Appendix A

Important canonical transformations

A.1 Lang-Firsov transformation

A.1.1 Model and task

We consider the Anderson-Holstein model [119,138] describing a spin-degenerate electronic
level with on-site interaction (“molecule or dot”), coupled to two normal-conducting metallic
electrodes, and interacting with a single mode of vibrations. The corresponding Hamiltonian
is given by H = Hy,o1 + Hieads + HT, where the dot is described by

Huol = eqng + Ung(ng — 1)/2 + hwob'b + Muwong(b' + b), (A1)
the left and right electrode (a = L, R) by
Hicoqs = Z 6a,pcgpgcapcra <A2)
apo

and the tunneling between dot and electrodes by

Hp =Y [tapcgpgda n t;;pdj,capg} . (A.3)
apo
We wish to eliminate the coupling between electrons and phonons, which can be accom-
plished by the Lang-Firsov canonical transformation [71], also described in [41, 45, 139]
This transformation results in a basis change to polaron-type quasi-particles — electrons
surrounded by clouds of vibrations.

A.1.2 Preliminary remarks

Before carrying out the formal transformation, we first motivate its results with a few
intuitive arguments. The harmonic oscillator potential in the presence of the electron-
phonon coupling can be written as

1 1 2
Vi(z) = §mw(2)a:2 + Mwong(bt +b) = §hw0 ( v ) V2N hwong—

EOSC EOSC

1 2
= 5 hwo ( ; + \/§And> — N hwon?. (A.4)
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120 Appendix A: Important canonical transformations

Thus, we obtain a shifted harmonic-oscillator potential and an additional negative energy
shift corresponding to the energy gain due to polaron-formation. By rewriting this polaron
shift, we can anticipate the resulting renormalizations:

—)\2hw0n3 = —2)\2hw0nd(nd - 1)/2 - )\2771,«)077,6[. (A5)

Reabsorbing these terms into the original Hamiltonian, we expect the renormalizations
U — U —2Xhwy, and €4 — €4 — N> hwp. The fact that the potential minimum position now
depends on the occupation number of the dot will lead to a modification of the tunneling
Hamiltonian in the form of a shift operator.

A.1.3 Canonical transformation

After these remarks, we turn to the explicit canonical transformation H = eSHe 5. As
always, the transformation must be unitary to preserve the Hermiticity of the Hamilton
operator. This implies that the transformation’s generator S must be anti-Hermitian, ST =
—S. The appropriate choice for S to eliminate the electron-phonon coupling is

S = Ab' — b)ng, (A.6)

which was first suggested by Lang and Firsov [71]. In the following, we review how the
transformation is carried out.

The essential building block of the calculation consists of exploiting the Baker-Campbell-
Hausdorff formula,! which reads

eABe 4 = f: %[A, Blm =B +[A,B] + %[A, A, B]] + é[A, A, [A, B+ (A7)

n=0

For the transformation of the relevant operators, we thus obtain

, (bt —b)»

dy = e%d,e™ = AT = b)" o ) g, do]n = do A=), (A.8)
n=0 )
df, = de 07, (A.9)
Ng = Ng, (A.10)
E—esbe—s—iw[zﬂ—b bln=b—An (A.11)
- - —~ n! yYin — d> .

bt = bl — Mg, (A.12)
Capo = Capos Elpo’ = C(szg (Al?))
Here, we have used [ng, dy], = (—1)"d,, and [bT — b, b] = —1. Based on these relations, the

!The Baker-Campbell-Hausdorff formula can easily be proved by defining B(7) = ™4 Be™ ™ and formally
integrating its equation of motion dB/dr = [A, B(7)].
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transformed Hamiltonian takes the form H = H,,o + Hieads + Hr with

Humol = (24 — Nhwo)ng + (U — 202hwo) /2 na(ng — 1) + huwob'd (A.14)

Hleads = Z fapcjlpgcapaa (A15)
apo

Hr = Z [tapef)‘(bffb)clpgdg + tzpe)‘(bffb)dzcapg . (A.16)
apo

The transformation indeed leads to the renormalizations discussed in the previous section,
and it introduces a shift operator

ek(b—bT) — e\/§>\eoscd/daC (Al?)

into the tunneling matrix elements.

A.2 Schrieffer-Wolff transformation

Here, we review the basics of the Schrieffer-Wolff transformation [126]. In situations where
sequential tunneling of single electrons between the leads and the dot is irrelevant, tunneling
proceeds only via higher-order processes, and changes of the charge state of the dot by one
only occur virtually. In such a scenario, the tunneling Hamiltonian Ht can be eliminated
to lowest order, leaving only terms ~ HZ (and, in principle, higher-order terms). This is
what is accomplished by the Schrieffer-Wolff transformation, which can either be carried
out along the lines of Schrieffer and Wolff’s original paper by means of an approximate
canonical transformation [126], or using the projection-operator technique as presented,
e.g., in Ref. [140].
Our starting point is the Anderson model H = Hy + Ht, where

Hy=¢4 Z dl-do’ + Unging) + Z Eakclpacapg (A.18)
o ako
describes the dot as well as the left and right lead, and
Hr = 3" [tapChpods + tipdhcapo (A.19)
apo

promotes the tunneling of electrons between the leads and the dot.

The first step consists of a canonical transformation H = eSHe® such that in the re-
sulting Hamiltonian H no terms linear in the tunneling appear. Using the Baker-Campbell-
Hausdorff formula, the transformed Hamiltonian can be rewritten as an expansion

H = i %[5, Hlm = H +[S, H] + %[S, (S, H]] + é[s, S, [S, H]|] + - -- (A.20)
n=0 ’

The anti-Hermitian generator S of the canonical transformation turns out to be linear in
Hr so that the latter equation is indeed an expansion in powers of Hp. The absence of
linear-order terms of Ht in H then leads to the requirement

S, Ho| = —Hr. (A.21)
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Successive exploitation of this relation reduces the transformation to the expression

;[S, [S, Hrl]] + é[s, [S,[S, Hr]]] + - - -, (A.22)

where the tunneling appears only in second (and higher) order. The generator S = S; — SI
meeting the condition (A.21) is given by

