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Nanomagnetism research

BERKELEY LAB

observation - experiment

4§

-1 um contact pad

G. Meier et al. PRL (2007)

e understanding - theory
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%
Y, \

controlling - applications

S. Parkin et al (2005)
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BERKELEY LAB

Controlling spins on the nanoscale

magnetic (Oersted) field spin currents/ spin torque

electric fields
e.g. multiferroics

Spinel
Nanopillars . Bottom Electrode

Spaldin & Ramesh MRS Bull Nov 2008

S. Parkin US Patent 309,
6,834,005 (2004).

Perovskite Matrix

Substrate

C.D. Stanciu et al., Phys Rev Lett 99 047601 (2007)
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The Holy Gralil for magnetic microscopy

Imaging spin; structu
nm spatial anc

]
Po ls
"‘ LY
e » a »
. L] i

. fsec (snapshot) time re

-

-
‘1

A. Wachowiak et al, Science (2002) S. Sun et al, Science (2000)

length scales
exchange length

I, — ,/% ~ sub - 10nm

all optical switching

Kum time scales
exchange interactions
t(fs) ~ 4 ~ 20 - 50fs S
I (ts) = (eV) C.D. Stanciu et al., PRL 99,047601 (2007)
l courtesy Th. Rasing
| | IIIllllllllllllllllllllllllllllllllllllllllllllllllllllllllllIIIIIIIIIIIIIIIIII.II->
ns ps fs
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~i__in multicomponent magnetic materials

BERKELEY LAB

Lawrence Berkeley National Laboratory

NigoFe o 4nm

Co,Fes, 3nm
Ir;-Mng; 12nm
Cu 30nm

magnetic
m U Iti Ia.ye rS courtesy wikipedia.com

carbon
nanotubes

granular
CoCrPtB

A. Moser et al. JPhysD (2002)

courtesy R. Ramesh

multiferroics Magnetic
Sm,(Co,Cu,Fe,Zr),; semiconductors

D. Goll, Z. Metallk. (2002)

length scales time scales elemental specificity
exchange length exchange interactions Fe, Co, Ni, ...

|~ }% — sub —10nm t(fs) ~ %(eV) ~ 20 - 50fs high sensitivity
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oo Outline

BERKELEY.LAB

- What can we study today?
- What are the open questions?
- What needs to be done tomorrow?

THE CENTER FOR X-RAY OFTICS



BERKELEY LAB

Lawrence Berkeley National Laboratory

-1 Other magnetic microscopy techniques

Cantilever I Micromagnetic
' |

— Optical microscopies \
:‘/,

— Kerrmicroscopy
— Electron microscopies

— Scanning Electron Microscopy with Polarization
Analysis (SEMPA)

— Lorentz (TEM) microscopy . Schier ot ol EEE Transhag 39 (2009)
— Spin polarized SPLEEM
— X-PEEM (X-ray-in/ Photoelectron-out)
— Spin polarized SP-STM

— Scanning force microscopies
— Magnetic Force Microscopy (MFM) : Fl
— Magnetic Resonant Force Microscopy (MRFM)  § o gon

-of—plane conlrast
A. Wachowiak et al, Science 298 (2002)

| ,:\\”F -._'I
4

ﬂﬂﬂ.gj!

courtesy J. Zweck, U Regensburg

Magnetic-
fiedd
250 pm gradient

Resonant | S |
Spins — L
Oscillating
Silica - 4 | magnetic
.18 field »

Static magnetic field

P.C. Hammel, Nature (2004)

in-plane contrast

courtesy J. Unguris, NIST

F. Nolting et al, Nature (2000) H. Ding, et al., PRL 94 (2005)
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e The power of soft X-rays

BERKELEY.LAB
Wave|ength Courtesy D. Attwood
1 um 100 nm 10 nm 1 nm 0.1 nm = 1A
I : 1 : | I : | :I
| | ' CuKy,|
m VUV | Soft X-rays 2ag
UVE Extrem-raviolet i Hard X-rays
i PG g om
1eV 10 eV 100 eV 1 keV 10 keV
Photon energy
K edge
H -LZ,S edge He
Li | Be M5 edge B|C|N]|O]|F|Ne
Na | Mg Al|Si| P| S| CI|Ar

