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What's that noise!

DC current through a resistor vs. time
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What's that noise!

DC current through a resistor vs. time
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Shot Noise

DC current through a resistor vs. time
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Discrete/Quantized nature of transport!
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Quantifying Noise

Current fluctuation 6 1

SI=I—(I)
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Quantifying Noise

Current fluctuation 6 I
SI=1—(I)

One-sided Noise Power Spectral Density 561 (Q)
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Quantifying Noise

Current fluctuation 6 I
SI=1—(I)

One-sided Noise Power Spectral Density 561 (Q)
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Poissonian Transport

Probability rate of a charge transfer event is constant.

Y. V. Nazarov and Y. M. Blanter, Quantum Transport Introduction to Nanoscience

(Cambridge University Press, 2009).
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Poissonian Transport
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Probability rate of a charge transfer event is constant.

Y. V. Nazarov and Y. M. Blanter, Quantum Transport Introduction to Nanoscience

(Cambridge University Press, 2009).
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Poissonian Transport
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Probability rate of a charge transfer event is constant.

S(0)=2q(T)

Y. V. Nazarov and Y. M. Blanter, Quantum Transport Introduction to Nanoscience

(Cambridge University Press, 2009).
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Interacting Systems
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Interacting Systems

Normal metal/superconductor junction

T=1.35K % 2 e

[ 2eV = 2kT

\

Current noise, S; (10722 A2 Hz™)

Current (mA)

X. Jehl, M. Sanquer, R. Calemczuk, and D. Mailly, Detection of doubled shot noise
in short normal-metal/ superconductor junctions, Nature 405, 50 (2000).
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Interacting Systems

Fractional Quantum Hall Effect
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L. Saminadayar, D. C. Glattli, Y. Jin, and B. Etienne, Observation of the e/3
Fractionally Charged Laughlin Quasiparticle, Phys. Rev. Lett. 79, 2526 (1997).
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Shot Noise
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?E% PHYSICS REPORTS

ELSEVIER Physics Reports 336 (2000) 1-166

www.elsevier.com/locate/physrep

Shot noise in mesoscopic conductors

Ya.M. Blanter*, M. Buttiker

Departement de Physique Theorique, Université de Geneve, CH-1211, Geneve 4, Switzerland
Received October 1999; editor: C.W.J. Beenakker
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Spin Currents
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Spin Currents

Non-magnetic metal (N)/Ferromagnetic insulator (Fl)

® ® |e ®
e e |©

V. V. Kruglyak, S. O. Demokritov, and D. Grundler, Magnonics,
Journal of Physics D: Applied Physics 43, 264001 (2010).
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Thermal Spin Current Noise

Non-magnetic metal (N)/Ferromagnetic insulator (FI)

A. Kamra, F. P. Witek, S. Meyer, H. Huebl, S. Geprags, R. Gross, G. E. W. Bauer,
and S. T. B. Goennenwein, Spin Hall Noise, Phys. Rev. B 90, 214419 (2014).
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Magnon

RERRRNRRARR

Considering only exchange interaction and Zeeman energy!

C. Kittel, Introduction to Solid State Physics (John Wiley & Sons, New York, 1953)
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Magnon
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Considering only exchange interaction and Zeeman energy!

C. Kittel, Introduction to Solid State Physics (John Wiley & Sons, New York, 1953)
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Classical Hamiltonian

Hr = / d3r (HZ + Haniso + Hex + Hdip)
VE

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).
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Classical Hamiltonian

Hr = / d3r (HZ + Haniso + Hex + Hdip)
VE

Linearization about equilibrium orientation:
Magnetization saturated along z direction

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).
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Classical Hamiltonian

HF = / dgr (HZ +Haniso+Hex—|—Hdip)
Vi

Linearization about equilibrium orientation:
Magnetization saturated along z direction

| - Wza 2 2

Hy + Haniso = TR (M5 + M)
j2) A M2 + (VM)
T M2 [( )+ (VM) }

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).
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Classical Hamiltonian

Mean-field description of dipolar interaction:
Demagnetization field

1
Hdip — _§M0Hm - M

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).
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Classical Hamiltonian

Mean-field description of dipolar interaction:
Demagnetization field

1
Hdip = _§M0Hm - M

H, =H,+ H,, M:Mu_l’Mnu
H,=-NMy;z— NMy,y— N, M,, 2

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).
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Quantization: HP transformations

With @' (r), a(r) the magnon ladder operators in real space

Pt

My = M, i(’Y/"YDMy

1
- 2 2
M, = +\/2|y|hM, (1 - g’%aﬁa) 7

- 2 2
M_ = \/2|y|hMa (1 = 5\’4 a*a)

M, = M, — |y|ha'a.

T. Holstein and H. Primakoff, Field Dependence of the Intrinsic Domain
Magnetization of a Ferromagnet, Phys. Rev. 58, 1098 (1940).

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).
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Quantization: HP transformations

With @' (r), a(r) the magnon ladder operators in real space

Pt

My = M, i(’Y/"YDMy

M+ = \/QIVIHMS

Q

M_ = \/2|y|AM,a]

M, = M, — |y|ha'a.

T. Holstein and H. Primakoff, Field Dependence of the Intrinsic Domain
Magnetization of a Ferromagnet, Phys. Rev. 58, 1098 (1940).

