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Charge and spin-dependent Seebeck effect
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... In bulk and tunnel junctions
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Spin-scattering mechanisms

Elliott-Yafet process: femtosecond demagnetization and FMR

1 - W~ ne_(EF)Cznh_(EF)

Spin mixing:

C~ ’/so /DEexch Spin-orbit interaction

Spin polarization:

R. J. Elliott, Phys. Rev. 96 (1954).
Fs pump-probe: G. M. Miller et al., Nature Mater. 8, 56 (2009)
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Spin-scattering mechanisms

Elliott-Yafet process: femtosecond demagnetization and FMR
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R. J. Elliott, Phys. Rev. 96 (1954).

W~ ne_(EF)Cznh_(EF)

Spin mixing:
c~ Vs /DEexch Spin-orbit interaction

Spin polarization P dependent
relaxation

For P®1 :

» Spin-flip processes are prohibited

» Electron and spin system are
isolated

Fs pump-probe: G. M. Mlller et al., Nature Mater. 8, 56 (2009)
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Spin-scattering mechanisms

Test of the effect of the
coupling parameter:

* Gel-sp electrons (T,) lattice (T,)
e 2Nd: suppression of the
spin scattering ‘ tel—lat
)
Coupling parameters \

¢ gel-lat > gsp -lat > gel-sp \ /

g Lo

spins (T)
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Spin relaxation in half metals

Three temperature model: half metal

electrons (T,) lattice (T,)

spins (T,)

Dq, . [arb. units]

» Spin-flip processes are prohibited
» Electron and spin system are
isolated

G. M. Muller et al., Nature Mater. 8, 56 (2009)
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Spin relaxation in half metals

CrO,

CoFeSb*

ConnSi/MgO ConnGei .‘:
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Collaboration with: Bielefeld University and Hitachi GST



Magneto-Seebeck effect?

“Conventional” Seebeck effect: Voltage
generation due to a temperature gradient
In the material:

DV =SDT

In a magnetic tunnel junction depence on
magnetization orientation:

— Sp ~ Spp
¥ min(Sp,Sap)

“Magneto-Seebeck effect”

Magnetic tunnel junction

High magneto-Seebeck effect

Low magneto-Seebeck effect

<
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Outline

e Introduction into coherent tunneling
 Magneto-Seebeck experiment:

*Experimental setup

«Simulations of the temperature gradients
*Ab Initio calculations

Comparison to the experiment
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Outline

e Introduction into coherent tunneling



Giant tunneling magnetoresistance

Parallel magnetization Antiparallel magnetization
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Resistance change is tunneling R, - R

magnetoresistance (TMR): R,
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Giant tunneling magnetoresistance

Experimentaly achieved TMR

MR ratio at RT (%)
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S. Yuasa und D. D. Djayaprawira, J. Phys. D: Appl. Phys. 40, R337-R354 (2007)



Giant tunneling magnetoresistance

Difference between Al,O, and MgO batrriers

Fe(001)

« Transmission probability » Transmission probability
is the same for different changes for different
electronic bands electronic bands

S. Yuasa und D. D. Djayaprawira, J. Phys. D: Appl. Phys. 40, R337-R354 (2007)
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Giant tunneling magnetoresistance

Fe|MgO|Fe coherent tunneling

Fe(majority) Density of States for Fe(majority)|MgO|Fe(minority) Fe (minority)
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Heiliger et al. 6000-8800%  900-2000%
Mathon, Umerski 1200%

Butler et al. 6000% 13000% 34000%
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How thin can we get?

MgO (6nm)

MaO substrate
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MgO(100)
Fe(100)
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Fe(0-11)

MgO(001)
Fe(011)
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Sample annealed 400°

Atomic structure — columnar growth
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In collaboration with: M. Seibt U Gottingen
A. Thomas, G. Reiss U Bielefeld
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Giant tunneling magnetoresistance

Parallel magnetization
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Appl. Phys. Lett. 95, 232119 (2009)
J. Appl. Phys. 105, 073701 (2009)
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Magneto-Seebeck experiment:



Magneto-Seebeck effect

Semiconductor

E Seebeck effect
A S=AV/AT

n(E)

