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 The magnetic Seebeck effect (insulator)

* Heat-driven spin current in spin valves (metals)
— switching in spin valves

— linear response of spin valves to heat-driven spin currents



A magnetic Seebeck effect
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Thermostatics and Thermodynamics
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Sylvain D. Brechet Irreversible thermodynamics of magnetic dipoles



Relationships between currents and
generalized forces

 Lehman effect
* Debye relaxation of electric dipoles

* Landau-Lifshitz with damping

* Coupling current of magnetic dipoles
and magnetization

* Coupling heat current of metals and
magnetization



Irreversible thermodynamics of electron continua

Linear relation : (Eur. Phys. J. B 86, 318 (2013))

0 j.,=Les (- VT)4+Llee (—-Vu—eVV+mVB)

Material : YIG (insulator)

j.=0 (no electronic transport)

e VV =0 (nocharge accumulation)

o Viu=20 (uniform spatial distribution)

o

Stationary state :

o MVB=AnkgV T where M =nm and ) >0

Sylvain D. Brechet - EPFL Magnetic Seebeck Effect



Magnetic Seebeck Effect (Iﬂ

Bulk identity :

e MVB =)y xB where jy =V XM

Magnetic Seebeck effect |

e B=eyxVT where €M:—)\nkB(VXM)_1

A\

Sylvain D. Brechet - EPFL Magnetic Seebeck Effect



Linear response (to RF excitation field)

Linearisation :

® Bext =Bo+b

o M=Ms+m where m< Mg

@ Mkx,y = Xkx.y by
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Sylvain D. Brechet - EPFL Magnetic Seebeck Effect



Theoretical prediction __ iy
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Magnetisation waves propagation (YIG) :
@ Magnetostatic backward volume modes
e Cold to Hot : negative thermal damping (k1 - k™! < 0)

e Hot to Cold : positive thermal damping (k- k™! > 0)

Cold to Hot
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Hot to Cold
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Sylvain D. Brechet - EPFL Magnetic Seebeck Effect



Time resolved FMR with temperature gradient

Crystal
detector
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RF pulse

generator Amplifier

Antennae Oscilloscope

Peltier
element

- YIG : 50 micron thick, on sapphire substrate, 7 mm long
- two Peltier elements, on heat-sinking block



ot

Hlot to Colld

Cold to

80

~
%)
=
p—
QO
=
-

60




| —k, k' <0

20~ —k, k' >0
|
1.5- | h RN
L ”
1.0
0.5 -W&M\”
7l4 | 7I6 | 7I8 | 8IO | 8I2 | 8I4

B, (mT)

Signal detected 70 ns after a 15 ns pulse at 4 GHz.

86



CW studies

Local probe

YIG:

50 micron thick

on sapphire substrate, 7 mm long
two Peltier elements
heat-sinking block

Elisa Papa
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Heat-driven spin currents in
metallic
spin valves



Three-current model
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Bulk spin current in metal at zero charge current : jp — —0-(77 — ,B) E VT

L. Gravier et al, PRB 2006

S. BreChet, J.-Ph. A, phyS Stat. Solidi 2010 Also Sachter et al-’ Nat. Phys 2010



week ending

PRL 104, 146601 (2010) PHYSICAL REVIEW LETTERS 9 APRIL 2010

Evidence for Thermal Spin-Transfer Torque

Haiming Yu,l’2 S. Granville,! D.P. Yu,2 and J.-Ph. Ansermet'
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“State Key Laboratory for Mesoscopic Physics, School of Physics, Peking University, Beijing 100871, People’s Republic of China
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Joule heating spin valves in a nanowire
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Heat current (not temperature)
changes the switching field
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NB : reversible, no minor loop in field
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Heat-current and charge-current

driven spin torques compared :
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Independent check : peak height vs. |,
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Heat-driven spin current
in metallic spin valves :
Linear response



Co/Cu spin valves
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Temperature gradient about 10* K/cm

Gravier 2004
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Other experiments on magnetization
dynamics under heat current
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M. Hatami, G.E.W. Bauer, Q. Zhang, P.J. Kelly,
Phys. Rev. Lett. 99, 066603 (2007)
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Thermally driven spin injection from a
ferromagnet into a non-magnetic metal

A.Slachter™, F. L. Bakker, J-P. Adam and B. J. van Wees
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IEEE TRANSACTIONS ON MAGNETICS, VOL. 48, NO. 6, JUNE 2012

Magnonic Spin-Transfer Torque MRAM With Low Power, High Speed,
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and Error-Free Switching

Niladri N. Mojumder!-?, David W. Abraham', Kaushik Roy?, and D. C. Worledge'
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Joule Heating and Spin-Transfer Torque Investigated on the Atomic Scale
Using a Spin-Polarized Scanning Tunneling Microscope

S. Krause,™ G. Herzog, A. Schlenhoff, A. Sonntag, and R. Wiesendanger
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PHYSICAL REVIEW B 87, 184401 (2013)

Controlling the relaxation of propagating spin waves in yttrium iron garnet/Pt bilayers
with thermal gradients

R. O. Cunha, E. Padrén-Hernandez, A. Azevedo, and S. M. Rezende”
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H and grad T are perpendicular :
-no Pt :no effect (ok with our experiment)
- with Pt : damping depends on the sign of the gradient



Magnetization dynamics
under heat current

Thermodynamics with P and M as state fields

Magnetic Seebeck effect :

out-of-phase B field induced by temperature gradient
when M out of equilibrium

Heat-driven spin currents in metals :
— Switching assisted by heat-driven spin current

— AC voltage due to AC heat-driven spin torque
when DC current is applied






