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Head — to — head domain walls |

Transverse Walls
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@ Large stray field — energetically favourable in thin and narrow structures.'2

Vortex Walls
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@ Large exchange energy — energetically favourable in thick and wide structures.?
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Spin structure of head-to-head domain walls

D=1.7um; W=0.4um, 0.25um; t=34nm fcc Co; SEMPA images by J. Unguris, NIST
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Domain Wall Phase diagramme in Cobalt rings I
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® Experimental Phase diagram shows clear phase boundary between wall types.

@® Theoretical calculations of the wall energies according to Ref. 1 show lower boundary.

@ Differences can be explained by the fact that transverse walls constitute a local energy
minimum. To attain a vortex wall, an energy barrier has to be overcome.

@ Micromagnetic calculations reproduce the experiment very well.

® The micromagnetic simulations are carried out at OK, whereas in the experiment small
barriers can be overcome by thermal excitations.?

'R.D. McMichael, M.J. Donahue, IEEE Trans. Mag. 33, 4167 (1997); M. Kliui et al., Appl. Phys. Lett. 84, 951 (2004)




Domain Wall Phase diagramme for Permalloy ringsl

700 nm

RO\

Transverse Wall

Permalloy t=7 nm; D=5 ym, W

Vortex Wall
VW

®The phase boundary at larger thicknesses is similar to that in Co.

® ook at geometry in area (ll) where a transverse wall is observed but vortex
walls are predicted to be energetically favourable (W=750nm, t=7nm).

e After initialization with a field, transverse wall is observed.

eHeating to 400° C shows transformation to vortex wall, which is stable at RT.
— Thermally assisted transformation from TW to lower energy VW.

®Second phase boundary at ultra-low thicknesses due to morphology.

'R.D. McMichael, IEEE Trans. Mag. 33, 4167 (1997); 2 M. Laufenberg et al. Appl. Phys. Lett. 88, 52507 (2006)




Current induced domain wall motion

L. Berger, J. Appl. Phys. 49, 2156 (1978); A. Thiaville et al., J. Appl. Phys. 95, 7049 (2004); G. Tatara et al., Phys. Rev. Lett. 92, 86601 (2004)

® Effects of a current: 1. Oerstedt field, 2. joule heating, 3. spin torque

Incident elec‘rron“ 1
@ Transmission
T - >
\ @Spin rotated

Reflection ’

Two possible mechanisms:
1. Thin Wall: Momentum transfer to DW

As;,

2. Thick wall: Angular momentum transfer
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Current-induced domain wall motion theory

L. Berger, JAP 55, 1954 (1984); A. Thiaville, EPL 69, 990 (2005); S. Zhang, PRL. 93, 127204 (2004); J. Ohe; PRL 96, 27204 (2006); S. E. Barnes et al., PRL 95, 107204 (05)

® Magnetization Dynamlcs Landau Lifschitz Gllbert equation:
m= 7/0H X 11+ QX
@ Spin- transfer model (continuous version of the LLG equation shown by J. Miltat):

= 7/0H><m+0(m><m (u - V)m+,3m><[(u V)]

U= ng,uB /(2eM ) B=(A,/Ag)* = (exchange length/spin-flip-length)?

® Adiabatic term: proportional to j, P; Non-adiabatic term: proportional to 8
® Angular momentum conservation — ,spin transfer torque®.

@ Domain walls move in the direction of the electron flow.

A. Th/aw//e et al., Europhys. Lett. 69, 990 (2005) @ For B=0: .
1200 — , . ‘ 1200 , . , -No DW motion for u < u..
' @) , (D= .
(a)1000 1000 1 ; @_‘ ‘ For B¢0-

-DW motion at any finite u;

R -/ % 4 -DW velocity v increases with B.
£ 600 | 1 @ Transverse and vortex walls
o -] behave similarly.

: ] 200 @ Introducing roughness yields
=0

finite threshold u even for 0.
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Current-induced domain wall motion calculations |

k|

(umag calc. - adiabatic and non-adiabatic terms;

@ Calculations for a slab using the diffusive model with adiabatic and non-adiabatic terms
(geometry: W = 500 nm, t = 10 nm Permalloy)

@ Current density above u,

@ Current moves vortex wall moves in the direction of the electron flow

@ Vortex core is pushed towards edge of the wire, annihilated and renucleated
— Periodic transformation of wall spin structure:
Vortex Wall = Transverse Wall - Vortex Wall




Structures for direct CIDM observations |‘

_ (Py Wavy lines/Au contacts: W=500nm; 40um long; t=28nm Py, PEEM)

B

® Zig-zag permalloy wires (widths: 100nm-1500nm, thicknesses 4nm-34nm)
are used.

@ Depending on the geometry you get transverse or vortex walls.

® /Zig-zag wires allow one to generate head-to-head domain walls at the kinks by
applying the field in the direction indicated by the arrow.