—> access to relevant magnetic elements
down to fundamental magnetic length
and time scales

O(R(@) Peter Fischer | PJFischer@lbl.gov BNL Workshop May 20, 2011 8



~
A
rrereeer III|

BERKELEY LAB

Lawrence Berkeley National Laboratory

Various X-ray imaging techniques

Scanning Transmission X-ray Microscopy

Monochromatic
X Rays

i

Zone Plate i —
Focusing Lens Cec=>>)

Fluorescence

Photoelectrons Photons

In real space

Scanning
Sample Stage

J.B. Kortright, et al., in: X-Ray
Microscopy, AIP 507 49 (2000)

INn reciprocal space

Transmission X-ray Microscopy X-Ray Photoemisson Electron Microscopy
XPEEM
Polychromatic
X Rays Magnified
l l l l l Phosphor Image
Projection P
Lenls D D

Monochromator
Pinhole ~20um

— | — Aperture
Objective
Lens

Micro
Zone Plate S8

< =

Photoelectrons A/ A Monochromatic

X Rays

Sample
Courtesy J. Stéhr

P. Fischer, et al., Z. f. Phys. B101
313 (1996)

J. Stoehr, et al., Science 259 658
(1993)

STXM image

\mwinhu\e
L

Mask and sample

| =

S. Eisebitt, et al. Nature 432, 885 (2004)
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Lawrence Berkeley National Laboratory

-% g T L oy . _'..i N g .._...':.—_ ;._ A L o .- =" : _‘ T, o W et -'-;‘-"l'.
RIS AT G oo i, S S R R Y i A A

e spatial resolution — (0.8-1.2)Ar — A/NA
e focal length —4N(Ar)2/A

e spectral bandwidth AA/A — 1/N

CXR®)
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werf Full-field TXMs

BERKELEY LAB

Lawrence Berkeley National Laboratory

Source Condenser Objective

Condenser
zone plate

Plane
mirror

ALS

Micro zane
plate Soft x-ray

sensitive

CCD

ALS Bending
Magnet

W. Meyer-lise, et al. AIP Conf Proc 521 13 (2000)

Capillary
Condenser

BESSY Il

P. Guttmann et al, JOP Conf Ser. 186 012064 (2009)
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fﬁl Schematics of XM-1

BERKELEY LAB
0intensity1 _clirc. po(l)arizatilon 706eV e 719eV
[ . XMCD contrast 7 [ : ‘
5 : o 4t L3 _:_ MTTGHWDIOII_
] | ] f MTl{GPhoton
o 31 | |
0 "; e . = 1
element specificity o Lz
. ? e\ E = 500eV — 1.0 keV /1 X
] ] A=1.24 nm — 2.48 nn |
ol 1T AE/E=300-500 ’ !
polarization Condenser 700 710 720 730
zone plate energy (eV)
mirror Applied

At<70ps magnetichaxz 5kOe (perp)

ALS Bending
Magnet

. lateral resolution
3rd generation

synch rotron source

Mag — 2000

time resolution '\é"c')f]fg FOV ~ 10-15um
plate
- transmission geometry Soft x-ray
- ambient conditions D

(RT, ambient pressure)
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Is nanoscale magnetic behavior
deterministic?

THE CENTER FOR X-RAY OPFTICS



~1 Deterministic vs. stochastic

|

scientifically technologically
Interesting relevant
Are magnetic processes Can we control magnetic
reproducible on the nanoscale? processes on the nanoscale ?
Reproducible behavior Irreproducible Behavior Domain Wall Motion Vortex Core Switching
.\1/,7-/" - 07
,}/{Z/ H
ZJ_,—-‘ Applied Field H (kOe)
J. M. Deutsche et al., Phys. Rev. M. S. Pierce et al., Phys. S. Parkin, US Patent 309, K.- S. Lee et al., Phys.
Lett. 227203(2004) Rev. Lett. 175502 (2003) 6,834,005 (2004) Rev. Lett. 267206 (2008)
Controversial Discussion Essential Factor
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ﬁ' X-ray imaging of domain nucleation

