin-,
and phonon-spin-scattering

FA

Lattice (T},
Electrons (T,,)

Fermi-Dirac
{ cold )

E

=>» Differential equations (Rate equations)
Ced{ Te}fdr = Gef(Te - TI} - Ges{ Te - Ts} + P{f] .

Csd{Ts)f'rdf == Ges(Ts - Te) - GSI(T: - T:}s Energy density
of pulse
Cd(T)ldt=- G (T,-T,) - G[T,-T)),

C; specific heat, T;: temperature of electrons, phonons, spins
G;: strength of interaction between electrons, phonons, spins
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Femtomagnetism

> Ultrafast demagnetization

4.) Cooling of sample due to interaction with environment (~100 ps — 100 ms)

JOURNAL OF APPLIED PHYSICS 101, 09D102 (2007) Chemical Physics 318 (2005) 137-146

Ultrafast magnetization dynamics in high perpendicular anisotropy Ultrafast magnetization dynamics in ferromagnetic cobalt:
[Co/Pt], multilayers The role of the anisotropy

_, FHZ00A)[Col4AIPHBA] PY124)

R

£ ~ [coPy,

5 00 #

E"” = —‘/—‘ 3.08kOe Co/MgO
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L
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Kerr rotation (arb
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Delay (ps)
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Femtomag netism “thermal” demagnetization

> Ultrafast demagnetization

- T-dependence of saturation magnetization (low T)

My(T) = Ms(0)(1 — BT¥?) =

B =23.3-10"% K32 for bulk Co

- Collective spin excitations = “magnons” or spin wave (low T)

FTTPFTTVTTTTTT VT vagnon recuces

saturation magnetization

c'alololn'=TS o0l uec I

> a =
- Single spin excitations (high T)
Single spin exc. reduces
[ [ l r l I saturation magnetization
- a e by i
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Ultrafast optical demagnetization manipulates
..._of magnetic domain pattern nanoscale spin structure in domain walls

B. Pfau', S. Schaffert!, L. Muller?, C. Gutt?, A. Al-Shemmary?, F. Blttner34.5 R. Delaunay®, S. Diisterer?,
S. Flewett"® R. Fromter’, ). Geilhufe®, E. Guehrs! C.M. Gunther! R. Hawaldar®, M. Hille”, N. Jaouen®,
A. Kobs’, K. Li®, J. Mohanty1, H. Redlin?, W.F. Schlotter'®, D. Stickler’, R. Treusch?, B. Vodungboé"”,

M. Klaui3#>, H.P. Oepen’, J. Liining®, G. Gribel? & S. Eisebitt!8

> Ultrafast demagnetization

IR-pump—-XUV-probe experiment

- (O. nm Co/ 1.4 nm Pt) 10 d
Pl G A IR filter 2 os
| =
- & I
£ 06
b I
N 04
E I
-_. E D.E —
100 fs _ G.DP".‘.’./.r. i i
FEL Beamslop 20 30 40 50 60 70O 80 90
- g (um™)
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Femtomagnetism

> Ultrafast demagnetization

... of magnetic domain pattern

a .
- . L 1.00
kel YTy T 2
Eﬁ' —4064 2
= . L 2 H H
g ST ] g6 £ Ultrafast demagnetization (see above)
§ v 7.9mJ cm‘z_2 ~0.16 E
N = 11.0 mJ cm 5
g 02t +126mJem? J0.04 Z
5 14.6 mJ cm™
Z 00 T IS T I S S 0.00
0 5 10 15
Time delay (ps)
b .
= v - ¥ = i v v v
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Time delay (ps)
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> Ultrafast demagnetization

. of magnetic domain pattern

Scattering form factor

- Explanation of g, shift . of domain wall
v
1
S
Fourier 3
transformation| @
| ﬂ 5
2 ©
=
s ¢ @
-1 -
-40 =20 0 20 40
Slice position (nm) q/ qpeak
Super-diffusive currents Change of scattering form factor of
broaden domain walls domain walls and hence g,
by 20 nm (FWHM) B. Pfau et al., Nat. Commun. 3 (2012).
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Femtomagnetism

> Ultrafast demagnetization ... of magnetic domain pattern

- Explanation of q,., shift via superdiffusive currents (spin-dependent electron scattering)
Fermi‘s Golden rule: Scattering rate of electrons from state k to k'

