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Two main (dual) effects: spin transfer torque N(IT
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L. Berger, Phys. Rev. B 54, 9353 (1996)
J. C. Slonczewski, J. Magn. Magn. Mater. 159, L.1 (1996)

Landau & Lifshitz, Phys. Z. Sowietunion 8, 153 (1935)
T.L. Gilbert (1955, 2004)
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Landau-Lifshitz-Gilbert equation A\‘(IT
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Landau-Lifshitz-Gilbert equation: FMR A\‘(IT

stitute of Technology

() cos wyt
m=mXxB—-—am xm B = | Qsinwyt
FMR-driven
steady state ——p stationary values
precessions ! of the polar angle 0

“ sin? 0
0.4
0.3[
(81
0 B :1 B —wg/By

Institute for Theoretical Condensed Matter physics (TKM)
Department of Physics



Two main (dual) effects: spin/charge pumping A\‘(IT
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L. Berger, Phys. Rev. B 59, 11465 (1998)
Y. Tserkovnyak et al., Rev. Mod. Phys. 77, 1375 (2005)
Y. Tserkovnyak et al., Phys. Rev. B 78,020401(R) (2008)
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Result: Noise without average current QAT
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1 total conductance

;T
J — 9 T \ [*r
g, T

The average charge current vanishes ...
... but its zero-frequency noise remains even at low T

S =2¢,T + g; sin® 0 (qﬁ coth 2? 2T) /2
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Result: Stationary distribution function A\KIT
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Derivation of Landau-Lifshitz-Gilbert equation
AS, Y. Gefen, A. Saha, 1. S. Burmistrov, M. N. Kiselev, A. Altland,

Phys. Rev. Lett. 114, 176806 (2015)

The Hamiltonian:

I. L. Kurland, l. L. Aleiner, and B. L. Altshuler,
Phys. Rev. B 62, 14886 (2000)

Hjoe = Zea a a —BS — JS?
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Hlead = Z <€/y—0' 5 + V) eryacfyo
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Him = Z Loy a:fwc,w + h.c.
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-No anisotropy
-no internal relaxation mechanism
-Stoner ferromagnet:

de > 1 |M| ~ M()

total spin:
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The electron distribution:
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Derivation of Landau-Lifshitz-Gilbert equation

driving ——§» non-equilibrium ——p Keldysh formalism

iS[T, ] :@'7{ dt [T(i0,) ¥ — H (T, W)

decoupling of exchange interaction

. 2 . ] _ﬂ
e’LJS :/dS(I)e z<I>Se i



Integrating out fermions

Effective action —Sp

iSIM] = trln [—z' (G;’HM%_E)} _ij'idt (MZL—JB)Q\

M=®+B
Broadening by the lead

Y =t,G,tl



Gauge transformation
SU(2)
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M(H)A(t) = M (1)

n-o = RO‘Z RT SU(2) gauge transformation

Q(t) = R'(—ioy)R geomet(-;i:r:r:;t:i: r;:)otentiau
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SU(2) vector potential

i-S=RS, R!
. R e SU(2)/U(1)
| R =exp [—%0‘2] exp [—gay] exp [Z(¢2_ X) O'Z]

Q= R'(—i0,)R = Q)+ QL

1
Q| = 5 [¢(1 — cosf) — X} 0, Berry’s phase, gauge dependent
1

Q= —3 [éay — q'ﬁsiné’ax} exp [i(¢ — x) 0]

Landau-Zener,
neglected: adiabatic approximation



Tunneling expansion, AES

1SB

M — BJ?
iSy = tr In [—z’ (G;—QQ_RTZR)} i ]{dt’ - |
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Ve

