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OUTLINE

Landau-Lifshitz-Gilbert phenomenology of magnetization
dynamics in inhomogeneous metallic ferromagnets

Spin-charge electronic hydrodynamics
* fictitious electrodynamics
» Topological Hall Effect

* Voltages induced by geometric motive forces
Magnetic soliton dynamics
e domain-wall motion

*Vortex gyration in spin valve
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CURR

METALLIC FERROMAGN

N I-MAGNETIZATION DYNAMICS IN

S

Sx8S * Inhomogeneous magnetization

h

H. Kohno et al., JPSJ, 75 (2006) 113706. current

Figure of possible vector products in equations of
motion of an adiabatic, near equilibrium theory

S = 5(”” —ny)

M = ~Sm(r,t)

v < (Q effective gyromagnetic ratio

constant spin density,

below Curie temperature

n/1 Majority/minority electron density.

X1 local, dynamical orientation, goldstone modes

I.Il7 j non-equilibrium magnetization and
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Dynamical Stoner Model

5 ' T 7 5 . .
\ '\ Majorify bands /[ - In the semiclassical regime
\ Minorify bands / |
— O- / - €>>)\F7hw<<€F
>
3 - .
> ' ' )\F, EF fermi wavelength /energy
| | Aye ~ €V
Lﬁ =3I 7 Cow length scale, frequency of
' 1| Exchange : magnetic texture
_ Sphttlng W ~ IM1crowave
1ol - local, instantaneous band energies
L r X
Wave vector IM additional dynamical parameter
D. Ralph and M. Stiles. JMMM, 320 (2008)1190 . SPeCIf)’Ing Sp|n Ol’lentatlon fel"ml
surfaces

. h
[EReeliaonetic coherence length 1. = F <A
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LANDAU-LIFSHITZ-GILBERT EQUATION

H’ M fixed

Damping

Spin Transfer
Torque

Sm+am xm)+mx H=0

Precession
e . oV M
* Precession In Effective field H = ;
m
(direction depends
the si f
- m dependent free energy | e
D. Ralph and M. Stiles. JMMM, 320 (2008)1190 .
Vim] = [ #z 2Gm)? +U Mh
m| = T 5( ;m)“ + Upypi(m) — exct © 1M
exchange energy anisotropic \
potential external magnetic field

in the usual magnetostatics

* [hermal fluctuations may be included In a stochastic (langevin) field.

H—H-+h
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DYNAMICS OF ITINERANT ELECTRONS

Mean field action Sm(r,t) = SWT&@

ki 2 o
Im)] :/dtd?’rw 1hoy V? A m-o| ¢

2M 2

Go to local spin frame m = (sin f cos @, sin 0 sin @, cos )

U (6 - m)lU =6, 1222;{12/
Parametrized by Euler angles

W 6—Z¢0z/2€—290y/26—%’70z/2

Matrix gauge fields appear in
covariant derivative

Bl D)o = ihdTo,U 0, = (0, V)
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ADIABATIC LIMIT

hUF
e T

£,w length scale, frequency of magnetic texture

Retain longitudinal gauge fields @, (r,t) = 5ZAZ

Qoy = (Go,85) = go(cosO F1)0,¢p
(o — Uh/Q, or = IC

(5 is the Wess-Zumino term for itinerant electrons G. E. Volovik, JPC:, 20(1987)L83.

Projected action for majority/minority electrons is formally
identical to electrodynamics of two species with opposite charge

i | o N
I'm| = /dt/d?’r&” (thOy + a) Sl | Aﬁz 12/
2M¢ 2

 4dm,

. / dt F[m] el [ i p= it
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FICTITIOUS ELECTRODYNAMICS

Semiclassical Lagrangian of 2-component fluid

M V2 A
L(r,,vy;m,0,m) = Z ( > - +vga(w> — E/dgfr(&;m)2

p

single particle equations

mev'p - qp(e + V) X b) Uy = gph/Q
Fictitious electromagnetic fields
ijk
e; =m-(Oymx 9J;m), b = 62 m - (Opym X 0,m)

Quantized monopole flux through a sphere (skyrmion number)

1 1 o
N:E]{gzb-dS:S—w d*S; €/ m - 9;m x Jpm N € Z = my(5?)