27T ""“N—C ‘-\./ <
L = 5| <<1>£k’)|V|d>(k) > - L"‘ s Py
~k T-%p

7,,'( amvw-r‘\o\ : /)Im\ a2 (o S/uvuved o~y /)Cew-o\‘7 Mean free path:

.Té‘f] ®- 0 (of@-@

A

A= VpT

- t\‘/<< tT

1/1 l/ v D€)<
Gi of ? 2 AT
»(€)
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Femtomagnetism

> Ultrafast demagnetization ... of magnetic domain pattern

- Explanation of q,., shift via superdiffusive currents (spin-dependent electron scattering)
Fermi‘s Golden rule: Scattering rate of electrons from state k to k‘\

2T
lhw = = < (I)4(k’)|V|<1}(k) > —
; h‘@ I O, ®
@ - @ oLe| acovs Dy e\ weld -

/ ——— /),'\ /] & "'D&\d(
\ /I//\ — >$7L Sloh el
2 reob-chon ‘4 kf
04 t'f < T L Y
( brs @q@) = /g»v-o-w(cm'vq
“ea,) l
( S S —) obia ¢
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Femtomagnetism

> Ultrafast demagnetization ... of magnetic domain pattern -

Experimental parameters at FERMI

2D FT1
Sample-mask

|+ 600 shots per helicity
unit B

e 4.1 mJ/cm? < fluence <£16.3 mJ/cm?

* Repetition rate 10 Hz

e A=20.8 nm (M-edge of Co)

|+ Fixed time delay of 1 ps

* Pump laser (A =780 nm ) at 45°
with respect to sample surface

e Sample: (Co(0.4 nm)/Pd(0.2 nm));,

IR

Circularly polarized
XUV pulses tuned to
absorption edge

15 Methoden Moderner Rontgenphysik Il - Vorlesung im Haupt-/Masterstudiengang, Universitat Hamburg,
SoSe 2018, A. Philippi-Kobs




U

idi |

M| Universitdt Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG

I t t .

> Ultrafast demagnetization ... of magnetic domain pattern -
reference 4.1 m]/cm2 8.2 mJ/r:m2 12.2 m]ﬁcrﬂ2 16.3 mJ/cm

i

| |
—200 —150 —100 —-50 0 50 100 150
Mz (a.u.)

Blurring due to domain rearrangements initiated by quasi-static heating (thermal demagnetization)

Global contrast scale o saturation magnetization =» ultrafast demagnetization on the nanoscale

Small contrast at high fluences due to high demagnetization and/or domain rearrangements

Resolution of 40 nm limited by exp. geometry is too low to resolve domain wall broadening
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PHYSICAL REVIEW LETTERS week ending

F e mto m a g n eti S m PRL 99, 047601 (2007) = ek cde,

All-Optical Magnetic Recording with Circularly Polarized Light

> Al |_O Dtlcal SWItChInq C.D. Stanciu,"* F. Hansteen,! A. V. Kimel,! A. Kirilyuk.] A. Tsukamoto,” A. Ttoh.% and Th. Rasing]

'nstitute for Molecules and Materials, Radboud University Nijmegen, Toernooiveld 1, 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)

- Discovery for ferrimagnetic materials

After exposure

Single-shot
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_ o Transient ferromagnetic-like state mediating
> All-optical switching ultrafast reversal of antiferromagnetically

Femtomagnetism st

coupled spins 2011

- Time-resolved and
element-selective studies

A. Tsukamoto™®, A. Ttoh®, A. Kirilyuk', Th. Rasing' & A. V. Kimel'

a Transient b
ferromagnetic state
100 -

S
O 50
o
=
o] 0
]
N
£ 50
o)
pd

=100

-1 0 1 2 3 -3 0 3 6 9 12
Pump-probe delay (ps) Pump—probe delay (ps)
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Femtomagnetism

> All-optical switching

Rep. Prog. Phys.

