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|. Pedagogical part:
Basic transport theory
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ITransport in the scattering picture XIT

Equilibrium vs. nonequilibrium

g
Equilibrium

Lumo: ¢y,
Homo: ey
level broadening I'y

electrochemical potential:  pu

S temperature: T
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|Transport in the scattering picture IT
Equilibrium vs. nonequilibrium

-
Equilibrium

~

-
Non-Equilibrium

\

g HELMHOLTZ r
l—

I GEMEINSCHAFT

Lumo: ¢y,
Homo: ey
level broadening I'y left /right electrochemical potential: pz ®
left /right temperature: T, r
electrochemical potential: p
S temperature: T U D
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|Attaching reservoirs to nanosystemXIT
Green’s function formalism

bare Green's function (of M):

G(x,x';t—t)
G (EB)

(x|G(t —t")x)
B — H
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|Attaching reservoirs to nanosystemXIT
Green’s function formalism

bare Green's function (of M): dressed Green's function (of M):
o 00 900
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|Attaching reservoirs to nanosystemXIT
Green’s function formalism

bare Green's function (of M): dressed Green's function (of M):
e i To—
0@ 900
~— N~
-1 _ ~-1 B
Gx,xit—1) = (x|G(t—)[x) G =OM LR
—1 _
GJ (E) = F - H,a\/i Zx ij = Z ‘,,,(Jx VI’ /1/
L.vp
1 i
Hese = Hpq + 5 Y (Ix+ )
X=R.L
leakage rates:
My = —(zx 1), X =R, L
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| Intuitive meaning AT
Charge exchange and lifetime effects o

H_>Heff=H+%(>:+z’f)

acceptor molecule: |

donor molecule:

Forschungszentrum Karisruhe
in der Heimholtz-Gemeinschaft

N
@ |

Thursday, November 4, 2010



| Intuitive meaning QAT
Charge exchange and lifetime effects

- 7 N
- l=F- (N
H — Hegr = H+ - (X + ) G E — Hefr + - (TL + TR)
acceptor molecule: Initial state.
donor molecule: charge leakage:
Y
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| Formalism with Green’s function IT
Connecting scattering approach with NEGFs

scattering states:

e electrode: quantum num-
bers |v >= |kn), e, (k)

L
I = / dE Z'tnn'(E)lQ

HR n.n'

L
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/uR "Lt (” )
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| Formalism with Green’s function IT
Connecting scattering approach with NEGFs

scattering states: Green’'s function formulation:

e electrode: quantum num- _ - , 2__ el
bers |v >= |kn), en (k) Q(E)—/Affx Z‘S(E ¢;) [V; () 1*=Trp(Gp—GE)

leakage:

HQ(E) = [(1-fr)r + (1=f)MN ] Q(E)

spectral transport current j(FE):

J(E)_[ WL fk-2RR G- on o)

L+rR +rR
ML 2 IR
I = / dE Z |tn.n’(E)| =(fL - fR) Q(E )
HR n.n' .+Ir
H = [j(E):
_ / LdE TrLZT H' total current I = [ j(F)
H
I=4 [ dE Tra (TLGTRGT)
HR
| | | & wennourz r :\m
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| Formalism with Green’s function IT
Connecting scattering approach with NEGFs

scattering states: Green’'s function formulation:

e electrode: quantum num- _ o , 2__ el
bers |v >= |kn), ex (k) Q(E)—/J\ffx Z‘S(E ¢;) [V; () =Trp(Gp—GE)

leakage:

HQ(E) = [(1-fr)r + (1=f)MN ] Q(E)

spectral transport current j(FE):

o| [k

J(E)_[ WL fk-2RR G- on o)

L+rR +rR
ML 2 N lr
1= Y4B Y [t (B)] =(fL—frR) QE)
HR n,n’ L+R
_ /llLdE TrLZT ”‘ total current I = [ j(E):
JiL
I=4 | dE Trof (MLGTRG )

IR

[ equivalence (E =ey): t,,, = iTrg, (6(ey — Hp)VRGVL)
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| T
Il. Current developments

collaborations with

Peter Schmitteckert (INT @ KIT),
Alexei Bagrets (SCC/INT @ KIT),

Florian Weigend (INT @ KIT) & Michiel van Setten (CFN @ KIT)