® The magnetization is pointing in opposite directions in adjacent branches of
the wire.

® The kinks are V4 ring elements with a radius >> wire width (smooth).

M. Kliui et al., Appl. Phys. Lett. 88, 232507 (2006) ' i




Direct CIDM observations with Spin-SEM

e Head-to-head vortex walls
are formed at kinks.

of the electron flow.
@ Pulse length At is varied.
@ Velocity is independent of
the pulse length: 1 m/s
| ® Walls move beyond kinks.

: ‘.. I . '
W=300nm; 60um long; t=27nm Py, SEM‘PA measurement) =Nl
M. Kldui et al., PRL 95, 026601 (2005); P.-O. Jubert et al. JAP 99, 08G523 (2006); ol
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W 500 nm, t = 10nm;

Domain wall motion velocity evolutlon
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Pulse injection number
* Wall velocity is constant at first but starts to vary.! |y ki et .

® After a few injections the wall might stop. Phys. Rev. Lett. 95,
e Applying a magnetic field, resets the system V20001 (200)
= stopping not related to defects or degradation. iﬁa&e




High resolution imaging of domain wall transformation |‘

R e b b T = TN R T R A NN R (e)

Dy o f AR R R R K R ST e

> rrul Yl denRRR AR e [ IR ::qw””’z;;ﬁﬁ&%&ﬁ:ﬁiﬂ?

et RNt E T b IR W T SSSSscl s temsessssnss

= > T S T e R i

b b T L S T T T L L ot e s:::;}ni.;é.io:num.;;, . :::::tﬁ::;;; %fé%!é:tz&wgﬁ
— i

(a) (d)

22y W N ) L e e RRe SR AR A ARR e M‘a\ﬁﬂﬂ%'\&%&k "R'R'M(‘t

aN NN Y L RERERRRRR AR R RRRK  maaaauta ) YW AR RRK LRARRARR

NNy Y t e R ERARNRR KR RERREK — Sras—aaratawe e KREEREK

-—r—w\‘ﬂf '{,JJR}?;\ TERARRRRRR  aarraeay | | e RRARRR

sy Y Yy Y Y KRR RERE ATy Yy RARRR

e T N e A T Pl % R BB EE R A saa Yy T ? AR R

SN NN N Y Y e T A A L i e NI v PPl RS

e NN Y NN Ny T T A R R R R S P aaaauy PR T2 r A P A R R A K Ree

(b) (f)

S e t iR AR R R AR ARSI AT 5w N )'—%?ﬂ} $ KT T e el ™ e

Arrrway L Y L e R AN AR RS RSESS,  RAAITIAAAIA R W R, e L e

A w2 L b Y LR R R PARREE R R e, A na T A s A AR P PR R Rttt

ﬁ)’ﬁﬂ—b\}. YiiNt } R kst FIAARARAANRA A R e e e e 2 M. KlaUJ,

AAA—N R Y Rt R e P AAATAAAAAAR DL KR R ettt Phvs. Rev. Lett

Asava f f NP RESF KK AAA A x A AT A 4 {mnwwr ys. Rev. Lett.

AP PIRE Nuwta A Repeftees, aAfAASzAfAA? Y ol el 95’ 26601 (2005

(c) (9)

Nty | | SRR R R R R R R Rttt A A A } RRREEEER + R KK KRRRRK R s

e Y Y SRR R R R R A A7 AP R R A AN R P AR AR R et § e

W\Ll, et KR KRR R A i >}}'\R%'\ }RRKR&M“\%K

~reaeeau Ny ilf } 1 "\; TRRREes sy 7 } YT VRRNNSeswttm® (] culations:

i o o IR IR VIR VL VIR VIR W R W R R Bttt F T AN >'} 'Qﬂ;.%'-;‘ma&mwvg'\ .

ey AN Y Y YA A PR R Rt A a e AAA R KR e B R Y. Nak .

e WNR N Y W NN AT IRRNE st 277 A omdnr ] } KR e R KK . Nakatani

TEANEENN NN L F R RRNERR et s S R R e SRS 4 o se

®The walls stop, since they are deformed by the current (vortex core annihilation)!



Wall transformation by vortex core nucleation

t=28 nm Py e(a) Vortex wall after
. W=1pum remagnetization. Injection of
a pulse = vortex nucleation
> transformation double vortex
e(b) High resolution image of
. double vortex wall.
e(c) Micromagnetic simulation
of such a wall. (counter-
clockwise circulation
direction of both vortices.
e(d) Image of an extended
vortex wall with a cross-tie
structure in the centre.

A

(d)

PEEM imaging at ELETTRA M. Kliui et al., APL 88, 232507 (2006) i
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Vortex core nucleation and annihilation I‘

® Vortex core nucleation (1) and annihilation (lll) during subsequent pulse
injections (11us, 8.7*10"" A/m?) = periodic transformation.