()]
o
o

N b
o O
o o

0
-200 |
-400 ;
-600

Mg (emul/cc)

Ist cycle 2nd cycle

e

3 210 1

/ n ./'/ \.'\.
£ . f
@, 1,00t \ |15nm = ]
o’ > <
2 \ /
2 w
O 0,98t L J i
= LT
= o \l\ /
0,96 1 L 1 . ] \ ] \ ] \ ] ) 1
0O 20 40 60 80 100 120
CBA#UJ distance (nm)
KAIST

Field (kOe)

50nm (Cog,Cr,4)s,Pt,5 Nanogranular film
perpendicular magn. anisotropy

avg. grain size ~20nm

nucleation mediated single grain reversal
repeated hysteresis cycles

M.-Y.Im, D.-H. Kim, K.-D. Lee, S.H. Lee, P. Fischer, and S.-C. Shin, Adv. Mater 20 1750 (2008)

THE CENTER FOR X-RaY OFTICS



-~
: A
frreeee “'|

Stochastic character of domain nucleation

BERKELEY LAB
€ 05
Q0
o X
H,,=-400 Oe = 04
8 03¢}
502}
[
3 01F
e oot . . . |
g -600 -400 -200 0]
@ 1stcycle Applied field (Oe)
@ 2nd cycle
@ overlapping
domains

» Deterministic vs stochastic behavior on the nanoscale?
¢BNU® - Thermal fluctuations in the orientation of magnetic moment determine

KAIST largely the stochastic behavior

M.-Y. Im, D.-H. Kim, K.-D. Lee, S.H. Lee, P. Fischer, and S.-C. Shin, Adv. Mater 20 1750 (2008)
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BERKELEY LAB

Lawrence Berkeley National Laboratory

Barkhausen Avalanches (B.A.)

M (A U)
o & S o o ~ IS o o

1000000 k-

100000

P(s) (A. U.)

100

10000 <

1000 |

D.-H Kim et al., Phys. Rev. Lett. 90, 87230 (2002)

Domain-wall mediated magnetization reversal process

—I-IT,Rr'—r T AT T Ta A T L T

t. = 25 nm

0 1 2 3 4
Time (sec)

t=1.33

—m—x 1000 1
—o—x500 73
—A—x200 ]
—v— x50

Jump Size, s (pmz)

= power law scaling behavior

O(R(@) Peter Fischer | PJFischer@lbl.gov

TER FOR X-RAY OFTICS

BNL Workshop May 20, 2011



~1M-TXM study of Barkhausen Avalanches

BERKELEY LAB

Lawrence Berkeley National Laboratory

+600 Oe +400 Oe +200 Oe 0 Oe - 2000e e . .

TN YD
'

14T

1st cycle sk

Field step

Al uoibay |

2nd cycle

lum

* 50nm (Cog,Cr;)s,Pt;3nanogranular film w/ perpendicular magn. anisotropy

« study of B.A. in nucleation mediated reversal processes
« domain nucleation of individual grains (I) to domain wall propagation (IV)

CBNLUJ  stochastic character of B.A. processes in repeated hysteresis cycles

KAIST . . .
M.-Y. Im, P. Fischer, D.-H. Kim, S.-C. Shin, APL 95 182504 (2009)
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e Scaling Behavior

BERKELEY LAB

100} _
~ T 0.96
= 10 Sy
g M
w - RITREP A
) e "' :"".
o 1H 1'2}5‘_!1‘.::5-;‘1.*400& h-.
o C 2] w200 Oe
1000 10000 1000 10000
[
100 | T=0.98 100 N 7= 1.5
S ' 4
4 - A
N M x 10 , \.\'L
%) CESTRETY \ Lt :
il SRRt . {j@’ ~
o 1 -}*‘; " " -;' #+200 Oe ¥ 1 *'a.f—':_.‘ # t}'- +0 Oe
L e 2 0 w0 0e b o200 0e
1000 10000 , 10000 100000
Jump size,s (hm°) Jump size,s (nm’)

» Power-law scaling behavior at all field steps along the hysteresis loop
» sudden change of scaling exponent T around coercivity from 1.0 — 1.5

