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Coherent population trapping in quantum dots
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* Finite Coulomb interaction, N=0 & N=1
* Finite bias = unidirectional motion

Michaelis, Emary and Beenakker, EPL 75, 677 (2006)



Coherent population trapping in quantum dots
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Symmetric triple quantum dot




TQD Hamiltonian

Extended Hubbard model
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TQD Hamiltonian

Extended Hubbard model
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TQD Hamiltonian

Extended Hubbard model
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TQD Spectrum
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TQD Spectrum
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Symmetry protected orbital degeneracies - potential existence of dark states




Grand canonical energy (F)

Dark states (DS)

A DS is alinear combination of orbitally degenerate states
with non vanishing tunnelling amplitude at the L lead
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Grand canonical energy (F)

Dark states (DS)

... but with vanishing amplitude at the R lead
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Dark states in aTQD
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Dark states ina TQD

The generic DS in a triple quantum dot
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Dark states ina TQD

DS in the position basis

one-particle first excited state with S, =1/2 ¢

1, 0q;DS) = \/5( ch C'DO)

two-particle first excited state with S, = 0
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The right coupled dot CAN be occupied. The DS is antisymmetric with respect to
“Michaelis, Emary and Beenakker, EPL 75, 677 (2006)
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Dark states ina TQD

DS in the position basis

three-particle ground state with S, = 1/2

3, ap; DS) = ( C'>+¢'>Cf—>> (¢Cu>©+<ﬁ3> )
+ ( +<P ) ( Cgﬂ> C'DCﬂD)
o




Transport

Generalized reduced density matrix
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Generalized master equation
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» orbital degeneracies require inclusion of coherences




Transport

Stationary solution?
Lp>* =0
LTS = (—eI=J"+77) p™

with F11 = (1 — p>trrqp)F1
Current, noise and Fano factor
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2Kaiser and Kohler, Ann. Phys. 716, 702 (2007)



Transport statistics

Fano factor

F <1 [F = 6%] F>1
1
Independent
Anti-bunching tunnelling Bunching
events

Sub-poissonian
noise

Poissonian noise

Super-poissonian
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Current stability diagram

U =5|b|, V =2|b|, kgT = 0.002[b|, kgT = 20T and b < 0

Ix1 2x2 1x3 %2 1x1 1x2  1x1 Orbital degeneracy

Spin degeneracy

Donarini, Begemann and Grifoni, Nano Lett. 9, 2897 (2009)



Fano stability diagram

Niklas, Trottmann, Donarini and Grifoni, PRB 95, 115133 (2017)
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Fano without principal parts

Principal parts (Hs) blur everything — solve without
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» clear polygons
> super-Poissonian noise (F' > 1) indicates blocking

Niklas, Trottmann, Donarini and Grifoni, PRB 95, 115133 (2017)



Fano without principal parts

Principal parts (Hs) blur everything — solve without
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> super-Poissonian noise (F' > 1) indicates blocking

Niklas, Trottmann, Donarini and Grifoni, PRB 95, 115133 (2017)



Blockade mechanisms
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Coulomb blockade Channel blockade®:® Interference blockade
\\§ _J
Y
In both cases a two effective 2Ff
channels model providesthe F,,, =1+ s LFS . ML > UR
Fano factor L + R
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Interference at the 2, <--> 3,
resonance

I', = "R, and the rate matrices in

angular momentum basis dark state basis
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Interference at the 2, <--> 3,
resonance

', = I"R,, and the rate matrices in

angular momentum basis dark state basis




Lamb shift at the 5, <--> 6,
resohance
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Lamb shift at the 5, <--> 6,

resonance
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Lamb shift > precession dynamics
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Robustness

We tested the robustness of the interference effects on the 59 <+ 6 transition
against the perturbation
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Conclusions

interference
ﬁ/ = Interference occurs when energetically equivalent
o paths involving degenerate states contribute to
the dynamics

o

dark states

2,01; DS) = \/_( O¢+ 4§'>+2CE1>©)

fingerprints of interference

R super-Poissonian Fano factors (e.g. F = 5/3)

\ which indicate a characteristic bunching dynamics
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Lamb shift Hamiltonian

Hamiltonian

His =h) waR
«

precession frequencies

The precession frequencies for the block p™¥ (E*) with spin S is
independent of S, (wa.5. = wa)

F *k
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> Pnp = Zsz,Lz [N, E; S, 5:, L)(N, E; 5,5z, L
> pa (AE) = —Rew (3 +i554e )



Spectrum of the TQD

The single particle component of HTQD is diagonalized
by the angular momentum states

Z e~ 1T, 1=0,+1

The many-body states can be written in the basis

|nOTa nit,N—113710,, M1, ’nf—u)

HTQD commutes with the operators

By exploiting these symmetries

N = Zlo’ Nie we diagonalize analytically Hrqp

) b ) and obtain the eigenstates

N 7
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h |N7E7878ZJLZ>
Sz = § Z oMo Symmetry protected degeneracies are
lo associated to the group of the Hamiltonian

Lz =h Z lnlcr|mod 3 C3'v X SU(Z)
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Zero-bias current

Pumping

I\ (t)

(D)

FLR(t) =T[1 = &sin(wt)]?
Adiabatic limit: w — 0
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Zero-bias current

FLR(t) =T[1 = &sin(wt)]?

Pumping Adiabatic limit: w — 0

e ~0|(F) )

‘Exact time-dependent current I(t) (solid lines) and the adiabatic
limit (dashed lines) for ¢ = 0.2, u = 0.251 and two values of
oscillation frequency: w = 0.02T (blue) and w = 0.05I" (red)
(S.G. Physica Scripta, T165, 014013 (2015)).
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Zero-bias current

FLR(t) =T[1 = &sin(wt)]?

Pumping Adiabatic limit: w — 0

e ~0|(F) )

‘Exact time-dependent current /(1) (solid lines) and the adiabatic
limit (dashed lines) for ¢ = 0.2, u = 0.251 and two values of
oscillation frequency: w = 0.02T (blue) and w = 0.05I" (red)
(S.G. Physica Scripta, T165, 014013 (2015)).

ol E (1) =

I(t)

o Is it possible to find steady-state

zero-bias current for
time-dependent Hamiltonian?

0.001

-0.001

—-0.002



Resonant tunneling under the noise

The level Eo(t) randomly fluctuates: Eo(t) = Eo + S£(t), where
£(t) = £1. The current I(t), averaged over the noise, reaches its

steady-state, (/(t — )) = I. However, | — 0 for u; — ug — O.
No zero-bias current.




Double-dot under the noise

E,(0)

B
--t

In contrast with the previous case, the steady-state current,
averaged over the noise, | = (I(t — ©)), survives at zero bias,

I+0whenu, —ug — 0




Double-dot under the noise

E,(0)

B
--t

In contrast with the previous case, the steady-state current,
averaged over the noise, | = (I(t = o)), survives at zero bias,
I+0whenu, —ug — 0
It happens when the transport takes place via a linear
superposition of different isolate states of the system, which is
destroyed by the noise (decoherence).




Double-dot under the noise

E,(©)

In contrast with the previous case, the steady-state current,
averaged over the noise, | = (I(t — ©)), survives at zero bias,

I+0whenu, —ug — 0
It happens when the transport takes place via a linear
superposition of different isolate states of the system, which is
destroyed by the noise (decoherence).This in its turn, generate
violation of the time-reversal symmetry: T, g # Tr_. Where
T._p and Tr_,, are the transmission probabilities from left-to-right
and right-to-left leads, averaged over the noise. As a result, the
zero bias current would appear.




Particular realization of the noise-source

Here v is the tunneling rate for electrons entering the upper dot
and leaving it. Electron in the upper dot interacts (capacitively) with
electron, occupying the left site of the double-dot. As a result, the
energy energy in the left site fluctuates randomly between E; and

Ey + U.



Particular realization of the noise-source

Here v is the tunneling rate for electrons entering the upper dot
and leaving it. Electron in the upper dot interacts (capacitively) with
electron, occupying the left site of the double-dot. As a result, the
energy energy in the left site fluctuates randomly between E; and
Ei + U.

The set-up may resemble the Coulomb drag. However, direction of
the zero-bias current is determined by the double-dot parameters
only, and not related to the noise source.



Another examples

Two dots on the Aharonov-Bohm ring

Zero bias current appears due to decoherence, destroying the
linear superposition of two dots states.



Another examples

Zero bias current appears due to decoherence, destroying the
linear superposition of two dots states.

One dots on the Aharonov-Bohm ring

No zero bias current, since there is no states in linear
superposition inside the system.



Landauer formula (steady-state)

[e9)

_ 217 T(E)[f (e, E) - fa(ur, E)|dE

—00

/

where fi r(u1 g, E) are the Fermi functions and T(E) is the
transmission probability. For the resonant tunneling:

: i
| T(-E

)=




Landauer formula (steady-state)

[e9)

1
 2n

where fi r(u1 g, E) are the Fermi functions and T(E) is the
transmission probability. For the resonant tunneling:

vl o))

I T(E)|fu(uL. E) - fa(up. E)|dE

M.lr

Problem with the Pauli exclusion principle:

)

On first sight the Landauer (scattering) approach does not prevent
simultaneous occupation of the level Ey by two or more electrons.



Single-Electron Approach

Eo(t) I'R(t)

Modified Landauer formula for time-dependent potentials

I(t) = ;—ﬂ f[TLeR(E, D (uL, E) — TroL(E. t)fr(ur, E)]dE

Tir(E.t) and Tr_,(E, t) are the transmission probabilities of a
single electron from the left-to-right and right-to-left leads,
respectively, at time t, where E is the electron initial energy (at

t = 0) in the left or the right lead.



Comparison with Landauer formula for zero temperature

Modified Landauer formula for time-dependent potentials

HL dE MR dE
= T_) E, - T—) E’ n_
(0= [ Ti-alE.05 - [ Tar(E05

—00 —00

Landauer formula for time-independent potentials (steady state)

ML

I= fT(E)%

HR

If for the steady-state the time-reversal symmetry holds,
Tior(E,t > c0) = Tpo L (E, t = o) = T(E), the both expressions
coincide.



Modified Landauer formula, averaged over the noise

Eo(t) = EO I %f(t), where
&(t) = £1.

The noise correlator:
(é(t)é(t2)) = exp(—ylty — ta])




Modified Landauer formula, averaged over the noise

The noise correlator:

HR ((t)e(ta)) = exp(oits — ta)

1 (o]
(1)) = o f [(TL—R(E, )i (uL, E) = (TasL(E, t))fa(u, E) |dE

In the steady-state limit: 1 = (I(t — «)), T(E) =(T(E,t - «))

(o9

1= %T |Te-r(E)fL(uL. E) - TRoL(E)fr(ur. E)|dE

Noise does not violate the time-reversal symmetry:
Ti»Rr(E) = Te=1(E). As aresult: | = 0 for zero bias, 11 = ug.



Double-dot under the noise (steady-state current)

B,

1= o [ [Tir(E)L . B) - T (E)falun. )| dE

on

—00

Noise violates the time-reversal symmetry:
As a result, zero bias current appears:

- i r - -
o = 5 [ [Tien(E) - T (€

-T[__)R(E) * -TH_>L(E)

)|f(u, E)dE

where . = pp = pand L (ur, E) = fr(ur, E) = f(u, E).




Double-dot under the noise (steady-state current)

B,

1= o [ [Tir(E)L . B) - T (E)falun. )| dE

on

—00

Noise violates the time-reversal symmetry:
As a result, zero bias current appears:

- i r - -
o = 5 [ [Tien(E) - T (€
T

-T[__)R(E) * -_I-H_>L(E)

)|f(u, E)dE

where ML —UR = U and fL(,uL, E) = fF;(/JR, E) = f(/.l, E).
Why it is different from the current through a single dot?




Comparison with a single dot.

lop = 21—ﬂ f[TL—»Fi’(E) — TroL(E) |f(u. E)dE

Without the noise

L M
ay ) (E) =

(E-E)2+ T

Tir(E) = o\ (E)rR

TroL(E) = (R)(E)FL where

0
qéL’R)(E) are occupation of the

dot for electrons, coming from
left and right leads.

MR

B et



Comparison with a single dot.

lop = 21—7r f[TL—»Fi’(E) ~ Tao1(E)|f(u, E)dE

Tior(E) = gV (E)rR

TaL(E) = ¢ (E)r. where

0
qéL’R)(E) are occupation of the

dot for electrons, coming from
left and right leads.

Without the noise

L(Ey — M (R) (Y — X
% (E)= (E-Eo)+ 5 % (E)= (E-Eo)2+ 5
For asymmetric dot (I', # 'g), occupations probabilities (q(()L’R)) are
different. However, transmission probabilities remain symmetric under
the time-reversal, T, .gr(E) = Tr_.(E) = T(E). This also holds in the
presence of noise, since the noise only fluctuates the energy Ey,
whereas [} g are energy independent (wide-band limit).



Double-dot under the noise

T = 21—” f[THR(E) — TroL(E)|f(u. E)dE

Electron inside the system, is
in the linear superposition of
the two-dot states.

The off-diagonal density-matrix element (coherency) qsé’m(E)
determines the electron current through the system.

Tiop = 2FLQIm[q$§)], TroL = —2FRQIm[q$Z)]. Without noise,
M. Im[q's)] + TrIm[q{Y] = 0, so that: Tog = Tao..



Double-dot under the noise

T = 21—” f[THR(E) — TroL(E)|f(u. E)dE

Electron inside the system, is
in the linear superposition of
the two-dot states.

The off-diagonal density-matrix element (coherency) qsé’m(E)
determines the electron current through the system.

Tior =2 QIm[q5)], Taoi = —2reQIm[q5)]. Without noise,

I Im[qgé)] + TR Im[qgg)] =0,sothat: T,.r = TroL.

The noise produces decoherence, which destroys coherency during
infinite time. However, the noise acts finite time, when the first dot is
occupied. Therefore decoherence is not complete. Since the occupation
qSL) # qfﬂ), decoherence is different for electron coming from left or right
lead. Hence, T g # TR_..



Double-dot under the noise

T = 21—” f[THR(E) — TroL(E)|f(u. E)dE

Electron inside the system, is
in the linear superposition of
the two-dot states.

The off-diagonal density-matrix element (coherency) qsé’m(E)
determines the electron current through the system.

Tiop =2rQIm[q})], Ta.. = -2MRQIm[q!?]. Without noise,

FL Im[qgé)] + r[:( Im[qgg)] = 0, so that: TL*)R = TRHL-

The noise produces decoherence, which destroys coherency during
infinite time. However, the noise acts finite time, when the first dot is
occupied. Therefore decoherence is not complete. Since the occupation
qSL) * qfﬂ), decoherence is different for electron coming from left or right
lead. Hence, T, # Tr_.. The time-reversal symmetry is broken!



Time-reversal symmetry (no noise)

EtY . Eo(t) = Eo + 2&(t), where

inots ol i RN EEEE &(t) = £1.
The noise correlator:

(€(t1)é(t2)) = exp(—ylty — tof)

'__I

wnmn



Time-reversal symmetry (no noise)

TR TRoL

3.x10716
2.x10716
1.x10716
-1.x10°16

-2.x10716

-3.x10716

Eo(t) = Eo + 2&(t), where

puoE(t) = +1.
The noise correlator:

(€(t1)é(t2)) = exp(—ylty — tof)

rL:rR:1,U:1,E1’2:i1/2

y=0

L R)

oo
20
15

)
10 10
0.5
] Ne——7 6 8

10



Time-reversal symmetry violation due to noise

= Eo + ¥&(t), where
1.