Semiconductors have a large Seebeck effect

Orgin is the
e Large asymmetrie of the electrons at
around the Fermi energy

Conduction
« Determined by the density of states n(E)

l‘."2

g = 7

/ T(E)(~0uf (E. u.T))dE



Magneto-Seebeck effect

Semiconductor

E

A

Seebeck effect

DV =3DT

(E - m)n(E)DE

Geometric center
>

n(E)

Semiconductors have a large Seebeck effect

Orgin is the
e Large asymmetrie of the electrons at
around the Fermi energy

Conduction
« Determined by the density of states n(E)

Seebeck coefficient S

« Determined by density of states
* weigthed by (E-m)
» times derivative d (E)

—~

_.f’f(b')(ﬁf — ) (=0pf(E,u,T))dE
T [T (=g (1, i, T dE




Magneto-Seebeck effect

Tunnel junction For tunnel junctions:

Conduction
» Determined by the transmission T(E)
 High TMR

M. Walter et al. Nature. Mater. 10, 742 (2011).
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Magneto-Seebeck effect

Tunnel junction

(E - m)T (E)DE
- /M

Geometric center

>

T, (E)

For tunnel junctions:

Conduction
» Determined by the transmission T(E)

Seebeck coefficient
» Determined transmission T(E)
» weigthed by (E-m)

e times derivative di(E)

dE

Definition of the magneto-Seebeck effect

Sp — Sap
min(Sp, Sap)

Sms =

Tap (E)

M. Walter et al. Nature. Mater. 10, 742 (2011).
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 Magneto-Seebeck experiment:

*Experimental setup
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Experimental setup

Laser diode
B=+/-80 mT |

5-100 mW

oo arey Y
AR R B R ERER R
%NS

AR R R R B et
R R b e
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AARARRRD

Chopper
(frequency 0.8, 1.5 3 kHz)

Camera

Lmm

« Toptica stabilized laser diode (784 nm)
* Most experiments: 30 m\W laser power
* Modulation 800 Hz, 1.5 kHz, and 3 kHz



Experimental setup

Laser diode
B=+/-80 mT 5-100 mW

t
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e
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T
e S

Chopper
(frequency 0.8, 1.5 3 kHz)

Junction array ~ Au bond pad Camera

 Focusl5-20 um diameter
e High input impedance (100 GQ) (LT1113 Linear Technology)
 Resistance change <1 nV



EXp

erimental setup

Laser diode
5-50 mW

| AAAAA
tpl s
/—°_'—7‘¢ Seebeck effect:

DVP,AP = SP,APDT

Kkkkk: NT
/_}ﬁ}‘_ o Magneto -Seebeck effect:

Sp — Sap
min(Sp, SAP)

Sms =
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Modulation chopper and laser intensity

Experimental setup

Seebeck voltage
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Magneto-Seebeck effect

Magneto-Seebeck effect: -8.8%

Sms =

Spp
+

Sp — Sap

min(Sp, Sap)
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Seebeck voltage 0.45 mV, DS=-8.7 mV/K
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—2|0 | (IJ I 2|0
Magnetic field [mT]
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Magneto-Seebeck experiment:

«Simulations of the temperature gradients



COMSOL finite element modeling

Au contact

e COMSOL uses finite elements methods
» Solving of heat conduction equation

T =~ ~
GCﬂ_ =N*«(KNT)+Q
it
. Au contact . .
g - a8
450 N Ta contact - F 296
,g. N 293
=300 L

-40 -20 0 20 40



COMSOL finite element modeling

Device structure by HRTEM

Temperature gradients: 1 to 50 mK

650

29318
Au contact l
29317
600 Il

'E' 293.16

= TIK]

N 550

500

-1000

1000

-1000



COMSOL finite element modeling

COMSOL uses finite elements methods
solving of heat conduction equation

rc E:I§I><(kI§IT)+Q

pﬂt

3d or 2d cylindrical model

Material K [W/(m-K)]
Ta 57

Ru 117

Au 320

Cr 94

MgO 4 (48)

SiO, 1.4

Co,oFegBag 87




COMSOL finite element modeling

0 :
Au Cr Cr Au
50} / Au B
i Cr SiO
= -100| i T S -
£ U'NMgO CoFeB Ry|Ta
N\ BN
N 18—
-200! SiO,
655?
-1500 -1000 -500 0 500 1000