CBNU® ° proximity between grains reponsible for the increased exponent
KAIST

M.-Y. Im, P. Fischer, D.-H. Kim, S.-C. Shin, APL 95 182504 (2009)
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1 Domain walls in nanowires

 Two main types of domain wall structure

Transverse Vortex

o Structure depends on nanowire geometry

20

61.3* A2/ e

-
(4]
T

Vortex Wall

Asymmetric Transverse Wall

strip thickness i (nm)
]

é
A

m&&j}?:ﬂﬂ; Transverse walls in narrower,

Syn!metrli[: Trilinsvelrse 'lu"lufall . . : th | nner W| res

0 S0 100 150 200 250 300 350 400 450 500
strip width w (nm)

Y. Nakatani et al, JIMMM 290-291 (2005) 750

0
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<1 Spin current induced DW motion

BERKELEY LAB
e
I 100 N\,
50+ < ° o
—~ 3 ® a
X 40F o increased b 01 ?0
:'__’ i pulse height '(“mz) '
- I ?| +2dB "
o 30 \ .
Q2 |
S 20} It s .
TR o\ U4 1A
10} \ D s,\
Ob o S o, *
' 0 10 20 30 40 50
before after # pulse

e creation of a domain wall and moving the DW by spin injection
e 1ns pulses, current density <1012 A/m?
®* vpuw= 110m/s in agreement with micromagnetic simulations
F ® strong indications for a stochastic character of the DW motion
@

e s G. Meier, M. Bolte, R. Eiselt, B. Kriiger, D.-H. Kim., P. Fischer, Physical Review Letters 98, 187202 (2007)

O(R(@) Peter Fischer | PJFischer@lbl.gov BNL Workshop May 20, 2011

21



~
: A
rrereeer IlI|
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Lawrence Berkeley National Laboratory

DW depinning in notched nanowires

Permalloy (NigyFe,,) wires with varying wire
width (w), notch depth (Ny) and
film thickness (t)

w= 450 nm

= Pinning/depinning field decreases as wire widens

M.-Y. Im, L. Bocklage, P. Fischer, G. Meier, Phys Rev Lett 102 147204 (2009)
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Lawrence Berkeley National Laboratory

Stochastic nature of DW depinning field

m |
-100 Oe H -530 Oe

e Pinning probability decreases with wire width w

e Repeated measurements indicate stochastic behavior (generation of
different DW types at the notch)

e DW depinning process is independent from the DW pinning process

UH
M.-Y. Im, L. Bocklage, P. Fischer, G. Meier, Phys Rev Lett 102 147204 (2009)

uuuuuuuuuuuuuuuuuu
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BERKELEY.LAB

A

Degree of Stochastic Nature

Distribution of DW depinning field

t= 50 nm

08 08 08
w =150 nm, N,=50 % w =250 nm, N,=50 % w =450 nm, N,=50 %
S o6l 06 06}
8
2 04t 04 041
[%2]
c
8 0.2+ 0.2 0.2+
0'-%OO . 550 . -BbQ 550 04 450 -500 _55(()) '—%50 300 -350
Applied Magnetic Field (Oe) Applied Magnetic Field (Oe)
10
w =250 nm, N ;=30 %
—~ 08}
3
8 06
2
B 04f
o)
8 0.2+
0% 3w 30 300 40

“Applied Magnetic Field (Oe)

-400

N,= 30 %

Density (a.u.)
o o o r
» =2 o o

o ¢
N

S04
8
o 2
N d— 50 A) g 02t

a
00"355"300 350 400 -450 500
10 10

w =150 nm, N,=30 % w =250 nm, N,=30 % w =450 nm, N,=30 %

08 o8}
06 o6}
04 0.4}
02 02}
00 00

0.0

t= 30 nm

| W =250 nm, N =50 %

250 -300 -350 -400 -450
Applied Magnetic Field (Oe)

200 250 -300 -350 -400 160 -180 200 220
Applied Magnetic Field (Oe)  Applied Magnetic Field (Oe)

Distribution depends considerably on notch depth and wire width
= reproducible DW depinning process can be achieved by a
proper selection of the wire and the notch geometry

‘e

M.-Y. Im, L. Bocklage, P. Fischer, G. Meier, Phys Rev Lett 102 147204 (2009)

Universitat Hamburg
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Magnetic vortices

n=+1

/N

p=r1 | e |

N

1%
/" \

/N

o | x|

THE CENTER FOR X-RAY OFTICS

N/

e
/" \

o

/@

polarity p===1
winding number n=x1

Skyrmion number q

vortex

anti-vortex

—=A vortex is a half skyrmion,
a meron.

