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Strong non-equilibrium effects



Reminder about Lecture 1



Open magnetic dot
“AES” action
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A. L. Chudnovskiy, J. Swiebodzinski, and A. Kamenev, Phys. Rev. Lett. 101, 066601 (2008)



Open dot, effective action
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Assume |M| = const. > 0
mesoscopic Stoner
or ferromagnet



Open dot, effective action
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Self-energy due to reservoir
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Open dot, rotating frame
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Open dot, vector potential
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Berry’s phase, gauge dependent



Tunneling expansion “AES”
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Tunneling expansion, gauge hxing
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Gauge 1nvariant expansion
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Would be nice to choose gauge
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Would be nice, but ...




Gauge hixing
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Would be nice, but impossible

Berry phase different on two contours
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SU(2)
Semiclassical equations of motion-

Landau-Lifshitz-Gilbert-Langevin



AES action on Keldysh contour
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Equations of motion
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Landau-Lafshitz-Gilbert equation
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Keldysh part - Langevin terms
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Landau-Lifshitz-Gilbert-Langevin equation
1

(9 —— 9 == == ——f—————
£ 5 sin O 5 7o 81n9(¢ B) S@ < 79

— R
s =
— %Sing[fzsi %—&)COS;}

Entm)o=2gwcoth % = o032

Gauge hxing y = ¢(1 — COS 6’)



AES vs. Caldeira-Leggett



Usual LLG-Langevin equation

W. F. Brown, Phys. Rev. 130, 1677 (1963).

dn = - = L dn
—== (B+5B) ><n+ozn><E

(0BrdBp)w x a1 6y

Three independent LLangevin variables
not four !!!

What 1s the microscopic theory?



Caldeira - Leggett situation
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Caldeira-Leggett action
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AES vs. Caldeira - Leggett
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Geometric Langevin terms



Geometric Langevin terms

For example
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noise at w = B cos*(6/2) picked up




Spin transfer torque



Spin transfer torque




AES action U=¢e "R
U(1) X SU(2)
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AES action
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Spin dependent

tunneling conductances



Details

M
iS — trin [— i(G;j) -0 —Q - RTER)} +iSh
_f—/
Gy
273 5 (€ — €q + 20 g,) Fye) ]\140 ,
ot )
e—ea—l—%az—i()

0 119
Yi(€) & o o Fle)=1—-2
(6) ( —il7 2L Fle) > disfte:l)’ibution ?L(I?C

I/ spin-resolved level width



Variation of the action —» EOM
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Gilbert-damping [1]: a(f) = #g)

Spin-torque current [2]: I, =g,V

Charge current [3]: I =4g(0)V —gs, sin? «9¢5

1] A. L. Chudnovskiy, et al. PRL 101 066601 (2008).
2] J. C. Slonczewski, JMMM 159, L1 (1996). & L. Berger, Phys. Rev. B 54, 9353 (1996)

3] L. Berger, Phys. Rev. B 59, 11465 (1998), Y. Tserkovnyak et al., Phys. Rev. B 78, 020401(R) (2008)



Equation of Motion - LLG+Slonczewski
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A. L. Chudnovskiy, J. Swiebodzinski, and A. Kamenev, Phys. Rev. Lett. 101, 066601 (2008)






Strong non-equilibrium



The electron distribution on the dot
strongly affected by driving!

This makes a drastic change
even in the limit of g, > o



X=X+ =tG, t;r+trGrti where ,olT =~ ,ol¢ and pl = pi

r

Two possible strategies

syMean-field“-expansion »»AES=like‘-approach



“Mean-field”-expansion:
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Determine the “auxiliary” Green's function by
inverting:
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D. M. Basko, et al. PRB 79 064418 (2009) #
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AES-strategy:

MU (2)
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(1) shift the time dependent fields
to the tunneling part (gauge
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AES-strategy:
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“improved” AES-like-strategy:

expand around a classical saddle point (persistent precessions)
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Landau-Lifshitz-Gilbert-Slonczewski equation:
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Gilbert-damping: Kirchhoff's law:
0 (0) |

04(9) — gl( ;_I_g CVy=1; — I,

IS — gS(V—Vd)+A]S (6’0)

EOM ]fr — 4gTVd A]r(‘ga 90)
I; = 4g(0)(V—Vq) — gs sin® 0p+AT (0, 0)

2I'AT,V —I' sin® 6y By
I'Z4 — cos? 6’4

.2 .20
cos? g ngT + sin g glN cos? g glu + sin” 3 ng

T+ (6) ') (6o)

AI(00) = gs(V{ = V) + S a(bo)

B
AIZ(Q, (90) — 4gl(Vd0—V)—1— (FTV —I'A sin? 0o 70>

cos? g gt + sin® g gy cos? g gt + sin? g findl
I'+(6o) T (6o)

AL.(0,00) = 4g,.(V=V7)—

B
(FTV _Tasin?6, é’)



Stationary solutions:

sin 6
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Stationary solutions:

sin 6

0= —
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Relaxation dynamics:

59 — — COS (9() Oz(QO)B 1 00 Critical slowing down!

. Where did the
C5Vd — —4(91 + gr)(SVd stationary potential go?

Zero modes!