- Time-resolved and element-selective
studies (theoretical model)

(a) -1ps 0O4dps 2 ps 25 ps
Gd
Fe
" S |
Gd
Fe
10
100{9}—523 1,500
- <0 ~
=1/ . -1,000
50k _-mﬂ N Al
:‘E '50':'
<o :
=
-50}-
=100

=1 0 ‘I 2 3
Time (ps) - Inverse Faraday effect?
x
Ruiee < (Ex %)
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Laser-induced magnetization dynamics
and reversal in ferrimagnetic alloys

Helicity-independent AOS switching:

- 0-0.3 ps: complete demagnetization of Fe

- 0.4-1.5 ps: transfer of magnetic moment
from Gd to Fe to enhance entropy yields
to switching of magnetization of Fe

- 1.5-2 ps: antiferromagnetic coupling

between Gd and Fe yields to reversing

magnetization of Gd

> 2 ps: Recovery of magnetic moments

due to cooling

=> All-optical switching of ferrimagnets!

(%) aunyesadwa)

Helicity-dependent AOS switching due to
- MCD effect (%-effect at off-resonance)
+ transfer of angular momentum?

SoSe 2018, A. Philippi-Kobs
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Fe mto m ag n etl S m SCIENCE sciencemagorg 12 SEPTEMEER 20K + VOL 344 ISSTUE 8202
. . . MAGMNETISM
> All-optical switching . .
All-optical control of ferromagnetic
- Is there aII-OpticaI SWitChing for thin ﬁlms and nanostructures
ferromagnetlc materlaIS? C.-H. Lambert et al., Science 345, 1337 (2014).

Many open questions, like e.qg.:
- Does deterministic single-pulse
HD-AOS work in ferromagnets?
- If yes, for which parameters?
- Underlying mechanisms?
- Inverse Faraday effect
- MCD

Pt e

(Co(0.4 nm)/Pt(0.7 nm

What we are doing?

We had a beamtime at FLASH in
December 2017 to tackle these
questions!
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el I ltOI I lagnetISI I I PEL 114, 234801 (2013) PHYSICAL REVIEW LETTERS 7 TUNE 2013

Breakdown of the X-Ray Resonant Magnetic Scattering Signal during
Intense Pulses of Extreme Ultraviolet Free-Electron-Laser Radiation

High X-ray fluences

L. Miiller."* C. Gutt.'* B. Pfan,* §. Schaffert” J. Geilhufe.* F. Bitmer,” J. Mohanty.* §. Flewett.’ R. Treusch,'
S. Diisterer,' H. Redlin,' A. Al-Shemmary,' M. Hille,” A. Kobs” R. Frémter,” H. P. Ocpen,” B. Zigja,"**" N. Medvedev,'
5-K. Son,"" R. Thiele,"" R. Santra," ™™ B. Vodungbo,” ). Lining,” §. Eisebitt.”” and G. Griibel'~

What is happening at high X-ray fluences (A = 20.8 nm, i.e., M-edge of Co)?

Experiment at FLASH (Free-electron Laser in Hamburg),pulse duration of ~100 fs

1000 shots a 7.5 mJ/cm? 1 shot a 5 J/cm?
g0 20
: . (b)
70
70
:50 9'° z 604 Low fluence
ne do N = due to ‘ E 50 4 = High fluence
G C L 450 £2
Coulomb T
40 . §§ 30
explosion n
30 m:_:; 10 4
LT 20 = @ ——
0.01 0.02 0.0 0.04 0.05 0.06 0.07
Q (nm™)
10
5

=> Intra-pulse “quenching’/ breakdown of the resonant mSAXS signal
=» Violation of principle “diffract before destruct”
=>» X-ray pulse does not only act as a non-invasive probe
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Femtomagnetism

A LETTERS Jounmal Expionins

e Frownens or Puvsics Jamuary 2015

EPL, 1048 (2015) 17001 www.epljournal . org
doi: 10.1208/0295-5075/108/1T001

> High X-ray fluences

Femtosecond-laser-induced modifications in Co/Pt multilayers
- Beam damage studied with tabletop resonant magnetic scattering

C. Wrer!, R. Apam!, D. Rupowr!, R FromTer?, P. Grycrrow?, G. Winkrer?, A, Kops?, H. P. Oeren?,
H. C. Kapreyw®, M. M. Murxase? and C. M. ScunemEer!