M. Ezawa, PRB 83, 100408(R) (2011)
R. Hertel, C.M. Schneider, PRL 97, 177202 (2006)
O.A. Tretiakov, O. Tchernyshyov, PRB 75, 012408 (2007)




fﬁl X-ray imaging of MV In PY dots

Lawrence Berkeley National Laboratory

J. K. Ha et al, PRB 67, 224432 (2003)

—radius 500nm % 1.0 ‘
—20nm spatial res 3 @
[®)]
g
g
£
g 00 SO .
N 100 200 300 400

Line Scan from Ato B [nm]

8 B 5 3

o
=]

o
o
Z
i

T-XMCD signal (a.u.)

g
o

400  -200 0 200 400
radius (nm)

P. Fischer, M.-Y. Im, S. Kasai, K. Yamada, T. Ono, A. Thiaville, PRB Brief Rep (2011) in press
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3D micromagnetic calculations

BERKELEY LAB
Mz a)
hlA “barrel model”
0 5 10 15 20 25 | A. Hubert and R. Schafer, Magnetic
40 . . . . T Domains (Springer, Berlin, 1998)
——middle _ - 16
__30F —average e
E ---- surface - 1°
> {4 <
= 20 t N
= 13
3 ___________ J. K. Ha et al, PRB 67, 224432 (2003)
= 10 N IR & 2 50 T T T T T T T
[ -=- K=10* J/m3, 6 =10 nm ,
| 40 | T 1 nm
0 P R N PR S S SR S O'é\ —_K:O,G:10nm /:/ |
0 20 40 60 80 100 120 140 160 ¢ a5 | == 1 nm X |
thickness h (nm) 2 ® exp.
=
; 20 -
-perfect agreement of full 3d T
micromagnetic simul. with expt. 10 -
for K=10% J/m=® and =10nm
_ o o o i 1 N 1 2 1 i 1 1 1 A 1 i
fine details can be observed 0 %0 4B 60 BD 490 450 44D 480

thickness h (nm)
P. Fischer, M.-Y. Im, S. Kasai, K. Yamada, T. Ono, A. Thiaville, PRB Brief Rep (2011) in press
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~)1| Imaging with spatial AND time resolution

BERKELEY LAB

wrence Berkeley National Laboratory

statics = structures

P. Fischer, M.-Y. Im, S. Kasai, K.
Yamada, T. Ono, A. Thiaville, PRB
Brief Rep (2011) in press

dynamics = functionality

H. Jung, Y.-S. Yu, K.-S. Lee, M.-Y. Im, P. Fischer, L.
Bocklage, A. Vogel, M. Bolte, G. Meier, S.-K. Kim,
APL, 97, 222502 (2010)
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Stroboscopic pump-probe setup
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SERELEY LAS for time resolved soft X-ray microscopy
= j=1.3x10% A/m?
PUMP = 1089 pump-probe events/image
Pulse generator
: | '
i PROBE
i} : < 70 ps
trlgger. .
signal -
storage 328 ns
ring

zone plate

cnplanar
lens

e perfect repeatability of the dynamlcs requwed

e NO access to non-deterministic components e.g.
spin fluctuations

S. Kasai, P. Fischer, M.-Y. Im, K. Yamada, Y. Nakatani, K. Kobayashi, H. Kohno, T. Ono, Phys Rev Lett 101, 237203 (2008)
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Deriving spin polarisation of currents P

BERKELEY LAB
Permalloy (FeggNi,) Solving Thiele egn with STT for u
t=40 nm R ~ -
F=220 MHz GxV+aDv+kX-Gxu=0
At=0...9ns X

drift velocity

00 (—-Pj/(2eM)

—o— Experimental
80 |- — Fitting

60 -

40

Radius a(f) (nm)