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).
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Quantum Hamiltonian

With Bq the magnon annihilation operators in Fourier space

e = 3 [Agiifa + BB o + Babgb—a|
q
Ay = A4 = h(wza wsN, + Dq? —|—

3 (N + N,)og0 + =2 sin 9)

2 2

Bq B_q E— h( nyéq(} 1 Z sin 9 812@5';)

D = 24]4|/M, ws = [y|uoM; Ny, = N, — N,
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Quantum Hamiltonian

With Bq the magnon annihilation operators in Fourier space

i = 3 [Aqbfby + BHb' o + Bybab_g|

q
Aq = A_q =3 (Wza — WtV T %(NSU T Ny)éqp )

Ws = "Y‘M(]MS N:,r:y = N — Ny
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Ferromagnet Eigenmodes

With magnon annihilation operators bq

Effect of dipolar interactions!
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Sgueezed-magnons

Bogoliubov transformation to new guasi-particles

P P~

Bq = ugbg — ”U;Fr_q

7:ZF = Z hwqégéq
q
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Spin Current Injection
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Hamiltonian

HN — Zk,S__ thCk SCk S

P~

Hint = Z AWy 1kog Ck +Ck2_bq + h.c.
kik2q

?:Zdrive = —poho cos(wt) B (Bo -+ B{;)

1 .
I, _ﬁ[S Hint] = Z —1h Wk koq CL JrCkQ_b + h.c.
kik2q
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Ferromagnetic Resonance

e

Under coherent excitation 5(t) = (8o (t))

_MohoB 1

—wt
Blt) =—%; (wo — w) — iD(ug + 07)

(M,)cR(B) (M,)c3(B)
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Ferromagnetic Resonance

e

Under coherent excitation 5(t) = (8o (t))

—wt

€

_ pohoB 1
2R (wo—w) — il(ud + v3)

(M,)cR(B) (M,)c3(B)

B(2)

L(t) =(I,(t)) = I4c = 2ha’w|B|?

Resonant excitation of the uniform mode and spin
current injection!
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Spin Current Shot Noise
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Spin Current Shot Noise
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Spin Current Shot Noise
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S(0) =2h*I4.
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Sgueezed-magnon
h* = h(1 4 9)

/ (SZ(r))dr = —j’\;lyo | Z A(l+ 2]Uq|2)n§ + Z hilvg|?
4 q q

T. Holstein and H. Primakoff, Field Dependence of the Intrinsic Domain
Magnetization of a Ferromagnet, Phys. Rev. 58, 1098 (1940).
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Sgueezed-magnon
h* = h(1 4 9)
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Specimen in the shape of a film
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Sgueezed-magnon
h* = h(1 4 9)
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Specimen in the shape of a film
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A Primer on Squeezing

C. Gerry and P. Knight, Introductory Quantum Optics
(Cambridge University Press, 2005).

Akashdeep Kamra 18™ August 2016

Uni Konstanz




Uncertainty Relations

4, B] =
(AA7)(ABY) = %\(é‘w
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Uncertainty Relations

[/f, B]:lé
1\2 2\2 l ~\ 12
((ady){(aBY) = 710
" |
X1 = §(a+a*) X, = —(a—ah
l
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Uncertainty Relations
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Sgueezed Vacuum

Define (single mode) Squeeze operator:

S’(s)zexp[ (£*a* — £a' )]
é' :reiQ

Squeezed vacuum

£) = S (£)]0)
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Sgueezed Vacuum
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Sgueezed Number States

Sqgueezed zero number state

&) = S(£)|0)

Alternate (equivalent) approach to squeezing:

a0y =0
(du +d'v) &) =0
uw=coshr v =e¢sinhr
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Sgueezed-magnon

What's in the name — relation to squeezed light

C. Gerry and P. Knight, Introductory Quantum Optics
(Cambridge University Press, 2005).
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Sgueezed-magnon

What's in the name — relation to squeezed light

(003 (i) L

. 2 A
<(5M:c,y) > — h/‘ 2M0 exp( 250)
0

C. Gerry and P. Knight, Introductory Quantum Optics
(Cambridge University Press, 2005).
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Sgueezed-magnon

What's in the name — relation to squeezed light

(003 (i) L

<(5Mx,y)2>0 _ hiiMo exp (F2&o)

2

Two mode squeezing

P~

(ugbg — v;y_q) 0)sg = 0

C. Gerry and P. Knight, Introductory Quantum Optics
(Cambridge University Press, 2005).
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Finite Temperature Noise

A. Kamra and W. Belzig, Magnon-mediated spin current noise in ferromagnet|
nonmagnetic conductor hybrids, Phys. Rev. B 94, 014419 (2016).
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Finite Temperature Noise
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A. Kamra and W. Belzig, Magnon-mediated spin current noise in ferromagnet|
nonmagnetic conductor hybrids, Phys. Rev. B 94, 014419 (2016).
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Finite Temperature Noise

2kpT

Sneq(ﬂ) = Qh*IdC P kT > (hw, hQ)
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A. Kamra and W. Belzig, Magnon-mediated spin current noise in ferromagnet|
nonmagnetic conductor hybrids, Phys. Rev. B 94, 014419 (2016).
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Finite Temperature Noise

2kgT
hu) ?

Sneq(Q) = Qh*[dc kT > (hw, hQ)
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A. Kamra and W. Belzig, Magnon-mediated spin current noise in ferromagnet|
nonmagnetic conductor hybrids, Phys. Rev. B 94, 014419 (2016).
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Summary

» Dipolar interaction mediated squeezing of
magnons

* Non-integer spin quasiparticles
 Dominance of shot over thermal noise
* Quantum effects of squeezing

A A
@fWO §/h* /

H, F | N = 7

A
A A e 0V,
ho cos wt < €L L2 74 >
— —_— Q
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