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Drive spin currents with heat instead of charge

e In “picosecond spin caloritronics”, we inject spin
current using heat transport and detect spin
optically, all on picosecond time scales.

Choi et al., Nature Physics (2015)



Picosecond time-scales enable enormous heat

currents (unit of time in the denominator)

e Conventional heat currents, e.g., heat diffusion
equation, Fourier’s law in steady-state governed by

thermal conductivity A

Jo =—AVT AocWm?tK?

e Interface thermal conductance G, AT=temperature
across an interface

Jo =GAT GocWm* K™

e Volumetric heat currents exchanged between
excitation, e.g., two-temperature model of electrons
and magnons

jQ = Uen (Te _Tm) Jem € W m-3 K-l



e 2 Layers AU/YIG

— Measure time-resolved spin accumulation in a
rapidly heated normal metal by magneto-optic
Kerr effect (MOKE)

— Source of spin is the interfacial spin-Seebeck
effect

e 3 Layers Pt/[Co,Pt]/Cu

— Measure time-resolved spin accumulation in a
normal metal by MOKE

— Dominant source of spin accumulation is
thermally-driven demagnetization

e 4 Layers Pt/[Co,Pt]/Cu/CoFeB
— Measure magnetization dynamics by MOKE

— Additional spin transfer torque coming from the
spin-dependent Seebeck effect



Detect spin accumulation and magnetization dynamics by

time-resolved magneto-optic Kerr effect (TR-MOKE)
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Thermal circuit for picosecond spin Seebeck effect

GGG YIG
substrate




Difficult to directly compare the volume and interface

thermal conductances (different units)

e At room temperature
— electron-phonon coupling in Cu

Jep # 8x1016 W m=—3 K1

— magnon-phonon coupling in a cuprate spin ladder
Jem = 5x10° W m=3 Kt

— phonon-phonon interface conductance
G,, ~200 MW m? K

— tentative estimate from our data

G, ~ (108 Am? K'l)(kBeT

)~2 MW m* K™



First solve the heat problem

Solve two-temperature model in Cu and couple to phonons
In YIG through an interface thermal conductance.
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Kimling et al., arXiv:1608.00702



Then solve the spin diffusion problem using the spin-
Seebeck effect as a boundary condition at the Cu/YIG
Interface

[’\ Spin relaxation time
Fit parameter



Measure spin accumulation in Cu or Au by the polar

Kerr effect and convert to magnetization using a
previously determined calibration
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Kimling et al., arXiv:1608.00702



Long time decay of signal is consistent with signal

proportional to interface AT

At t=3 ps, (To-To)=(Tey-Tyie)
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Need better systematic control of the metal/YIG

Interface. Some tentative conclusions from 6 samples

o—10%8 A m—=2 K1
e o Independent of YIG thickness
e o Independent of metal thickness

e o larger for Cu/YIG than for Au/YIG

e in-situ deposited Au has higher o than ex-situ

Sample I ~ Sample I Sample III  Sample IV~ Sample V' Sample VI

NM Au Au Cu Au Au Cu
hant (nm) 60 60 45 103 29 35
hyic (nm) 20 100 17 50 51 17
o (108 A m™? K_l) 0.8440.12 0.66+£0.29 3.024+1.05 0.2940.11 0.3040.05 2.3240.24
)

1.14+0.13  0.99£0.26 3.794+0.85  2.67+=091 1.74+0.29 2.52+0.27



3 layer metal structure: Place a perpendicular
metallic ferromagnet layer between a Pt heater and a

Cu heat sink

Pt
(20 nm)

FM1 Co/Pt or Co/Ni
(3 nm)

Cu
(100 nm)




Two mechanisms for thermally-driven spin

generation

Ultrafast demagnetization Spin-dependent Seebeck effect

FM

First approximation: treat as

e = dM an interface spin source
g = ——
dt ( Us )
Ge=—(—=]S
S o1T) >0

Choi, et al. Nature Commun. 5, 4334 (2014) Slachter, et al. Nature Phys. 6, 879 (2010)
Choi, et al. Nature Phys. 11, 576 (2015)



FM layer thickness is actually comparable to the spin

diffusion length (particularly for Co/Ni) drop the
boundary condition approximation

spin Seebeck coefficient Ss = S5t — 5]
- S 2040 I — () o1
spin current = Ty T 50 _]
P TN e(or+0y) { 0z e55 0z |

spin chemical oG —¢) ,[*G-¢) T __ G-
potential ot 022 Y022 ]

- Notes J=J++73.=0

— Zero charge current is a good approximation

— These equations assume the same T for both spin
populations. Will return to this point later...