H = Hy+ = [S HT]

t t
Sl = |:apnd_cT de + —r 1-— Nds CJr d s A.23
% eak_ed_U 0 *~apo o eap_ed( U) apo 0 ( )
where @ = —o. We verify this claim in detail by calculating the relevant commutators. First,

we split Hg into Hy = H. + Hy + H; with the separate parts standing for the one-particle
dot contribution, the Coulomb term, and the leads contribution. The basic commutators
needed for the evaluations are

[CILpUCGPUﬂ ndc‘r’cl/plalda’: = 5aa’5pp’5aa’nd6'clpgda
[clpacapg, (1-— ndgf)cl,p,g,dgf: = 00/ Opp' Voo’ (1 — Ngs) cjlpadg
[dgdg,nd5/capa d /: = —(500/nda.clpgda
[dldm (1- nd&)clpg/da': = —050' (1 — Nds) Clpo'dﬂ
[ndTndl, nda-clpo.do-: = —ndgcjlpadg
[ndTndi) (1- nd&’)clpgda: =0

Using these relations, we obtain

— tap T tap +
[Hl, Sl] = % Eap [W]ndo-capo.do- + %7_5(1 (]. - nda—) C(lpa'do' (A24)
_ tap + tap +
[He, Sl] = —€d Z |:€a_€d_Und5-Capgdg— + Eapi—ed (]. - nda—) CapUdO' (A25)
apo
Hy, 5 =-U 5 Chpodo- A.26
[ U, 1 Zeap_ed_ Ng, capo' ( )

Collecting all terms together, one confirms that
[H(), S] = [H(), Sl] + [H(), Sl]T = Hr. (A27)

In order to account for second-order processes in Ht, we now evaluate the next-leading
order contribution to H, which is given by [S, Hr|/2. This requires the calculation of four
more commutators, namely

{nd" “Pf’d"’ Ca p'o’ /o = 0o UCZ 'p'e apad dg

[ndaCapadg, d o' Ca’ p’o'/: = (o <Clpaca/plgnd5 — 6aa/5pprndanda> — 60”5'cjlpo'ca/p'5'd;g-dcr
[ apgdm dU,Ca p’o’ = 5gg ( CapoCa’'k’c — 5aa/5pp/ndg>
[ apgdg,capo_ do =0
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From the evaluation of the commutator, we obtain three new contributions,
1
5[57 HT] = Hdir,ex + Hpair + H[/) (A28)

Here, the individual contributions correspond to direct and exchange coupling,

1 taplyiy
p * T
Hgirox = = E iclpaca/p/g + laptyrp Map (dﬁdgclpaca/pfg — clpaca/p/gnd(;) + h.c.|,
d

2 aa'pp’o €ap —
(A.29)
to pair tunneling,
Hpair = ) [tapta’p’MapcdlCdTClplCl/p/T + h.c.] , (A.30)
aa'kp’
and to a mere shift of the energy levels,
o tapl :
U Z o — ‘tap’ Mapngonds | - (A.31)
apo €ap — &d

As a shorthand, we have introduced M,p = (€ap — €4) ' — (€ap — €4 — U) ™. Up to second
order in the tunneling, the transformed Hamiltonian now reads

‘H = HO + Hdir,ex + Hpair + H(/) (A32)

For the positive-U case, the pair-tunneling term can generally be neglected [126], and
the relevant contributions arise from the exchange interaction and potential scattering.
We employ the usual definitions for the spin operator S on the dot, and s, pps for the
conduction band electrons, namely

1 1
S* = 5(710” — ngy) Saa/pp! = §(CZpTCa’p’T — C};plcalpll) (A.33)
_ gt + _f
St =dd, Sa'pp! = Cop1Ca'p'] (A.34)
- _ 4 - _
ST =ddy Saa'pp’ = clplca/p/T. (A.35)

Then, the transformed Hamiltonian may be compactly rewritten as H = Ho+H. 3+ Hpor+H),
where

HJ = Z Jaa’pp’saa’pp’ : S, (A36)
aa'pp’
Hpot = Y Kaapp/ClpoCarplo- (A.37)
aa'pp’o
The amplitudes J and K are defined as
1 1 1 1
Jaa'pp’ = taplarpy + + +
aapp apra’p |:6ap — &4 €ap —Ed U-+eqg— €ap U-+eqg— €a'p/
and
taptir
Kaarpp = — [Map + Ma’p’} :

4
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A.3  Glazman-Raikh transformation

An important tool for studying transport within the linear-response regime consists of the
Glazman-Raikh transformation [129]. Our starting point is a model including a left and a
right electrode, as well as tunneling between both electrodes and the central system (e.g.
a quantum dot). For zero-bias, the Glazman-Raikh transformation maps this problem to a
model where the tunneling occurs only between the central system and one effective lead.
For concreteness, let us consider the Anderson Hamiltonian

H= std dy + Unainag + > 3 ErochpgCars + 0 D [tachyyds +hc.] . (A.38)
a=L,R k,s a=L,R k,s

The basic idea is to perform a rotation in the space of lead annihilation operators,

Yigs \ _ [ cosf e sin CREs
( Yors )\ —e “sinf cosd crks )’ (A.39)
where the rotation angles 6 and ¢ will be fixed below by invoking the requirement that only

one of the two channels 11, ¥ors couples to the central system. It is straightforward to
confirm that the new annihilation operators obey the necessary anticommutation rules

{(Wiks, Vjws} = {0, %T»k,/s,} =0, (0 e} = 00 Bss (A.40)

Using the inverse of Eq. (A.39), one obtains

Cer{kSCRks = cos’ 9¢Ik5¢1ks + sin® 9¢;k5¢2ks - Sin(29)(¢1k3¢2k36i@ + @Z);]%Qplkseiiip) (A.41)
b crns = sin? 0], ips + cos? Ol ors + sin(20) (W], Poree™ + 1 1peeT), (A.42)

so that
Z ngsclkscaks = Z kas@kswks- (A.43)

a=L,R k,s i=1,2 k,s
We now turn to the crucial point of transforming the tunneling Hamiltonian,
> [tachy ds+hic) = tp(sinOe yl,  —cos Oyl )ds +tr(cos 0], —sinfe "yl )ds+h.c.
a=L,R
(A.44)

The angles 6 and ¢ can now be fixed by requiring that the tunneling in channel ¢ = 2 should
vanish, i.e.