Thursday, November 4, 2010



| Exact functionals with DMRG

Fundamental aspects of DFT based transport
(collaboration: P. Schmitteckert)

KIT

~ N
Model system: — , , —
5 site interacting =| % lg el guigtrgiigiiy o ok |=
resonant levels = Ve VeV Yoss Yoox =
N — —
~ N
— = T T 2D
1 l‘ . Comparing exact
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- % f conductance (DMRG)
= = AN " with conductance
s 3 * g : = .
"o "N P T t— 1 = calculated with exact
. e e XC-functional from
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1 1 1 0
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IGrc—:en’s fcts methods in Chemistry I

Perturbative energy shifts with GW-approach
(collaboration: M. van Setten & F. Weigend)

Quasi particle equation with energy dependent self- 5, Q

energy S ,_(_H_?_, 0-0 0+

h?

{— 5= V2 + Vit + v.,} UP + () U = PUP (1)

—
2m
= o e - +----& -—

In first order the self-energy is approximated by GW

Y(E) = % /;"“"+G(E—.~')li'(“;)(l,‘; GW, @ 6\ ’Q
| +

I et @+ k-

Greens and screened coulomb interaction — : @ \V
C(E . e 11‘-/ .’\(E,) n'( ,) - :.—l( !) cv o
(%) = /_X T ETE Tinsgn(E) o uz-—-f————+———©----

Inverse dielectric function and polarization functions G w, « /@
5(“")-1 =1+4+v-x(w) x=P+P-v-x }-—:.'_(_\x*f_)\:_‘('-.u(} @*@ @A‘*

i [ — <

Pw)=-=— | dE G(E')G(E'-w)

27 J o u:---————+———©----
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| Green’s fcts methods for chemistryﬁqT

Perturbative energy shifts with GW-approach
(collaboration: M. van Setten & F. Weigend)
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ISimplific—:d GW: LDA+ U

arisruhe Insatune of Techaolegy

Stability of DFT against weak on-site interactions

(collaboration: A. Bagrets)

Spectral function A(E)
projected on Co d(z?)
orbltal (prellmlnary)

Ferdinand Evers, Mont Sainte Odile, October 7-9, 2010
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| AT

Plans

(1) implementing and testing van der Waals-functional after
Langreth, Hyldgaard et al. (PRB 2004) into TURBOMOLE

(2) parallelization
(3) transport with  GW-corrected Green’s functions

(4) in the longer run: transport implementation also into 2d-periodic code

Forschungszentrum Karisruhe
in der Helmholtz-Gemeinschaft
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IT

lll. Magneto-transport
through phtalocyanine
(H2Pc) molecules

collaboration with

Alexei Bagrets (SCC/INT @ KIT)
&

Stefan Schmaus and Wulf Wulfhekel (PI@KIT)
preprint submitted 2010




| Phtalocyanine on Cu(111) under STM  &IT
(experiment: Schmaus & Wulfhekel, 2010 ) =\ 1

:99)
9000000000

a
(e
0000000 -

Thursday, November 4, 2010



| Phtalocyanine on Cu(111) under STM  &IT
(experiment: Schmaus & Wulfhekel, 2010 )
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| Phtalocyanine on Cu(111) under STM &KIT
(experiment: Schmaus & Wulfhekel, 2010 )
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| Spin-polarized low-T STM on Co(111) IT
(experiment: Schmaus & Wulfhekel, 2010 )
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| Spin-polarized low-T STM on Co(111) IT
(experiment: Schmaus & Wulfhekel, 2010 )
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| Spin-polarized low-T STM on Co(111) XIT
(experiment: Schmaus & Wulfhekel, 2010 )
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| Spin-polarized low-T STM on Co(111) IT
(experiment: Schmaus & Wulfhekel, 2010 )
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| Spin-polarized low-T STM on Co(111) ST
(SDFT-based transport theory: Bagrets & Evers, 2010 )
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l Spin-polarized low-T STM on Co(111) AUT
(SDFT-based transport theory: Bagrets & Evers, 2010)

- r - -~ J7 - I I —T]T T T CO(III) tlp
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work function: W = 3.24 eV
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| Spin-polarized low-T STM on Co(111) QAT
(SDFT-based transport theory: Bagrets & Evers, 2010)