EEE The noise correlator:

223 (é(h)é(R)) = exp(—yIt — tal)



Time-reversal symmetry violation due to noise

,,,,,,,, Eo(t) = Eo + 2&(t), where

U E(t) = 1.
The noise correlator:

2 (@E(h)é(t)) = exp(—yIt - tal)

Withnoisey =1, u=-1,I, =Tg=1,U=1,Ejo =+1/2

y=1 y=1
TR TRsL o
0.04 20
003
15
0.02
10
0.01
05
E Q
W 6 8 10
-001 B Noe—7 6 8



Derivation of the single-particle approach




Derivation of the single-particle approach

The (time-dependent) Hamiltonian:
H(t) = X B¢ + X B8/ ¢ + Eo(1)&} o +(Z,Q/( )&/ &

+ 3, Q()E, co+Hc)
The initial state: [W(0)) = [1y &,10), where k € (E| <y, E; < pg).



Derivation of the single-particle approach

The (time-dependent) Hamiltonian:
H(t) = 5 B[ &+ 5, E 616 + Eo(D)E] & + (z,Q,(t)a,Tao

+ >, Q(t)e, co+Hc)
The initial state: [W(0)) = [1x &;10), where k € {E; < u, E; < ug).

The Anzatz: [W(t)) = [T, ) (1)(0)

where | ®®)(t) = 3,68 (1) &f + b (1) &l + =, b8 (1) &

Substituting [W(t)) in the Schrddinger equation

i0;|W(t)y = H(t)|W(t)), we find a set of couples equations for the
)

amplitudes bj(k)(t :




Derivation of the single-particle approach

The initial state: [W(0)) = [T &;10), where k € {E; < ui, E; < jiR).

The Anzatz: [W(t)) = [T, ®*)(1)[0)

where| ()(t) = 3,5 (1) &] + b5 (1) &) + 3, b, (1) &
Substituting [W(t)) into id; |V (t)) = H(t)[W(t)), we find
)

. k k

ib*(t) = E6™M (1) + (1) b8 (1)

ib{(t) = Eo(t) B (1) + >
i

ib(t) = E, b (t) + Qu(t) b (1)

The states with different k are decoupled!



(b)) = [, [Z/b,(k)(t) ¢+ bl el + 3, 68t) &}I']|0>

ib) (1) = E16"(t) + (1) b (1)
ib8(1) = (1) b1+ . (1) 6 (1) + > (1) b
/ r

ib*(t) = £ b (1) + /(1) b{(t)

The average charge in the right (left) reservoir: Qg(.)(t), and
inside the quantum dot, Qu(t) are given by

Qr(wy (1) = (W(t 'ZC &ov() =) > (0P

k r(l)
Qo(t) = (W(1)IEColV >—Z'b

Sum over (I, r) takes place over all reservoir states.



Solution of the single-electron equations

ib"(t) = Eb(t) + Qi () (1)
ib§(t) = Eo(t) b (1) + > Qu(t) b(1) Z Qn(t
/

ib{)(t) = E-b{)(t) + Qa(t) bB§(1)
From the first equation
t
b (1) = &5 o1 - f (16§ ()¢ at |
0

and the same from the third equation with | «—— r. Substituting to
the second equation we obtain in continuous limit }}; — fngE,,

B9(1) = (- iE0(t) ~ ) 6(1) - i2e ()

where the total width I'(t) = 27[Q? (t)o, + QZ(t)oR] is
time-dependent.



Final expressions

t

B (1) = i e el fQk(t/)ei[ao(t’)—Ek]t’dt/

0
e

o= f[eio-

bi(t) = e—"E"[ak,— f iQ,(t')bg")(t')efﬁf’dt']
0

and the same from the third equation with | «<— r. The average
charge on the dot and the currents

Qo(t) = > 16§ (1)P, )= 3 D IBY) (D = Fawy(H)Qo(t)

k k r(l)

where

and



Fluctuating energy level (hopping amplitudes)

Eo(t) — By + £(0UJ2)

where £(t) = +1 is a random variable, which follows a Markov
process: it jumps randomly from 1 to —1 (and vice versa) at the
same rate y/2 (telegraph noise). We need to average the

amplitude b( (1) = bék)( t)e~Ek!| over the noise. It is better to do
in the equat|on of motion

d ' _ _
SB§O(0) = i[Ec - Bo - e(t)Uy2 + ir/2] B (1) - i



Average over the noise

Eo(t) = Eo + &£(t)U/2 | where £(t) = +1.

%(Eék)(t» — i[Ex + iT/2)B8 (1)) = iUe(t)bS) (1)) /2 — i

Multiply the equation of motion by £(t) and taking into account that
£2(t) = 1, we obtain

(&) SB) = B + T /2)E(B (1)) - UG (1))/2

How to evaluate <§(t)%53k)(t)>?



Shapiro and Loginov formula, Physica 91 A, 563 (1978)

Eo(t) = Eo + &£(t)U/2 | where £(t) = +1.

In the case of an exponential noise-correlator,

(&(t)é(t + 7)) = 777 one can derive the following “differential
formula”

d— d - _
(D) B8 (1) = Z (OB (1) + 1B (1)

Using this formula we find the system of closed linear equations
for the averaged amplitude (b(()k)(t)>.



Final results

| Eo(t) = Eo + £(t)U/2 | with (£(t)é(t + 7)) = 7

d — — —
(B8 (1) = ilEx + T /2)(B) (1)) - iU(1)B (1) /2 - i

d — —~ —
—EOBS (1) = ilEi + i(T/2 + 7)Ke(Db{ (1)) - UGB (1)/2

However, we need to evaluate <|Bék)(t)|2>. We derive the following
differential equation for this quantity

d ~(k ~(k =
I8 (OF = TR (1) - 20, Im[6{ (1)



S B (1) = 1B« + T /21B(1)) - V(B (1))/2 - i

D) = B+ (/2 + B (1) - UG (1)) /2

However, we need to evaluate <|Bék)(t)|2>. We derive the following
differential equation for this quantity

d = —(k ~(k
a|b(§k)(t)|2 = -1 (1) - 2, Im[b{ (1)]

In the steady-state limit, %ngk)(t - c>o)|2 — 0, this relation is
similar to the “Optical Theorem” of scattering theory.

For transient regime

<|Eék)(t)|2>_—ZQkfer("‘t)lm[@ék)(t’)>]dt’



Summary.

@ Generalized Landauer formula for time-dependent potentials
is used for randomly fluctuating energy levels.



Summary.

@ Generalized Landauer formula for time-dependent potentials
is used for randomly fluctuating energy levels.

@ For multi-dot systems, noise generates decoherence,
depending on occupation of the dot, which is under the noise.
If the occupation is different for electrons, coming from left or
right leads, decoherence results in time-reversal symmetry
breaking. This leads to zero bias current.
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Introduction |

« e€lectronic transport through molecules may often be coherent
— room for quantum interference, for instance if several
transport paths exist
Review: C. J. Lambert, Chem. Soc. Rev. 44, 875, (2015)

» for certain setups (leads attachments, voltage bias) a molecule
can display complete destructive quantum interference
(DQI), i.e., ideally, no elastic current flows through the terminals,

in practice strongly suppressed (orange dashed lines in our
graphs), cf., e.g., C. M. Guedon et al., Nat Nano 7, 305 (2012)

. we want a means of DQI prediction in systems describable by
Huckel's tight-binding approach; often, so-called conjugated
molecules (having delocalized e”s moving through T1r-bonds)
follow such a theory



Introduction I

. we further want to estimate if and where the DQI is lifted when
inelastic effects brought about by molecular vibrations are

taken into account— propensity rules

. the process should be automated, with molecule data lookup
— a computer program (no error-prone manual application of

‘ . )
graphical rules’) | | |

(though it was misunderstanding of the
rules in the first place)

NANO

Lw pubs.acs.org/NanoLett \
Breakdown of Interference Rules in Azulene, a Nonalternant X
Hydrocarbon N/_\\NO Hw pubsacsorg‘mn g\:()
Comment on “Breakdown of Interference Rules in Azulene, a ¥

Nonalternant Hydrocarbon”

NANO o5 - 8 8 &

Reply to “Comment on ‘Breakdown of Interference Rules in Azulene,

a Nonalternant Hydrocarbon’ i : ?




So we now have:

remove (or possibly put back): |

© molecular structure = molecular conductance
show node numbers: on

QI shown between = H-sites and/or between

Introduction |

http://qi.karlov.mff.cuni.cz:1345
(at this moment running at :80 and
at kfes-120.karlov. ..., too)

o molecule look-up from a database

ne

Calculate QI |

-| Save image

{1,4)
{1,5)
{2,3)
2,6}
3.6}
{4,5)

3

(access through Wolfram Mathematica)

(possibly interactive) selection of
relevant subgraph

“— (black: considered, light-blue: ignored)

+
calculation of paths with DQI (orange)

effects of vibrations |
... details follow



Theory | — elastic part

Huckel: molecular-structure adjacency graph of mm-conjugated subsystem

Tcl(g):T‘I'[FLG(g)ijGT(g)] (0 1 1 0 0 0\
1 0 01 0 O
e 0 1 00 01
.FL—I-FR -1 enzene
6(6) = (== o +i- 51 5) SERRREY
d[/dV — 262/}1 X Tcl(&‘p) Ep = (0

Iy =~|L)(L], T'r=glR)(R|

Tu(er) = voyr|(L|G(ep)| R)|?



Theory Il — inelastic part

Electron — vibration coupling:

H._ , x Z mg\,jcgcj(aA + a:f\) + H.c.
A,i,j

A indexes vibration modes, ¢! creates e” at site /, a,T excites
vibrational mode A

Lowest-order-expansion: M. Paulsson et al., Phys. Rev. B 72,
201101 (2005); J. K. Viljas et al., Phys. Rev. B 72, 245415
(2005); L. de la Vega et al., Phys. Rev. B 73, 075428 (2006)

e m;; is the coupling matrix assumed nonzero only if j,j are the
nearest neighbours in the r-conjugated system and on
the diagonal i =



Theory Il — inelastic (cont’'d)

Change in transmission due to vibration (LOE) - 2 parts:

Sym X y
AP™ = Tr | GIT L G{MAGT G My + A= iG—Gh

+ 5 (CRGTMAM, - h.c.)}]

Ahsym _ Tr[GTFLG{FRGU\.-«[AG(I’R ~T)GTM, + h.c.}]

Considerable simplification takes place when DQI occurs:
DQI & (L|G(ep)|R) = 0
we are left only with
Aiym = VLVR ](L|GM/\G\R> ‘2 ~ YLYR |<L|Gi\h ‘R> ‘2

G;W A H mol —7 H mol T 1\[/\



Justification, Range of Validity

« LOE valid for energy (nearly) independent GF’s around Fermi
energy; but good enough for realistic parameters

|Gis|
TR 1 og1o[G1s1)
I
! 0.6 i
i I - ——— y=0.1
[. A — -1.5¢ '.y
, 0.5 | . ) \
o | o ~ -
| . - ol f L y=10
f \ WA vt 20( v
I \/ o3t [i\/ | .y
[ \o2f | \ y=10 25}/
Q1E / \ -3_6':
(g i ~ .}‘ r ) oy £ N L | \ M £
-10 -5 5 10 -1.0 -0.5 0.5 1.0

« Some vibrational modes invisible in our approach (as they
couple to the o-system); only 1T-active subset of IETS

« Huckel model described by the adjacency matrix of the
conjugated part, i.e., constant nearest neighbor hopping
elements — implicitly requires planarity (compare biphenyl)



3-methylene-1,4-pentadiyne
4
{\Y/.K:S J. Lykkebo et al., ACS Nano 7, 9183 (2013)
1
2
{5,6} m22

» toy molecule (real, nonetheless), contacted at atoms 6 (L), 5 (R)

« possesses DQI between 5, 6
(also between other sites, here, exceptionally, not shown for clarity)

« We may understand this particular DQI by considering paths 6-4-1-3-5
vs. 6-4-1-2-1-3-5; the extra 1-2-1 piece changes phase by 1 exactly
(at zero energy that we concentrate on); Fano resonance

« DQI lifted by vibrations active at site 2 — which path interferometer



Time for hands-on experience
(hopefully...)



Biphenyi

/

\ 1

12 »2 —{1 11
\
\

SIS e— 6 03— ag7

{3,5} 4myq+myq+ mee— dmgz — 4dmgg + Mmya 1o

« DQI between {7,8} is
‘vibration resistent’

{3,8} 2(—myy+ mge+ miz1o)
{3,10} 2 (myq — mge + Mi2.12)
{3,11} 4my ;1 +myq +

s — 4dmz7 7 + 4dmg g + Mm212 _
|  although reported here for easier

7,8} 0 . .
(.8} orientation, {7,10} and {3,10} are
{7,9} 4(m33+ ms5 —mi11) :
(7,100 actually symmetry-equivalent to {7,8}
7,10} 0

and {3,8}, respectively
{7,12} 2(m33—ms5 — my111)



Azulene

« hon-alternant hydrocarbon

. off-diagonal el.-vib. elem’s
are present (due to being
non-alternant?; Gemma)

10 7

{3,5}
{3,6}
{3,10}
{7,8}
{8,9}

o (this molecule was much
3 discussed in the literature in
£ connection with applicability
of various graphical rules for
DQI prediction)

mi1+mi2—my5 —ma1 —m22+mae+m31—m37—Mmq2+myg7—m77+mgs— mgg—mgio — M9 e — M99 + My 10
mi,1 +mi2 —mi5 —M21 —Mm22+m2e+m31 —m37—mqg2+mq7— m77+mgs+mgg— mgi10 — mMye + My 9 + Mg 10
mi,1+mi2—m1s5 —Mma21 —mz2+mze+m31—m37—mqg2+mqg7—my7+mgs—+ mgg—mgi10 — M9 e — M9 9 + MY 10
m3.3 — M4q.4 + ms5.5 —Me,6 — 110,10

m3.3 + maqa+ ms5 + Mmee — M10,10



Two Interesting Points

- Where the ‘graphical rules’
really fail (in spite of being
applied correctly)

4 3
Yet no DQI! Yet with DQI!

G — |im (_]‘)L+R det‘LR(Hmol + 27])
o n—0% det(Hmol + ZL + Z[{ -+ ?7})

. the rules consider the numerator only, while
here the denominator is important: “0 / 0”

. this is relevant for physically existing systems,
too — use of pseudoinverse in our code

« Fano resonance in the square
with arbitrary asymmetry, a # 1

€= (a-1)2)

~N 1)
8,

0e|—)

L

|4) AN
I+ = 1/v2(]2) + |4))
[—) = 1/V2([2) — |4))
r
10 F
EL[ \ 1
2 ] T‘(v ~ O) = 5 5
i £2
3.413 1+ (%)
"W fi R
0.2k o 6/’)
.......... 'g ——
-0.4 -0.2 02 04



Conclusions

v’ automated code for evaluation of
DQI configurations of wide class of conjugated
molecules

v' Combinations of el.-vib. matrix elements
contributing to IETS calculated
» analysis in terms of propensity rules
(effects of symmetries etc.)

