Pauli-blockaded spin transport across
coupled quantum magnets

SO Takel

Queens College of the City University of New York
and The Graduate Center of the City University of New York

-

<L

= 113

2 |-

W<tz

- O L

QUEENS Fe©
CITY UNIVERSITY

COLLEGE OF NEW YORK

Young Research Leaders Group Workshop, SPICE, July 31, 2017



collaborator & acknowledgment

- PhD student:

Joshua Aftergood

* Funding:



contents

introduction
spin current noise: brief history
charge current noise in Mesoscopic systems: motivation

spin transport across two biased quantum magnets: large-S magnon systems vs. 5=1/2
guantum spin chains

- chemical bias and/or thermal bias

- 8pin current, noise and the “spin Fano factor’
- manifestations of quantum statistics of tunneling spin excitations in the noise
- experimental extraction of spin Fano factor

summary and outlook



spin Hall phenomena

- experimental evidence for macroscopic coupling between electrical currents and

magnetization dynamics in normal metal-magnet bilayers
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two-terminal spin transport through insulators

-+ nonlocal current drag mediated by diffusing magnons in a magnetic insulator

- e.9., yttrium iron garnet-platinum heterostructure (PtYIG|PY)

- YIG: Curie temperature 560K, very low magnetic damping (magnon spin diffusion length ~
9um @ room temperature — ~ 47 - /3um @ 23K

- Pt strong spin-orbit coupling facilitates spin-to-charge interconversion

direct spin Hall effect converts inverse spin Hall effect converts
charge current into ejected spin current into
transverse spin current transverse charge current
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spin current carried by collective spin excitations
(e.g., magnons in ferro- and antiferromagnets)

what can we learn from the noise in the spin current?
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spin current noise

* spin-dependent charge current noise:

E. G. Mishchenko, Phys. Rev. B 68, 100409 (2003)

R. Guerrero, F. G. Aliey, Y. Tserkovnyak, T. S. Santos, and J. S. Moodera, Phys. Rev. Lett. 97, 266602 (2006)

R. L. Dragomirova and B. K. Nikoli¢, Phys. Rev. B 75, 085328 (2007)

J. Meair et al., Phys. Rev. B 84, 073302 (2011)

T. Arakawa et al., Phys. Rev. Lett., 016601 (2015) E
R R .

SN IR I

* NOIse IN pure spin current in conductors:
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* NOISe IN spin current pumped by a ferromagnetic (ferrimagnetic) insulator:
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Focus: spin current and its noise in 1d quantum magnets



(charge) current noise in Mesoscopic systems

- a resistor biased by voltage and ammeter measuring current:

- time-averaged value: (I

- noise (fluctuations about the mean
value):

01(t) = I(t) — (I)
- Nnoise spectral density:

S(w) = / G I(D)8I(0)) e

— 0
M. J. M. de Jong and C. W. J. Beenakker, "Mesoscopic Electron Transport" (Kluwer Academic Publishers, Dordrecht, 1997), pp. 225-258

Ya. M. Blanter and M. Buttiker, Phys. Rep. 336, 1 (2000)
K. Kobayashi, Proc. Jpn. Acad. B 92, 204 (2016)

- consider zero voltage case: V =0
- time-averaged value: (I) =0
- noise spectral density at finite temperature: Sty (w) = 2kgT'G

- G quantifies response of the resistor to external voltage: 1 = GV

- first measured in an electrical conductor by Johnson in 1928 and theoretical explained by
Nyquist in the same year.

Equilibrium noise is a manifestation of fluctuation-dissipation theorem that
dictates a relationship between the fluctuations and the response of a system.

J. B. Johnson, Phys. Rev. 32, 97 (1928)
H. Nyquist, Phys. Rev. 32, 110 (1928)



(nonequilibrium) shot noise

- a metal-insulator-metal trilayer under a finite voltage: V' #£ 0
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- stochastic tunneling of electrons gives rise to noise in the transmitted current (due to
Schottky in 1918):
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assume tunneling events are uncorrelated so that the
tunneling process obeys the Poissonian distribution
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W. Schottky, Ann. Phys. 362, 541 (1918)



fermionic statistics

» Incorporate fermionic statistics (ignore interactions)

- consider with mesoscopic conductor with n conducting channels:

22
- conductance: G = T E Tn “Landauer formula”
mn

- noise spectral density for low-frequencies:

S = 2kpTG +e(I) F |coth (507 ) — 26T ]

- Fano factor:

2T -T,)
F = S T,

eV | eV

<1 > 1
kT kgT
S—)SchQkBTG ‘ S—)FSShOt:F€<I>
thermal noise recovered k F' — 1 : low transmission limit (shot result recovered)