Co(111) tip

[1 “contact’, parallel (P) alingment %l
O ‘“contact”, antiparallel (AP) alignment

cocoe®

k1

Co(111) surface

Conducaancs [G)
8 8 3
3

8 78 716 74 12 -7 68 66 64 62
surface-to-tip distance [A]
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I Spin-polarized low-T STM on Co(111) AUT
(SDFT-based transport theory: Bagrets & Evers, 2010)

a)

— . .
2 A Co(111) tip
é - N"{J“lr\/ij ot - - - %l
wf [J “contact”, parallel (P) alingment
0 - —t O “contact”, antiparallel (AP) alignment
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N — & L aeed i |
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| Theory: LDoS at Co-surface AUT
(spin-DFT-transport & Turbomole: A. Bagrets & FE, 2010)

1 T T T 1 1  r 1 T
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| Theory: LDoS at Co-surface AUT
(spin-DFT-transport & Turbomole: A. Bagrets & FE, 2010)
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| Theory: LDoS at Co-surface AUT
(spin-DFT-transport & Turbomole: A. Bagrets & FE, 2010)
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l Theory: LDoS at Co-surface AUT
(spin-DFT-transport & Turbomole: A. Bagrets & FE, 2010)
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I Theory: LDoS at Co-surface AUT
(spin-DFT-transport & Turbomole: A. Bagrets & FE, 2010)
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lLUMO based transport resonance AT
(spin-DF T-transport & Turbomole: A. Bagrets & FE, 2010 )
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lLUMO based transport resonance AT
(spin-DF T-transport & Turbomole: A. Bagrets & FE, 2010 )
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ILUMO based transport resonance
(spin-DF T-transport & Turbomole: A. Bagrets & FE, 2010 )
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ILUMO based transport resonance AT
(spin-DF T-transport & Turbomole: A. Bagrets & FE, 2010 )
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ILUMO based transport resonance (AT
(spin-DFT-transport & Turbomole A Bagrets & FE, 2010 )
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| Origin of large GMR AT
(spin-DFT-transport & Turbomole: A. Bagrets & FE, 2010 )
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I Origin of large GMR
(spin-DF T-transport & Turbomole: A. Bagrets & FE, 2010 )

IT

Psubstratertip

T(E) per spin [e°/h]

o
.

N (E LUMO)2 = (Fsubstrate T Ftip)2/4
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| Origin of large GMR AT
(spin-DF T-transport & Turbomole: A. Bagrets & FE, 2010 )

Psubstraterti
o (B) = =
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I Origin of large GMR

AIT

(spin-DF T-transport & Turbomole: A. Bagrets & FE, 2010)
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lll. Molecular Instabilities
Spin transition complexes

[Fe(bpp)2]** [Fe(tpy)2]** [Ru(bpp)2]**
* Transition metal (Me) : Fe or Ru (or Mn, Co, ....)
e Organic ligands: bpp = bispyrazol pyridine ; tpy = terpyridine
| | € weuunourz [~ Forschungszentrum Karisrune
eeeeeeeeeeeeee , Seminarvortrag, WWU Muenster, June 9th, 2010 | GEMEINSCHAFT r"
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| The Protagonist of the Story

Ferdinand Evers, Mont Sainte Odile, October 7-9, 2010
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| The Protagonist of the Story IT

qﬂgﬁe(bpp)fz]2+
C |

ligand induced spin quenching

Fe' -ion in (bpp)2: SFe=0

O

11
Fe (free space: Sre=2)

¢ Forschungszentrum
inand Evers, Mont Sainte Odile, October 7-9, 2010 | GEMEINSCHA FT P e e Siecton
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collaboration with

V. Meded, A. Bagrets, K. Fink, M. Ruben (INT)

H. van der Zant , A. Bernand-Mantel (TU Delft)
(submitted 2010)
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|Spin transition in Me'l-complexes AT
control parameters: T, pressure, light

low spin high spin

w

g

light, temperature ? ?