Fluence of 200 mJ/cm?

y(um)
100 200 300

WU s | ; =>» Single shot experiments
/ : A = Many membranes needed

100 200
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Femtomagnetism

> High X-ray fluences

- Fluence dependence of quenching (measured at FEL FERMI in Trieste, Italy)

Magnetic scattering strength

1.2

-
o

o
o

o
o

o
»

o
(N

o
o

23

Fluence mJ/(cm?)
10

100

M-edge
(20.8 nm)

| - Typically used in

,classical“ pump-probe
experiments!

=» Variation of scattering
strength by ~20%

=> Effect superimposed on
data!

0.01

0.1

Fluence mJ/(cm®s)
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Femtomagnetism —
PRL 115, 107402 (2015) PHYSICAL REVIEW LETTERS 4 SEPTEMBER 2015

Creation of X-Ray Transparency of Matter by Stimulated Elastic Forward Scattering

> High X-ray fluences

7. Stohr"” and A. Scherz"

Possible reasons for quenching (ongoing research)
1.) Creation of highly ionized state and changing band-structure

2.) Stimulated elastic forward scattering
3.) Ultrafast demagnetization

1.0 5 ,',‘ ' : ' _
v = 0+ 5 -
1% o 1+ I L -
05| 1.) i I =5 0.5¢
- . Flux: 5 J/em’ 4 3+ E‘ -
£ Pulse length: 100 fs v 4+ o 0.4¢
S = -
& 3 0.3F
5 o [
3 o 0.2F
= = B
5 @ 0.1f
= o -
~ &= C
E DLD'I -m-n il L1l Ll vl Pl
W 0.1 1 10 102 10° 10°
12 (mJ/cm’/ffs)
t (fs)
Mdaller et al., Phys. Rev. Lett. 110, 234801 (2013)
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Femtomagnetism R o e photonics

> THz dynamics Off-resonant magnetization dynamics
phase-locked to an intense phase-stable
|dea and typical parameters terahertz transient

C. Vicario', C. Ruchert!, F. Ardana-Lamas'?, P. M. Derlet?, B. Tudu*, J. Luning* and C. P. Hauri*2*

Coherent control of magnetization (magnetization can follow B-field of THz-pulse)

a 04
. b
- [ sned | posa ] e
L . * —Hl— - Simulations
Pl L . ~ | B .
0.2 s . Simulations g 2 R
| S P = §
- ] E
— 0.0 S 3
Nt o
= = ARy N
T i o]
£ > S T T R S
[as] _ i g Frequency (THz)
0.2 5
&

- Fluence of 10 mJ/cm?

04 > |B|-field of 200 mT
| 10 nm Co [ => |E|-field of 60 MV/m
| ' | - | - 0.44 .
0s 00 o< 10 =» role of E-field?
Time (ps)
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Femtomagnetism

> THz dynamics What are we doing?

THz beamline with
delay stage;

3.5 m additional optical
path length

THz undulator  Banding
XUV undulator 10 periods magnet

Back reflection

To e dump focusing mirror (3°)

THz focusing
_barabola
THz radiation produced from same electron
bunch as XUV by a separate electromagnetic
undulator with 10 periods

» Produces 10 full cycles of THz radiation
Intrinsic synchronization of XUV and THz
pulse; jitter
as low as 5 fs (rms)

» Measurements under phase stable

conditions
THz frequencies from 1.5 — 30 THz
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Femtomagnetism

> THz dynamics What are we doing

: » THz radiation (30 ym and longer) from

< FLASH demagnetizes a nanoscale
. 8 magnetic domain systems.
o . . . .
.% * The demagnetization is accompanied by a
g shift in the S(q) peak position of ~ 8%.
. § * In contrast to IR demagnetization, the
dynamics of both seems to be different
06 F Delay time =-0.8 ps 1.4 T T 7 T T r 1.4
Q Data =0 Peak heigt
05| © High Qbackground 14+ @ ¢ =G Peakposition 412 =
5 < Low Qbackground [ S
P Complete fit = | © 170 nm— 184 nm periodicity | <
= 04r Peak without backgrou$d ° 2
o 3 Background < ° ° g 8
- S04} b o ??e,% & |%0.8 a
+= 03F - g b n ell & ~
= @ .,%eﬂ’o ©
% | ] g
co2f o @ - 3
2 = ! ¥ o £
=k 2 04f T T & Joa 5
01f o L ‘Q o'IIQI' g @
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