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SPIN SEEBECK EFFECT

Spin heat
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TRANSVERSE SPIN SEEBECK EFFECT
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Two essential issues:
Does TSSE exist in FI (magnon)?

If it exists, why the spin current change sign?
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LOCAL THERMAL EQUILIBRIUM ‘s
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Temperature depends on current direction
S. Yukawa et al, J. Phys. Soc. Jpn. 78, 023002, 2009
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SPIN DYNAMICS IN FiI

€ Spin degree of freedom: Classical Heisenberg interaction

®Eliminating the phonon (photon/electron) degree of freedom: Markov
stochastic Landau-Lifshitz-Gilbert equation
O The bath dynamics is much faster than the spin dynamics (No works in

ultrafast dynamics) Stochastic LLG equation:

Sn = —8n X (Heft + Tn(t)) + a8 X S
Effective field:
Heg = J(gn—l—l + r§j:n,—1) + Dsig + H,

Fluctuation-dissipation theorem
(M ()17, (') = 20k T30:50n,n0(t — 1)
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LINEAR SPIN WAVE THEORY

€®Small-angle dynamics: s, = 2 + (s T + sY4) with |sm(’=‘-’)| <1
Y, = Sy + 18Y

& Dissipative-fluctuated Schrodinger equation: Temperature-induced field

(3 T Of)wn — J(wn—l—l =+ wn 1 — 2wn) (H + 2D)¢n + E

®Linear mode expansion:,, — ZPnk(,bk }
k 0, = ”?ﬁ T 3"’23’;

HU";Dn — J(¢n+1 + wn—l — 21%) — (Hﬂ. + 2D)¢n

P~ H, P = diag{—wy} (O,(1)0% () = 4k gTnbn wb(t — t')

€ Dynamics in mode space: Temperature-induced field




®Integrate from¢ to ¢t + 7, with 7. < 7 7y

t+7
Pt +7) = ¢k (t) + (i — @)wrpr(t)T — (i — @) / Ag(t1)dt
&®Magnon numbers at kth mode: ng = (¢5.(t)dw(t)) '

Mode temperature matrix:
€ Magnon number dynamics:

o, = —20wgny + dakpTy Tk = D PakParTy

®Initial condition:ng(t =0) =0 Diagonal term (Mode temperature)
2k Tk _
nEg = o (1 — € 2cm.=t) 779 — Z PrxPrrly
k
2kB Tk "

& At steady state, ng = -

Magnon energy v.s Mode temperature: Ex = wing/2 = kg7



Energy repartition Ei = wyni/2 = kpTx
@ At thermal equilibrium, 7T, =1}

Bose-Einstein distribution Rayleigh-Jeans distribution (high temperature limit)
ng(wg) = 2 2kpTy
— ni. —
PR exp(wi/(kTo) — 1) : W
D=J=1H, = D=J=e¢=1H, =en m <, = 10Vn
35 50 k5T, = 10 + 40 * (n/N)?
(a) = () m— /5T, = 10 + 40 * (n/N)
e e e e
= 20 55 30 N =128,a=10""*
T N e T RN Y
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Energy repartition

Real space:

Mode temperature: 7, = » (P,)’T,

Mode space:

T,
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NONLINEARITIES

Anisotropy-induced four-magnon interactions

(?; T O‘f)"/)n — J(wn—l—l + wn—l _ 2"/)1@) _ (Hn + 2D)"/)n + @n — D|"/)n|2"[)n

Mode number dynamics

ny, = —20wgng + 4akpTi —2D Y | IikykoksRel(a — 6) (06, 65, ks )]
k1 bk

Overlaps between modes Resonance condition K k‘g — k’l + kg

W+ W2 = W1 + w3
Tkt koks = E Pk Pk, Prko, Pk
T

N
ne = —2owrni + dakgTr — 4D« (Z np/N) Nk

p=1



RENORMALIZED DISPERSION
N

Ok =wk +2D Y ny/N

p=1

Recover energy repartition: N = 2k37;/£:7k
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YIG
Quantity Values
Gyromagnetic ratio + 1.76 x 10" rad/Ts
Gilbert damping o 10-*
Saturation magnetization 4w S 1.4 x 10° A/m
Exchange energy .J 20 K
T, = 300 KVn

T,, = 300 4+ 20(n/N) K
N=128 a=10"*



SPIN PUMPING

Spin pumping current(dc): Fluctuation current(dc):
i = ggé-ﬁ 3 @ jz _ léh 3§ % ,r—]*
St 4r \T"T di on T g \ T

z

Inverse spin Hall effect:

. Ze

Theory: Yaroslav Tserkovnyak, et al, Phys. Rev. B 66, 224403 (2002)
J. Foros, et al, Phys. Rev. Lett. 95, 016601 (2005)

Experiment: Urban R., et al, Phys. Rev. Lett. 87, 217204 (2001)
Heinrich, B., et al, J. Appl. Phys. 93, 7545 (2003)



NET SPIN CURRENT Mode temperature matrix:
7;:,19" — Z PPy

jz 20292#1:;1 Z P Pox kp (Tklkz _ Tn5k1k2)wk1wk2
n n
o kika 1 ’ a2(wk1 + wkz)Q + (wkl o wk2)2
Small damping (YIG)
Mode temperature: 7, = »"(P,)’T, -z _ theff Z k kJB T T )
Mode space:
7,
Local

Local or universal?
Depend on wave nature



DISORDER

(i + )by, = J(WYny1 + Y1 — 20) — (Hn + 2D)9, + O,

Inevitable material imperfection

;.HSYUSnICe:tSa;éEVIEW LETTERS 111, 106601, 2013 T
| | j: n — 2}1% Z(Pnk)sz(ﬁ o Tﬂ)
Modeling disorder &
H, +2D € [-W/2,W/2] To = 3 (Poi) T, = { T Extended
— n n — .
%% 1,, Localized
] ” R [ ~ n 17
} ”\ Jon )
—+n
j A
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E=w <KL

No TSSE signals

No extended spin wave

Linear TSSE signals

-1 = 2a
- w = 4da

in disordered 1D systems

£~ 96J%/W*

Fix L = 32w, scaling system by changing w

YIG
Values

Gyromagnetic ratio
Gilbert damping o
Saturation magnetization 475
Exchange energy J
Nonlinearity v
Mixing conductance g:;/A

x/w

24

1.76 x 10" rad/Ts
1074
1.4 x 10> A/m
20 K
0.02 K
3 x 10%2em™?

Pt contact
Values

Geometry [ x w X h

0.00037
1% 107% Qm
4 mm x 0.1 mm x 15 nm

TABLE II. Parameters for the YIG|Pt system.
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NON LI N EAR EFFECT Delocalization!!

Nonlinearity delocalizes localized spin waves < dw E < o< A > A

A. S. Pikovsky et al,
PHYSICS REVIEW LETTERS 100, 094101, 2008

| Localization Sub-diffuison Self-trapping
3
(Q
o <
@ I 5 E [ 3 I _ oo
c @ = o o+
= a E‘: = E
(d) - =

oy 3 ..-v-'YV — = 6 ¥
9 W,ﬂ-ﬂ:ﬁﬁm—ﬂy —0,0.01

=10
<21 ]

0| 4 AdAAA—AAAAAAAAYy = 10




... L L
CONCLUSION

» We propose the energy of magnon follows energy repartition.

» Based on energy repartition, we can define a mode temperature for magnon in NESS.

» Net spin current is related to the difference between mode temperature and local temperature.
» Disorders localize spin waves, and suppress the SSE.

» Moderate nonlinearity delocalize spin waves, and enhance the SSE.