trcos —tpe Psind =0 = @ =arg(tg/ty), tand = |t1|/|tr]|. (A.45)

For the coupling to channel ¢ = 1 this yields

7] = |t1] sin 6 + [tg| cos 0 = \/[tL]* + [tr[*. (A.46)

As a result, the transformed Hamiltonian now reads

H= Z cadldy + Unapnay + 3 3 &bl tins + 3 |[lds +hc], (A7)

i=1,2 k,s k,s
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whose advantage is that the tunneling coupling is reduced to one channel only. This reduc-
tion to a one-channel problem is particularly useful when studying the linear conductance.
For reference, we specify the transformed current operators, which are required when eval-
uating the conductance via the Kubo formalism. Before the transformation, the current
operators for the left and right junction are given by

N, i o '
Iy= "% = L [H N = —1 ; [taca,mdg _ h.c.} . (A.48)

Up to an irrelevant phase factor, the Glazman-Raikh transformation maps these currents
to

{ 1
I = _ﬁ— Z [(|tL|2 T,ZJJ{ks + |tLtR| 1/1;]%) ds — hc} (A49)
2 2
[tL]” + [tR] ks
? 1
In=—5————=>"|(Ital* Vi, — ltstrl v}y,) ds — hc] (A.50)
2 2
[tL]” + [tR] ks
In the stationary case, the currents must be identical up to their sign, (Ir) = —(Ig).

Therefore the total current may be written as an arbitrary linear combination I = ol —
(1 — o)Ig. In the present case, the most convenient choice is

el

_ _ JtRIL (A51)
tL” + [tr)?

see e.g. Ref. [141]. This remarkably cancels the channel i = 1 from the current operator,
leaving only operators for the central system and the decoupled lead,

. to||tr|

7
ks A/ |to)? + |tr|?

I=- [0y — b (A.52)



Appendix B

Franck-Condon matrix elements

The FC matrix elements are a central consequence of the coupling between electronic and
vibrational degrees of freedom in transport through single molecules. They reflect the
displacement between molecular potential surfaces for different charge states. Accordingly,
they can be represented as the overlap between spatially displaced vibrational states where
the magnitude of the displacement is determined by the electron-phonon coupling strength
A. In the following, we derive expressions for the matrix elements for the relevant cases
of (center-of-mass) oscillations and internal vibrations of the molecule [in the harmonic
approximation], as well as for the anharmonic Morse potential.

B.1 FC matrix elements for vibrations and oscillations

Matrix elements for vibrations

In the harmonic approximation, the FC matrix elements for internal vibrations of the mole-
cule read

My = {0 [0 1) = [ dooy (@4 VEN ) (2) (B.1)

Here, we have identified the exponential as a translation operator, e~ MbT=b) = oV2Moscd/ dz
and ¢, denotes the gth harmonic oscillator wavefunction,

2

~-1/2
ba(z) = (Wl/Qqu!EOSC) e~/ (2650) H (2 lose). (B.2)

The resulting integral is elementary and can be expressed in terms of generalized Laguerre
polynomials,

Mgy gy = (2979 mqlg/) /26~ X°/2 / e dg e Hy (€ — A/V2) Hy(€ + A/V2) (B.3)

—0o0

1\ 12
~ el — A2 (B T agoe),

where we use ¢ = min{qi, ¢}, @ = max{qi,q2}. For sequential-tunneling transitions,
only the square of the FC matrix elements is required and the actual sign in Eq. (B.3) is

126
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irrelevant. However, for the interference terms in cotunneling rates [see Egs. (2.5), (2.6),
and (C.11)] the sign becomes important. The crucial point for a correct treatment of this
sign is to notice that the tunneling Hamiltonian Hr, Eq. (1.7), involves the exponential
e~ 20T for a transition n — n — 1, but etAM'=b) for transitions n — n + 1. Instead of
assigning electronic indices to the FC matrix elements, we account for this sign change by
noting that

(=1 _ 3 gln—(n+1)]
M = M_" . (B.4)

As aresult, a transition |n,q) — |n —1,q") is associated with the FC matrix element My .
By contrast, the transition [n,q) — [n+1,¢") involves the FC matrix element Mg,. This
determines the order of M-indices in Egs. (2.5), (2.6), and (C.11).

Matrix elements for oscillations

For center-of-mass (CM) oscillations of the molecule, the electron-phonon coupling arises
from the exponential dependence of the tunneling matrix elements of the CM position of
the molecule. The corresponding FC matrix elements are given by:

/ _/ o0
Mgt = (a2 |expl=2/20] [ ) = (204 malgt) " [ de exp[-€ = /6] (O 1y (©)
9Q—q 41\ /2 1\@¢ 1
-(55t) () ot (B.5)
Q—q 1\ /2 Q-9 _1_
qu;R=<qz\exp[+z/20]|q1>=(2 Q‘jq') (+21€O> FLON—k) (B

where ¢ = min{q1, g2}, @ = max{q1,¢2}, and & = 20/ Aosc-

B.2 FC matrix elements for the Morse potential

The calculation of dissociation rates within the Morse-potential model requires not only
the determination of FC matrix elements between bound states (see Chapter 5), but also
matrix elements between bound and continuum states. Although analytical expressions
for the continuum eigenfunctions of the Morse potential are known [142], their structure
involves confluent hypergeometric functions with complex parameters, rendering a direct
numerical evaluation of the FC matrix elements difficult.

Instead, we make use of the complete set of orthonormal functions introduced in Ref.
115),

onl) = | 2

(20 ) (y)y e ¥/2. (B.7)

Here, we denote y = (2j 4+ 1)e ™% and o = j — |j|. j is fixed by the Morse potential

parameters to
2j+1=+/8uD/B2,h?, (B.8)

and | 7] [which is the integer closest to and smaller than j] gives the number of bound states.
This set of functions has three appealing properties [115]:
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(i) It forms a discrete complete orthonormal basis enumerated by n =0,1,2,....

(ii) The first [j]+1 functions form a basis for the bound eigenstates of the Morse potential,
all remaining functions span the space of continuum eigenstates.

(iii) With respect to this basis, the Hamiltonian takes a particularly simple tridiagonal
form.

