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Spintronics
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Why organic?
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Outline

1.0rganic Thin Film Spin Valve
2.Single Molecular Spin Valve

3. Introduction of Non-equilibrium Green’s
Function (NEGF) method

4. NEGF-DFT and its applications

5. Organic Magetoresistance, OMAR



1. Organic Thin Film
Spin Valve
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Problems of vertical devices?

Top electrode  =——=)> Interface #1

fabrication [@

rough surface interdiffusion
> Bulk properties
Organic material |:>/ L PRI
defect & lmpurmes . AIQ3
Interface #2

Bottom La, ¢,Sr, ;,MnO,
electrode fabrication LSMO electrode
o

D. Sun et al., Chem. Commun., 50, 1781 (2014).

Can we inject spin into organic materials?
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Lateral Organic Spin Valve
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Spin-pumping

Applied field wH

End-on view

In @ microwave field

Perspective view

The spin diffusion length is more than 1 pm

S.-J. Wang et al. Nat. Electron. 2 (2019) 98



2. Single Molecular
Spin Valve
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Tunneling Magnetoresistance (TMR)

- Tunneling electron through an insulator

- Spin polarization of electrodes determines
the MR ratio
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Slngle Molecular TMR Dewces
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Experimental Methods

STM tip Histogram
Conductance

z ye

= U & 2¢2h—1 Go

O b Atomic contact
| < Molecular
N Conductance

Tlp dlsplacement Occurrence

Break Junction (BJ) Method




Experimental Methods
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Experimental Methods

SiO, (100 nm)
p*-Si (Gate)

200 nm
o 1.0 -0.5 0.0 0.5 1.0
U (V)
Electrical break junction method, Scanning tunneling microscopy
Cgo/Ni (STM), Cg,/Cr(001)

K. Yoshida et al. Nano Lett. 13 (2013) 481 S. L. Kawahara et al. Nano Lett. 12 (2012) 4558



Theoretical Design of Molecular Spin Valve

- Origin of magnetoresistance

-TMR

- TAMR

Molecular structure

- Spin filter effect
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Tunneling Anisotropic MR (TAMR)
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3. Non-Equilibrium Green’s
Function (NEGF) method



Atomic Orbial
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Scattering Region

U =Eg+1/2¢eV Ur = Er-1/2 eV



Scattering Region

U =Eg+1/2¢eV Ur = Er-1/2 eV



GCC(E) —

NEGF

Hermitian problem for an open infinite system

H=H +Hy+H,+Hy*...

Non-Hermitian problem for a finite system

H=H +5,+5
/ESLL B HLL B ZL (E) ESLc B HLc 0 Y
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0 ESTRC —HTRC ESpp —Hpr — X (E))

H, =H+X,(E)+X,(E)

2, (E) = (ESpc —Hio)V GLL(E)(ESLc — Hye)

% Surface Green’s function



NEGF-SCF

“Lesser” Green’s function

G:.(E)=G .(E)X°G! .(E) Keldysh-Kadanoff-Baym (KKB) Equation
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NEGF
G — GO + GOZ G Dyson Equation

I, (E)=i(X,(E)-Zi(E))

We can add any interactions through X
X1 r" " -left/right electrodes X._p, - - -electron-phonon interaction

G< = GYX<GT Keldysh-Kadanoff-Baym (KKB) Equation

T lesser self energy



4. NEGF-DFT and its
application



What we can obtain...

 Transmission Function
> > < V V
T(EV,)=Tr| Z,(E)Go(E)~ X (B)Gic (E)]=T{FL (E + gbchc (B)T, [E - ijzc (E)}

TMR ratio

The ratio of the transmission function with parallel/antiparallel magnetization

- Current voltage characteristics

10,) =~ [dETEV) (£ (E-p,)~ 1 (E - )

-Spin Transfer Torque .
with SMEAGOL

-TAMR
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Au-BDT-Au
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Possibility of higher TMR
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Thermoelectric device
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Molecular thermoelectric device

Cold {
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K

o: Electrical conductance
S :Seebeck coefficient
K : Thermal conductance

Phonon scattering

Chemical modfication




Transmission, t(E)

Thermopower, S (1V/K)
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Reddy et al, Science 315(2007) 1568
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Energy, E (eV)

opower (Seebeck Coefficient)

o _ ﬂzkéT(éln T(E))

3e oF

Gradient of the contantance

Electron or hole?

Calculation of T(E) from
conductance and thermopower



Thermopower measurement
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Thermopower measurement
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Ni(111)-BDT-Ni(111)

SMEAGOL module (NEGF-DFT), LDA functional
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per spin
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Transmission

How to improve S?
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Singe Molecular QR

Conductance histogram measured using STM BJ
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Long range transport wire
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Resonant tunneling? MO level is close to the Fermi level

High S is expected
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Transport calculations
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Energy level diagram
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Seebeck measurement

Seebeck Effect
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5. Organic Magnetoresistance



Organic magnetoresistance
(OMAR)
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Theory: Single vs. Double carriers

bipolaron
model exciton
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Theory: Single vs. Double carriers

Single carriers
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Theory: Single vs.

Single carriers

Bipolarons
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B decreases the number of bipolarons

short long
\MC(%) AMC(%)
0 \ o -
‘l' Il \‘ ,/’
VAN
_ L
5 BmnH 0 BmT)
+MC

Double carriers

Double carriers

Excitons and e/h pairs

6 4

B changes the singlet/triplet ratio

Singlet: Triplet:
recombination Reaction with charge
MC(%)

C I
e

0 B(mT)

+MC or -MC *+MC or-MC
with HFE




Impedance spectroscopy
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Int. J. Nanotechnol.,
12, 238-247, 2015
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Capacitance results
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Pentacene (Pen)
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|-\ chracteristics
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Summary
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The mechanism is identified.
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Perspective
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Summary

* Theoretical design of molecular spin valve

« NEGF-DFT and its application to
spintronics and thermoelectronics

« OMAR and its mechanisms



Surface Green’s Function

Recursive Method M. P. Lopez Sancho et al. J. Phys. F 14(1984)1205
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Surface Green’s Function

Tight Binding Layer (TBL) Method S. Sanvito et al. Phys. Rev. B 59(1999)11936
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