& Still desperately missing Huickel-like prescription
for el.-vib. matrix
(only ab-initio now - shaky, nonintuitive)



Thank you for your attention!
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The many ways for a current to interact with ionic motion

Stefano Sanvito
School of Physics and CRANN, Trinity College Dublin, IRELAND

' Trinity College UCC

The University of Dublin University College Cork, Ireland
Coldiste na hOlIscoile Corcaigh

SO




The question

Mesoscopic Molecules

CRANN

iy .
Majority o > Atoms on
Z surfaces



CRANN

Quantitative quantum transport: Smeagol
Quick overview (very quick!! ... with some new stuff)

Interference on a surface
Atomic-scale quantum devices on Si (100)

Moving atoms
Phonons in an electric field/current



CRANN

Quantitative quantum transport
The Smeagol project

Alex Reily Rocha, Ivan Rungger, Chaitanya Das Pemmaraju, Maria Stamenova ....
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NEGF + DFT (Siesta .... AIMS & CP2K)

Hifo ]+ Hylpl+Z,[E,p 0] +Hglpg]
—— A —

NNNNN




Smeagol

koﬂu
Pacific
{( Ocean

Phys. Rev. B 73, 085414 (2006); Nature Materials 4, 335 (2005); Phys. Rev. B 78, 035407 (2008)


http://www.smeagol.tcd.ie/
http://www.smeagol.tcd.ie/

One question, many systems

CRANN

Spintronics devices (design)
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What to ask to the electronic structure theory ?

Molecules

* lonization potential (/)
and electron affinity
(EA) at the right place

* Accurate for fractional
occupation

« Scalable to large
number of electrons

CRANN

Solids

 Correct band-alignment
(and transport gap)

* Interface states well
described

« Scalable to large
number of electrons



Smeagol: what IS ne
Constrained DFT

4A 6A

..............................
..............................

..............................
------------------------------

..............................

3.00
(d)
6 ' - 225 .
55" 45’ 30" 0 : t:l
4 E A W ‘\_'A‘./\.‘_ l50>
———————————— ~ -
= 50", &= B0 K =
iy = s | 0753
? 9k - — 55" 0= 80K A
~— & 58’ @=4K sl W\ D
- 0.15 A A A A v A — p— 0.00
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bias (V bias (V)
._S 0 g e e i e 1as (V) 1as
Y |
! I
235 8 225
3 p ) A A.M. Souza et al., Nanoscale 7, 19231 (2015)
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CRANN

What to ask to the electronic structure theory ?

Molecules Solids
* lonization potential (/)  Correct band-alignment
and electron affinity (and transport gap)

(EA) at the right place

 Accurate for fractional * Interface states well
occupation described
« Scalable to large « Scalable to large

number of electrons number of electrons




Smeagol: what is new

Recursive NEGF for order-N

CRANN




Smeagol: what is new

STT and multi-scale

CRANN
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CRANN

Interference on a surface
Single H on Si (100)

Minority

\ o Adspecies
Pt
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B. Naydenov, et al., PRB 84, 195321 (2011)



H on Si (100)

CRANN
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B. Naydenov, et al., PRB 84, 195321 (2011)



H on Si (100)

Simulations Experiment Experiment Simulations
Hy Minority Majority Hg
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g
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B. Naydenov, et al., PRB 84, 195321 (2011)



H on Si (100)

CRANN

GW Band

Minority

_\...u%” \ Adspecies

J.E. Northrup, PRB 47, 10032 (1993)
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H on Si (100): sing

F 1
Scattering analysis 10
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Quantum interference device
111

CRANN

B. Naydenov, et al., Nano Lett. 15, 2881 (2015)



QID on Si (100)

CRANN
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QID on Si (100)

Energy (eV)

Theory

Experiment

CRANN




QID on Si (100)
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QID on Si (100)

CRANN

Sample Bias [V] o

Sample Bias [V]



QID on Si (100)

CRANN

Gating

Sample Bias (V)

X (nm) Experiment
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QID on Si (100)
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QID on Si (100)

« 1D devices on top of “peculiar’ surfaces are
possible

« (Gating demonstrated

* Now need to put contact down (moving to
Ge - more stable)!



lvan Rungger, Rouxing Zhang, Shimin Hou
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Moving Atoms: Forces

R. Zhang, |. Rungger, S. Sanvito and S. Hou, PRB 84, 085445 (2011)
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Wind force defined
= / by subtraction
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Electromigration: Si (€

Stable position: bridge site
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Electromigration
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Meilin Bai, Shimin Hou, Ilvan Rungger, Clotilde Cucinotta

Moving Atoms: Phonons

R. Zhang, |. Rungger, S. Sanvito and S. Hou, PRB 94, 035411 (2016)

CRANN



In equilibrium
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Phonons
CRANN
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Phonons
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Electrostatic energy between Hz and Au increases
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« Calculations of phonon softening/hardening under
bias demonstrated

 Interpretation in terms of bond strength change and
electrostatic contribution

« How can we measure that?
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Quantum State Transfer and Entanglement Distribution among Distant Nodes
in a Quantum Network
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LETTER

On-demand single-electron transfer between
distant quantum dots

R.P.G. McNeill, M. Kataokal’z, C.J.B. Fordl, C.H. W. Barnesl, D. Andersonl, G. A. C. Jonesl, I. Farrer' & D. A. Ritchie!

doi:10.1038/nature10444
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“Coherent transfer by adiabatic passage” (CTAP)

Steady-state coherent transfer by adiabatic passage

Electron transfer 0 0
from dot 1 to dot 3 K 1]
without occupying dot 2 1) 12) 3)
Greentree et al., PRB 2004
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o

0

Jan Huneke, Gloria Platero, and Sigmund
Kohler, Phys. Rev. Lett. 110, 036802 (2013) Ratio of the tunneling rates €2,,,92,;



Quantum electron transfer between distant sites in triple quantum dots

L-R lines:
A
(11,2) 211
(2,0,2)
lIJ> = 1,1,2>+/3 2,1,1>

M. Busl et al.,

-0.83  V, (V) -0.78
Nature Nanotech, 8, 262 (2013).

Long range transfer by quantum superpositions

-1.02
082 vV (V) -0.74



Quantum electron transfer between distant sites in triple quantum dots
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L-R resonance of (2,0,1) and (1,0,2),
intermediate (1,1,1) far in energy

I'y,

I'r
N\

AE >t \LR_>=%(M 10, —[1.0.1 1))

R. Sanchez et al., PRL, 112, 176803 (2014)

As an electron tunnels from one extreme to the other an arbitrary spin state ¢ is
transferred in the opposite direction:

‘w>l=L,R - CT H\>l + Ci N’>l
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Long range interaction

In the chemical bond: Resonance Hybrid States L. Pauling 1931

In TQDs, Amaha et al.,

0 0 L 0
7 N\ </ N\ — /\ PRB, RC, 2012
o) 0 o) 0 0] T 0



Long range interaction
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Delocalized charge in TQDs:

Michaelis ,
Emary and Beenakker
EPL 06

D= L((Lo,o)—(o,l,o))

J2

Dark State

Source reservoir

All-electronic coherent population trapping in quantum dots



Long range interaction
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Long range interaction
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Coherent Trapping of Atomic Populations in optics

Coherent resonant electromagnetic field
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Coherent resonant tunneling




Quantum interferences in long range tunneling



Minimal system affected by charge and spin correlations: 2 electrons

Left-right resonance: (1,1,0)«+(0,1,1)
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Minimal system affected by charge and spin correlations: 2 electrons

Left-right resonance: (1,1,0)«+(0,1,1)
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By means of a perturbative expansion and tracing out (020) and (101)
an effective Hamiltonian in the singlet —triplet basis (110) and (011) is obtained

(020)
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The two singlet long range paths interfer destructively
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0,1,1> which carries current to the right

No contribution of

The Dark State blocks the current
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DECOHERENCE:

|

L-R resonance peak is reduced

I/(ql)

Life-time enhanced
resonance at E;;,=E,,

Dark State washed out

R. Sanchez, F. Gallego-Marcos, and G. Platero, Phys. Rev. B 89, 161402(R) (2014).



Photoassisted Tunne
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Current (pA)
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Driving with periodic AC electric fields

ling (PAT) in guantum dots

Coherent destruction of
tunnel,P. Hanggi, PRL, 1991

l

Bonds renormalization

7 b IR

et al
1998

Floquet-Bloch Theory and Topology in
Periodically Driven Lattices,

A. GOmez-Ledén and G. P., PRL, 2013.
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P. Delplace et al.,
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Dimer chain: AC driven transport to characterize the topology
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Long range photo-assisted transport
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Effective model
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Multiphoton Landau Zener Stlickelberg Tunneling

involving virtual transitions
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Multiphoton Landau Zener Stlickelberg Tunneling

involving virtual transitions
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Conclusions

Long range transport in triple quantum dots:

Electrons are transferred directly between edge dots . 7"
OO ) vimalstates (LA
with only virtual participation of the center dots: Bl S )

Different long range (virtual) transitions interfere

Destructively.

Long range photoassisted transport:
Photoassisted virtual transitions:

. . (@ [T \ j/ w ,{" - Uﬁn) t:\a ‘
Destructive interferences between ] “W;/ | WW\OO(;Q ) §>(;<><>()((
i [ it M el OO
direct and virtual PAT transitions. 2 H\a' 0
b . —1 i A”‘f‘ﬁ , (@)
Coherent destruction of cotunneling. LS R

Phase dependent transport. —"
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Quantum interference in large
area molecular junctions

Philippe Lafarge

C. Salhani, C. Bessis, R. Bonnet, M. L. Della Rocca, C. Barraud, P. Martin
J.-C. Lacroix

Matériaux et Phénomenes Quantiques (MPQ) and ITODYS
Université Paris Diderot, CNRS, Paris, France



Quantum interference in mesoscopic systems

Aharonov-Bohm effect in a metal ring vhase coherent transport

(a) 10 x @
0.0502 B

(b}

o} 100 200 300
1/AH [ 1/T]

R. A. Webb et al., Phys. Rev. Lett. 54, 2696 (1985)
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quantum interference

phase shift controlled by magnetic flux
Ap=1 O/,



Quantum interference in molecules

Essence of Ql: simultaneous coupling between two molecular
orbital levels and a Fermi sea of conduction electrons

T(E)
I

conduction molecular hybridization
electrons orbitals



Quantum interference in molecules

Essence of Ql: simultaneous coupling between two molecular
orbital levels and a Fermi sea of conduction electrons

Kondo effect in quantum dots T(E)

TR

Kondo effect: dynamical screening of an unpaired spin by
conduction electrons. Coupling between an interacting discrete
level and a Fermi sea of conduction electrons




Molecules coupled to conduction electrons

~1 nm

~2.4 nm

Counter

Polyimide e
u
PP Phosphor bronze

Au electrodes

.
Perrin et al., Nature Nanotech. 9, 830 (2014)

' MCBJ + SAMs C-AFM or EGaln on SAMs

Capozzi et al., Nano Lett. 14, 1400 (2014) D |ft Leiden H d G . |_ d |_||

STM-BJ, Columbia, Arizona € ! arvard, Lroningen, Leiden, Lille
state Konstanz, Erlangen -

Fracasso et al., JACS 133, 9556 (2011)

Planar junctions + grafting

Thiele et al., Science 344, 1135 (2014)
Electromigration + SMM Edmonton’ Paris

Grenoble



Experimental observation of quantum interference

Meta and para substituted benzene molecules, MCBJ

C. R. Arroyo et al., Angew. Chem. Int. Ed. 52, 3152 (2013)
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Experimental observation of quantum interference

molecular junctions based on SAMs, statistical analysis

Evidence of Ql: dip and negative curvature of the conductance

C-AFM junctions EGaln junctions

Log (dI/dV)
Log|dJ/d V]|

=
&
|

D
o

N N O @
5 g 5e

Potential (V)

Bias voltage (V)

Guedon et al., Nat. Nanotech. 7, 305 (2012) Carlotti et al., Nat. Comm. 7, 13904 (2016)
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Electrochemichal grafting

il

Growth of an organic film by electroreduction of diazonium salt

Au/AQ/TiAu junctions
Area: from 5x5um? to
75x75um?

AQ precursor

0 ACN 0O 0 Au
NBu,BF,
+e-

— — <
N,* N\
NH, §

0 0 0

9,10-dioxo-1-anthracenediazonium (AQD) P. Martin, J.-C. Lacroix ITODYS lab, Paris Diderot University

Fave C. et al., JACS 129, 1890 (2007) . .
Fave C. et al.. JPC.C 112, 18638 (2008) formation of robust, disordered

A. Bousquet et al., Langmuir 28, 1267 (2012) multilayers with covalent bonds
5 to 10 nm thick




Fabrication process

AQ grafting by
electroreduction

UV lithography > metal deposition

Crossbar junctions
shadow mask evaporation

A

SRR 13T, metal top contact <

A. J. Bergren et al., J. Phys. Chem 114, 15806 (2010)

2 H H 2
SX5Hm* < junction area < 75X75 um P. Martin et al., JACS 134, 154 (2012)



Current (pA)

T. Fluteau et al., J. Appl. Phys. 116, 114509 (2014)

typical cyclic voltammograms

Molecular layer caracterization

thickness depends on number of grafting cycles

(a) T T ) 35 T
0.0 — 30} F S % i
E 25} -7 _
05 — 1% cycle | £ 25_ é,’ |
) —— 2" cycle 2 a0l i

——4" cycle 0.1V/s e 7| {

-1.0 —— 50" cycle . S 15k s ]
1.5 i 10 , i
] 5¢/ 4
2.0} - f K |
1 1 1 " 0 . 1 . 1 . 1 " 1 N 1 .