Denoting the bound and continuum eigenstates of the Morse potential by |, ) and | ¢ ),
respectively, we can now calculate the relevant FC matrix element for a transition from a
bound state |, ) into a continuum state |¢g ) by

My = (v | [ 1) = 3% 3 aton (60 [/ 0} (B)
m=0n=[]+1

Here, the expansion coefficients ag, and G, for continuum and bound eigenstates with
respect to the {| ¢, )} basis are obtained through numerical diagonalization of the Hamil-
tonian. Finally, the FC matrix for the {| ¢, )} basis are given by

- ; B.10
VT (20 +n)[(20 + n/)nln’! (a + 1)ntn+2e ( )

2
x oF; (—n', —n;—n—n' — 20+ 1; E}tg;) ,

<¢n ‘ ex/ﬁx\&m% b > (—1)n/ (4a)°T(n +n' +20) (a— 1)n+n/

where a = exp [— \/%} and 9 F7 denotes the (Gaussian) hypergeometric function. In prac-

tice, one introduces a cutoff for the basis {| ¢, )}, leading to a discretization of continuum
eigenstates. In order to ensure a sufficiently dense spacing of the spectrum close to the
dissociation limit, we take into account ~ 10,000 basis functions.



Appendix C

Regularization scheme for cotunneling rates

We have explained in Chapter 2 that the evaluation of cotunneling rates via Fermi’s golden
rule leads to the problem of divergences due to the lack of lifetime-broadening of the in-
termediate state within a purely perturbative approach. Here, we present the required
regularization scheme that allows for the extraction of the correct rates.

For concreteness, we demonstrate the procedure for the example of cotunneling through
the neutral molecule. The regularization of the rates for cotunneling through the singly and
doubly occupied molecule proceed in a completely analogous fashion.! The naive expression
for this cotunneling rate as obtained by Fermi’s golden rule is given by

2

2I‘ Pb ]\4-(1/(1//]\4>|< "
W == d 24 (€)1 — —¢Jhwo)] . (Ca
9q'ab = “orp / EE;e—ar+@—QOMm fa(@) [1= filet o = qlhwn)] . (C1)

(The explicit factor of 2 accounts for the two incoherent contributions of a spin-up and a
spin-down electron being transferred.) As motivated in Chapter 2, the first step in the reg-
ularization consists of introducing a finite level-width « for the intermediate state. Defining
the abbreviations ey = ¢4 — (¢ — ¢")hwo, E = (¢’ — q)hwo, and Ay = My g My, we may
recast Eq. (C.1) into the form

or,I |Agr|?
00 atb q
W = ——— E — 14 1-— - F 2
qq’;ab oh - /d6 (6 — Gq//)2 + ,,)/Qf (6) [ fb<€ )] (C )
QFQFb Aq// AZ,,
+ 55 2Re > D /dee—eq//+i76—6k// _wfa(e) [1— fi(e— E)].

q// k.// <q//

Consequently, we obtain two types of integrals, which correspond to the term in the first
and second line and which we denote J and I, respectively. The integrand of J has second-
order poles at € — €, = +i7y, the I integrand has first-order poles at € — ¢;» = —i7y and
€ — g = 1y. As described in Chapter 2, the regularization requires us to evaluate these
integrals and expand them in v, in the end only retaining the 7° terms.

!The only caveat concerns the question of coherent vs. incoherent contributions at finite U, see Appendix
K.2.
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C.1 The I integral

The I integral can be conveniently carried out by applying the Schwinger trick

1 _ > —aA
A_/o doe (C.3)

to convert the energy denominators. Here, Re A > 0 is required. This leads to

1 1
€—€ —iye—ex+ iy

I(El, EQ, €1, 62) == %IL% Re/de f(e - El) [1 - f(E - Ez)] (C4)

= lim Re / de f(e — E1)[1 — f(e — B)]i / dty e~ ema=h () / dty €' e2tintz
0

=0 0
= lim Re / dr / dt ellertea)r/2=ilea—er)t =291 / dee ™ f(e — E1)[1 — f(e — E)],
7= —00 |7]/2

where in the last step we have introduced relative and “center-of-mass” coordinates 7 =
t1—ty and t = (t;+t2)/2. We proceed by evaluating the trivial ¢-integration and the Fourier
transform of the Fermi function product,

i@hﬁxwa/ﬂwimﬂE—Eou—ﬂE—@n (C.5)
- Bsinh(nt/3)

This integration is performed easily by contour integration and using the residue theorem,
and we have have expressed our result in terms of the Bose function ng(e) = (e — 1)~
As a result, the integral I now reads

[e—iEgt _ e—iElt] nB(EQ _ El)

I(E: E lim R > d ei(61+62)|7‘/2 i(e1+e2)7/2; B E C.6
(E1, 2,61762)—711)% e/oo Ti(€2_61)+2,y)€ i(Er, Ea, 7). (C.6)

At this point, we can carry out the v — 0 limit. The remaining integral can be solved in
terms of digamma functions ¢, with the result

1 1
€—€ —iyeE— €+ iy

1By, Fayer,e2) = Timy Re/def(e C B[ fle— By)] (.7)

_ np(Ey - 1) Re {¢(1/2 +iB[Ey — e1]/2m) — (1/2 — iB[E2 — €2]/27)

€1 — €2

-Wﬂﬂ+WerW%H%ﬂﬂ—M&—dﬂﬂ}

C.2 The J integral

The J integral can be evaluated in an analogous way. First, we note that the energy
denominator may be rewritten according to

1 1 ;
- = —i(e—e1)t—lt|
ol 3 /dte , (C.8)
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so that
. 1
J(Er, Ez,e1) = ilg%/dﬁf(ﬁ — E1)[1 = f(e — Eo)] T O(1/7) (C.9)
= timy o= [are M [ deemi e~ By) L~ (e~ B - 0(1/)
i iert—ltl; _
~ lim o /dte =GBy, Ba, t) — O(1/7)

We expand the exponential for small v, subtract the 1/v term and carry out the v — 0
limit. This leads to

1 .
J(Ey, By, e1) = 2/dt (t| eiti( Er, B, t) (C.10)

= %”B(Ez — E)Im {¢/ (1/2 4+ iB[E> — e1]/2m) — ' (1/2 +iB[E1 — e1]/27) } .