pressure > ‘* ¢ ? t

A
oct V‘ﬁ ¢* +$

2g
4
a) e .
o m Cage expansion:
narrow — low spin
B 2 . . .
— Fes HS '\ // wide —high spin
X 2 - 5
z 2
2. Rajadurai,
1. Schramm,
1-3 Fe2* LS Ruben et al.,
- o S=0 Inorg. Chem. 45, .
2006
n T T T T T T T T T T T T
100 150 200 250 300 350 400
Temperature [K]
r Forschungszentrum Karisruhe
Ferdinand Evers, Seminarvortrag, WWU Muenster, June 9th, 2010 g 1%:::::::51 r in der Heimholtz-Gemeinschaft
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1.1 Spin transition
driven by charging

Theory part
collabortion with M. Ruben

2006 - 2008

# 9

HELMHOLTZ

; ; der Helmholtz-Gemeinschaft
Ferdinand Evers, Seminarvortrag, WWU Muenster, June 9th, 2010 |05u EEEEEEE FT r in
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Ferdinand Evers SFB Kolloquium, FU Berlin May 5th, 2010

F. Weigend, FE, J. Weissmueller, SMALL 2006
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ISpin transition: mechanical feedback SKIT

Etot

mean Fe-ligand bond distance dav=(don+2do)/3

r Forschungszentrum Karlsruhe
# HELMNOLTZ in der Helmholtz-Gemeinschaft
Ferdinand Evers, Seminarvor trag, WWU Muenster, June 9th, 2010 |OEHEINSCHAFT l
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ISpin transition: mechanical feedback SKIT

—
O
L]
&L .
W oy 4t 4
_ >
mean Fe-ligand bond distance dav=(don*+2dof)/3
Method: Density functional theory (DFT) with TURBOMOLE®
Forschungszentrum Karisruhe
Ferdinand Evers, Seminarvortrag, WWU Muenster, June 9th, 2010 # 1%::3::::51 Il: in der Heimholtz-Gemeinschaft

Thursday, November 4, 2010



| . IT
Il.2 Transport experiments

on spin transition complexes
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| Split Kondo resonance in [Fe(bpp),]** AT

Control parameter: gate voltage (Delft, electro-migration method)
X10 uS

3

transport (bias) voltage

gate voltage Vgate [VO"ZS] (controls particle number)

gusumouz
Ferdinand Evers, Mont Sainte Odile, October 7-9, 2010 |oiuilNSCHAFT

§

Forschungszentrum
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| Split Kondo resonance in [Fe(bpp),]** T

Control parameter: gate voltage (Delft, electro-migration method)
S . | x10 uS

35

transport (bias) voltage

VS 2 "3 4
Vg (V)

gate voltage Vgate [VO"ZS] (controls particle number)
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| Split Kondo resonance in [Fe(bpp),]** T

Control parameter: gate voltage (Delft, electro-migration method)
S . | x10 uS

transport (bias) voltage

4 3 " 2 "3 4
Vg (V)

gate voltage Vgate [VO"ZS] (controls particle number)
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| Split Kondo resonance in [Fe(bpp),]** T

Control parameter: gate voltage (Delft, electro-migration method)
S . | x10 uS

transport (bias) voltage

4 3 " 2 "3 4
Vg (V)

gate voltage Vgate [VO"ZS] (controls particle number)
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| Split Kondo resonance in [Fe(bpp),]** T

Control parameter: gate voltage (Delft, electro-migration method)
S . | x10 uS

transport (bias) voltage

4 3 2 1 2 3 4
Vg (V)

gate voltage Vgate [VO"ZS] (controls particle number)
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| Split Kondo resonance in [Fe(bpp),]** T

Control parameter: gate voltage (Delft, electro-migration method)
S . | x10 uS

transport (bias) voltage

4 3 2 4 0 1 2 3 4
Vg (V)

gate voltage Vgate [Volts] (controls particle number)
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| Split Kondo resonance in [Fe(bpp),]** T

Control parameter: gate voltage (Delft, electro-migration method)
S . | x10 uS

N
| " A"Ga N‘

'1(1) SN d”‘“‘ ""‘

N,
) N ‘ )
"M‘\I I”{V Z. p i
J’

transport (bias) voltage

4 3 2 4 0 1 2 3 4
Vg (V)

gate voltage Vgate [Volts] (controls particle number)
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| Split Kondo resonance in [Fe(bpp),]** T