Faraday’s law 0:b+V xe=0
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SYMMETRIES AND CONSERVATION LAWS

A e : ] : 2 will include spin

i s TL—I—VJ:O Tls—l—VJS:O relaxation which in

(gauge invariance) g | . .
practice fixes spin density

Angular momentum: &5(sz) L aj Hz’j = ()

(rotational invariance)

nondissipative spin torque
spin-current tensor Hij — Svsjmz’ o A(m X a?m)z

itinerant collective background

| Euler equation
iInear momentum Me E pa(at S V)UJZ‘ = @-Tij —&0) for course grained
o

ranslational invariance) velocities

5i; 0is -
stress tensor Tij = A {(@m) - (8jm) E #(ﬁkm)Q e 7],00}(001,,00/

electronic

RSO compressibility
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ENERGY AND DYNAMICS

Magnetohydrodynamic Hamiltonian:

1 A

Hipespoim] = [ ¢ L (0, — a0+ 5 [ oo por + i

kinetic elastic exchange

The hydrodynamic Landau-Lifshitz equation:
Sm=-m X o F — (js - V)m

spin-transfer torque
The Euler equation of motion In the presence of fictitious fields:

h
Me(0 + Vo - Vg = —=Vius + %[m - (Oim x Oym) + vy;m - (O;m X O;m)]
fictitious EMF topological Hall effect

There Is no dissipation: the total coarse-grained energy Is conserved
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CONSERVATION OF ENERGY

continurty equation for energy

H=/d37°H Ul = =7 ol 30, )

energy flux of electrons magnetic exchange energy

MV
Jezzpa ( 9 ~ ,LLO'> Vo Jm:—Aﬁ’thsz

Include In free energy H — F
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ONSAGER RECIPROCITY

Casting the coarse-grained equations In the standard form of the
quasistationary relaxation towards a thermodynamic equilibrium,

n(r) g (x')
o | p) | = [ ' Bmsrr) | 50)
m(r) h(r')

(,u,j,h) B (5nf7 5pfa 5m-7:)

we can employ Onsager reciprocity theorem, which constrains a
phenomenological introduction of dissipation, by relating the cross
terms:

Ff,;j [m] — SiSijf,;[—m], $; = = |f the th variable
s even/odd under
time reversal
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SPIN HYDRODYNAMICS

Expanding to linear order in non-equilibrium quantities, quadratic
order In spin texture gradients, assuming spin rotational and
inversion symmetry for &> Ast

h=-V-

spin flip length

me: A - : :
j+ymlj=-Vu+gmxm— Fm);Vm,

n
S(1+amx)m=-mxh-—g¢g(1+mx)(j-V)m

Wong and YT, PRB 80 (2009) 18441 |

The strength of the magnetohydrodynamic coupling is given by

g
C]—p2

in terms of the ferromagnetic conductance polarization ¥ € 10, 1]
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SPIN TEXTURE CORRECTIONS TO
MAGNETIC NOISE

Including Langevin sources in thermodynamic forces to describe
thermal fluctuations

(1,3, ) — (p+6p,j + 0, h + dh)

By the fluctuation-dissipation theorem, we find nonlocal spin
texture corrections to magnetic noise, to leading order In gradients

(Ohi(r,t)0h; (r',t")) =2kgTo(r —r")o(t — ')

(gB)?
v

(&Séii/ 6‘km26’km2/)

This implies corresponding corrections to the gilbert damping
EERSOL
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SPIN-TEXTURE RESISTIVITY

Spin texture Introduces anisotropy and Hall effect into the resistivity
i=heels:

vijlm] = &;5 [y + n(0m)*| + n'd;m - 9;m + LW (O;m x 0,m)

Drude  isotropic anisotropic g topological Hall

Example: Neutron scattering shows skyrmion-lattice spin texture in

MnSi: 1
¢ = e (O,m x 9, m)

- g oF o ogps e W W T g s W

L

I“

&

l

T

Muhlbauer et al., Science 323 (2009) 915
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TOPOLOGICAL HALL EFFECT

DM term arises due to broken inversion symmetry.

F = A(@im)z/Q + Bm - (V X m) b Uint(m)

Magnetic helices form In the ground state, skyrmion lattice
stabilized by quartic interaction potential

Lee et al., PRL 102 (2009) 186601

0.6
Neubauer et al, PRL 102 (2009) 186602 ' ' I A—
| | | . : 0.5 _MnSi phase diagram . 2111 |
40 - magnetoresistance ;(BK% | ! =a ° iﬂiiiﬁi ZH?’;
—~ 30| vt 28.8 | 0.4 | -\'-\.. ol "R
= s 28 7 E 55 .y "
C,’ S o 2 Y _ 28.6 o . r
S 20t : 28.6 - - conical phase
y ' i : 0.2 B
10 B e, A b o N - ; 1 . pee
P, | et suttnatn AR oy R0 01 B O nmItEtmIth:h:th y
ol ol Meicalphase " Sm | paramag
0.1 015 02 025 25 26 27 28 29 30
B (T) T (K)
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FICTITIOUS ELECTROMOTIVE FORCE

spin texture with
nontrivial topology

D(1)

magnetization driven by

/ applied magnetic field

electrons pick up, J(v) meH(xt)