Altogether, the regularized expression for the cotunneling rate WC?C?,; b 18 given by

B oT,I
W(?—u?’;ab = 27Thb |:Z ‘Mq’qur‘Q J (,Ufm///b - [q - q/]hwv €d — [q - ﬂhw) (Cll)

+ ZM(]/TM;TM;’SMQSI (:U'av.ub - [q - q/]mjv €d — [q - T]hwa €d — [q - S]hw)
r#£s



Appendix D

Formalism for calculating current and shot
noise

In this appendix, we describe the general rate-equations formalism and show how it is
employed to calculate the stationary current, and we review Korotkov’s technique for com-
puting the current shot noise, Ref. [84]. In order to incorporate higher-order processes
such as cotunneling, we slightly generalize his formalism. Throughout this section, we will
keep wording and formalism as general as possible to stress the wide applicability of this
approach.

We consider a system consisting of some central structure, such as a quantum dot or
molecule, and source and drain electrodes coupled to the central structure. We assume that
the state space of the center is discrete and finite, and we denote it by

S={1,2,...,N}. (D.1)

Then, the system’s dynamics originates from transitions between pairs of these states,
|i) — | f), which are associated with specific transition rates W;y > 0. Mathematically
speaking, the dynamics can be classified as a time-dependent Markov process, and it is fully
characterized by the Master equations

2 PUF i) = 3 POk, thi) Wiy — P )W (D2)
keS

with initial condition P(f,t = 0|i) = d;¢. Here, P(f,t|i) denotes the conditional probability
for the system to occupy the state | f) at time ¢, given that the initial state at time ¢ = 0
was | 7). Note that, due to our choice of labelling processes and corresponding rates with
the center degrees of freedom only, rates W;; with identical initial and final states exist
and need to be taken into account. [A relevant example is given by elastic cotunneling
processes. |

It is convenient to translate Eq. (D.2) into a compact matrix notation. This can be
achieved by the definitions

pi(t) = (P(1,tli), P(2,t|i),.. .,P(N,t]i))T, (D.3)
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and
= ka1 Wik Wai Ws1
Wia — > po Wak Wso e
W= Whs Was = hzsWak o0 |7 (D.4)

where all k-sums run over the state space S. Now, the Master equation can be summarized
into

£i(t) = Wi (1) (035)

with initial condition p;(¢ = 0) = &;, having the formal solution
pi(t) = e, (D.6)

In the following, the solution of the stationary rate equations will be denoted P. Note
that the sum over all components of the vector P is 1 (normalization), which we write
as trP = 1. It is important to note that the stationary rate equations WP = 0 cannot
be solved by a direct inversion of the matrix W. Due to its structure, see Eq. (D.4), any
rate-equations matrix satisfies the relations ), W;; = 0 for all j, i.e. the sum of its lines
vanishes. Consequently, we have detW = 0 and W is not invertible. A convenient way
for obtaining the stationary probabilities P consists of defining a matrix E with all entries
set to 1. Then, one can show that W + E is invertible. Applying its inverse to the vector
e=(1,1,...,1)7,

P = (W+E) e, (D.7)

yields the correct stationary probability distribution. We provide a proof of this statement
at the the end of this appendix in Section D.3.

D.1 Current

Electron transfer between the electrodes and the central system gives rise to a current, whose
time-average (I) (the stationary current) must be identical in the left and right junction,
ie. (I) = (Ir) = (IR), due to charge conservation. [Here, and in the following, (-) always
denotes time averaging.| At this point, we may fix the sign of the current once and for all,
defining the current to be positive for an electron transfer from the left to the right.

Some caution is now in place regarding the nature of the transitions [i) — | f). In
general, there may be several different processes which cause a transition between the central
system’s states |i) and | f), and they differ from each other in the resulting leads’ states.
In order to elucidate this situation, we give one concrete example. Consider a system,
whose central system is simply a single electronic level. Then, cotunneling will result in a
transition n — n, i.e. the electronic occupation of the center remains invariant. However,
there are several incoherent contributions to this transition: The cotunneling transition can
result in a transfer of one electron from the left to the right, or vice versa. In principle, the
tunneling back and forth between only one lead and the center is possible as well.

This example reveals that, in general, each transition |i) — | f) may be made up of
several elementary processes contributing to this transition. Accordingly, the rates W;; are



134 Appendix D: Formalism for calculating current and shot noise

a sum of the rates of the corresponding elementary processes v,
Wi => W (D.8)
14

[Of course, the notion of “elementary processes” only comes about due to our choice of
expressing all results in terms of the states of the central system alone.]

Generally, not all elementary processes contribute to the current, and each process
which does, can transfer a number n of electrons either in the positive or negative direction.
Taking this into account, we define the quantity ngJ/ as follows: If the elementary process v
belonging to the transition |i) — | f) gives a current contribution in junction a (a = L, R),
then Sif, gives the number of electrons transferred across junction a within this process,
and its sign reflects whether the transfer occurs in the positive or negative direction. For
all processes without current contribution, it vanishes. Now the stationary current in
junction a can be written as

(L) =e¢ > > 5%, PWY = etrW/P, (D.9)
i, feS v

where the current coefficient matrix Wy is defined via

Wi = 8%, Wi (D.10)

For the analysis of the current shot noise, we are also interested in the explicit time-
dependence of the current. Viewing the system dynamics as a Markov process consisting
of quasi-instantaneous jumps between different states, we can define the times tgff v) (n =
1,2,...,00) at which the process v belonging to the transition |i) — | f) takes place. Then,
the time-dependent current in junction a can formally be written as a sum of § functions
according to

Lt)=e> > s¥,0t—ti). (D.11)

i.feS v

Taking the time average of this expression and comparing with Eq. (D.9), we obtain the
relation

St~ i) = W) (D.12)

n

D.2 Noise

Our central goal consists of the derivation of a compact and general expression for the
current noise defined by

Sap(w) = 2 / h dr e [(1,(1)1,(0)) — (I)?] . (D.13)

— 00
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The starting point for our considerations is the current-current correlator (I,(t)Iy(t")).
When substituting Eq. (D.11) into the correlator, we obtain a multiple sum with each
summand being proportional to the average of a product of two § functions:

(LML) = Y Y > D sirushp (8 = ti)s —t57). (D.14)

i,feS vin i f'eS u,m

As the set of all times tgff ) forms the time lattice of the Markov process, the times are

considered to be pairwise distinct. Thus, we have ty, (@) + £ for (nyif,v) # (m,d' f', p).
Accordingly, the correlator can be separated into autocorrelation and cross-correlation con-
tributions, (I,(t)Iy(t"))e = (Io(t)Iy(t'))a + (Io(t) 15 (t"))x, where

(L)(t')a =€ D Y sipusip, x (8t — i3 —t5)), (D.15)
7,,f€S v,n
(I,() I, (t'))x = “non-diagonal terms”. (D.16)

We first turn to the evaluation of the autocorrelations. Using the fact that (6 (t—t,(f f ’V))6 (t'—
tSf’”)» =0(t—t")(o(t — Sf’”))), and applying relation Eq. (D.12), we obtain

L) I(t))a = €28t =) S 3 sty sty PW) (D.17)

i,feS v

The cross-correlation terms now involve only distinct processes at different times. These
contributions can be dealt with in the following way. Let us assume that ¢t > /. By using
I = dQ/dt, we note that
(dQa(t)dQy(t"))

dt dt! ’

and we only get a contribution to the time average, if there are current-contributing
processes [causing charge variations d@] in junction b during [¢',¢' + dt’], and in junction a
during [t,t + dt], which leads us to

LML) =¢* Y S sh b, W plk,t —t[j)w ). (D.19)

i,j,k,feS [22ld

(L(t) (1)) = (D.18)

We are now in the position to give an intermediate result for the bracketed expression in
Eq. (D.13). We find

(51, ()81, (0 )N sy st B (D.20)

i, feS v

Z Z 88w Skp b [P(k? 7]5) — P W,E’]"f).

i,5,k,f€S BV

This expression is valid for 7 > 0. For 7 < 0 we exploit the symmetry

(81,(7)815(0)) = (61,(0)3Ty(—7)- (D.21)
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Now, the last missing piece for an evaluation of the noise consists of the determination of
the Fourier transform of the term

Giy(r) = 0(7) [p(k, 715) — Pi. (D.22)

Noting that p(k,7|j) = (¢"7)i; and defining the matrix V by Vi; = Py, we can rewrite
Eq. (D.22) in matrix form as G(7) = 6(7) [¢"! — V], and its Fourier transform is found to
be

G(w) = / dt €7 [eWT — V} =—(W+ z'u;]l)*1 + ,iV7 (D.23)
0

1w

which can directly be evaluated at all finite frequencies. (The w — 0 will be discussed
below.) Thus, the noise can be expressed as

San(w) =2¢2 3 S s% st PWY (D.24)
i, feS v

+ 2¢2 Z Z S?j,VSZf,uPiWi(]{/)ij (w)Wé?) + (same term with a < b)*
iyjaszeg ,u,’y
=2¢? [tr Ugp + WpG(w)ya + WaG* (w)ys] -

Here we have defined the vectors ugy, y, and wy by

(ua)i = Y 3 585,50, BW (D.25)
fes v

()i = . st , PWY (D.26)
€S v

(wp)g = ZZSQf’MWé}L) (D.27)
fes nu

In order to evaluate the zero-frequency limit w — 0, we make use of the following
properties of the relevant matrices. First, we observe that GP = 0. Second, one easily
confirms that Vx = 0 for any traceless vector x. Third, we note that any well-behaved rate-
equations matrix W (which has a unique steady-state solution) is invertible in the subspace
of traceless vectors. Thus, in Eq. (D.24) we may modify the vector y, by adding some
multiple of the stationary distribution P, leaving the result invariant.

We choose

(Ya)j = (Ya)j — (La) Pj /e, (D.28)

which makes y, a traceless vector. Consequently, the zero-frequency noise can be evaluated
via

Sap(w = 0) = 2¢2 [tr gy — WWly, — wawflyb] ) (D.29)
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D.3 Formula for the stationary probability distribution

Proposition.— Let W € Mat(R,n) be a rate-equations matrix, ie. ), W;; = 0 Vy,
kerW = span{P} with P, > 0 and ) P, = 1. Define a matrix E € Mat(R,n) with
all entries set to 1, and a vector e € R™ with all entries set to 1. Then, the stationary
probability distribution P (satisfying WP = 0 and EP = e) is given by

P = (W+E) e (D.30)

Proof.— We need to show that (W + E) is invertible and that the vector x = (W + E)~le
indeed satisfies Wx = 0 and Ex = e (and is thus identical with P).

We choose a basis consisting of a; = (1,-1,0,0,...,0), ag = (0,1,—1,0,...,0), ...,
a,—1 =(0,0,...,0,1,—1), P. Obviously, all a; are linearly independent. They generate the
subspace T of traceless vectors, i.e.

x € span{ay,... ap_1} =T = trx= Zmn =0. (D.31)
n

Since P is not traceless, it is linearly independent, and one concludes that the choice above
indeed forms a basis of the vector space.

In the next step, we verify that W is invertible in the subspace T'. Since W is a rate-
equations matrix, we have > ., W;; = 0 Vj. This immediately leads to InW C 7. W is
a linear operator, hence it is sufficient to show that W|p is injective. Let t1,ta € T with
Wt = Wty. This gives W(t; —t2) = 0, and consequently (t; —t2) is a traceless vector with
(t; —t2) € ker W. This is only possible for (t; — t2) = 0, therefore W|r is injective (and
hence bijective).

Now we prove that (W +E) is invertible by showing that ker(W+E) = {0}. Let x € R"
with (W + E)x = 0. We decompose x using the basis above, x = Y. v;a; + P =y + GP.
Then,

W+E)x=0 < Wy=—je. (D.32)
While the vector on the left-hand side is traceless, Wy € T, the vector on the right-hand
side has nonzero trace for § # 0, —fe ¢ T. It follows that = 0, from which one concludes
Wy = 0. Since W is invertible in T', this leads to y = 0, so that x = 0, overall resulting in
ker(W + E) = {0}.

Now let x = (W + E)~le. This is equivalent to (*) (W + E)x = e, and again we
decompose x = ) . oyja; + Op. Then, (*) gives

WZaiai + BEp = WZaia,- + e =e (D.33)

from which one infers 8 =1, a; = 0 and therefore x = p. [J



Appendix E

Details: Analytical treatment of avalanche
transport

In Chapter 3 we have presented an analytical treatment of avalanche transport relevant in
the Franck-Condon blockade regime. For better legibility, we have focused on the main line
of thought, leaving out some of the calculational details. These intermediate steps in the
derivation are provided in this Appendix.