-0.4 0.2 0.0 0.2 0.4 0 10 20 30 40 50

Applied potential (V) Number of grafting cycles

thickness and roughness measured by AFM
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Transport characteristics of AQ based junctions

1 L 300K 30 x 30 um?
’(5 0.1F -
3 X
(D B : : -
0.01F 2 f !
: A . .
osk "~ T _ T T T _ T T ] t .
ol 30 x 30 um? 300 ‘g ;
0.2} — ' ' : : ' ' : :
_ 1-1.0 -0.5 0.0 0.5 1.0
Z oo} 4K ]
= 02f ] V (V)
04l ]
06| ]
ol . . . . ., . 1 V.Rabacheetal, JACS 135, 10218 (2013)
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V(V)



Conductance of AQ based junctions

strong suppression at low voltage temperature dependence

10°
1 | 1

1.0 -05 00 05
V(V)

0,1:
structures in the G(V) '
at low temperature

G (uS)

0,01

02 01 00 o1 o2



Molecular vs tunnel junctions

TiAu (2/50nm)

= Metallic tunnel junctions Al/Al,O,/TiAu
I Al (50nm)

Same fabrication process via shadow mask

o |
‘S’ 1L tunnel junction ]
0.1k 4K
] | ] | | | | [ . | . | . | . ]
-1.0 05 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
U\ V(V)

LPN, Juin 2016



Anthraquinone vs BTB junctions
BTB 2-3 nm
' N BTB 7 nm

I(LA)

10 05 00 __ 05 1.0
V(V)
g

G(uS)

Oy D=5 o0 o5 1.0



Other possible mechanisms for zero bias
anomaly

DOS reduction due to e-e- Coulomb interaction in barely insulating disordered solids

Variable range hopping in Mott insulator for non interacting electrons in the 3D limit
N. F. Mott, J. Non-Cryst. Solids 1, 1 (1968)

T,\" 1
o(T) < exp - with V=Z

... by including Coulomb interaction a Coulomb gap opens atlow Eand v =

2
A.L. Efros and B.l. Shklovskii, J. Phys. C 8, L49 (1975)
20t .
F [ ]
. . 19+ °
Expected linear behavior = | .
1 £ 18}
of In(p) vs = -
2
T 17t &
L [ ] | X | X | 4
0.1 0.2 0.3



Other possible mechanisms for zero bias
anomaly

DOS reduction due to e-e- Coulomb interaction in diffusive metallic leads of the
junction

g_Goc@ 3D limit
5G .
G—oclog(eV) 2D limit

66 . [ErnW) 1D limit

0ol | | | N e eV

|
% -0.5+ o2 iuncti . I |l i .'E
t
o* Tk hD* hD* hD*
o’ —1Dlmt L2 w2 (2
o —— 2D limit
o° —— 3D limit
1O Howee"” | F. Pierre et al., PRL 86, 1590 (2001)
T T S S B.L. Altshuler et al., Sov. Phys. JETP 59, 415 (1999)
op 01 02 03 04 05 E.V. Sukhorukov et al., PRB 56, 1456 (1997)
V(V)




Other possible mechanisms for zero bias
anomaly

Dynamical Coulomb blockade: inelastic electron tunneling with energy
dissipation in the electromagnetic environnement

P. Joyez and D. Esteve, Phys. Rev. B 56, 1848 (1997) Best fit with resistive environment:
T=25K
Z..= R=0.8R,~20kQ
(Vo Zexl®) C=1.510"F
C E.=0.53 eV
HE ot
L Rr 0.1}
g |
Necessary conditions: O o1l
R>>R, (resistance quantum) :
only relevant impedance Z_,,//C !
1539 06 03 00 03 06 09

eV/E
C



DFT calculated transmission of AQ chains

Calculations by T. Markussen (Quantum Wise)

Q S
‘ Bt ¢ e 4

! s g o R D 2.
Lt"#‘ ﬁ. ?tttt“x‘t‘\i » :-_L t :i.._tl ‘t ‘LL‘;
% 11, ® i.L.‘: t,. ¢ "'?L-‘s ?
T + o contributions DFT vs two-site model
10°¢ 10°¢
@ 7 (b) ™
107 107}
107 102}
[ [
o |
9 107 10°F
g I
a4l a4l
S 107 F |ncreasing 107}
= 10_5-_ o coupling 10_5-_
10¢ 7 10} T :
[ — T+o ] [ —  2—site model |
107,515 1.0 =05 00 05 10 15 2.0 1075515 1.0 =05 00 05 10 15 2.0
E—E (eV) E—Ep (eV)
g =—0.52eV
two-site model used to fit DFT calculations & = —0.52eV
v=0.025 eV

t=-1.4 eV



Two-site model for quantum interference

Simplest model capturing the quantum interference effect

AO basis one site coupled to the leads
t? Transmission function T(E) = Tr[I[ G"TrG%]
|1> 1 I, r coupling matrices to leads L/R
{Gr/a Green functions of the molecule
T. Markussen et al., PRB 89, 085420 (2014) 2
» T(E) = ! Y

& =& =0,y=04¢eV,t=-2.6 eV t
100 I [(E 81) E—¢

Transmission node at E = ¢,

107372721 0 1 2 3
E (eV)



di/dV (G,)

Influence of electron-phonon interaction

Conductance of a single AQ molecule junction with el-ph interaction

10°F

Steps in conductance due
to opening of inelastic
transport channels

10°F

ANl —

ol “‘“1 1’
E m.é@“@{

10" -0.4 0 2 (] 0 2 04 T Markussen et al., PRB 89, 085420 (2014)

Current calculated with DFT within the lowest order expansion



Influence of el-ph in transport measurements

simultaneous fitting of G(V) and G(T)
C. Bessis et al., Sci. Rep. 6, 20899 (2016)

[ awat=1sk |l Gmatveo
[ data ] C o data
—— model —— model
0.1} - _
o = junction 50x50pm?
O (Dg 10¢ & =0 E
0.0LL & = 6.8 meV
: v=0.4 eV
] i t=-2.4eV
02 o1 00 o1 o2 "m0 10 1m0 200 250
V (V)

T(K)

model: lowest order expansion and two-site model

IV,T) =1,(V,T) +Zlm(v A,T) sum over each phonon mode hw;

T. Markussen, K.S. Thygesen, Phys. Rev. B 89, 085420 (2014)



Calculated d?l/dV?

100

50

(UNA(diav) (V)
o

-50

-100

02 01 00 o1 o2

V{V)

14 ph energies (5 — 160 meV), few dominant modes at low energy
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Conductance and el-ph interaction

G(V) and G(T) curves fitted to a two site model with el-ph interaction
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High temperature behaviour

Two sites model with el-ph interaction also described conductance at
higher temperature

Solid curves calculated with parameters extracted at the lowest temperature




Inelastic electron tunneling spectroscopy

100
] IETS powerfull tool for molecular transport:
M. A. Karimi et al., Nano Lett. 16, 1803 (2016)

- Detect change in configuration
R. Frisenda et al., Beilstein J. Nanotechnol. 6, 2477 (2015)

- Predicted improved sensitivity in

cross-conjugated molecules
J. Lykkebo et al., ACS Nano 7, 9183 (2013)
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FWHM analysis

FWHM z\/

Peak at—35mV, T=5K
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Wavenumber (cm™)

Vibrational modes

Wavenumber (cm™)

Wavenumber (cm™)
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C. Salhani et al., Phys. Rev. B 95, 165431 (2017) Poster n°8 by Chloe Salhani

no signature of Au-C bond, signatures of azo-bonds and AQ
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Comparaison with IR spectra
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Conclusions

e Conductance of large area anthraquinone based junctions
based on anthraquinone described by a Ql model including
e-ph interaction

e |ETS reveals vibrational modes and metal/molecule
covalent bonds

Perspectives
e Change in the design of the junctions to include a gate

electrode

* Thermoelectrics measurements
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Charge transport in molecular junctions:
Vibrational effects, interference and decoherence

Michael Thoss
University of Erlangen-Nurnberg

Rainer Hartle (Gottingen), Uri Peskin (Haifa), Heiko Weber (Erlangen)



Quantum transport in molecular junctions

Mechanisms and theoretical aspects

* Molecular resonance states at metal surfaces

* Electron correlation, charging effects, Coulomb blockade, Kondo effect
* Coupling to vibrational degrees of freedom

* Heat transport

* Coupling to external fields, spin-dependent transport, ...




Vibrational effects in molecular junctions

e current-induced excitation of vibrational modes

* vibrational structures in current-voltage characteristics



Vibrational effects in molecular junctions

* current-induced excitation of vibrational modes
* vibrational structures in current-voltage characteristics

resonant transport

P 20 :
I T=75K
210
=
y
= o
=
o

0

0.0 oo it

0.7 0.8 0.9 1.0 11 1.2 1.3
U V]
Song et al., Appl. Phys. Lett. 94, 103110 (2009) Weber et al., ChemPhysChem 11, 2256 (2010);

Phys. Stat. Sol. B 250, 2452 (2013)



Vibrational effects in molecular junctions

* current-induced excitation of vibrational modes
* vibrational structures in current-voltage characteristics

* vibrational nonequilibrium effects: current-induced heating,
cooling, decoherence, rectification, conformational changes,
switching, negative differential resistance, noise



Charge transport in molecular junctions

Model

Lev

H = ) EkLCLLCkL + > Ejdj-dj + > ech;ﬂ;RckR metal — molecule — metal
kL J kR
+ Z(ijd}ck + ijc;gdj) molecule-metal interaction
k
+> wla,zfal vibrations
l
+ > )\g-)(al + azf)dgdj electronic-vibrational coupling
Li,j

IFL . .
+ Z Usjd;did;d; electron-electron interaction
J



Charge transport in molecular junctions

Transport methods

* Approximate methods

Scattering theory

1= 2 [de [dep{Trenler. ) fuledlt = fale)) = Tocnlep.e) frle) (L = fr(ep)]}
Nonequilbrium Green’s functions (NEGF)

I = %/de (Z5(0G7(0) = Z7()G<(0)) G< = @'=<@°

Density matrix theory (Redfield)

;= ¢ / drtr{[V(r), ppas| T}

0 = —i[Hg,p] — / d7 treadsi[V, [V(T) ppleadS}]}

Cizek Thoss, Domcke, PRB 70, 125406 (2004); Hartle, Benesch, Thoss PRL 102, 146801 (2009); Volkovich,
Hartle, Thoss, Peskin, PCCP 13, 14333 (2011); Erpenbeck, Hartle, Thoss, PRB 91, 195418 (2015)



Charge transport in molecular junctions

Transport methods

* Approximate methods

Scattering theory, nonequilbrium Green’s functions,
density matrix theory (Redfield)

 Numerically exact methods

Time-dependent multiconfiguration methods (ML-MCTDH)
N W (t)
I —e— <Z Cklckl(t)> _GZPOHV<WHV|QZHtle_ZHt’wHV> /! \
I‘¢71’1(t);l Iaﬁjz t);l I\¢§’3(t);l
VO = T Ay (0 H 65 (1) R VAR IR
J1

2R BT B GO B A0 BTG REEOT |

Density matrix theory (Hierarchical quantum master equation)

8,
8th

|£S + Z’ij] p_] _ IZ Bfkpj( IZAU n+1

Wang, Thoss, J. Chem. Phys. 131, 024114 (2009); 145, 164105 (2016); Wilner, Wang, Thoss, Rabani, PRB
92, 195143 (2015); Schinabeck, Erpenbeck, Hartle, Thoss, PRB 94, 201407(R) (2016)



Vibrational effects in molecular junctions: Basic mechanisms

current-voltage characteristics
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Vibrational effects in molecular junctions: Basic mechanisms

Current-induced vibrational excitation

current-voltage characteristics vibrational excitation (a*a)
| ! | ' I ! v I ! | ! |
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< Z6k i

202} 3

= ° T
O =4k i
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Hartle, Peskin, Thoss, PRB 83, 115414 (2011); Phys. Stat. Sol. B 250, 2452 (2013)



Vibrational effects in molecular junctions: Basic mechanisms

Vibrational nonequilibrium effects

current-voltage characteristics

| ' | ! |
0.3F electronic
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3. 02F (equilibrium) -
= vibronic
‘é’ (nonequilibrium)
= 0.1F -
Q
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Hartle, Peskin, Thoss, PRB 83, 115414 (2011); Phys. Stat. Sol. B 250, 2452 (2013)



Vibrational effects in molecular junctions: Basic mechanisms

current-voltage characteristics
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Hartle, Peskin, Thoss, PRB 83, 115414 (2011); Phys. Stat. Sol. B 250, 2452 (2013)



Vibrational effects in molecular junctions

Current-induced vibrational excitation

Q

Q
£
L] L
excitation deexcitation
(heating) (cooling)

. . +
excitation <a a>

thermal excitation
25 3.0 3.5 atT=300K

voltage [V]

Model: DFT
Transport: NEGF

Hartle, Benesch, Thoss, PRB 77, 205314 (2008); PRL 102, 146801 (2009)



Vibrational effects in molecular junctions

Adiabatic vs. nonadiabatic electronic-vibrational coupling

adiabatic

16 ’,4"
4 B %
1.21

< 1.0

2 0.8/

o
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“ 04l ~~.. nonadiabatic
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H=H, + z/ljjdfdj(a +a*) + Z Aijdfdj(a +a't)
] i) Ay, = 0.03 eV
All - 003 eV - Azz

cf. also:
Repp, Liljeroth, Meyer, Nature Phys. 130, 975 (2010)

Wegewijs, Schoeller, et al., EPL, 83, 58001 (2008) Erpenbeck, Hartle, Thoss, PRB 91, 195418 (2015)



Vibrational effects in molecular junctions

Adiabatic vs. nonadiabatic electronic-vibrational coupling
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Vibrational effects in molecular junctions

Transport at low bias voltages:
Inelastic electron tunneling spectroscopy (IETS)

low conductance (G < G,/2)

2
4 55} LIA ETS
0 L & R
0 | » () | > ; >
Q o ) d () o
high conductance (G > G,/2)
dr 2
4 ) ok ETS .
0 U
0 /:> 0 | > ; >
() o () d Q) ()

Galperin, Ratner, Nitzan, J. Chem. Phys. 121, 11965 (2004); Egger, Gogolin, PRB 77, 113405 (2008); Entin-
Wohlman, Imry, Aharony, PRB 80, 035417 (2009); Avriller, Yeyati, Phys. Rev. B 80, 041309 (2009); Novotny, Haupt,
Belzig, PRB 84, 113107 (2011); ...



Vibrational effects in molecular junctions

IETS for weak molecule-lead coupling in off-resonant regime

__Vibrations in equilibrium
(NEGF-SCBA)

d2(1 —14)/d®* [nA/V?]

(1 =0.1eV A =0.06eV

0 ol 02 03 04 05 06 [)r =0.007eV T=100K
bias voltage @ [V]

H=eydtd + Z €xCrcy + z Vi(dtep + cfd)+ Qata+1d*d (a+ah)
K K

Schinabeck, Erpenbeck, Hartle, Thoss, PRB 94, 201407(R) (2016)



Vibrational effects in molecular junctions

IETS for weak molecule-lead coupling

__Vibrations in equilibrium
(NEGF-SCBA)

d2(1 —1)/d®? [nA/V?]

(1 =0.1eV A =0.06eV

0 0.1 0.2 0.3 04 0.5 0.6
bias voltage ® [V] FL/R = 0.007 eV T= 100 K

H=eydtd + Z €xCrcy + z Vi(dtep + cfd)+ Qata+1d*d (a+ah)
K K

Schinabeck, Erpenbeck, Hartle, Thoss, PRB 94, 201407(R) (2016)
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Vibrational effects in molecular junctions

IETS: Peak—dip transition
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Vibrational effects in molecular junctions

Current noise: Sign change of vibrational contribution
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cg Auvriller et al. PRB 80, 041309 (2009)
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Quantum interference in molecular junctions

Experimental Evidence for Quantum Interference and Vibrationally Induced Decoherence Probing the conductance superposition law
in Single-Molecule Junctions . . . . .
in single-molecule circuits with parallel paths
Stefan Ballmann,' Rainer Hirtle,> Pedro B. Coto,>™ Mark Elbing,3 Marcel Mayor,'z‘4 Martin R. Bryce,5 . i
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Quantum interference and vibrationally induced decoherence

current-voltage characteristics
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Strongly enhanced current due to coupling to vibrational modes
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Phys. Rev. Lett. 107, 046802 (2011)

Method: DFT-based model,
NEGF transport calculations



Quantum interference and vibrationally induced decoherence

Quantum interference in junctions with
guasi-degenerate electronic states
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Quantum interference and vibrationally induced decoherence
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Transport method: NEGF F)r = 0.02eV A= 0.06eV Q2 =0.1eV

Decoherence due to electronic-vibrational coupling results
In quenching of electronic interference effects



Quantum interference and vibrationally induced decoherence

Quenching of destructive interference: Equilibrium vs. nonequilibrium

— current induced vibrational excitation
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Quantum interference and vibrationally induced decoherence

Analysis of interference/decoherence in terms of transmission function

without electronic-vibrational coupling (A=0) with electronic-vibrational coupling (A=0.06 eV)
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Quantum interference and vibrationally induced decoherence

Adiabatic vs. nonadiabatic electronic-vibrational coupling
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Poster: Andre Erpenbeck
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Quantum interference and vibrationally induced decoherence

Temperature dependence of current
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In junctions with quasi-degenerate states and similar vibronic coupling, cooling due to
electron-hole pair creation processes dominates heating, resulting in thermalization.

