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Spintronics
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First report of
lateral organic spin valve

T. Kamiya et al. Phys. Rev. B 95 (2017) 085307



Organic Spin Valve

2004 Vardeny
Organic Spin Valve
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Weak spin-orbit interaction

Molecular design, light weight
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Problems of vertical devices?

Top electrode  —=> Interface #1

fabrication [@}

rough surface interdiffusion
* Bulk properties
Organic material |:>/ PRESS
defect & :mpurlt/es : Alq:’o
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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Outline

1. Single Molecular Spin Valve

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

3.NEGF-DFT and its applications

4. Organic Magetoresistance, OMAR



1. Single Molecular
Spin Valve



Single Molecular Electronics
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Tunneling Magnetoresistance (TMR)

- Tunneling electron through an insulator

- Spin polarization of electrodes determines
the MR ratio
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s T W I WY L
=+ }
or
Majority Density of States for Fe|MgQ|Fe Left Right
i A
% 105 | ]
2 00 ke e | MgO grysta_ll blocks d electron of
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W. H. Butler et al. Phys. Rev. B 63 (2001) 054416



Single Molecular TMR Devices
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@ Nickel O sulphur @ Carbon * Hydrogen

Rocha et al. Nat. Mater. 4 (2005) 335
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S. Sanvito Nat. Phys. 6 (2010) 562



Experimental Methods

STM tip Histogram

Conductance
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Break Junction (BJ) Method




Experimental Methods
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Experimental Methods
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Electrical break junction method, Scanning tunneling microscopy
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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

'\ 'S '\

Parallel

Anti-

or

Left Molecule Right



Tunneling Anisotropic MR (TAMR)
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2. Non-Equilibrium Green'’s
Function (NEGF) method



Atomic Orbial
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u =Ep+1/2 eV



u =Ep+1/2 eV



NEGF

Hermitian problem for an open infinite system

H=H +Hy+H+Hy+ ...

Non-Hermitian problem for a finite system

=l
| |
| |
L L

(ESLL B HLL _ZL(E) ESLC _HLC 0 Y
GCC (E) — ESTLC _ HTLC EScc o Hcc ESCR o HCR
\ 0 ESTRC_HTRC ESRR _HRR_ER(E)/

Heﬁ =H +ZL(E)+ZR(E)

2L(E) = (ESpc —Ho)V GLL(E)(ESLe — Hi)

% Surface Green'’s function



NEGF-SCF

“Lesser” Green’s function

Géc (E)= Gcc (E)Z<GEC (E) Keldysh-Kadanoff-Baym (KKB) Equation
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Integral Contour
M. Brandbyge et al. Phys. Rev. B 65(2002)165401
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Convergence of density matrix



NEGF
G = GO + GOZ (; Dyson Equation

r (E)=i(Z.(E)-Z(E))

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

G< — GZ< GT Keldysh-Kadanoff-Baym (KKB) Equation

T lesser self energy



3. NEGF-DFT and its
application



What we can obtain...

- Transmission Function
TEV,) :Tr[zi(E)Gzc(a—Zi(E)GéAE)]:T{rL (E %jGCC(E)rR (E —%jGEC(E)}

TMR ratio

The ratio of the transmission function with parallel/antiparallel magnetization

- Current voltage characteristics

I(Vb):%jdET(E,Vb)(f (E—p)-f(E-uy))

- Spin Transfer Torque _
with SMEAGOL

TAMR



Gold wire
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Au-BDT-Au
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NI-BDT-Ni
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Possibility of higher TMR

@
i'
@) Nickel O sulphur @ Carbon ® Hydrogen
40.0 = 600
20.0 o= 200
ENTIS )
- — P configuration
—20.0 — — - AP configuration

E-E; (eV)
Rocha et al. Nat. Mater. 4 (2005) 335



Thermoelectric device
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Molecular thermoelectric device

Cold "

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

Phonon scattering

Chemical modfication




Transmission, t(E)

Thermopower, S (uV/K)
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Electron or hole?

Calculation of T(E) from
conductance and thermopower
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Themopower (Seebeck Coefficient)
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Thermopower measurement

Ar Current
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Ni(111)-BDT-Ni(111)

SMEAGOL module (NEGF-DFT), LDA functional
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Ni(111)-BDT-Ni(111)

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

Transmission Coefficient

Ni(111)-Cq-Ni(111)
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How to improve S?
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2 T 0 i 2
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G. C. Solomon et al.
J. Chem. Phys. 129 (2008) 054701 Papadopoulos et al. PRB 74(2006)193306

Quantum Interference Fano Resonance



Singe Molecular QR
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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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Energy level diagram
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Wiedemann-Franz and ZT
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4. 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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Impedance spectroscopy
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Int. J. Nanotechnol.,
12, 238-247, 2015
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OMAR results:

-V characteristics:

OMAR results
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OMAR results

(b) 0-6T *2wt% Pen TS 0-6T ~5wi% Pen

0.0 ' | 0.0 ) ) T

01 " 0.1 -
S 02 ' i = 02 Il T . ITO
O oale j S 03y ' { b "-;;'I;
E.M."'l"' n" "".l- EM#&'--,?-” ¥ .

041 ,tu'..' H w _0:5_ n.r J'.- ;.q. F"ﬂ'

1 Aa mm‘hnnlc . Aq mechan‘}sm

SR T A e . S
B (mT) B(mT)

Different environment

Bt Bt
Ag#0

Spin precession out of phase. Cause an
effect opposite to the effect at low field.

Bobbert et al., PRB 84 (075204) 2011

a-6T only

HOMO a6T

a-6T + low Pen concentration

HOMO Pen

HOMO a6T

a-6T + high Pen concentration

ITO

ITO

HOMO Pen

HOMO a6T

Pen only

HOMO Pen



Summary
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The mechanism is identified.

Song-Toan Pham, Marine Fayolle, Tatsuhiko Ohto, Hirokazu Tada
Appl. Phys. Lett. 111, 203303 (2017)



Perspective
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Summary

Theoretical design of molecular spin valve

NEGF-DFT and its application to
spintronics and thermoelectronics

Single Molecular Magnet
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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