E.1 Derivation of the full counting statistics

Determination of P,(«)
For the Fourier transform P,(a) of the distribution function for the number N of electrons
per generation—q avalanche, we derived the recursion relation

7511(0‘) !

T1- Ty I[Py (a)]’ (5

see Eq. (3.7). Since the Fourier transform 75q(oz) must vanish sufficiently rapidly for o — oo,
it is convenient to expand its inverse in powers of «, and we choose the form

~ 1
> ko Cark <O‘N ! )
We can now exploit the self-similarity of avalanches to show that the coefficients ¢, in fact

do not depend on the hierarchy index ¢q. To see this, we note that the self-similarity implies
a scaling form for the distribution of the number of electrons per generation—q avalanche.

(E.2)

Specifically, we expect
1 —
Py(N) = —g (N/N), (E3)
N
where g(x) is a scaling function independent of q. For the Fourier transform of the distrib-
ution function, we therefore obtain

Pya) = /dx g(:v)emﬁ(q)x =g (aﬁ(q)> . (E.4)
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From a comparison with the expansion in Eq. (E.2), we conclude that the coefficients ¢ j
must be independent of the hierarchy index ¢, and we will drop it henceforth.
With the normalization condition for P,(N) and the definition of its first moment as

W(q), the coefficients ¢ for £k = 0 and 1 are fixed, and we obtain
B 1
14 iaN? 4 CQ(O&N(Q))2 + -

Py(e) (E.5)

Substituting this expression on the right-hand side of Eq. (E.1) and expanding the logarithm,
we obtain the equation

1+iaN? 4 cz(aW(Q))Q +--=14 iaﬁqﬁ(qﬂ) + CQ(QN(QH))Q + %(aﬁ(qﬂ))Q +--- (E.6)

Employing the relation W(Q) = ﬁqﬁ(qﬂ), and performing a coefficients comparison in powers

of a, we can extract the recursion relation for the coefficient co, namely
co = (c2+1/2)/7y. (E.7)

With 1/n; < 1 being a small parameter, we find the asymptotic solution co = 0. Extending
this analysis to higher orders in «, we find relations similar to Eq. (E.7) with ¢ ~ (1 /ﬁq)k_l.

Consequently, the fix-point solution corresponds to ¢, = 0 for k£ > 2 so that

~ 1

P e — E.8
) = T (E3)

Performing the integral for obtaining P;(Q)

With the input Py(a) = (1+ iozN(O))_l, we may use Eq. (3.3) to calculate the full counting
statistics P;(Q). Substituting the expression for Py(«) and the Poisson distribution ¢;(n),
we obtain

e ()" [ do el
Q) = [ —— (E9)

) e iaQ
=e Q)+ Y erivnt) / ;Li <1W(0))n Ea - Z'/W(O))n

n=1
The remaining « integrals may be carried out using the residue theorem, which leads to

i ot
(n— 1)! (m@))” Dot

[e.9]

. o0 1 mQ 1 mQ 1"
_ e T /N L Tt [ t }
ICZA QN<0>;On!(n+1)! ~O

eiaQ

P(Q) = e 5(Q) + ) en;f,"t)n (E.10)
n=1 ’

a=i /N(O)
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Comparing the last term with the series expansion for the modified Bessel function I,

= (z/2)" 2/ 4" (E.11)
< k! KT +k+1) ’
we obtain our final expression for the full counting statistics,
— ,L,ﬁ n 4n
P(Q)=e™5(Q) +e 8O % I ﬁi(f)) . (E.12)
NY7Q N

E.2 Derivation of the stationary current and the noise spectrum

Our starting point for the analytical calculation of the stationary current and the noise
spectrum is the representation of the current as

Sl sa) -
=1 k=1

valid for frequencies smaller than 1/ 7). For the evaluation of the stationary current, it is
convenient to perform the averaging over the electron numbers N; and the waiting times t;
in the Fourier representation of the current,

) = { [ Greit). (.14)

The “naive” Fourier transform of the current is given by

I(a) = /dt e (1) ZN exp [—zaZt ]

The evident problem of this expression is a divergence for o — 0, which corresponds to the
fact that an infinite amount of charge is transferred for ¢ — oco. A direct substitution into
Eq. (E.14) and the attempt of averaging immediately leads to further divergences. This
difficulty may be circumvented by the following regularization. We introduce a switch-off
parameter > 0 so that the current reads

I(t)=¢e ™ iNi ) (t - itk> . (E.15)
=1 k=1

Its Fourier transform now acquires the regularized form

= Z N; exp [—i(a —1in) ti] : (E.16)

=1 k=1
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This expression is suitable for the evaluation of the stationary current. Its substitution into
Eq. (E.14) results in

_ da iat = —i(a—in) 00 Lty \ . - dov iat [ —i(a—in)ty ¢
(I(8)) = </ e ;Nle bt ) = (NJZ;/%e (e )
= (V) dﬁ‘emw@—_m (E.17)
2 1—W(a—1n)

As explained in Chapter 3, the relevant contribution from the integrand in the long-time

limit stems from small o, so that we may substitute the expansion W(a) = 1 — i (t;) —
(1/2)a®(t?) + . ... Keeping the leading-order term we find

) ot ) .
=00 [ ) 00

(ti) J 2mi(a—in)  (t) (t:)
Based on this regularization, the current-current correlator and noise spectrum may be
derived in a completely analogous fashion.

(E.18)



Appendix F

Sketch of Monte-Carlo simulations for
Markov processes

The dynamics of tunneling events and the resulting current and noise characteristics can
be simulated by Monte Carlo methods. The mathematical justification for this statement
is given by the intimate relation between the rate equations and time-dependent Markov
processes [93,94]. The physical idea is to track the system’s state and to generate random
tunneling events in time, obeying the statistics induced by the transition rates.

