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Takehome message: Tunneling transport by criticality

YS, Ominato, Tajima, Uchino, & Matsuo, PRL 133, 163402 (2024)

Anomalous tunneling spin and heat transport near magnonic critical points of ferromagnets

Two ferromagnetic insulators (Fls) realized with Gapless point of magnons in ferromagnets
cold atoms connected via a quantum point contact
Spontaneous breaking Magnon as gapless
of O(3) symmetry in Fls Nambu-Goldstone mode

| “!H
LW T 4 % Tl

: ‘}'lll! lll“limlli'

i 11ty
/

.Il' Vi .ll Nt

4.lll| 4.lll\
A..-"I 4. \ a B '“" . ‘

R L A1 40 4 4 "

" L.Il! lﬂ ul" A..lll'\ )
P8 AR |
i . Z0'E ’ ’

Left Fl Currents Right Fl

Spin & heat conductances are anomalously enhanced by the magnonic criticality
Toward guantum simulation for spin and heat transport
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Introduction of cold atoms and tunneling transport
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Introduction: Quantum transport with cold atoms

Cold atoms: Highly controllable many-body systems of atoms

Parameters tunable by lasers & magnetic fields Various many-body systems
. Interactions b/w atoms  Ferromagnetic Heisenberg spins
. Spatial dimension . Antiferromagnetic Heisenberg spins
. Lattice structure . Superfluids of Fermi gases

Cold atoms as quantum simulators for guantum transport
Bulk spin transport in ferromagnetic Heisenberg spins Tunneling mass transport b/w Fermi gases
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MPQ: Fukuhara et al., Nat. Phys (2013); Nature (201 3); ETH: Brantut et al., Science 337,1069-1071(2012); --
Hild et al., PRL (2014); Wel et al., Science (2022) LENS: Valtolina et al., Science 350, 1505-1508(2015); ---

MIT: Jepsen et al., Nature (2020); PRX (2021); Nat. Phys. (2022). Kyoto (w/ synthetic dim): Ono et al.,, Nat Commun 12, 6724 (2021)



Extending tunneling transport to spin systems

We propose tunneling transport b/w quantum magnets with ultracold atoms
YS, Ominato, Tajima, Uchino, & Matsuo, PRL 133, 163402 (2024)

Between Fermi atomic gases Between ferromagnetic Heisenberg spins

ETH: Brantut et al., Science 337,1069-1071(2012); - YS, Ominato, Tajima, Uchino, & Matsuo, PRL 133, 163402 (2024)
LENS: Valtolina et al., Science 350, 1505-1508(2015); ---
Kyoto (w/ synthetic dim): Ono et al.,, Nat Commun 12, 6724 (2021)
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Motivation from solid-state physics

Spintronics toward efficient spin-heat conversion:
Spin and heat tunneling transport with magnons

7 E.g. Spin-current generation by temperature bias AT (Spin Seebeck effect:)

Ferromagnetic

Normal metal
Insulator

[ Magnons

]
Observation:
’m Uchida et al., Nature 455, 778-7/81 (2008)
¢ > \Q f’f,m\ Review of spin caloritronics:
S \ty

Bauer et al., Nature Materials 11, 391-399 (2012)

Spin current W4 )

I

AT Spin & heat transport is basic, important issues
iIn both cold-atomic and solid-state physics

[1] From Matsuo et al.,, PRL 120, 037201 (2018)



Why tunneling spin & heat transport w/ cold atoms?

? Controllability of effective Zeeman field /i(7)
(= chemical potential of spin)
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44 M P H, . =-— Jdr h(r)-s(r) ~— Jdr h(7) Nagnon(7)
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Currents Solid-state experiments: Cold-atom experiments:
h* hs ht . 1S controllable by tuning M}, = N]I/R —N]f/R [1]
hy JYTAP— 1. Gerenrating A/° is challenging 1. Ah%is tunable

2. Magnons form classical gases 2. Quantum regime of magnons is accessible

In typical setups For Fermi gases
[1] Kriner et al.,, PNAS, 113 (29) 8144-8149 (2016)]

» X

Cold-atomic physics Solid-state physics

Utilizing high controllability of cold atoms,
we propose tunneling spin & heat
transport of magnons to bridge cold

atoms and Spln'l:rOnlCS Y. Sekino H. Tajima S. Uchino
RIKEN U. Tokyo Waseda Univ.