Hartle, Butzin, Thoss, Phys. Rev. B 87, 085422 (2013)



Quantum interference and vibrationally induced decoherence

Symmetric coupling interference scenario
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Quantum interference and vibrationally induced decoherence

Symmetric coupling interference scenario
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Quantum interference and vibrationally induced decoherence

cf. experiment: S.J. van der Molen et al.
Nature Nano. 7, 305 (2012)
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Decoherence due to electronic-vibrational

coupling results in partial guenching of
electronic interference effects
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Phys. Rev. Lett. 107, 046802 (2011)



Quantum interference and vibrationally induced decoherence

current [uA]

L /.
] . . /
12k electronic without ) -
Z interference /
| /
o .
- vibronic ,/
| /
4t g -
[ ’_.’ vib — 10 K
/ .
________ _—=--"" electronic
0 -------------------------------
0 0.5 1 1.5 2 2.5 3

bias voltage [V]

Decoherence due to electronic-vibrational

coupling results in partial guenching of
electronic interference effects



Quantum interference and vibrationally induced decoherence

Experimental signature: Temperature dependence of electrical current
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Quantum interference and vibrationally induced decoherence

Experimental signature: Temperature dependence of electrical current
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Charge transport in molecular junctions

Summary

* Molecular junctions are interesting architectures to investigate
nonequilibrium transport processes at the nanoscale

* Electronic-vibrational coupling influences transport significantly and
can cause pronounced vibrational nonequilibrium effects

* Transport in molecular junctions with closely lying electronic states
may be strongly influenced by quantum interference effects

* Electronic-vibrational coupling provides decoherence mechanism
that is particularly pronounced for larger voltage (resonant transport
regime) and higher vibrational excitation
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Quantum-interference-enhanced thermoelectricity In
single-molecule junctions.
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Can interference effects be exploited to
enhance thermoelectric properties of single
molecule devices and molecular films?

Can room-temperature electronic quantum interference
be used to enhance the Seebeck coefficient of single
molecules?

Can room-temperature phonon interference be exploited
to reduce the thermal conductance of single molecules?

Can these effects be translated into self-assembled
arrays of molecules to create high-performance thin-film
thermoelectric materials?
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... pancasterfsd
Preliminaries =™V

The Seebeck coefficient S:
(Vo —=V;1)=-S(T,-T,)

The thermoelectric figure of merit ZT:
ZT = S°GT/(K, +Ke )

G = electrical conductance, T = mean temperature
K, = phonon thermal conductance,
K. = electronic thermal conductance




More preliminaries:

Why Is quantum interference
expected to be helpful?

Mott formula:

T.(E) = transmission probability for
electrons of energy E travelling from the
source to the drain via the molecule.

High slope = large

S’ 1.0—_
provided the high .

slope coincides @ | T~
with the Fermi ] -
energy of the -

—1.8A
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Outline

Evidence of room-temperature electronic quantum
interference

Strategies for enhancing the Seebeck coefficient of single
molecules

Strategies for reducing phonon thermal conductance



Evidence of QI in electroburnt junctions
Sadeghi et al., PNAS 2015, 9, 2658-2663
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Molecules vs. Quantum dots University

[ ]
1
1
N . .

!f abﬁ ,"' ’f \.\ \\
. a& S .~ Central Molecule *. Virtual Electrode *.
i Q‘} i *i.'S" * Polycyclic Aromatic Hydrocarbons * *
e PAHS
1 8 8 8
17
16
=2 . T =2 — S =7
Ge=? _;\1 Girs=: 7 _\;\1 Gies =
'\531,3 / Gi?,B_ =/ o 16,8 / Gz?_.s_ =/
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Answer provided by a magic number table.

Magic Ratio Rule (MRR) G, ¢/G,; ¢ = ratio of the squares of their magic numbers
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An example of constructing M-table Lt

Benzene (Bipartite Lattice)

G11/G1=17/(-1) = 1

C_f/

. Sangtarash, et. al, JACS, 2015, 137(35), 11425 5




Fun with magic numbers:the
pyrene M-table
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Counts

Comparison with experiment

JACS 137, 11425 (2015), JACS 137, 4469 (2015)
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Anthanthrene - Bipartite Lattice University (@
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Mid-gap Ratio Rule MRR - A new rule Caee by

S oo B O

Naphthalene Anthracene Pyrene Anthanthrene Azulene

thiol Red | Blue (JACS, 2012) 4 5.1 NA ?
thiol Red / Blue (JACS, 2012) 16 10.2 NA 13

carbon Red / Blue (JACS, 2015) 9 8 NA 9
pyridyl Red / Blue (JACS, 2015) 81 79 NA 81
thiochroman Red [ Blue (Nano Lett., 2014) 0.72 1 0.32 0.93
thiochroman Green [ Blue (Nano Lett., 2014) 0.003 0.06 0.1 0.05

Sangtarash, et al, JACS, 2015, 137(35), 11425; Xia, et. Al, Nano Lett, 2014, 14 (5), 2941; Kaliginedi, et. al, JACS, 2012, 134 (11), 5262
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Phase coherent interferometers
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. Sangtarash, et al, JACS, 2015, 137(35), 11425 10
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Three terminal logic gate

Input Input
Al 3 3 -3 3 ﬁ 3 3 0
3 3 3 3|33 3 o
— 1 4 1 6 3 3 1 2
— A1 - 3 3 1 2
1 4 1.4 3 3 4 2
A1 - 3 3 1 2
14 14 3 3 5 -2
2 2 2 0 0 -2 2
2
oM. +M . .
Oii.i |MI=J MLJ‘|
2
Input Output O,,=0,,%|£3]
Al A2 | |A1+A2]
0 0 0 2
Gz,4.—9“|M2,9+M4,9|
1 0 1
- 2
1 | 0

. Sangtarash, et al, JACS, 2015, 127(35), 11425 9



Why does the MRR work?

£ ., ~
S @ .~ Central Molecule *. Virtual Electrode
Q‘:@ ’ ‘:}'Q" ’ Polycyclic Aromatic Hydrocarbons ™

PAHs

1. Provided Eg lies within the HOMO-LUMO gap:
G = Gt Geore Gright = Geore R, Where R = random number.

2. Provided the distribution of R is connectivity independent,
[most probable G, ]J/[ most probable G, |= G_,e1/ Georer

3. Provided Eg lies near the centre HOMO-LUMO gap,
G.oe= (Magic number)?



wWhny does the MRR woOrk™?
Effect of Coulomb Iinteractions —
PPP model

P N
I I I LA
A4
o e
Naphthalene, magic ratio: 4, exp: 5.1, DFT: 2 | HF | HF gap (eV) | Lanczos | Lanczos gap
non-interacting 397 297297 3.07 297
imteracting, [ = 0.5 120 5.81/5.8 1.32 .79
interacting, [/ = Uy 1AL 8T74/879 184 8,70
interacting, [/ = 1.51J; 159 | 11.75/1180 | 5.65 11.90
interacting, [/ =21} 176 | 14.84/1489 | 6.93 15.53
inferacting with screening, distance = 1 | 438 | 5.19/5.97 187 | 5.22/5.80
interacting with screening, distance =2 | 438 | 6.39/6.83 L83 | 6.39/6.76
interacting with screening, distance =4 | 436 | 7.35/7.55 180 131747
inferacting with screening, distance =00 | 441 | 8.74/8.79 1.84 8.70

H = Hmoler)u[e + Hif:ads + H{Joupliug‘

The molecule is described in terms of the Parr-Pariser-Pople (PPP) model[1, 2]

Hmaler:ui? = HTH.{JI(?CU[S,:\"I + H’rrwlﬁ(:u[ﬁ.fﬂ

containing a non-interactiong part and a term describing the electron-electron interac-

tion. The non-interacting part is

- 2 P~
HTH.(J!E(JUIE.:\"I - ')'zjci:g(-j':g + g;n;.

1,],0 i

Taking into account that next nearest neighbour hopping integrals in graphene are at
least an order of magnitude smaller than nearest neighour hopping integrals [3], in
what follows we neglect all but nearest neighbour hopping integrals, for which we take
a uniform value of v = 2.4eV. The interacting part
Hnolecute,r = Z Uii(nit — %)(ﬂu - %) + %Z Uij(ni = 1)(n; — 1)
i i
consists of the on-site interaction U;; = U and the long range interaction U;;. We

describe it with the Ohno interpolation [4]

U, 1=7,
[]’J = [ 2 12 . .

Ulcakar, Rejec, Ramsak, Jefferson et al. (2017)



More evidence of QI: A quantum circuit rule for
room temperature conductance
Nat Comm 2015, 6, 6389
Gppmemm: GmpmGpmp

Experiment
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Y 4
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m-p-m [ V= - \ m-m-m | A | \’
N= : N N m-p-m -5.5+0.4
7 +
oo (Nt V=N e [ N p-m-p 6.0:05
=N N= /N N V.
m-m-m -6.9+0.5
group 1 group 2
109(G,pe/Go) + 109(Grm/Gp) =-4.5-6.9=-11.4
Experiment
10g9(Gymp/Go) + 109(Gpm/Gp) =-5.5-6.0 =-11.5



A guantum circuit rule for
materials discovery

Nano Lett. 2016, 16, 1308

S T Smmm: Smpm+ Spmp

PPP
C;‘pppG‘mmm: GmpmGpmp

MY XD—CY @S? é)')
More generally B M T @ .

— X - y X = = ¥ Q
Sygy = (Sxext Sygy)/2 :}NC MDA
(Gxay)*= GxexGyay Vo

N AN xS
XCY 1 x"l a CN NH X-But-Y
X-R-Y RO = .Q-



A quantum circuit rule for room temperature
conductance and thermopower:
Sxay = (Sxext Svey)/2
(Gxgy)*= GxaxGyay

\/GX BX GY BY (GO)

Q) I T T b
A I 7" I U R B (i1
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Top of each grey line shows S,gy. Bottom of grey line shows S, gy



Strategies for controlling
thermoelectric properties of
single molecules

. Creating guantum scatterers in series
. Control of thermopower by mechanical gating

. Electrostatic gating via charge transfer
complexation

. Suppression of phonon transport in ‘edge-over-
edge’ porphyrins and molecular Christmas trees



Strategy 1. Quantum scatterers
INn series

Incident electron of energy E

reflected electron

Two scatterers in series

Scattering region

transmitted electron

Transmission probability T, (E)

At low temperature or for not-
too-narrow resonances:

S=-(I12kg?T/2e) dInT,(Ep)/dEL
Transmission probability T2

InT?,=2InT,

So Seebeck coefficient should
double!



Does it work?
Application to C,, molecular junctions

S (experiment) S (theory) ZT (theory)

1]
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B R -lll:lu!' '-]--

[ g 8 — _a4uV/K
| 65/8 = 0.69

Counts (a1

B

Connts (a.)

Evangeli et al
Nano Lett 2013 13, 2141

—B800 —400 —200 o -
& (pV/K) log (£



Strategy 2: Control of thermopower
by mechanical gating

L. Rincon-Garcia, A. Ismael, et al. Nature Materials, 15, 289-293 (2016)
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Control of thermoelectricity via
tip pressure

Nature Materials, 15, 289-293 (2016)
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Strategy 3: Electrostatic gating via charge transfer
complexation in “crown-ether anthraquinones”

AK Ismael, | Grace, CJL, Nanoscale 7 (41), 17338-17342 (2015)
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1 doped with TTF possesses S=-640 pV/K, which is higher than any single-molecule

thermopower measured to date. At room temp. P= 73 yW m1K-2for 1 + TTF + 2Na and 90
UW m-1K-2for 2 + TTF. These compare favourably with other organic materials. eg P = 0.016,
0.045 pW m1K2 and 12 yW m-1K-2for Polyaniline , Polypyrole and PEDOT:PSS.



Thermoelectric properties of
metallo-porphyrins
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Fe(ll)
vn(in) 8

-200 4 g = EOFT

|
bare Ni Co Cu Mn Zn Fe

_ ‘ bare Ni Co Cu Mn Zn Fe
Al-Galiby et al., Nanoscale, 2016, 8, 2428



Reduction of thermal
conductance by phonon
engineering.



Length dependence of the
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Experiment. Meier et al., Phys.
Rev. Lett. (2014) 113, 060801

Theory: Sadeghi et al., Nano Lett.
(2015) 15, 7467



High-performance thermoelectricity in edge-over-
edge zinc-porphyrin molecular wires.
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Noori et al, Nanoscale 2017




Can phonon interference effects
be exploited to reduce thermal
conductance?



Suppression of thermal conductance
through molecular christmas trees
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Can QI effects be translated into thin films?

Note: QI effects disappear
when a molecule is too long.

Phase-coherent Incoherent
v tunneling for hopping
yv short molecules for long molecules
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Results for two Cgys In parallel
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Summary

* Qlin electroburnt graphene junctions
« Connectivity-driven electron transport

e Quantum circuit rules for single-molecule electrical
junctions

* Fullerene-based thermoelectricity

 Thermoelectricity in crown-ether anthraquinones and
metallo-porphyrins

o Suppression of phonon transport in molecular
Christmas trees

Calculations were carried out by the following members of the
Lancaster theory group: Q. Wu, M. Famili, H. Sadeghi, S. Balley,
|. Grace, S. Sangtarash, Q. Al-Galiby, D. Manrique, A. Ismael, M.

Nl AAnr:



Interference-induced thermoelectrics with quantum Hall edge
states

Rafael Sanchez

Universidad Carlos Il de Madrid

In collaboration with: Bjérn Sothmann (Genéve — Duisburg)
Andrew N. Jordan (Rochester)

Dresden, 19 April, 2017



(Classical) Hall effect

Vi
+ o+ o+ o+ o+ 4|+ o+ o+
—_—
® B o
F=eE+7 xB)
Vg = —aBI

Transverse resistance increases linearly with the magnetic field



Quantum Hall effect.