S. Datta, “Electronic Transport in Mesoscopic Systems” (Cambridge University Press, New York, 1997)
Ya. M. Blanter and M. Buttiker, Phys. Rep. 336, 1 (2000)
Y. Imry, “Introduction to Mesoscopic Physics” (Oxford University Press, New York, 2002)



revealing particle statistics

- Pauli principle reduces the shot noise from Schottky result for high transmission:
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T. Muro et al., Phys. Rev. B 93, 195411 (2016)



revealing charge unit of charge carriers

- for low transmission: T, <1

Z Tn(l_Tn) eV
F==" s 1 S=e(l
> e (I) T >

Detection of doubled shot noise

I short -metal/ Direct observation of a
in short normal-meta’ fractional charge
superconductor junctions
R. de-Picciotto, M. Reznikov, M. Heiblum, V. Umansky,
X. Jehl*, M. Sanquer*, R. Calemczuk* & D. Maillyt G. Bunin & D. Mahalu
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X. Jehl et al., Nature 405, 50 (2000)
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spin current noise

* Noise in spin current tunneling between two weakly coupled quantum magnets (i.e., low
transmission limit):

noisy spin current »

weak exchange coupling
(i.e., weak transmission of spin-1 excitations)

noiseless spin current »

- consider two guantum magnets coupled weakly via exchange interaction

What are the consequences of quantized spin transmission on the spin current
noise: spin Fano factor?

- consider tunneling spin excitations with different statistics:

- large-s magnon system: multiple spin-1 excitations can be injected simultaneously into a
single site =¥ theoretical description of the injection process in terms of tunneling bosonic
quasiparticles, i.e., magnon (the “Holstein-Primakoff paradigm”).

- s=1/2 quantum magnet: cannot inject two or more spin-1 excitations into a single site at a
time =¥ theoretical description of the injection process in terms of tunneling fermions =»

injection process subject to Pauli blockade

what are the consequences of this crossover from boson-like to fermion-like
spin injection physics as s approaches the quantum limit?



s=1/2 one-dimensional quantum magnet

- XXz gquantum antiferromagnet chain:

J

- amenable to rigorous theoretical analysis: Bethe ansatz, bosonization, DMRG, exact

diagonalization,

QMC, etc.

- relevance to experiments:

v, ~Mv

Y QY
g1 505 41

+A85,57 1)

A. Klimper, Quantum Magnetism, (Springer Berlin Heidelberg, Berlin, Heidelberg, 2004), pp. 349-379.
H.-J. Mikeska and A. K. Kolezhuk, Quantum Magnetism,(Springer Berlin Heidelberg, Berlin, Heidelberg, 2004), pp. 1- 83.

spin dynamics in s=1/2 AF chain probed via NMR
relaxation rate and showing excellent agreement with field
theoretical methods
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guantum spin limit (fermionic)

- two weakly coupled semi-infinite s = 1/2 xxz antiferromagnet chains
-+ axial symmetry about z axis: spin current = z polarized spin current

- two types of biases (chemical bias and thermal bias):

- gpin current driven into the injection chain by spin Hall effect and magnetic field bias.
- temperature T+ of injection chain elevated above temperature T2 of measurement chain.

- focus on tunneling spin current between chains, its dc noise and spin Fano factor
\ 4
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model

- two semi-infinite spin chains (injection chain: v = 1; measurement chain: v = 2):

v,)~ v, +

B, =7 80,8000+ 80,80 0+ A85,5 4 )
J

- coupling @ = O:
H.=J:S1, =0 8S2,=0

- long-wavelength description (gapless regime: A < 1):

i = | de{0:pun(@) + 0@} + i
[bu,r(), P R(2)] = —[Pv,L(2), b 1(3)] = im Ky, sgn(z — o)
- chiral mode speed: u=mup\1— A2/2cos H(A)
- Luttinger parameter: K=1[2-(2/n) COS_l(A)]_1
- semi-infinite boundary conditions: Ov.r(T,t) = =0y (—z,t)

- magnetic-field bias Hamiltonian:
chemical bias

— X0 /—330

f{b — ﬁ"}/B/ dx Sf(x) = ﬂ/ dx 633(@1,3 —+ Sbl,L)



theory and results

- tunneling spin current (outflow of spin current from injection chain):

I(t) =—hoy Y 57 ,(t)

- Keldysh calculation for weak-coupling:

- thermal averages in chain 1 with respect to

- thermal averages in chain 2 with respect to

—1

I'=(1(0)) =~

- spin current and dc noise:

iJ? (ut

I = - dt sin | —
3252 / o (2h>

J? Lt
S = 59, /dt COS (2_h)

/ dt'0(—t')([1(0), He(t')])o

Hy + Hy, Ty
H27 T2
S = /dt (I1(0)I(t))o
- L -
mkpTi o K wkpTso
uh uh
<in wkpTi (tut+a) <in kpTs (iut+a)
uh i _ uh i
- 1 -
kTl K mkpTso
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classical (large-S) limit