Y. Ominato M. Matsuo
Waseda Univ. UCAS, China
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Magnons and its criticality in ferromagnetic insulators
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Magnons as quasiparticle in ferromagnets

Ferromagnetic Heisenberg model Gas of thermally excited magnons

| A AW 2,
High polarization WJ\/\%/\PW w = A r”ﬂ“\\tr
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(§) ~ S or (biby < 1

yHel Z E%bgb% by - field of magnon

k
Holstein-PrAerjakov trans. Spln-wav? ?pprox. Magnon energy
§?=S—b?b. & =5—b'b, B )
l z z E, = 2JSK* + h
Si = \/ 28 — bib;b] 5 = Bj\/ 28 — bib; ~/2Sb] E o =1
gap
§ = by /25 - bib, 5 =1/28 = bibib, ~ \/25h,

b; : Bosonic field , |
S =1/2.1.3/2.- ~  Magnon energy gap by Zeemn flel h



Quantum regime of magnons near critical point

Zeeman field i ( « E,, )

Cold atoms : . Spintronics w/ solid Fl
O : Classical regime !
) . Tserkovnyak et al., Rev. Mod. Phys. 77, 1375 (2005)
= Dilute Boltzmann gas
o | arde qa W. Bauer et al,, Nat. Mater. 11, 391 (2012)
C AN\ S
g W T<E,
Controllable & P
Krinner et al., PNAS ~ T
113, 8144 (2016)
3 t Quantum regime ; Spontaneous breaking Gapless magnon as
=
A Small ga £y
O Ty E g lC)T
, E, xk
() ‘@ Magnonic critical point 1 J | Spontaneous k
E —=h=0 Magnetization 0
gap — " T

Cold atoms allow us to explore guantum transport near the magnonic critical point
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Anomalous tunneling transport of magnons

YS, Ominato, Tajima, Uchino, & Matsuo, PRL 133, 163402 (2024)

Left FI Right Fl
Currents
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Summary of setup and results

YS, Ominato, Tajima, Uchino, & Matsuo, PRL 133, 163402 (2024)

Highly spin-polarized Fls connected Anomalous thermomagnetic transport by magnonic
with a magnetic guantum point contact criticality

e.g. Anomalous enhancement in spin conductance

20 Quantum Classical
Q 2.5 Enhanced by
- E g . -
Left FI Right F T 2.0} Criticality
Currents S f
3 1.5F
C ]
| S 1.0
Quantum regime Classical regime - :
a 0.5
Wy Al Al o
AV “00 05 10 15 20 25
| Mean Zeeman field

T Effective Zeeman field

Magnonic critical point w/ SSB
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Model for magnonic tunneling transport

YS, Ominato, Tajima, Uchino, & Matsuo, PRL 133, 163402 (2024)

Hamiltonian:

|| —_— — _)—> o _)—) —— <
H_ gr=-J Z Sy - S haz S3

(Tl Y’a
Hy = — JTSE*L SR Effective Zeeman field

1. Weak tunneling coupling Jp < J

2. Spin-wave theory to analyze the highly spin-polarized case

~ . . L — 2
T~ bl H,~ ) Ep bl by, E: = h,+ (JI2)k
k
E..,=h,

Magnhon energy gap



Tunneling Hamiltonian formalism

Evaluating the spin and heat currents I, I; up to O(J7) w/ Schwinger-Keldysh formalism

Electron systems : Meir & Wingreen PRL 68, 2512 (1992)
Bosonic atoms  : Meier and Zwerger, PRA 64, 033610 (2001)

. dM§ [
Spin current: [, = o ~ (J1) dw p; (w)pr(@w)Ang(w)

dH; [
Heat current: [;; = — = ~ (J1) dw (0 + hy ) p; (w)pr(@w)Ang(w)

— Q0

h .

hy Ah Magnetization: Magnon DoS: Difference of distribution:
M;, = Z 53 prR(@) \/59(60) Ang(@) = ng 1 (@) — ng (@)

Fa

YS, Ominato, Tajima, Uchino, & Matsuo, PRL 133, 163402 (2024)
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Critical behavior of transport coefficients