Berry phase P
proportional to solid
angle () subtended y Tserkovnyak and C. H. Wong, PRB 79(2009) 014402.
by spin texture

Current/magnetization coupled by fictitious (Berry) flux

S. E. Barnes and S. Maekawa.
PRL 98(2007)246601.

hic fictitious
®"' = — @ dx(1l — cos )0, .
2e I magnetic flux
= A electromotive
g force
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OBSERVATION OF IHE F-EMF

Yang et al. ,PRL 102,067201(2009)

fictitious e Kk~ wxdm

m(x,t) VLE_\

[/~

E~vB(@m)* beta

200 600 = Macklenburg and Tserkovnyak ,PRB 77

o)

—— . I

7)) >

2 150 e -

= &

z\ @

= 100 Q. possible existence of a Josephson effect in ferromagnets

8 < P g

— - (@)

g 4 200 g L. Berger

— 50 (3 Physics Department, Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213

g ! ® (Received 11 July 1985)
=)

0 1 | 1 | 1 | 1 | 1 | 1 | O S

0 10 20 30 40 50 60 70 V/H = (h/e)y = 11.6nV /Oe

H, (Oe)
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DISSIPATION POWER

Phenomenological coefficients constrained by second law of
thermodynamics: positive dissipation

B A / d?’r@t}" Z 0 for hlgh heat conductance,
uniform temperature
L ower bound on texture resistivity I1s consistent with microscopic
calculations C. Wickles and W. Belzig, PRB, 80(2009) 104435,
2
/ (g8)
el =
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DYNAMICAL CORRECTIONS TO LLG

Wong, C.H. and Tserkovnyak,Y., PRBr 81, 060303 (2010)

Gradient corrections to LLG with from current dynamics
(diffusive limit)

[(1+m><f()+m><(a+f‘)}r’n+m><H/S:TD

Gilbert damping tensor P = ph/2e D drude resistivity

R [(m X Vzm) & (m X Vzm) = 62VZm &) Vzm]

Gyromagnetic tensor

2
o ﬁpis i X V.m) ® Voo — V,m'® (m < Vo

A

Jotal dissipation power P = / Erm- (a+1)-m
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SPIN TEXTURES: TOPOLOGICAL SOLITONS

neel bloch

P —— N
e S —
a = e — e —
e e ~ ——
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B. Van Waeyenberge et. al., Nature,444(2006)461.

Phys.To?ay, Apr. (2009)
y

SPIN HELIX
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2D MAGNETIC SOLITONS

- Magnetic solitons are particle-like objects characterized by
topological charge.

1
g — /da:dy Em - (0,m x 0,,m)

* They minimize exchange energy within each topological
sector.

e
e o 5/ drdy (0;m)* > 4mgq
| . 0 ; .
* In stereographic coordinates: @ w = tan o€ 2 — an
ow 0

Solitons are analytic functions: 5z — 0, 95 Oy + 10,
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SKYRMION TEXTURES

» [ he stereographic coordinates projects the sphere onto the
complex plane

* [he simplest finite energy solution on the Infinite plane Is a
skyrmion




COLLECTIVE COORDINATES

* Parametrize magnetic texture m(q(t),r) by collective
coordinates, q(t) , in configuration space.

* Soliton texture geometry described by two basic tensors.

b.. — 1m am X a_m
- 0q; 3%’
_Sme(ae Jdp 00 (990)
0q; 3%‘ 36]3‘ 0q;
e O
. 0gq; 3%‘
o 00 sin29890 0y
0q; 5613‘ | 0g; 5’%

qi
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SOLITON FQUATION OF MOTION

* LLG may be approximated by an equation of motion for
collective coordinates.

A A

L barticle G(q)q i D(q)q — F(q) A. A. Thicle, PRL., 30 (1973) 230.