1500
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COMSOL finite element modeling

Cross section of the finite element model

650 AU contact

900

-1000 0 1000

Temperature gradients: 1 to 50 mK

S =DV/DT

200

-1000 0 1000
X [nm]



COMSOL finite element modeling

650 AU contact

I 293.18

29317
600
e 293.16
A= TIK]
N 550
500
-1000 0 1000 -1000 0 1000
X [nm] x [nm]
329.37 A OCOOCTOITUO00
Z 32934
~ 53mK
320.31} i
32028f Ta CoFe 2 Co-Fe _ Ta
500 504 508 512 516 520

Layer position [nm]

M. Walter et al. Nature. Mater. 10, 742 (2011).

326.85
326.81

326.75
326.70
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*Ab Initio calculations

Comparison to the experiment



Magneto-Seebeck effect

For tunnel junctions:

Conduction

2
9= 5 [ T(E)=08S (E.u T)E

m S (parallel)
8ol ¢ S(antiparallel)

Seebeck coefficient

200 400 600 800
g 0 e o ST = (=0 (0, 1))
% 200 el [T(E)(=0pf(E, ., T))dE
o] |
8 100
g 4 Definition of the magneto-Seebeck effect
c
c2%)-100- SMS _ Sp — SAP
200 400 600 800 min(Sp, Sap)

Temperature [K]

Calculations by C. Heiliger U Giel3en



Magneto-Seebeck effect

Device structure by HRTEM

Seebeck voltage 0.45 mV, DS=-8.7 mV/K

Sp [MV/K] Sap [MV/K] Sp - Sap Sws [%]
[MV/K]

CoFe -19.7 -32.4 12.7 64.1
FeCo 45.9 -50.0 95.9 209.0
CFFC 9.4 -44.6 54.0 573.2
CogsFegs -34.0 -21.9 -12.1 -55.2
Experimental -107.9 (-1300) -99.2 (-1195) -8.7 (-105) -8.8 (-8.8)
value

M. Walter et al. Nature. Mater. 10, 742 (2011).



Magneto-Seebeck effect

Seebeck voltage [mV]

30 mwW

.32 - - -

-304 20 mwW
195 T
-18.0] T U
-16.51 ——10mwW
-10_5—-W

-9.0—: — 5 MW
40 20 0 20 40
mH [mT]

Higher T and gradient expected for higher
laser powers
» nonlinear behavior DV = S(T)DT

I I ' I I
-404 -
2
S
& -30- -
S
A 4
(&)
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8 -204 -
3 o AP
m P
- — ,—— model
-10 _

10 20 30 40
Pump fluence [mW]

M. Walter et al. Nature. Mater. 10, 742 (2011).



Monitor Out (uV)

Hig

N fluence data: femtosecond laser
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High fluence data: femtosecond laser

T I - BH— T m T
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sLarge temperature gradinets are achievable: 10K per nanometer



Magneto-Seebeck effect

Sign change as predicted:

Seebeck voltage [mV]

T

| 150 MW T=475K

120 mw

T=440 K

~90 MW  T=400K

— G0 MW T=365K
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_ |
20 0 20 40

m,H [mT]
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40 O laser dipde I ]
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=
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Magneto-Seebeck effect [%0]

B0 400 450
Temperature [K]

T
300 500

M. Walter et al. Nature. Mater. 10, 742 (2011).



Summary

 Magneto-Seebeck experiment:
*Experimental verification
«Simulations of the temperature gradients
*Switching of Seebeck coefficients demonstrated
*Ab Initio calculations

Typical features are reproduced by the experiment



Increasing temporal resolution

Seebeck voltage
autocorrelation:

« Femtosecond laser 0398 o )
excitation (40 fs temporal  -53.60+
resolution) -53.62 i
 Delay tin between the 03647
pulses S 53664
§ -53.68 -
* Probes non-linearity of the 1
Seebeck voltage ]
-53.72 -
« ~80 ps time scale is the -53.74 - —O~— Experimental Data
. ] === Double exponential fit .
expected timescale when  g5,61
the maximum temperature 600  -400  -200 0 200 400 600
difference is reached At (ps)

(from simulation)