— Choi et al. (2015) used a different definition of Sq

Kimling, et al. (submitted)



Measure M(t) of FM1 by TR-MOKE
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Measure temperatures of Pt and Cu by time domain

thermoreflectance (TDTR) and use data to refine
thermal model for electron and phonon temperatures
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Measure spin accumulation in Cu by TR-MOKE and

compare to spin diffusion model

e Three fitting parameters for each
sample.

1. spin relaxation time in FM1
2. Sgq

3. coefficient relating Kerr

rotation and spin accumulation
(10 nrad A1 m)

A8, (107 rad)
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t (ps)

Choi et al. Nature Physics (2015); Kimling et al. (submitted)



4-layer structure: Thermal spin-transfer torgue

Pt (20)/ [Co/Pt] or [Co/Ni] (3)/ Cu (100)/ CoFeB (2) (nm)

Gs < Ss Jo for ~100 ps

?.. B

gs=-dM/dt for ~3 ps

Choi, et al. Nature Physics (2015)
Kimling, et al. (submitted)



Model spin current (FM2 is a perfect sink of spin) and

magnetization dynamics created by the spin transfer
torque. Compare to experiment

Om om  pug(jy —J
ﬁz—[’eﬂomXHeﬁ""aﬂGmx 5‘1& + (ej){[sh ‘L)mX(mxez)
103E — 1 : : : :

[Co/Ni|

058}

|jy =jy) (107 Am™)

0 100 200 300 400
t(ps)

Choi, et al. Nature Physics (2015), Kimling, et al. (submitted)



Two free parameters: spin relaxation time t, and

spin-dependent Seebeck coefficient S

Nat. Phys (2015)

Pt/FM1/Cu
Cu spin accumulation

Pt/FM1/Cu/FM2
FM2 precession

Fitting [Co/Pt] [Co/Ni]
parameter

s (fS) 20 100
Sq (LV/K) 12 24
Fitting [Co/Pt] [Co/Ni]
parameter

s (fS) 22 108
Sq (LV/K) 22 25
Fitting [Co/Pt] [Co/Ni]
parameter

s (1S) 19 140
Sq (LV/K) 19 25




Assumption of equal temperatures for up and down

spin channels is probably not a valid approximation

spin current Jr— Il = (01 + o)) (_ST O~ + 5, 3;

assume W-F law holds =g = 2(A1S1qp — AyStar)
for both channel (A + Ay LT

Rewrite in terms of asymmetry parameters 3 for material
properties (Seebeck S and thermal conductivity A)
and instantaneous heat current q.

Bs = (5t — 5) /(5 + 5))

S
s [(BaBs = 1), + (B = s)

=

Kimling et al. (submitted)



Complicated phase space of material parameters.

Take home message iIs that spin heat accumulation
can help generate larger spin currents

Precession amplitude increases with 7— ( . )dt
the time integral of spin current o Jr—

1

0.5 Contours of constant |

in units (A s m-2)




e Picosecond second time-scale isolates the interface
contribution to spin Seebeck effect at normal-
metal/ferromagnetic-insulator interfaces.

— Order of magnitude of the coefficient is consistent with
theory and prior measurements of spin mixing
conductance.

e |In metallic structures, ultrafast demagnetization and spin-
dependent Seebeck Sg are of similar absolute magnitude.

— For [Co,Ni] the two mechanisms reinforce each other
and produce a 1% tilting of the magnetization in spin-
valve structure.

e S coefficient can be measured accurately.

— Difficult, however, to relate to microscope parameters
that describe the Seebeck coefficients and thermal
conductivities of the spin-up and spin-down channels (if
the two channels are indeed not at the same
temperature).
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