9 xy (KD

0 2 ) 4 6
MGNETIC FIELD (T)

K. von Klitzing, G. Dorda, M. Pepper, Phys. Rev. Lett. 45, 494 (1980)
K. von Klitzing, Nobel lecture (1985)




Quantum Hall effect

e 82
If=—(Vi—Vi_
) h(z 1-1)

1,3 are voltage probes
Vi=Vy
Vi3 =V,

Charge conservation:

Is+1,=0

2
e
Iy = F(Vl - Vz)

h
VH:V1—V3:—21
€

Propagation without backscattering along edge states

B. I. Halperin, Phys. Rev. B 25, 2185 (1982)
M. Biittiker, Phys. Rev. B 38, 9375 (1988)



Two terminal thermoelectrics

Charge current:

ip = [AET(BAE) - (D)
Heat current:

¢:%/ww_ﬁwwmwwﬁwn

-1
filB) = [1 + C(E*evl)/kBTl]

U. Sivan and Y. Imry, Phys. Rev. B 33, 551 (1986)



Seebeck effect

7 =% [ BT(E)-0ps(E) [eVi+ B

T, -T
T

Useful for thermoelectric power generation



Onsager reciprocity relations

8‘/]‘ kBATj
— 4+ 1 3
kT (ksT)
V; kAT
evj +Klj B ;
kgT (kgT)

I} =Gy

M = My

1 1
—L;; = —=M,; Seebeck ~ Peltier
e lj T gl

Ki; = Kj; No thermal rectification



Three terminal thermoelectrics

Heat source

%
P

Energy harvesting demands three terminal devices

Separation of heat and charge currents



Three terminals. Mesoscopic thermocouple

Separate electrons and holes with energy-dependent scattering



Mesoscopic Thermocouple:

Resonant tunneling:

T. E. Humphrey, R. Newbury, R. P. Taylor, H. Linke, Phys. Rev. Lett. 89, 116801 (2002)
A. N. Jordan, B. Sothmann, R. Sanchez, M. Biittiker, Phys. Rev. B 87, 075312 (2013)
B. Sothmann, R. Sénchez, A. N. Jordan, M. Biittiker, New J. Phys. 15, 095021 (2013)
Y. Choi, A. N. Jordan, Physica E 74, 465 (2015)

Edge states:

R. Sénchez, B. Sothmann, A. N. Jordan, Phys. Rev. Lett. 114, 146801 (2015)
New J. Phys. Rev. Lett. 17, 075006 (2015)

Physica E 75, 86 (2016)

Interaction based coupling to the heat source:

charge conducting /

quantum dot,

gate quantum dot—"

Coupled conductors:
R. Sanchez, and M. Biittiker, Phys. Rev. B 83, 085428 (2011)
B. Sothmann, R. Sénchez, A. N. Jordan, M. Biittiker, Phys. Rev. B 85, 205301 (2012)

Experiments:

H. Thierschmann et al., Nature Nanotech. 10, 854 (2015)
J. V. Koski et al., Phys. Rev. Lett. 115, 260602 (2015)
F. Hartmann et al., Phys. Rev. Lett. 114, 146805 (2015)
B. Roche et al., Nature Comm. 6, 6738 (2015)

Phonons:
O. Entin-WohIman, Y. Imry, and A. Aharony, Phys. Rev. B 82, 115314 (2010)

Photons:

T. Ruokola, T. Ojanen, Phys. Rev. B 86, 035454 (2012)
Spins:

B. Sothmann, M. Biittiker, EPL 99, 27001 (2012)

Review: B. Sothmann, R. Sanchez, A. N. Jordan, Nanotechnology 26, 032001 (2015)



Scattering theory. Linear regime. No magnetic field

o2
Terminal 3 is a probe: I§ = 0. c —f/dE Ti(B) (=9&f)

Assume T3(E) = 1.

e
Sy :FGl/dEE Ti(E)(—0rf)

I¢ o 1 kgTG .4, 6(V1—V2)
] 7 kT \ My Ky AT, /T
1 1 -1
o=(a+a)

Onsager relates Seebeck and Peltier coefficients:

L;‘/‘ = 6Mji



Scattering theory. Linear regime. No magnetic field

o2
Terminal 3 is a probe: I§ = 0. c 7?/1“5 Ti(B) (=9&f)

Assume T3(E) = 1.

s / dEE Ti(E) (—0x f)

_ [
T hTG

e\ 1 ke TG L1, e(Vi—Va)
) " keT \ My Kj AT;/T
1 1\t
o=(a+a)

Energy harvesting if we break:

Energy harvesting:

Li3 = kgT?G(Sy — S1)

o Left-right symmetry

o Particle-hole symmetry



Scattering theory. Linear regime. No magnetic field

o2
Terminal 3 is a probe: I§ = 0. c 7?/1“5 Ti(B) (=9&f)

Assume T3(E) = 1.

e
Sy :m/dEE Ti(E)(—0rf)

Energy harvesting:

Li3 = kgT?G(Sy — S1)

No thermal rectification:
Kij = Kj;

(Onsager, again)



Edge states in the Quantum Hall regime

2
:%/dza Ti(B) (-5 )

Terminal 3 is a probe: I§ = 0.
Assume T3(E) = 1.

e
Sy :m/dEE Ti(E)(—0rf)

1 /1 1\ ! o2
i3 (o ta) Iy = [ABE T T (B)Ta(E) (<0k1)
A=1—-J1/(G1+G2)
Energy harvesting:
L13 = kBT2G(SQ - Sl) + €X1
ks T GG

M= GGy

(eT'SJ1 — Ja)

Current in symmetric configurations!



Chiral (crossed) thermopower

S1=0
X, = —ekgT2G2So

So2 =0

L13(B) = ekgT?G1 S
X1:0}2> 13(B) = ekg 151

} = L13(B) =0

> L N L

SQ =0 Sl =0 5
L13(=B) = Li3(—B) = ekgT

Xy = —ekgT2G1 51 }: 18(=B) =0 X =0 }=> 13(—B) = ekgT?G2 S,



Thermoelectric spin polarization of topological insutators

Spin polarization controlled by the QPCs

R. Sanchez, B. Sothmann, A.N. Jordan, Phys. Rev. Lett. 114, 146801 (2015)



Crossed (non-local) thermoelectrics.

10

Lev/leksT/H) Ler/[ek3T2/h]

Ey/ksT
(=)

Two QPCs modeled as step transmission:

-1
T(E) = [1 + e—27r(E—El)/hwl:| 10

10

position of the step: E;
broadening: hw 51

-

5 4

By kT

Lyv /[KRT? /1)
-10 T r

-10 -5 0 5 10 -10 -5 0 5 10
Ey/kgT Ei/kpgT

o Oscillation of Seebeck or Peltier coefficients with a noisy QPC...
P. Streda, J. Phys.: Condens. Matt. 1, 1025 (1989)

L. W. Molenkamp et al., Phys. Rev. Lett. 68, 3765 (1992)
... but only one!

o Extreme Seebeck to Peltier asymmetry

0.5

-0.5



Thermoelectric performance:

P /[KAATZ/R
S ENTINETI
) ||
=
&0 - Maximum power: Py = I} (Vin)Vin
| P,
-5 Efficiency at maximum power: =—_—2
S . ICl Yy Ximum pow TlmaxP I{L(Vm)
" e 0.2
|| T
R 5 1 Carnot efficiency: ng =1— —
= T3
g 0 A
l'.rli]-5 | (With resonances: npaxp = 0.51¢)
~ "7maxP/"70 LL O

-5 0 5
(E1 — Er)/ksT

R. Sanchez, B. Sothmann, A.N. Jordan, New J. Phys. 17, 075006 (2015)



Thermal rectification. Turning heat around the bend

Rip = =2
12 K21

R12 = 1: No thermal rectification

|InR12| > 1: Thermal diode

-10 0 10
(Ey — Ep)/ksT



Thermal rectification. Turning heat around the bend

Kia

Rip = —2
12 K21

R12 = 1: No thermal rectification

|InR12| > 1: Thermal diode

-10 0 10
(Ey — Ep)/ksT

An ideal thermal diode!

R. Sanchez, B. Sothmann, A. N. Jordan, New J. Phys. 17, 075006 (2015)



Two-path thermoelectric interferometers

P. Samuelsson, S. Kheradsoud, B. Sothmann, arXiv:1611.02997 (2015)



(Three terminal) Fabry-Pérot thermoelectric interferometers

B. J. van Wees et al.,, Phys. Rev. Lett. 62, 2523 (1989)

Y. Zhang et al., Phys. Rev. B 79, 241304 (2009)

A. Kou et al., Phys. Rev. Lett. 108, 256803 (2012)

N. Pascher et al., Phys. Rev. B 89, 245408 (2014)

il

Breit-Wigner resonance: A;; = ————J
& WS (E_E)2112%/4

M. Biittiker, Phys. Rev. B 38, 12724 (1988)

9ij = / dEA;;E(E)  sij = / dEA;; BE(E)

hkT

hg k)BT2

Assume energy-independent I';

L3 = L1z = kBT2M513 #0
go — 923

R. Sanchez, B. Sothmann, A. N. Jordan, New J. Phys. 17, 075006 (2015)



Conclusions

o Chirality detected by thermoelectric measurements
o Three terminal junctions separate heat and charge flows
o Edge states permit the manipulation of heat currents in micrometer distances

o Extreme asymmetries of Onsager matrix

o Powerful and efficient energy harvesting in the crossed response

o ldeal thermal diodes in the longitudinal terms

o Manipulation of spin polarized currents in topological insulators
o Interference induced thermoelectrics

o Very few experiments:

G. Granger, J. P. Eisenstein, J. L. Reno, Phys. Rev. Lett. 102, 086803 (2009)
S.-G. Nam, E. H. Hwang, and H.-J. Lee, Phys. Rev. Lett. 110, 226801 (2013)

R. Sénchez, B. Sothmann, A.N. Jordan, Phys. Rev. Lett. 114, 146801 (2015)
R. Sénchez, B. Sothmann, A.N. Jordan, New J. Phys. 17, 075006 (2015)
R. Sdnchez, B. Sothmann, A.N. Jordan, Physica E 75, 86 (2016)

B. Sothmann, R. Sdnchez, A.N. Jordan, Europhys. Lett. 107, 47003 (2014)



Peltier effect

Ey -

T, —-T
I = % dEET(E)(—0rf(E)) [eVz +E lT }

Useful for refrigeration



Thermoelectrics with edge states

Separate left and right moving electrons

0;5(B) = 0;i(—B)



Extreme Seebeck to Peltier asymmetry

Seebeck:

5 Onsager:
L13(B) = ekgT"G151

M;;(B) = Lj;(—B)

s
Ny

Lis(B)

Peltier: M31(B) -
Ms1(B) = L13(—B) =0

= &/

e

R. Sanchez, B. Sothmann, A.N. Jordan, Phys. Rev. Lett. 114, 146801 (2015)

ﬂ
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Quantum Nernst engines

Inject only heat. Measure only charge.



Quantum Nernst engines

=

®B

Boundary conditions:

IP=1h=0
e — Je —
27— 4 —

L#0
M=0

0.08

(ATy — ATy)?/h]

B!

0.04

P/ Ik

EifksT

-

0
Eq/ksT

Classical Nernst engine: nyaxp < 7:/6
J. Stark, K. Brander, U. Seifert, Phys. Rev. Lett. 112, 140601 (2014)

Quantum Nernst engine: Nmaxp < 7c/4

B. Sothmann, R. Sanchez, A.N. Jordan, Europhys. Lett. 107, 47003 (2014)



Effect of inelastic scattering

Add a voltage probe:

Lis = kBTQG(SQ — Sl) — Llp + (1 — ‘r)eXl
Lip =7GS2

R. Sanchez, B. Sothmann, A.N. Jordan, Physica E 75, 86 (2016)

(E» — Ey)/ksT

(E‘z — By)/ksT

(E:Q — Ep)/ksT

&

Las/[ekp/h]

Lup/lekn/h]

(L1g+Lyp)/[ekn/h]

T=0

T7=0

T=0

-5 0 5
(By — Er)/ksT

-5 0 5
(Ey — Er)/ksT

-5 0 5
(By — Er)/ksT




Effect of inelastic scattering

Thermal rectification:

Add a voltage probe:

(Eo - Er)/kgT :

6 —

InRys
©

Heat diode effect up to 7 ~ 99%

R. Sanchez, B. Sothmann, A.N. Jordan, Physica E 75, 86 (2016)



Crossed thermoelectrics

Extreme Seebeck to Peltier asymmetry!

$T(B) = ekgT?G151 LBy =c¢f(-B)=0

B)

= o0

] Ve

Crossed response for symmetric configurations: E‘f{ =eX)

0

0.1
0615, = 10kpT"
6 3 0 3 6 6 3 0 3 6
(Ey — Ey)/ksT (Ey — Er)/ksT

R. Sanchez, B. Sothmann, A.N. Jordan, Phys. Rev. Lett. 114, 146801 (2015)



Thermoelectric motor

Energy harvesting demands three terminal devices



Quantum Hall effect

p-SUBSTRATE
UV Upp IV W HALL PROBE
-_‘ ‘ DRAIN
)25
; .
SOURCE GATE
20{20
POTENTIAL PROBES
15415
L
— Upp
10410
s{0s
ok, / : il
0 5 T B i 20 2%
n=0 + =1 - n=2

K. von Klitzing, G. Dorda, M. Pepper, Phys. Rev. Lett. 45, 494 (1980)



Thermal rectification.

£hT R;; = 1: No thermal rectification
R 4 ’
ij =
Tt , .
J7 [InR;;| > 1: Thermal diode

1

Rig= ——
T T Aa(Ja, J3)

Ris = [1 — Bis(J2, J3)] 7"
Rasz = 1 — Bas(J2, J3)




Heat diode

1 mRe ! ol mRa
, ]
1
1 A I
i Pl
i o
-10 1 ! P
; -10 b
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.
N
201 -20 4 Yoy
-10 0 10 -10 0 10 -10 0 10
(Ey — Ep)/ksT (Ey — Ep)/ksT (Ey — Ep)/ksT

R. Sénchez, B. Sothmann, A.N. Jordan, arXiv:1503:02926



Back to three terminals




Quantum point contacts. Onsager matrix

55 L5Y /[eksT/h] LT /lekgT2/n] || L33 /[ekFT?/R) || LS5/ [ekfT?/]
Jaa} 1 H H

& I

B —

[5_5 4 4 | ‘

LhV/ 2 T2/h]

N .
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5 4 I

E" 4/ [k?aTz/ n] L /lanksT?)
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Quantum transport with dephasing:
coherent to incoherent crossover

Dmitry A. Ryndyk
with Patrick Karasch and Thomas Frauenheim

Bremen Center for Computational Materials Science (BCCMS)
Department of Physics
University of Bremen

Workshop " Many paths to interference”
Dresden, 18 April 2017
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Introduction
[ Jele}

When quantum transport with dephasing is important?