YS, Ominato, Tajima, Uchino, & Matsuo, PRL 133, 163402 (2024)

Magnonic criticality enhances conductances L; in quantum regime

Ig _ LyLy, Ah
Iy LyLy, AT

Phase diagram of magnon gas

Quantum regime  Classical regime

Spin conductance L,

Heat conductance

AN\ A\r A\ K =Ly = LipLy /Ly,
Spin-heat cross-
Al - °

_ i conductance L,

T < Egap 5 : _

Oq_l-_' W o5 10 1s 20 25 3 W s 0 s 20 25

1 Zeeman field h/g . Mean Zeeman field h/T Mean Zeeman field h/T
— Fgap

Magnonic critical point . : :
7 P Critical enhancement of conductances L;in the guantum regime
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Summary: Tunneling transport by criticality

YS, Ominato, Tajima, Uchino, & Matsuo, PRL 133, 163402 (2024)

Anomalous tunneling spin and heat transport near magnonic critical points of ferromagnets

Two ferromagnetic insulators (Fls) realized with Gapless point of magnons in ferromagnets
cold atoms connected via a quantum point contact
Spontaneous breaking Magnon as gapless
of O(3) symmetry in Fls Nambu-Goldstone mode
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Spin & heat conductances are anomalously enhanced by the magnonic criticality
Toward guantum simulation for spin and heat transport
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Backup slides
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Phase diagram of ferromagnetic Heisenberg model

H = —J% 5,5 —h) &
l

(1.,])

Ferromagnetic phase

Spontaneous symmetry breaking
of O(3) spin rotation

Zeeman field Magnetization
h>0 M? = Z (5

/eeman Tield

where magnons appear
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Quantum simulation of ferromagnets: bulk vs tunneling

Cold-atomic experiments on spin dynamics in Heisenberg ferromagnets

Previous experiments Our proposal
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MPQ: Fukuhara et al., Nat. Phys (‘201 3); Ngture (2013); | eft Fl
Hild et al., PRL (2014): Wei et al., Science (2022) Currents
MIT: Jepsen et al., Nature (2020); PRX (2021); Nat. Phys. (2022).

Bulk transport Tunneling transport

Mainly 1D  Integrable 3D Most relevant to spintronics
Spontaneous symmetry breaking

Far-from equilibrium Near equilibrium

Sometimes complex physical picture Clear physical picture from equilibrium states
Anomalous transport < Magnonic critical point




Expression of Currents

I = J'Oo dw I (w)Ang(w)

o0

I Li{L
00 S 11+12 Ah 2 2
— Ah)*, (AT)*)
Ih=| dw(w+ h)T (w)Anz(w ( + O( ’
— OO0
Transmittance T () x (Jp)*pLl@ + hy)pr(w + hy) Conductance: i _ F,(x)
AT
Magnon DoS Pactr(@) = ) 8w — Ep) < \Jo—h, Lo _la _,p (x) + x F(x)
7 AT AT~ 7 Al
Magnon energy  E; = h, + (J/2)k? L—222 = 6 F5(x) + 4x Fy(x) + x* Fy(x),
AT
Difference of magnon distribution: . Cinstein int |
ose-Einstein integral:
i 00 a)d—l
nB,L/R(a)) — & oolTim Fd(xa = ha/Ta) X JO dw e(a)+ha)/Ta 1



Conductance

= L 1 bi Ah = — (hy — hy)
Xpansion in small bias
P AT =T, — T,
IS Ll 1L12 Al Divergent L11 Convergent Ly, Loy, Loy
— oy 8
IH L21L22 AT | _ Classical \f)'ljantum Cla;SijilT)
' d L /(AT?)
R K/(AT?)
Conductance: 4F,
L
A_ljl, — Fl(x)a IIIIIIIIIIIIIIIIIIIIIIIIIIII
T 3 20 25 30
A—? = A—;lz =2 F)(x) + x F,(x),
2 = 6 F5(x) + 4x F5(x) + x? F(x),
AT?
o0 d—1
)
x=hiT, h= +h)/2, T= (T +Ty)/2 Fx,=h,lIT,) L dw T
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How to experimentally determine conductances?