+ magnon flow across two weakly coupled magnon baths:

1

1
ny(w) = o(hw—p) kT _ |

nz(w) = chw/keTs _ q

weak exchange coupling
(i.e., weak transmission of magnons)

- two large-s Heisenberg ferromagnets in a uniform magnetic field (e.g., YIG can be
modeled with s = 14, a = 12A);

I:I;'/n = —i Z S’V’j . S,/,j_|_5 + h”)/BZ S”ij ~ ngéz,kgy,k
3,0 J k

- magnon dispersion: € = —2Js[cos(k,a) + cos(kya) 4 cos(k,a) — 3] + hyB

- Iinterface coupling:

HT =5 Jeppby, 1bp2 + h.c.
k,p



theory and results

- spin current (outflow of spin current from bath 1):

J

- Keldysh calculation for weak coupling:

1
e(ho—)/kpTr — |

ny(w) =

1/00 deo g()[m () — na(w)]

»\‘
| |

/ (@) + 21 (@)n2(w) + n2(w)]

- magnon tunneling density of states

glw) = J257 (F) S Ak, @Ak, @)

Ag(w) = 2w (w

_ 5k)

magnon spectral function



spin Fano factor — magnon case

« nonzero chemical bias, equal temperature

> kgly —— F,, — h
« zero chemical bias, unequal temperature

Ty — T
T = ! 2>>1—>Fm%h
15

Poissonian tunneling of magnons, each carrying a spin quantum %
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spin Fano factor — quantum chain case

« nonzero chemical bias, equal temperature

w>kglo — F — h

Bunched Poissonian tunneling of spin-1 excitations

- zero chemical bias, unequal temperature

Ty — 15
T = >]1 — F - o0
15
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spin Fano factor — quantum chain case

- In the low-energy long-wavelength [imit in which spin chain is well-described by the

(gaussian) Tomonaga-Luttinger model, spin current vanishes for any 7+ and T2 if chemical

bias IS zero,

* Noise does not vanish for zero chemical bias =» Fano factor diverges.

- 72
1

T 39hn2

J2

S =
3272

Irrelevant terms (e.g., umklapp term, band curvature, etc.) may give rise to a finite current.

chemical bias effects
, t
dt | sin pe
2h

chemical bias effects

ut
dt —
/ COS (2h>

thermal effects

[ 1 ~ Q
mkpTio K mkgToo K
uh uh
<in kT (tut+a) <in kpTs (iut+a)
_ uh _ _ uh _
\ y,
thermal effects
~ T )
tkpTi« K kT K
uh uh
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How does the Fano factor change in that case?



Pauli blockade in noise — quantum chain case

- manifestation of Pauli statistics of spin-1/2 operators in the dc spin current noise:

(a) thermal bias case

5(71,0)

7 >0 T = ()
S(Tl,TQ)

G D
7 > 0 7o > ()

11 1o
-

1> —T1p
==
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(b) population bias case

S(:uho)
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magnon scenario




Pauli blockade in noise — quantum chain case

«+ exchange coupling is hopping of fermionic quasiparticles:

A

_ g : A4
HC — Jcsl’J:O . SQ’]:O Y 017.]:002,']:() _|_ h.C.

P

Jordan-Wigner fermions
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experimental extraction of noise

- spin current noise in the detector metal: if no additional noise is generated when
mpinging spin current flows into the detector metal:

Stot = S+ 8559+ S
N—— \

equilibrium noise noise generated by bias
* eXCess spin current noise:

S = Stot — Stot',u:T:0
H/_/

equilibrium noise

* excess charge current noise generated via inverse spin Hall effect;

ngcess = Sfot _ Sfot‘,u:T:() — (:)S
injection chain measurement chain
Je
S FFA I o
spin source ‘ 11 » 15 detector

5 I, S



experimental extraction of spin Fano factor

« charge current generated by injected spin current:
I° =01
- charge Fano factor:

Se ©9
Fe — excess

Ie — OI

- obtain the unknown pre-factor first in the limit of strong chemical bias: @ > kp1a

S O Fe
— —h — = —
1 © h

©
+ opbtain Fano factor from the measurable charge Fano factor: = —F°

O

injection chain measurement chain
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summary and outlook

* SpIiN current noise can reveal underlying guantum statistics of tunneling spin excitations:
crossover from pbosonic tunneling physics to fermion tunneling physics as spin guantum
number approaches guantum limit.

- spin Fano factor reveals the spin unit of tunneling spin excitations

- additional noise generated during measurement process”? A quantitative theory of
conversion between spin current noise and measured charge current noise IS necessary.

- effects of irrelevant operators”?