Expansion

first order in Q, — iISwznw = —tr |Gq Q4] = iS%gﬁ(l — cos 0)
first order in > — 1Sapg = —tr [Gd,zRT > R}

in original U(1) AES

R (t)R(t/) —y t¥(2) e—i%b(t’) V. Ambegaokar, U. Eckern, G. Schon
Phys. Rev. Lett. 48, 1745-1748 (1982)


http://dx.doi.org/10.1103/PhysRevLett.48.1745

AT

AES action for Josephson contact e,
S U S
. [, O
ZSAES — 1 dt 2—62 — dtldtg Oé(tl, tg) COS [¢(t1) — ¢(t2)]

— / dt1dto 6(?51, t2) COS [Qb(tl) + Qb(tg)]

V. Ambegaokar, U. Eckern, G. Schon
Phys. Rev. Lett. 48, 1745-1748 (1982)
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http://dx.doi.org/10.1103/PhysRevLett.48.1745

Explicit form for non-magnetic lead AT
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iSiEY = — / dty dty a(ty — to) tr [R(t) R (t2)]

Matsubara Tunneling conductance

a(T) = "3 g = TPreadpPdot|T|?

sin?(77/8)
tr [R(t]_)R_l(tQ)} —
0(t1)  0(i2) X(t1) — x(2)
) ) (10 10)

COS
2

COS

9(;1) cos (¢(t1) — P(l2) —

Gauge invariance 777

0(t2)

sin

+ sin

x(t1) — x(t2)
)
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Variation of the action —p EOM

) . ' ] AS, Y. Gefen, A. Saha,
1S = ZSWZNW -+ ZSB -+ ZSAES I. S. Burmistrov, M. N. Kiselev, A. Altland
¢ ¢ Phys. Rev. Lett. 114, 176806 (2015)

dM M dM I, M
E:—B><1\/I —(X(@)Moxdt +MX<§XE>
g(0
Gilbert-damping [1]: a(f) = &S)
Spin-torque current [2]: I, =g,V
Charge current [3]: J = 4g(9)V—gS sin? Hqﬁ

[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)



Technical details AT
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M,
iS — trin [—i(G;}) + 500 —Q - RTER)} +iSk
G}Z

e—ea—kTOaz—l—zO
1 0

M .
e—ea—l—TOaz—zO

Gd7z(€) —

( —2mi 0(€ — €4 + %02) Fy(e€) = . )

o —il'Y  —2iT7 Fy(e) distribution func.

I’/ spin-resolved level width
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Non-equilibrium taken seriously:

Tim Ludwig, Igor S. Burmistrov, Yuval Gefen, and AS
Phys. Rev. B 95, 075425 (2017).

Tim Ludwig, Igor S. Burmistrov, Yuval Gefen, AS
Phys. Rev. B 99, 045429 (2019).

The electron distribution on the dot
strongly affected by driving!

Results change drastically
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AES-strategy:
T N\SU ()

5= rin [ (63 + MT— 1~ )] + a5y + ise

(1) shift the time dependent fields
to the tunneling part (gauge
trafo):

=1t 0., —1%0, 1 o — 1
U=¢ T7e e 2 7 v ="Vq
SU(2)
(2) expand in the self-energy (tunneling)
(and in the Berry-phase):

M,
iS = trin | —i( Ggh+ SPo. —Qu-UTSU) | +iSp +iSc
th



AES-strategy:

M,
i = trin | —i( Ggh + =lo. —Qu-UTSU) | +iSp +iSc
Gzlz

1Saps = —tr [Gd,ZUTZU} iSwznw = —tr |Gy Q4]

We know the self-energy
0 i(T9 +T,)
2@~ (e +r,) —2irt i + o))

Which distribution should

for the dot?
But what about the GF? " kinetic squation)

1 B 0 €—€a+%0z_i0
Gg.(€) = ( € — €, + %az + 20 —230 F7(¢)



“improved” AES-like-strategy:

expand around a “classical” trajectory

M
iS =trin | —i(Gd+ ~20:—U{ S0, —Qu—(U'SU — UiSUY)) | +iSs + iSc

\ . 7
-~

—1
G,

Kinetic equation :> Distribution function

iSaps = —tr [Gd(UTZU Ul ZUO)}



“improved” AES-like-strategy:
multi-step distribution function
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AES-like-action

i}

Landau-Lifshitz-Gilbert-Slonczewski equation:

dM M dM I, M
i —-B xM —a(Q)MO X — + M x (gxﬁo)
Kirchhoff's law:

CVy=1 —1,

BUT: [, /;,I, Modified completely






FMR driven micromagnet
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Counting field A\‘(IT
iS(\) = trln [fa’f ~ha E()\ﬂ hy =€, — M(t)%
;!
this corresponds to:  t; — t;e *® th— ¢l e
(Q) =i0rZ(N)|,_,
(@%) = (i0\)*Z(N)],_,
It follows:
(@) = —i (r{Go™ Do
(Q%)) = (tr[GoX"] + tr[GOX ) g,



Solution: Rotation in spin-space AT
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iS(\) = trln [iat — g — S(A)] hg = €0 — M()Z
o 2
rotates the Hamiltonian ... RMoR = Mo,

~ o ) .
hi = € — M= —iR'R
... and the self-energy > = R'SR

distribution function

6 .o 0 _
Fl‘;r(w) — cos’ §Fl/r(w + ow_) + sin? EFZ/T(w + ow. )

o o, — ¢ 1+ cos@
F9(w) = [0 F () + T, F7 ()] /T Falw) _ 2

O p+w, ptw- p—wy W
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Q) = —itr[GoE]

—> Landauer-formula in rotating-frame
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L=> pl /dw F] (w) — Fa(w)] =0
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(@) = tr[Go "] + tr[Gy 2]

—> zero-frequency noise 9o = 20500 /(L1 + T
T .
Zga/ o { (L= P @) Fr @)] + 5P @) [F (@) — F ()]}

S; = 2¢:T + ¢, sin” 6 (¢ coth % — ZT) /2
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Noise of charge current:
thout 2 I
even without average charge current -

I=0
_ g ¢
S =2¢;:T + g; sin” 0 gbcothﬁ—ZT /2
high T l l low T
S =2¢T S = g;sin” 0 |¢|/2
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FMR driven micromagnet with

a magnetic Iead
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Summary | AT
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FMR-driven
steady state
precessions

fr(w)

fa(t,w) =77

[Py Sy S - -
M M L i M M '
T
o ptwy pto-’ pw pwp W O ptwy ptw- pw pwp W

sin%6

(8 —2g:T)/g:
== T =0.1B
x| - T=03B,
......... T = B,
0.9
0.1f
0 ] 1 - —wd/B():
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FMR-driven
steady state
precessions

fr(w)
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Thank you
for your attention!
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Equation of Motion - LLG+Slonczewski

dM M dM I, M
@ 7 B a0 G M (G )
Gilbert-damping a(f) = %8)
Spin-torque current I, = gSV
Charge current I =4g(0)V —g, <in? 9d3
Conductances
- 270 270
_ sin” (%) cos? (%)
§(0) = —— (g +90) + ——(gn + 911
1 _ 2 O o’
gs — Z(QTT — g1l —g1] T gm) Yoo = 27—‘-’751‘ PdotPlead
2(0 . 2,0
cos”(5) sin?(%)
9(0) = —= (g1 +910) + —— (911 + 911

A. L. Chudnovskiy, J. Swiebodzinski, and A. Kamenev, Phys. Rev. Lett. 101, 066601 (2008)



Gauge fixing
Q=0 » XZQA(l—COSQ)

Would be nice, but impossible
Berry phase different on two contours

Xc(t) = éc(t) (1 —cosO.(t)) =P Q.=0

Xq(t) = ¢q(t) (1 — cos (1))

Q. = %az sin 6, {(bceq _ écqsq}

phase action

iSwzNw = iS / dt sin 0, {gbceq - écgbq} Keldysh Berry