Heating < 100K

- Tsample << TCurie

® Nucleation of two vortices yields triple vortex wall (1) and annihilation

of one vortex transforms wall back to double vortex (lll). - Klau
® High resolution image of triple vortex shows three vortices with same tl?Il;,SS
circulation direction (counter-clockwise). 32507

® Nucleation and annihilation of vortices due to spin torque is observed. [(2006)




Velocity dependence on wall spin structure |
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® Velocity of single vortex walls with no transformations increases with  Im. Kliui

increasing current density (black squares and black line). et al.,
e Velocity depends on the wall spin structure and the number of vortices. APL 88
® Extended vortices move more slowly (green down triangles). 232507

e Multi-vortices (double vortex: red; triple vortex: blue) hardly move. (2006)




Systematic study of domain wall velocities |‘

L I ' = _I._t=2£3nm,wl=1um '_ ® Critical current density is
o —m— t=28nm, W=500nm - dgcregsmg with increasing
2 t=6nm, W=500nm | Wirewidth
SR | —v— t=34nm, W=220nm | ® Models predict linear
= 410L e t=28nm, W=300nm |  or square root depen-
s i u D, (=23, B0 dence of velocity on j.
%’ : K .’ v | @ Reliable switching for wire
g ' 3 ,’/ :*")  geometries with no
c 05 ¥ . 1 transformations (far away
s [ .,4 /] from phase boundaries'):
9 g - ; J/ : t=10nm, W=500nm:

i t ; v 1 VW-STW;
0.0rmm™---m8, 00 @ ., . ¥, . .. 1 t=280m W=1um VW—DVW

0.5 1.0 1.5 2.0 2.5 3.0 3.5 t=28nm, W=2um VW-DVW;

: 12 2 t=28nm, W= 300nm no
current density (10~ A/m”) transformations).

® Experimental values are far below theoretically calculated values of
6-10 m/s or 100-800 m/s.2 Spin torque effect less efficient than predicted!
® Possible influence of dispersion due to spin waves (0K calcs. vs. 300K exp.)?3

M. Laufenberg et al., APL 88, 52507 (2006);
2A. Thiaville et al., EPL 69, 990 (2005); S. Zhang and Z. Li, PRL 93, 127204 (2004) ]
3J. Fernandez-Rossier, Phys. Rev. B 69 174412 (2004); J. Ohe et al., PRL 96, 27204 (2006) | il
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Temperature dependent measurements of j
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© 246602 1 depinning field — thermal activation'
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|

->Spin torque more efficient at low T!

0.0 0 5 1 0 1 5 2 0 2 5 ® |nfluence of polarization and thermal
current density (10"°A/m?) spin waves?2

Low current densities: decrease of H,,;, due to heating (effect on vortex core?)
No significant effect of spin torque below thrshold current density 1012 A/m2.
Reduction of depinning field down to zero at j.,;; (CIDP) with increasing current.

A. Himeno et al., JMMM 286, 167 (2005); M. Laufenberg et al., PRL 97, 46602 (2006); J. Fernandez, PRB 69, 174412 (2004)




Temperature dependent measurements of | ; ‘
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® Quantify effects of heating: Measure resistance during pulse injection using
4-point measurement setup to exclude influence of leads.

® Measure R(T) with low currents and comparison yields T, (i)

® Heating up to 100K at 4K and 60K at 200K — T, << T (also for PEEM).

® Determination of H T to compare with theoretical calculations at

depin( sample)

constant T to determine 3.

1J. He et al., JAP 98, 16108 (2005) 2J. Fernandez-Rossier, PRB 69, 174412 (2004); M. Laufenberg et al., PRL 97, 46602 (2006)




Temperature dependent measurements of j ‘
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®The dependence of the propagation field on the current density is approximately linear
and the slope can be extracted.!

@This slope depends for transverse walls on the non-adiabaticity parameter [3.2

eFor the domain walls a decrease of the slope with increasing temperature is observed.

®This might imply that 8 is increasing with decreasing temperature. But B=(exchange
length/spin flip length)? and should rather decrease with decreasing temperature.

@0Other mechanisms not included in theory so far (spin waves, polarization)?

i

M. Laufenberg et al.. PRL. 97. 46602 (2006): 2], He et al.. JAP 98. 16108 (2005) i




| Summary
1. Wall spin structures depend on geometry

(vortex walls, transverse walls, phase diagram, stray fields
thermally activated transformations, etc.)

2. Spin torque induces wall propagation and vortex

core nucleation and annihilation (transformations)
(movement of TW and VW in electron flow direction, geometry
dependent wall transformations, velocity depends on geo-
metry and wall structure, etc.)

3. The spin torque effect is more efficient at low T
(critical current densities increase with T, spin waves?)

4. Using other materials (highly spin plarized halfmetallic
ferromagnets or materials with large anisotropies, etc.)
lower critical current densities and higher velocities are obtained.
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