160 nm

20—

0 l l ]
- CW rotation = polarity = -1 0.10 0.15 0.20 0.25 0.30

- gyration radius R—80 nm Frequency f (GHz)
measuring R(o) = P=0.67=%=0.15

S. Kasai, P. Fischer, M.-Y. Im, K. Yamada, Y. Nakatani, K. Kobayashi, H. Kohno, T. Ono, Phys Rev Lett 101, 237203 (2008)
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-1 Coupled vortex gyration

BERKELEY LAB

030 40 50 60 70
Tle (ns)

= vortex gyration of one disk affects the other through
dipolar interaction

H. Jung, Y.-S. Yu, K.-S. Lee, M.-Y. Im, P. Fischer, L. Bocklage, A. Vogel, M. Bolte, G. Meier, S.-K. Kim, APL, 97, 222502 (2010)
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-~ What are we missing?

 Magnetic microspectroscopy
 Magnetic 3d imaging
 Magnetic interfaces

 AF domain imaging

THE CENTER FOR X-RaY OFTICS
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Mapping spin and orbital moments

BERKELEY LAB
Lawrence Berkeley National Laboratory
4 T T T T
Ni thickness (ML) Ni L, ; absorption spectra of pixel (128,136)
11 12 13 14 2 3 N
: 26 H
5
24 E
-y 2
22 =
2.0 £
L
18 € g
[«] =
° £
1.6
-l
011 44
— _0-4_ 1 L 1 L
850 860 870 880 890
x pixel
10 P photon energy (eV)
PHYSICAL REVIEW B VOLUME 62, NUMBEER 6

-0.5
Ni spin moment (ug)

0.0 0.5

Magnetic-circular-dichroism microspectroscopy at the spin reorientation transiton
in Ni(001) films

W. Kuch, J. Gilles, and S. S. Kang
Max-Planck-Tnstitut fiir Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

S. Imada and 5. Suga
Oszaka University, Graduate School of Engineering Science, -3 Machikaneyama, Tovenaka 560-5331, Japan

10 um
—

1 AUGUST 2000-I1

Ni thickness (ML)
13 1

12

x pixel

-0.05
Ni orbital moment (ug)

0.00 0.05

EY)

o o
Co thickness (ML)

J. Eirschner 0.10
Meax-Planck-Institut fir Milrostruknrphysit, Weinberg 2, D-06120 Halls
(Raceived 10 Movember 1909)
0.08

better spatial resolution (close to fundamental magnetic

length scales)

PEEM is surface sensitive,

MTXM sees the volume

i
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BERKELEY LAB

Berkeley National Laborat

1st order Bragg:
Ay =20y, SINOg 544

Standing-Wave Excited
Photoemission

C/O

hsw (IE?]) =
A J/2sin6; .

~ dI\/IL

A 133, 759 (1964)

F. Kronast, et al., Appl. Phys. Lett. 93, 243116 (2008)
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-1 Element specificity = layer resolving

BERKELEY LAB

(Pt/[Pt 0.75nm/Co 0.35nm]*50/Pt 3nm/Tb,Fess 25nm)/Pt 5nm)

e How does the system accommodate the
change in H_?

W« Structure of interfacial DW?

ITAC

il S Mangin, T. Hauet, P. Fischer, D.H. Kim, J.B. Kortright, K. Chesnel, E. Arenholz, E.Fullerton, Phys Rev B 78 024424 (2008)
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1l Co/LaFeQ, Exchange Coupling

Co domaln SW|tch|ng

e AF domain observation in applied
magnetic fields (switching)?

F. Nolting et al., Nature 2000
Courtesy J. Stohr/A. Scholl
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Shopping list for nanomagnetism...

1)
2)
3)
4)

S)
6)
7)
8)

THE CENTER FOR X-RAY OPFTICS

Wide photon energy range
High spectral resolution (—10-50 meV)
High spatial resolution

3d resolution/tomography at high spatial
resolution

Full polarization control
Large magnetic fields (T) in all directions
Variable temperature range (cooling/heating)

High throughput
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Lawrence Berkeley National Laboratory

TXM vs. STXM

A

Impact

STXM

0D
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