2DEG (GaAs,Si) at low temperatures

CNT(10,0) at room temperature

A =0.05 um =50 nm
I, ~0.5 um
lp~1um

le =3 um
AuatT=1K

lp~=1 um

» Interference

m*=~0.1-0.5 m,
lo =100 nm
le=1um

s (b)

Ly @ (nm)=1132T -39

Z Lo, (om)=1114T" 66

0 10 20 30 40 50 60 70

T (K)

P. Avouris Chem. Phys. 281, 429 (2002)

» Coherent to incoherent crossover and Ohmic limit

» Material parameters from first principles

Dmitry A. Ryndyk

| Bremen Center for Computational Materials Science (BCCMS) - Department of Physics - Uni Bremen

Quantum transport with dephasing | Workshop " Many paths to interference” - Dresden 18.04.17

2 of 22



Introduction
(o] le}

Atomistic quantum transport beyond DFT /Landauer

Left electrode : Scattering region : Right electrode
1

1) =2 [ T(EV) (B +eV)— folE))dE

Dmitry A. Ryndyk | Bremen Center for Computational Materials ce (BCCMS) - Department of Physics - Uni Bremen

Quantum transport with dephasing | Workshop " Many paths to interference” - Dresden 18.04.17 3 of 22



Introduction
(o] le}

Atomistic quantum transport beyond DFT /Landauer

Left electrode | Scattering region . Right electrode
1 1

1) =2 [ T(EV) (B +eV)— folE))dE

Left Central region Right HL VLC 0
electrode electrode H = VCL HC VCR
0 Vee Hg

H, Hy

GE(E)=[(E+in)T — He — X1 (E) — Zg(E)]
T(E) =Tr [IL(E)GE(E)IR(E)GE(E))]

| Bremen Center for Computational Materials Science (BCCMS) - Department of Physics - Uni Bremen

Dmitry A. Ryndyk
3 of 22

Quantum transport with dephasing | Workshop " Many paths to interference” - Dresden 18.04.17



Introduction
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Elastic dephasing (self-energy models)

GE(e) = [(e+in)I — He— ZF(e) — B (e)- =5, ,(e)] ',

25(:‘])/1(8) ~ l’)/(E) or )/Z(E)Gg(S)

Dmitry A. Ryndyk | Bremen Center for Computational Materials Science (BCCMS) - Department of Physics - Uni Bremen
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Introduction
[e]e] }

Elastic dephasing (self-energy models)

GE(e) = [(e+in)I — Hc— =f(e) — ZR(e)- 25, (e)]

Shepn(€) ~ iv(e) or 1’ (e)GE(e

Current through a nanosystem (Meir-Wingreen formula)

L—p(r) = E 2—Tr{1"’ e(ps)(Gé(s)—i-fSO( —eqy) [G, t(e)—G(e e)])}.
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[e]e] }

Elastic dephasing (self-energy models)

GE(e) = [(e+in)I — Hc— =f(e) — ZR(e)- 25, (e)]

Shepn(€) ~ iv(e) or 1’ (e)GE(e

Current through a nanosystem (Meir-Wingreen formula)

L—p(r) = E 2—Tr{1"’ e(ps)(Gé(s)—i-fSO( —eqy) [G, t(e)—G(e e)])}.

Nonequilibrium Green Functions (Kadanoff, Baym, Keldysh)

é B < GR G< ) A= i(GR fGA) — spectral function, the density of states

G*< = iA(e)f(e) — the distribution function of quasiparticles

G=Go+{GEG} = G~(e)=GR(e)X~(e)G"(¢)
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Biittiker probes
@0

Buttiker probe method for dephasing

Biittiker Probe (BP) Model

(Edeph( )) ap =—i ) 606[3

with zero-current condition

Ia:() I.l,a?/:o
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Biittiker probes
@0

Buttiker probe method for dephasing

Biittiker Probe (BP) Model

(Zdeph( )) ap =—i ) 606[3

with zero-current condition
Ia == 0 IJ,a 7/: O
At small voltage and low temperatures
N
Torr(E) = Ter(E) + ) TuWy ' ({Tij}) T
ij

J. L. D'Amato and H. M. Pastawski, Phys. Rev. B 41, 7411 (1990)
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Biittiker probes
(o] J

Conducting environment (Ug =0 Iy #0)
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Biittiker probes
(o] J

Conducting environment (Ug =0 Iy #0)

Molecular wires on metal surfaces

Precursor monomer ‘Biradical’ intermediate
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Biittiker probes
(o] J

Conducting environment (Ug =0 Iy #0)

Molecular wires on metal surfaces Molecules in conducting liquids

Aaueous gate
Liquid
v,

Gate®

Precursor monomer ‘Biradical’ intermediate

Source gate

(A) OO0 OO0 (B)
STM (U 0
Thiol ip QOO0
arichortng Electrolyte Gating
groups_\ 7
Counter
clectrode é
Redox_|
Group
Reference
electrode
Tunnelling
bridge
(CHy)q chain. yyo king . Anions and Cations
electrode
J. Cai, X. Feng, et al., Nature 466, 470 (2010) H. M. Osorio, et al., JACS 137, 14319 (2015)
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Vibronic dephasing
[ 1]

Vibronic dephasing
Vibronic Dephasing (VD) Model

(Edeph )aﬁ - %D ( ))oux 6055

can be obtained from the electron-vibron interaction

Ay =Y oa)a,+ Y ) Agslay +a;)d(§dﬁ
q

af 4
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Vibronic dephasing
[ 1]

Vibronic dephasing
Vibronic Dephasing (VD) Model

(Edeph )aﬁ - %D ( ) (x6aﬁ
can be obtained from the electron-vibron interaction

Ay =Y ogaja,+Y Y Al (a,+al)didg
q

af 4

In the self-consistent Born approximation (SCBA)
- éZ / ‘;—5‘: (MIGE_, MDE, + MGE_,M“DE,
—2D8 o MTr [G M1,
»<V(g) =i} / ‘%’M'IG; oMD5,,
q

GX=2G~+GF -G, M7=
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Vibronic dephasing
o] J

(Equilibrium) vibronic bath

D<( ®) =—-2mi[(Ny;+1)0(0+ 0,) +N,6 (0 — a)]

=Y [(14+N,) MG~ (e + @0,) M9+ N, MG~ (e — ) M|
q
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Vibronic dephasing
o] J

(Equilibrium) vibronic bath

D<( ®) = —27i [(Ny +1)8(0 + 0,) + N,8 (0 — ,)]

=Y [(14+N,) MG~ (e + @0,) M9+ N, MG~ (e — ) M|
q

In the elastic approximation (@, < &)

<(g) = /da)Z[(l +N_0)8(0 + 0) + No 8 (0 — 0,)] MIG=(£) M*
q
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Vibronic dephasing
o] J

(Equilibrium) vibronic bath

D<( ®) = —27i [(Ny +1)8(0 + 0,) + N,8 (0 — ,)]

=Y [(14+N,) MG~ (e + @0,) M9+ N, MG~ (e — ) M|
q
In the elastic approximation (@, < &)

<(g) = /da)Z[(l +N_0)8(0 + 0) + No 8 (0 — 0,)] MIG=(£) M*
q

In the local model (MY = lgﬁ = A40up)

=Y 2;5(0— o)

£5,(6) = PGy (e), V= / [(14+ N_o)J(—©) + NoJ(0)]d® ~ TV,
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Linear molecules

DNA charge transport

-a-A(CG), T
—4- AC G T

Resistance (MQ)
w
|

n=3,4,56,78 n=3,4,56,7

L. Xiang et al., Nature Chem. 7, 221 (2015)
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Semi-infinite 1D electrodes
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08) | e
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dephasing
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Semi-infinite 1D electrodes
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Wide-band limit

0.8

Q06

0.4

0.2 coherent

dephasing

0.0

1 0
EnergyleV|
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Wide-band limit

foteteh ~ef

3.5
1.0 coherent
3.0{ dephasing
0.8
2.5
=
06 > o
= I
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Transmission (I(E)) for different dephasing models

1.2 — Coherent — BP
— VD — BP,,

= 1.0

0.8

0.6

"Transmission' I(E
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Linear molecules
[e]e]e]le] o)

Resistance length dependence - the Ohmic limit

8 — Coherent — BP
. — D — BP,,
— VD, WBL
6
5
Sq
~
3
2
1
0
0 5 10 15 20 25 30 35 40

Number of sites N
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Linear molecules
[e]e]ele]e] )

Towards coherent/incoherent transport in DNA

-=—A(CG),,T
44 |4 ACG,T ]
= 0.11
= 0.10+
8 3 g
& = ]
g =.0.09
b g
g o] 5 0.081
& 0071
1 T T T T T T 006,
3 4 5 6 7 8
n 0.05 -
3 4 5 6 7 8
Number of base pairs
L. Xiang et al., Nature Chem. 7, 221 (2015)
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Destructive interference
[ Jele]e}

Destructive interference Anthraquinone vs. anthracene

o
<l el .
. ¢ o 3 e ¢ S
o . o
U i -5 £ A
° ® . e o r
; ° ¢ °
o *.:
A
o O
‘,v"vVHV“":wn“t:""vw~ :VV"«,“V" %
. : o, ° v °o <
) e, ©
o ~
bo
10° o
—
10"
102
10°
g 10
£ 10%
£ 10¢
=07
10°%
10?
1071
05 0.0 05 1.0 15 20 2.5
Frerey (€) No. of counts
G. Penazzi, et al., J. Phys. Chem. C 120, 16383 (2016) C. M. Guédon,, et al., Nature Nanotech. 7, 305 (2012)
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Destructive interference
[e] le]e}

Interference with dephasing

10* ——
10°% \
! 10‘1
100} | N
' 10~
TR ) & 107
E‘o 107 v )
1079
108 — = 1078
10? o o
s 0.0
oM 9).050'10015 10 15 20
10 ! — Cob 7(@]/) Too 00 07 .(eV)
10 0 10.001020304050607 EncreY

Energy (eV)

G. Penazzi, et al., J. Phys. Chem. C 120, 16383 (2016)
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Destructive interference
[e]e] le}

Mechanically controlled interference

-
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R. Frisenda, et al., Natur Chem. 8, 1099 (2016)
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Computational methods: DFTB+ package

http://www.dftb-plus.info/
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Computational methods: DFTB+ package

D,

The DFTB method

|a) — the basis of atomic orbitals, (a|B) = Sup

1
Hyp = Hgg + Esaﬁ Zk: (Yok + Vi) Ak

http://www.dftb-plus.info/ Agy = Z Re (PaﬁSﬁa) —qp
afeck
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Computational methods: DFTB+ package
The DFTB method

|a) — the basis of atomic orbitals, (a|B) = Sup

1
Hyp = Hgg + Esaﬁ Zk: (Yok + Vi) Ak

http://www.dftb-plus.info/ Agy = Z Re (PaﬁSﬁa) —qp
afeck

J. Phys. Chem. A 2007, 111, 5678—5684

DFTB+, a Sparse Matrix-Based Implementation of the DFTB Method'

B. Aradi,*# B. Hourahine,' and Th. Frauenheim*

Bremen Center for Computational Materials Science, Universitit Bremen, Otto-Hahn-Alle 1, 28359 Bremen,
Germany, and SUPA, Department of Physics, The University of Strathclyde, John Anderson Building,
107 Rottenrow, Glasgow G4 ONG, United Kingdom
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The DFTB-+NEGF method (DFT/Landauer)

Non-equilibrium Green’s functions in density
functional tight binding: method and applications

A Pecchia'?3, G Penazzi!, L Salvucci! and A Di Carlo!

! Department of Electrical Engineering, University of Rome ‘Tor Vergata’,
Via del Politecnico 1, I-00133 Rome, Italy

2 CNR-INFM/CNISM Research Unit of University of Rome ‘Tor Vergata’,
Via del Politecnico 1, I-00133 Rome, Italy

E-mail: pecchia@ing.uniroma?2.it

New Journal of Physics 10 (2008) 065022
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DFT/Landauer (TRANSIESTA, SMEAGOL, DEFTB+ ...)

Device Region D

Semi infinite Conductor Semi infinit
Contact 1 s, M S, Contact 2
C, C,
Surface regions
",
— 3V Vi) + Vae ({p (1)) | va (1) = Evin(r)

V2V (x) = —dre po(r) + p(r)]
[E+in-A(r)] GR(r,r ,E)=5(r—T).

2
A =19 1V () + Ve (1p(0)})
p(r) = ﬁ/GﬂE,r)dE

Pictures from A. Pecchia, A. Di Carlo, Rep. Prog. Phys. 67, 1497 (2004)
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DFTB+
[e]

DFT/Landauer (TRANSIESTA, SMEAGOL, DEFTB+ ...)

. . RUN A PRECALCULATION OF
Device Region D THE BULK HAMILTONIANS

OF THE CONTACTS C; AND C2
Semi infinite Conductor Semi infinit
n 1 Contact 2 GUESS INPUT DENSITY
Contact s, M S,
C, - C,
Surface regions SOLVE THE POISSON EQUATION
WITH THE PROPER BOUNDARY
CONDITIONS FOR THE EXTERNAL
2 POTENTIAL. THIS GIVES THE
2 HARTREE POTENTIAL
I Vi) 4 Vae ((p()) | ) = Eva(r)
L‘O:ﬁ'}’;ll-fy\l HARTREE POTENTIAL + XC
V2V () = —4me po(r) + p(r)] I
: Y R / / COMPUTE THE HAMILTONIAN
[E“Fln—H(r):l G (l',l' ,E) = 6(1‘—[‘ ) OF THE DEVICR AND LoAD )
THE CONTACT HAMILTONIANS
o, !
H(r) = —_—V"+Vu(r)+Vxc ({p(r)})
2m SOLVE FOR THE NEGF

p(r) = ﬁ/GﬂE,r)dE

Pictures from A. Pecchia, A. Di Carlo, Rep. Prog. Phys. 67, 1497 (2004)
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The many-body DFTB+ transport

1 _
Hyp = 3/3 + Esaﬁ Z (Yak + Vﬁk) Agy JFe(Poc((socﬁ

+ Z Ugphiaiip +Zh(oqa aq+ZZk aq+a )d} «dp
a;&ﬁ aff 4

s =% [ ST {Ty(e —eq) (GE(e) + (e — ) [GE(e) - GA(e)])}.
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The many-body DFTB+ transport
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The many-body DFTB+ transport

1 o
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The many-body DFTB+ transport
1 _
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Within a single-particle picture, the transmission probability of an electron entering
a molecular junction with an energy E can be reduced to

T(E) = Y(E)* |G (E)| (1)

assuming that the Hamiltonian describing the molecule H,,,; 1s given in terms of
a basis consisting of localized atomic-like orbitals, ¢, ®..... @y, and that only the
two orbitals ¢ and ¢y couple to the leads [13, 14].