Control parameter: gate voltage (Delft, electro-migration method)
S . | x10 uS

TV i SRR
“'“‘ “‘ o ‘I Il’ )

3

1
é
- s '.;.'

transport (bias) voltage

'1&) ! l Ll : W\ ; SN R ‘U“'s‘ ' . L3¢ p N
4 3 2 -1 0 1 2 3 4
Vg (V)

gate voltage Vgate [Volts] (controls particle number)
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| Split Kondo resonance in [Fe(bpp),]** T

Control parameter: gate voltage (Delft, electro-migration method)
S . | x10 uS

R il

BRRAT . Lig S=1 ground
state

Y
‘ti\ b
\_\\ :
Pha r
S .
~ 4
1
1 ]
LW ]
Y !
-0 ,
~ L

1
é
- s '.;.'

transport (bias) voltage

'1&) ! l Ll : W\ ; SN R ‘U“'s‘ ' . L3¢ p N
4 3 2 -1 0 1 2 3 4
Vg (V)

gate voltage Vgate [Volts] (controls particle number)
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| Split Kondo resonance in [Fe(bpp),]** T

Control parameter: gate voltage (Delft, electro-migration method)
- . | X10 uS

S=1 ground
state

g
o

spin orbit induced
splitting 1-3meV
(CAS-SCF, K. Fink)

transport (bias) voltage

1501 i T D A e o T Wi
4 3 2 A 0 1 2 3 4
Vg (V) A. Bernand-Mantel et al.

gate voltage Vyate [VOItS] (controls particle number) preprint 2010
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Isplitting of the Kondo resonance IT

Non-equilibrium Kondo Effect

S=1/2 in B-field:
Zeemann splitting

- S
i()AVz ‘
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|Sp|itting of the Kondo resonance
Non-equilibrium Kondo Effect

S=1/2 in B-field:

Viias <A: Kondo destroyed

SKIT
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|Sp|itting of the Kondo resonance

Non-equilibrium Kondo Effect

S=1/2 In
eeman

B-field:
n splitting

-2 (

- S
VA m ‘

E

Vbias = A = Tk
— symmetry is partially restored
— Kondo resonance reappears

NNNNNNNNN

SKIT
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|Sp|itting of the Kondo resonance
Non-equilibrium Kondo Effect

S=1/2 In
eeman

B-field:
n splitting

- S
VA m ‘

-2 (

E

Vbias = A = Tk
— symmetry is partially restored
— Kondo resonance reappears

SKIT

4
S=1 & spin orbit coupling

E

1 % 0 %1 S,
— A__
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Isplitting of the Kondo resonance AT

Non-equilibrium Kondo Effect

4
é’ S=1 & spin orbit coupling
Sy 1% 0 %1 S
RS — A__

Q

c

O E

Vbias = A = Tk
— symmetry is partially restored
— Kondo resonance reappears
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|Sp|itting of the Kondo resonance AT

Non-equilibrium Kondo Effect

@ p . - .
8 S=1 & spin orbit coupling
g ‘g -1 % E! % 1 SZ
£t

o> N

Q. — —

c

£ E

Vipias = A < Tk — transport peaks at

— symmetry is partially restored v . = A

— Kondo resonance reappears bias

at any gate voltage

quantitative analysis: multi-determinant
calculation (CAS-SCF) by K. Fink:
A=1-3meV
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| Extension: Split Kondo in [Co(tpy),] IT

Control parameter: strain
Dan Ralph group

(Parks et al. )
Science, 2010) €,
h ® of :;;’":o: :; e q
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© 20 dvav (¢/h) i dv/av (é/h)
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electrode spacing: x [Angstrom]
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| Extension: Split Kondo in [Co(tpy),] IT

Control parameter: strain
Dan Ralph group

(Parks et al. - Scenario by authors:
Science, 2010) "W S=1 (Co'* spin triplet
- o :?‘fg S — ground state)
& spin-orbit splitting A(x)

20 20
) Device A
O)
8 o 10
O

<

> Z E 0
‘: >~ ~
O
o -10 -10
2 0:.7 09 1.1 13 4 06 08 10
‘U 20 diav (e'/h) -20 di/av (e'/h)
j: 0.0 0.1 0.2 0.3 0.0 0.2 0.4 0.6 0.8

electrode spacing: x [Angstrom]
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