1 om 1 O
effective forces = dS —— - 5 dS ;
ffective f S/ Tf)’qi ¢ Sé‘qi/ rV

gyrotropic and . 2 " A
damping tensors & /dBTb7 D = Ck/dST‘d

Dissipation power P = ngQzQ]

hierachy of hard/soft modes Tey < --- <Tg <...Tq

zero mode

* Inertial terms may be generated by spin wave excitations K. Y. Guslienko et. al., PRB, 81 (2010) 014414.
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Example: Domain wall dynamics

soft modes q = (¥, X)
hard mode-wall width W/

I BPj
> W i _fYH | SW Hayashi, APS (2010) tutorial T H
X K 73 . ‘\ angle ¥
| Oé\ij i —J_Sin 2W . osition X
W 28 sw P

Tserkovnyak et al.,, MMM 320, 1282(2008)

* beta may be determined by s

- domain wall drift \'/eloclzity |

measuring domain wall 25 experimentally 8 01
velocrty. . :
: : PG .
v —0, X — ] £15 _
Q

1

05} ¢

0 0.5 1 55 2 2.5 3
u/vW
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DYNAMICAL DEPINNING

Probability of escape from pinning potential has oscillatory
dependence on applied current pulse length

Exact behavior depends on internal structure of domain wall

FProbability of DW motion, P,

Thomas et al., Nature 443 (2006) 197
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Wong, C.H. and Tserkovnyak, Y., PRBr 81,060303 (2010)

» Consider translational mode R.(¢) of rigid soliton, m(r — R(¢))

» Current backaction lead to corrections to gyrotropic and damping

tensor

e —

/ rB(bd + db),

/dST([;2+ﬁ2622)

* Leading correction to damping is significant relative to Gilbert

damping
3D ~

for typical values in transition metals

7)2 A ~ 3 nm exchange length
~ (X v~ —1.8 x 10 rad/sT
2
pSA M ~ 10% A/m

p~ 100 Qnm, p~1
a, 3 ~ 1072
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VORTEX PROFILE

3 I S S—— 'Sl(YFmiOﬂiﬂtheCOretO
" minimize exchange energy

o

U

o]
I

* Meron outside the core to

= ‘_ MINIMIze magnetostatic energy
o '_ by avoiding magnetic charges
™ SIS ' on surfaces
150 | .

-1I50 . -llOO | -SlO . (') ' 5|0 . 1(I)0 | 1%0

X (nm) :
12/ |
K. Y. Guslienko and K. L. Metlov, PRB, 63(2001)100403. W =

el 2| = o

vortex core size ~ A = /Axe/poM? ~ 3 nm,
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VORTEX GYRATION IN SPIN VALVE

Applied perpendicular DC current drives vortex motion via
Slonczewski spin torque Q. Mistral et. al., PRL, 100(2008) 257201

(c) B00F BTmA T e e s

I 32 mA ]
voriex 30 mA CPW

—~ 900
N _

poInt
contact

Point contact device

sample 0

- ‘ | 3 200 35 mA TH//Z I
X % 400 /

D. Ralph and M. Stiles. JMMM, 320 (2008)1190 . "o

0

: : 0.25 03 035 04 045
A simple model of spin transfer Frequency (GH2)
el o spin transfer efficiency
Hy = (MQ)pxm
P spin polarization direction of applied current

Consider large amplitude vortex dynamics in point contact
device, neglecting boundary effects
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VORTEX ORBITAL MOTION

V|sc05|ty B[ spin transfer

Gz x R— DR — AIR zx R =0

magnus force E

Somiiys el spin transfer coupling

C. H. Wong and Y. Tserkovnyak, PRB, 81 (2010) 060404. e
currents inside vortex core

balance of forces

vortex energy density ) = —H_. - M
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Applied DC current generates Oersted field which creates linear

confining potential, resulting in stable orbits, while spin torque
drives precession.

Al
RQ B—G s, WO — AI = D( )

AD’ G Ry G

In-plane “Eddy” currents circulating in vortex core causes additional
damping which is measurable in orbit radius and frequency, and
dissipation power '

oD 5w0 oP 0 Ry

D wWo ] s R()

dwo/df ~ 10 MHz/mA
Mistral et al. PRL 100 257201,

Application as a DC tunable, high Q oscillator
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INDUCED CHEMICAL POTENTIAL

Diffusive current exerts a counter spin-torque

Tp =P(l+ fmX)(jp - V)m ip =Vypu/ep

In the iIncompressible lImit

VQ/L:PQVF F=e+f

he spin forces are

e=Rxb f=3d R.

Wong, C.H. and Tserkovnyak, Y., PRBr 81, 060303 (2010)
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CONCLUSION

* In spin-textured metallic ferromagnets, a geometrical
interaction arises between collective spin density and
itinerant electrons

* The phenomenology is captured by the theory of “Spin
magnetohydrodynamics™

*  Hydrodynamic back action generate gradient
corrections to the Landau-Lifshitz-Gilbert equation and
corresponding soliton equations

 Corrections are sensitive to spin texture geometry and
can be observed in soliton dynamics in spin valve
structures.
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