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Current Fluctuations

Hlcridircefalition.(n)
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Thermal fluctuations in reservoirs. Equilibrium fluctuations

Reservoir

Johnson-Nyquist, fluctuation-dissipation theorem




Shot Noise

SE'E;&E%)CQ”@';&S{/Z T,(1-T,)

Determinism when and . No shot noise.

In general (Lesovik, Buttiker)
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Shot Noise and Probability Distribution

Closed channels Open channels
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Beenakker & Schonenberger, Physics Today (2003)
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Shot Noise and Fractional Charge
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Beenakker & Schonenberger, Physics Today (2003)
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Noise Driven by Magnetic Resonance
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Ferromagnetic Resonance

* Spin-pumping

Silsbee, Janossy, Monod, Hurdequint, Berger




Spin-pumping

I = h mxam
S—4n'g” ot

Extreme precession limit

m(7) = XCcos wt + y sin wt

Energy

o

Tserkovnyak, Brataas, Bauer PRL (2002)

4=2(3) (%)

Number of transverse waveguide modes
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Spin Current Noise

 |solated ferromagnet

om om
7= —ym X [Heff +h0(t)] +(10me

 Ferromagnet in contact with normal metal
« Spin-pumping enhanced Gilbert damping
Ay = ay + agp

« Spin currents fluctuates
« Spin-transfer torque fluctuates

ho(t) = hy(t) + hsp(?)

hsp(l) =7
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Thermal Noise

Described by a new random field

a
(hsp i(t)hsp (1)) = 2kgT %555(11 — 1)

Total effective fluctuating field

h(r) = hy(f) + hsp(?)

Enhanced Gilbert damping

a=ay+agp

Fluctuation-dissipation theorem is satisfied [PRL (2005)]
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Current noise geometrically generated by a driven magnet

Tim Ludwig ©,"%? Igor S. Burmistrov,>* Yuval Gefen,’ and Alexander Shnirman>°

A small metallic ferromagnet tunnel coupled to two normal metal leads

1 1
! !
p, T p, T

(Charge) Current noise

S = 4g T + g,sin> @(¢h coth % - 2T)
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PRL 118, 237701 (2017) PHYSICAL REVIEW LETTERS 9 TUNE 2017

Spin Pumping and Torque Statistics in the Quantum Noise Limit

P. Virtanen"” and T. T. Heikkili’
lNEST, Istituto Nanoscienze-CNR and Scuola Normale Superiore, I-56127 Pisa, Italy
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Electric Current Noise

* Novel aspect of Ludwig et al.
» Detects and characterises
* Ferromagnetic resonance
« Electron transport in magnetic nanostructure
* Does not require spin-to-charge conversion such as
« Spin Hall effect
 Inverse spin Hall effect
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This Work - Generalization in 3 Ways

|. Arbitrary junctions

« Ballistic

 Diffusive

 Tunnel
ll. Ferromagnets and antiferromagnets
lll. Multi-terminal devices
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Noise Driven by Magnetic Resonance

contains magnet with

/ precessing order parameter




Landauer formalism

6 =2 =2
h LR h RL
\\Left Lead Right Lead l/
——a b,——»
Left L R Right
Reservoir Reservoir
b, a,

bR — tRLaL + TRRAR S _ (rrr tﬂ)
by = tygag + ry ay lr T




Explanation of Electric Current Noise

« Temporal variation in
« Spin-pumping
e Spin accumulation
« Spin filtering




Spin-transfer and spin-pumping

Spin-transfer Spin-pumping
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Spin to Charge Conversion

Curren> - ’

Spin accumulation in normal metal drives charge current via spin filtering

I=L+],
I.= (G, — G)Au/2
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Experimental Consequences

Low-temperature shot noise when
h(l) > kBT

 Ferromagnets
m ~ 100GHz ~ 1K

Antiferromagnets
m ~ |THz ~ 10K

Q
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Suppressed contributions also at higher temperatures

Shot noise depends on drive, thermal noise does not
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Current Noise

e Current fluctuations

1
Pyt 1) = —(AL(6)AL (1) + AL(t)AL))
Labels lead
« Low-frequency noise

T dt [
Py = ) £ drP‘:,’(t + 7/2,t — 7/2)

« Two contributions, thermal noise (th) and shot noise (sn)

— (th) sn)
Pon =Pg, " TPy,
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Johnson-Nyquist Noise

 Thermal noise contribution

(th) — (GCII kg

'ls

« Conductance matrices

2 2
G, —Tro [5 —sﬁst] +—Tro [5 —sl‘fsl]

“' \ J

scattering matrices for spin-up and spin-down electrons

e Two-terminals, single mode
2
G = % (T + 1Y)




Shot Noise

frequency of external drive

A+ A h
pSM = 2T | he coth ——— — 2kgT| D(w)
in 8 ZkBT

electron transport coefficients spin-dynamics factor




Q
Soin

Shot Noise

* Main new result

SNy — AC'1+A'1§ [ hw

P, hw coth - ZkBT‘ D(w)

B

 Shot noise coefficients

2

e
—_— _ T ¢ligl ¢t _ } ¢tigQt ¢lf
Agy=—Tro |8, = Y. S1,SLiSHS); + - ; Tro 8y — Zs SiS1Sy
ap

« Spin-dynamics factor

D(w) z RN = Zlqi—xlk- Hk- .

i ijk

out-of-equilibrium deviation of order parameter
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Shot Noise

* Low-temperature

A, +A
sny o 6 n
P, N | Aw | D(w)

* High-temperature

2
A, +A (flw)
¢ ¢
pSm oy 11 D(w)

n 8  6kgT
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Spin-dynamics Factor - Ferromagnet

transverse driving field

frequency of drive FMR frequency Gilbert damping
(uniaxial anisotropy)
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Spin-dynamics Factor - Antiferromagnet

transverse driving field

l

2 .2
(l)a)Hl

Papul@) = 2(0? — w}?)? + 8alw’wg

7 T~

frequency of drive AFMR resonance frequency Gilbert damping

DAFM(w = wr) =

- 8alw}
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Shot Noise Coefficients

« Many-terminal expression

2

2
e e
—_— - T ¢ligl ¢t - - } otigt ¢lf
Ay =—Tro |5, D, SLshistsitl + ~Tro | &, D, SLShists)
af af

« Two-terminal expression

i It rl i It rl

2e?
A, = —Tr [
1l h 0

1= (It 4 bt 4 ,1,n)]
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Shot Noise Coefficients

 Ballistic junctions

2 G, -G
_2e p=_1 | 4GP _
] G+ G, il

« Disordered junctions

| G,G G
AN =2( G, +G, -2—— AAPY =2G( 1-
( ‘ ) ( T+ l Gsh ) ( ) ZGsh

(AlPy ~ (AAP) » 2G




Conclusion

« General expression - noise driven by magnetic
resonance

« Characterizes and detects
« Magnetic resonance
« Electron transport
« Thermal and shot noise contributions
« Shot noise attains its maximum at magnetic resonance
« Shot noise coefficients differ for various junctions
« Brataas, PRB 102, 054440 (2020)
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