YS, Ominato, Tajima, Uchino, & Matsuo, arXiv:2312.04280
Following the scheme proposed for Fermi-gas cases [ETH: Brantut et al., Science (201 3)],

we can experimentally determine conductances L; by measuring

A. Near-equilibrium relaxation dynamics of AM(t) = M, (1) — My(t), AT(¢) = T; (t) — Tx(¢) b/w Fls from

a thermal initial state
Fit observed AM(¢), AT(¢) with Quasi-stationary model

AM(H AM(0)
( AT(t)) = A L)< AT(O))

- (U ) o (b )

(ah)T (a_T)h L21 L22

Thermodynamic quantities Conductances

h = [h (0) + hg(0)]/2 | | )
T = [T, (0) + To(0)]/2 Conductances is determined!!




Slowing down of magnetization relaxation

Extremely slow spin relaxation by critical behavior of magnon compressibility

Slow decay of AM(t) ~ exp(—t/ty,)
Spin relaxation time 1(? """" / """" ; K 1/\/ﬁ
0.85- .5 Ty ™ ~ > OO (h — + O)
Ty for AM = My, — My ol E Ly —logh

L, : Spin conductance

O 4'(I3ué m 0'4;
- 3: _ 0.2} AT
4; ().06—7‘7"."2.'. . 4 '."."."6".".".'% """"""" 1'4)
S 2 { Time t/7 Diverging magnon compressibility by criticality
% 1l f
&) 2 °, | K:(—) Nl/\/z_>00 (h—>+0)
0.0 ";"o'.s' 10 15 20 Cost g £ AT(s _ilz, oh J 1
*. Mean Zeeman field h/T 1?8 ecay o o (1) ~ e
" T B 5 Magnonic critical point = BEC transition point
f AT =7 — T o o’ _:
08 40 5 for magnons
A’ |
Temp. relaxation time gj ‘; h— +0 Hrmagnon = — 0
ey _ = Hossgnon
0 2 4 6 8 10

c.f. divergent x at BEC transition

Time t/7
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Relaxation dynamics

Fermi-gas cases [ETH: Brantut et al., Science (201 3)],
A. Near-equilibrium relaxation dynamics of AM(r) = M, (t) — My(¢), AT(r) = T; (t) — Tz(¢t) b/w Fls from

a thermal initial state
1. Close the channel and prepare thermal states with M, z(0), T; x(0)
2. At t =0, open the channel so that M, (?), T; x(¢) start time evolution

3. Observe AM(t) = My (t) — Mg(t) AT(t) = Ty (¢) — T(?) at time ¢

AM(O0) > 0, AT(0) =0 AT(0) > 0, AM(0) =
12 12 _
L0, L0} . AT(0) |
0.8} \ : 0.8 “.‘

0.6/ AM(¥) _f 0.6 ps”

04 AT AM(t

0.2} a ( ) : 0.2;— / ( ) _

e e s 0.0b e,
Time t/7 Time t/7

4. Fit obtained AM(r) and AT(¢r) with solutions of the quasi-stationary model

AMINYN (A AN ([ AMO)/
ATOIT)  \A;( Ary(®) ) \AT(0)/T(0)
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Quasi-stationary model

Fermi-gas cases [ETH: Brantut et al., Science (201 3)],

AM@DINN AMO)/. N
( AT(t)/T) =AML R) (AT(O)/T(O))

Matrix A(z; L, K) depend on conductances and thermodynamic quantities

[ (Lll le) e _ <(%_2h45)T (%%)h)

L21 L22 (8h)T (8_T h

AM@)/ NV
AT(t)/T

o d(—AM _ L (Is\ _ . (Lu L\ (Ah
Transport relation: & (TAS> = —2 (IH> = —2 <L21 Loo AT

Thermodynamic relation: (—AAéW) B ((%—%,%))Z ((:g )) > (Ah>

Because ( ) Is the solution of the following equations:




Form of A(z; L, K)

L+ a?

1 1 1
A f) = — e—t/T_ 4+ e—t/r+ + l e—t/T_ _ e—t/T+
Ay () Aps(D) 11/22(1) 2( ) 2 A — A ( )
A(t; L, K) = ,
A21(t) Azz(t) Ik r aK —t/t —t/t
_|_ —
2 2 2\ 2
7-:_=7-()/A:: /\i_%(ll L-;a):: aT %(1 L-:Ol) ’ 70_21,: 9 O = Oy — Qep
11