Often the energy dependence of the lead coupling strength, ¥, can be neglected. It
then follows that the transport properties are entirely governed by the matrix element
G n(E). The latter can be obtained using Cramer’s rule

dele(E — Hyot)
ﬂ'EI(E —Hyor — ZL - Eg}

Giv(E) = (2)

where det|y(E — Hy,,) is the determinant of the matrix obtained by removing the
Ist row and Nth column from E — H,,,; and multiplying it by (—1)'*". Taking the
Fermi energy to be zero without loss of generality, we can then state the condition
for complete destructive interference of the zero bias conductance, G(Er) = 0, as

detin(Hpo) = 0. (3)

For a general three site system, where the coupling constants between the orbitals
12, a3 and a»3 are unspecified and their onsite energies £ = 0 for all three atomic
orbitals, the matrix H,,,; can be written as

—E apz ﬂ13-|
Hyot= | a2 —E axn ., (4)
I_au a3 —EJ

where for £ = Ep

detin (Hmot) = —a13an;. (5)
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Tight binding matrices and their relation to ISC

information

paths through adjacent graphs =

3 orbitals

—FE ap a3
a2 a3 ! 2
M=|ay —F a3 |, Mo , €)= —@13 423 = \/
i3 —F 3
aj3 axp —FE
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—E aiz a3 au e of possible paths. But the individual terms contain more couplings
12 23 24

12 —-F (lag (194 . . . .
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T. Markussen, R. Stadler and K. S. Thygesen, Nano Letters 10 (2010) 4260
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Figure 1: Junction setup for a C7 chain with an oxygen side
group (top). The generalized diagram is shown in the bottom.
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Formally, any N X N matrix can be developed according to
Leibniz as a sum of permutations

N
det(A) = E sgn(o) H Ais(i) (1)
P i=1 .

where o is a permutation of the numbers 1, 2, .., N and sgn(o)
equals 1 (—1) for an even (odd) permutation. When A equals
H,,), that is, the matrix defining the molecular topology on a
TB level in ref 3, the condition that all onsite energies of atomic
orbitals and therefore all diagonal elements of A are zero has as
a consequence that only terms H,f lAj-ﬁ(i-) corresponding to
closed loops in the molecular topology remain finite in the
summation of eq 1. When the determinant of A is now
alternatively expanded in cofactors according to Laplace, which
must result in the same sum of products as in eq 1 albeit not
necessarily in the same sequence, it is evident that a, det,(A)
is the one term in the cofactor expansion, which contains
exactly those terms in eq 1 with a direct projection from 1 to N
in the respective permutation and therefore invokes the
condition of an open continuous path between the two
external atomic sites on the products resulting from the
determinant of the minor matrix det,y(A), which equals the
numerator det;y(H,,) in the expression defining the
conductance in ref 3. Therefore, the rules (i) and (ii) as
named above are completely general for any N X N matrix Hy,
regardless of its topology or size.



lllusory Connection between Cross-Conjugation and Quantum
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Frontier MO rules

An Orbital Rule for Electron Transport

in Molecules
KAZUNARI YOSHIZAWA

Institute for Materials Chemistry and Engineering and International Research
Center for Molecular Systems, Kyushu University, Fukuoka 819-0395, Japan

ACCOUNTS OF CHEMICAL RESEARCH ® 1612—-1621 = 2012 = Vol. 45, No. 9

CTHOMOC;HOMO CTLUMOC;LUMO (3)
Er — eqomo i  Ef — erumo £y

Considering the reversed signs in the denominators in
eq 3, we can develop an orbital rule that is useful for
chemical understanding. To obtain effective electron
transport through a single molecule, (1) two atoms in
which the sign of the product of the MO expansion
coefficients in the HOMO (CxomoCisuomo) is different
from that in the LUMO (GrumoC'stumo) should be con-'  1ovo 21

Symmetry-forbidden
nected with electrodes and (2) two atoms in which the connections

orbital amplitudes of the HOMO and LUMO are signifi-
cant should be connected with electrodes.



Bending the rules (1)

(a) TAY W N, N %

13 14 11 12 13 14

[ open form
HOMO i — closed form
20 -15 1.0 -05 0.0 05 10 15 20

open form closed form Energy(eV)

Transmission

The HOMO and LUMO of the diarylethene at the Hiickel level of = form of diarylethene are shown as a function of the electron energy in
theory are shown in Fig. 1b. The atoms 3 and 10 are connected to the = Fig. 2. According to Eq. (1), the conductance is proportional to the
electrodes. The sign of product C; yomoCio nomo™ 1S different from that = transmission probability at the Fermi energy. Therefore, in Fig. 2 the
of product C3 jymoCio Lumo™ both in the open form and in the closed | transmission probability at the Fermi energy (E=0) plays an essential
form. However, the closed form has larger orbital amplitudes of the * rgle. Fig. 2 shows that at the Fermi energy the closed form is much
HOMO and LUMO of the atoms 3 and 10 than the open form. " pgre conductive than the open form. This result is in agreement with
Therefore, the qualitative expectation is that the closed form has high = 1,0 qualitative expectations. Thus, the orbital view concept is very

conductance while the apEn f_mm is characterized with low useful in the qualitative expectation of the molecular conductance.
conductance. Computed transmission spectra for the open and closed

Y. Tsuji, A. Staykov and K. Yoshizawa, Thin Solid Films 518, 444 (2009)



Bending the rules (2)
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Figure 6. The Hiickel MOs of the closed-ring form (left) and open-ring form (right) of dithienyl-

ethene. The shape of the FMOs is indicated qualitatively; the black and white circles indicate orbital
phases; the circle areas are proportional to the respective coefficient sizes.

closed
{/’\
-—&
“\\rrfi )—3& f-~/ = Vis
N s L5 __/ .

uv

In each case, we can carry out a qualitative, HOMO/
LUMO-based analysis of the transmission—the outcome is
that the frontier orbitals (HOMO/LUMO nearby HOMO+1/
LUMO-1) are a guidepost to the overall ON/OFF ratio. For
instance, for the interesting case of the inverted conductance
for a 3—4 junction, the contributions to the conductance in the
open CPD form from the HOMO and HOMO-1 reinforce
(as do those from the corresponding LUMOs), while for the
closed DHP isomer, the contributions of HOMO1 and
HOMO?2 are of opposite phase.

The analysis we carry through is simplified. There are
some cases with small LUMO/HOMO coefficients where the
contributions of lower lying occupied/higher lying unoccupied
orbitals are important, and lower the transmission at the
Fermi level in the CPD form to zero. Conversely, there are
also cases where the contributions of lower lying occupied/
higher lying unoccupied orbitals increase the transmission at
the Fermi level and may obscure interference features.”*"!
But in general the frontier orbitals are a good guide to what
happens.

\P d_—o-‘_)lll

Y. Tsuji and R. Hoffmann, Angew. Chem., Int. Ed. 53, 4093 (2014)



The Coulson-Rushbrooke pairing theorem

NOTE ON THE METHOD OF MOLECULAR ORBITALS

By C. A. COULSON axp G. S. RUSHBROOKE

Recerved 3 November 1939

For every MO energy a+ X B in an alternant hydrocarbon,
there exists another energy a- x B; that is, the roots of the
MO secular determinants occur in pairs, which are equal in
magnitude and opposite in sign. Furthermore, the
coefficients of paired MOs are the same except that the
Algebraic sign at every second atom is opposite.

C. A. Coulson and G. S. Rushbrooke, Math. Proc. Cambridge Philos. Soc. 36, 193 (1940)
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Destructive quantum interference in electron transport: A reconciliation
of the molecular orbital and the atomic orbital perspective

Xin Zhao,? Victor Geskin,2)b)

and Robert Stadler?

Institute for Theoretical Physics, TU Wien - Vienna University of Technology, Wiedner Hauptstrasse 8-10,

A-1040 Vienna, Austria

T(E) = Tr[G'(E)TL(E)G*(E)TR(E)], (1)

T(E) = |G (E)|*Ty(E)T,(E). 2)

GNE) = [(E + in)l - Hyo] ™, (3)
G™l(E) = Z _EC* n

N2 Cr i Cr - Cz4+0C:

(H=k) r(L+k)

Gy'(Ep)= ) - =)

k=0
N
rE) =), b ©
m=1 m

The pairing theorem now predicts for AOs [ and r on
the carbon atoms of the same subset that C; {H_;\)C
=y (L+k;CJ (Hk) because either C;(g-k) =
multaneously C[ 5 ;) =
simultaneously C"(H 0= C"{LH), as all the coefficients in
only one subset change their sign when comparing an occu-
pied with its mirrored unoccupied level. Therefore, the terms
in every CR pair of Eq. (5) cancel exactly at Er for this case
and DQI occurs as aresult as has also been observed in Refs. 51
and 52.

If on the other hand, the contact AOs / and r belong to
the carbon atoms from different subsets, then Cj g_x)C:

AH-k)
~Ci(L+k) and si-

—C 1ap O Ci-k) = CiL+k) and

. r(H-k)
= —Crw+0)C; () because either Cpy-r) = —Ci(L+x) and
Cr(H - = Clywy O Crw-ky = Crsry and C7p

—Cl ey For this case, the contributions commg rom
the two individual parts of each CR pair of MOs (H - k,
L + k) including the HOMO and the LUMO always add up
constructively at Er in Eq. (5).

Although any individual CR pair contribution is therefore
nonvanishing, it is important to stress that destructive interfer-
ence is still possible between CR pairs, as each of them can
contribute either a positive or a negative term to G:,’;”" . The
pairing theorem, however, does not provide the means for an
assessment of prediction of such inter-pair interference.



Relation between frontier MO rules and the pairing theorem

We now turn our attention to the molecular orbital rules
derived by Yoshizawa and co-workers,>>* where the start-
ing point was also the spectral representation of G}’;”" given
in Eq. (4). These rules are amongst the earliest formulated
providing a link between the complex phenomenon of DQI
in electron transmission and the standard output of quantum
chemical calculations, in this case the sign of the amplitudes of
MOs. Within a frontier orbital approximation they also become
particularly simple to apply because then the entire sum in
Eq. (5) 1s dominated by only one CR pair, namely the contri-
bution to G;’;”" (Er) coming from the HOMO and the LUMO,
and then the remaining pairs can all be neglected because their
large energetic distance € to Ep results in large denomina-
tors in the respective terms, thereby making them numerically
negligible.

From this assumption, it can be concluded that the trans-
port through a single molecule would be effective, i.e., DQI
would be absent, when on the two contact atoms to the two
leads (i) the sign of the product of the MO expansion coef-
ficients in the HOMO (C; 4 C? ) is different from that in the
LUMO (C;C/,) and (ii) all four involved amplitudes C; u,
C, > Cir,and C7; are of significant magnitude. If these con-
ditions are not fulfilled, then “inefficient” transmission due
to at least a partial cancellation of the contributions from the
HOMO and LUMO was predicted which was not formulated
as necessarily the zero transmission which is typical for DQI
in a rigid sense.

Such a frontier orbital approximation, however, only
delivers correct results for the prediction of DQI where the
CR pairing theorem*>* is applicable. If the atoms contacted
by the two electrodes belong to the same subset (either starred
or unstarred) of carbon atoms in an even-membered AH, the
cancellation of the contributions from the HOMO and the
LUMO to G}T’{(E ) 1s areliable indicator of DQI not necessar-
ily because they are dominant, but because it also represents
the cancellation of the contributions within all other CR pairs
entering Eq. (5). This is the reason why DQI can be understood
in this case in terms of the frontier orbitals alone.

For all other cases, all MOs in the system need to be con-
sidered. If an alternant hydrocarbon is contacted at atomic sites
belonging to different subsets, i.e., one being starred and one
being unstarred according to the CR framework, then although
the contributions from the HOMO and LUMO can only inter-
fere constructively, the tails related to lower lying occupied
and higher lying unoccupied MOs might still cancel out with
those of the frontier orbitals at Er and cause DQI. For the

non-alternant hydrocarbons and organic molecules containing
hetero atoms, it turns out to be equally insufficient to limit the
analysis to just one or even two CR pairs of MO contributions.

X. Zhao, V. Geskin and R. Stadler, Journal of Chemical Physics 146, 092308 (2017)
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Butadiene as the simplest illustrative example
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FIG. 6. T2 (E), where I'(E) 1s taken as the sum over all the five occupied (blue
curve) or only the three occupied MOs closest to Er (magenta curve) in Eq. (6)
for the open form of the AH analog of DTE with the S atoms removed.

Another property that arises from the pairing theorem is
that in the case of DQI for even-membered AHs connected
at sites belonging to different subsets, the contributions from
all occupied and all unoccupied MOs to I'(E) in Eq. (6) must
each cancel out individually at Er. This is because in those
cases the contribution from each half of a CR pair is equal to
the other half in both sign and magnitude at £, which means
that it 1s then sufficient to consider either all occupied or all
unoccupied MOs alone.

open

Even MQOs around 2 eV above or
below the Fermi level can determine
qualitatively whether DQI effects are

observed in the conductance if
their amplitudes at the contact atoms
are high enough.

X. Zhao, V. Geskin and R. Stadler, Journal of Chemical Physics 146, 092308 (2017)



Conclusions — DQI in planar hydrocarbons

1) The dependency of the occurrence of destructive quantum interference effects
(DQI) on the molecular structure (configuration) can be already studied and
understood on the level of topological tight binding models, where simple

AOQO based graphical rules as well as frontier MO rules can be derived.

2) The graphical AO rules have been verified by NEGF-DFT calculations for a
set of 10 anthraquinone configurations, where half of them showed QI and the
Other half did not, which was correctly predicted by the model for each case.
The most significant approximation in the model, namely that all onsite energies
are equal to the Fermi energy has been lifted. A further generalisation has

been introduced by G. Solomon and her co-workers. It is now beyond doubt that
the graphical rules also predict DQI correctly for non-alternant hydrocarbons
such as Azulene.

3) The frontier MO rules by Yoshizawa and co-workers have been related to the
Coulson-Rushbrook pairing theorem where it could be shown that the rules only
give correct predictions where these can be already seen from the CR theorem.

4) Where DQI cannot be predicted directly from the CR pairing theorem, the
contributions from all MOs resulting related to the Tt electrons need to be
considered explicitly for planar hydrocarbons.



Branched molecules containing metal centers P27272

@ g 1) Coherent tunnelling vs. hopping
N N ~  electron transport?
Q Fe 4 ~  2) Can phase-coherent QI be induced
| by asymmetry in oxidation states?
S P P -y 3)  How is charge transport
e | e m | = <“djstributed” over the two branches of
I the molecule?
~ 4 ] 4) How does the presence of a
Vi TP Vi D AN temporarily reduced metal centre M1
N4 e \ ) .
PP 7 dffect the redox properties of the other
) © centre M2?

This is a collaboration with the group of Tim Albrecht
at Imperial College London as experimental partner.




Ferrocene (1)

Design ideas
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Ferrocene (2)

TB models — direct coupling
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Ferrocene (3)

Charging of one redox center
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Technical Details m GPRW!

Program packages: ASE/GPAW

Theoretical framework: Density Functional Theory with a PBE
(GGA) XC functional

Basis set: LCAO (dzp)
Gridspacing for all potentials: 0.18 A

Metal surface: fcc Au(111) with 2.88 A Au-Au, 6x6 atoms in xy-
plane, 3 or 4 layers in z-direction, periodical boundary conditions

Relaxations: Geometries were relaxed with a convergence
criterion of 0.05 eV/A per atom

Electrode-Molecule distance: Equilibrium value determined by
means of energy minimization

Atomic charges: Bader analysis, Mulliken charges

Solvent description: Generalized Born Approximation (GBA)
with vdW-radii from OPLS force field

ASE: S..Bahn and K. W. Jacobsen, An object-oriented scripting interface to a legacy electronic structure
code, Comput. Sci. Eng., Vol. 4, 56-66, 2002

GPAW: J. J. Mortensen, L. B. Hansen , and K. W. Jacobsen Real-space grid implementation of the projector
augmented wave method Physical Review B, Vol. 71, 035109, 2005
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