In particular, assume that the system is in an initial state |i), and that tunneling
induces a transition to the final state | f) with average rate Wjy. In complete analogy to
the decay of excited atoms or radioactive nuclei, the time dependence of the “decay” of the
initial state follows an exponential law. The arguments leading to this result are reviewed
here briefly; more extensive discussions can be found in any good textbook about nuclear or
atomic physics. Consider the decay of an ensemble of Ny systems, all in the initial state at
the time ¢ = 0. The number of systems in the initial state decreases due to decay according
to dN = —W,;yN dt, from which one infers that the number of systems remaining in the
initial state at time ¢ is given by N(t) = Noe~"ist. Hence, the probability that a single
system has not decayed in the time interval [0, ¢] is given by P(t) = N(t)/Ny = e~ "Virt. As
a result, the probability for a decay of the system in the time interval [t, ¢ + dt] is obtained

as
p(t)dt =1—P(t+dt) — [1 — P(t)] = —dflit)dt = Wipe Wirldt. (F.1)
The probability distribution p(¢) describes the transition (or decay) dynamics.

Analogous to the case of nuclear decay with several decay channels, one can now
consider the more general case of multiple final states, which we denote by | f1), | f2),
etc. The corresponding transition rates are written as W;y, . The total decay rate is given
by the sum of all decay rates for the possible channels: Wi(mt) = >, Wis,. The relative
probability for a decay into channel f is given by the ratio of its partial rate and the total
rate, i.e.

h
P = Wy, WY (F.2)

Accordingly, the probability for a decay of the system in the time interval [¢,t 4 dt] via the
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channel fi is given by the following generalization of Eq. (F.1):

pr(t)dt = P W gy, (F.3)

The MC simulation of tunneling events can now be accomplished by the generation of
two random numbers per event: The first random number determines the decay channel for
the event, the second random number gives the time at which the event occurs. The random
number for the decay channel can be chosen as a uniform deviate within the range [0, 1].
For the decay time, the random numbers have to obey the statistics given by Eq. (F.1).
This is achieved by applying the transformation method for uniform deviates, see e.g. [143].

F.0.1 Relaxation in Monte Carlo simulations
In order to take into account relaxation, the additional term
1 Py — Py Py (F.4)
Fl1ha q q :
q/

in the rate equations should be translated into the language of Markov processes. This can
be achieved by rewriting this term in a form resembling the other transition terms, namely

1 1 1 e Lo ,
-S| =X mieerie| = X [prwy - prrg] @)
q q n'.,q’

. / . .
where the phonon relaxation rates Rj7; = (5n,n/%P;,q have been introduced. Accordingly,
relaxation processes can be treated on the same basis as tunneling processes.



Appendix G

Exactly solvable case: the resonant-level
model

We consider the simple case of a single spin-degenerate, noninteracting level coupled to two
leads, the resonant-level model. Due to the absence of interaction in this model, spin only
results in trivial factors of 2 and may be neglected. We have picked this trivial model, since
it is exactly solvable, e.g. using a one-particle scattering approach.

G.1 Current

The current is given by

e I (E)Cr(E)
1= 1 [ a8 S S A (E)  Fa(B) (G.1)

where Ay denotes the spectral function of the dot,

['(E)
[E —ed]® + [T(E)/2)
and the energy broadening of the level is D'(E) = T'(E)4+Tg(E) with Dy (E) = 27p.(E) |ta]*.

(Note that any possible energy shift due to the tunnel coupling has been absorbed into €,.)
In the wide-band limit and for symmetric voltage splitting, the solution reads

Ay(E) = —2Im GH(E) = (G.2)

e FLFR T
I:hl—‘L—f—FR/ [E_ﬁd]Z [F/2]2 [fL(E)_fR(E)]
a iirffﬁ;rl Ea:‘””( ++Zf[€d+a€V/2]> (G.3)

Here, 1 denotes the digamma function. The exact result can be expanded in orders of I,
which gives

I= & B (fuea) ~ Faea) (G
+ MﬁrLFR Imza:mp’ (; + i%[ed + aeV/2]> +O(I®)
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For the weak-coupling case we can alternatively apply the rate-equations approach. In this
case, the stationary current is calculated via I = Ij, = —I with

I = 1859 4 gleot) (G.5)
= e[RW, — PIWp ] + e[Po(Wig — Wir) + Pu(Wik — Wip)l-

Here, W, (W) gives the rate for a sequential-tunneling process in junction a where one
electron enters (leaves) the dot. Similarly, W' (WE}) denotes the rate for a cotunneling
process with initial and final charge state n where one electron is coherently transferred
from the left to the right lead (or vice versa). The stationary probabilities for the empty
and occupied dot Py and P; are obtained from the rate equations
dP,

0= dTO =PW™ —PW?",  Py+P =1, (G.6)
where W+ = I/VLi + Wg. It is important to note that in this case, there are no cotunneling
contributions to the rate equations: Elastic cotunneling does not change the charge state
of the dot, and hence does not affect the probability distribution.

Sequential-tunneling contributions

In the first step, we calculate the stationary probabilities and the sequential-tunneling
current. The transition rates obtained from Fermi’s golden rule are

1 _ 1
W, = 7Tafalea), Wy = 3Tall = falea)] (G.7)
From substituting this into Eq. (G.6) one obtains
w- >alall — fal€a)]

Py = — Za .

0 W—-+ W+ I'r+Tp (G8)
+ T

P, W _ Za Ubfa(ed) (Gg)

:W_+W+_ FL"‘FR ’
and upon substituting into Eq. (G.5), the sequential-tunneling current is found to be

psea) _ € _Til'r

= ilea) = frlea)] (G.10)

Indeed, this expression is identical with the leading-order current contribution from the
expansion of the exact solution, see Eq. (G.4).
Cotunneling contributions

In the second step, we calculate the cotunneling current by evaluating the cotunneling rates

2
=t [ de Fa(@)l1 ~ )] (G11)

1
€—€q
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After regularization, we find

WZZL=:Zggré:an(ub—/hJIH1{¢'(%'+i%;U%-—6d)-—¢/<%‘+i%%Uwr—€d)}- (G.12)

Substituting this together with Egs. (G.8), (G.9) into the expression for the cotunneling
current from Eq. (G.5), and using np(z) + np(—z) = —1 leads to

1
(cot) :%FLPRg Imzazp’ (2 + z’%[ed + aeV/2]> i (G.13)

By comparison with Eq. (G.4) one verifies that this is identical with the next-to-leading
order term of the expansion of the exact solution.

G.2 Zero-frequency noise

Our starting point for the exact noise calculation is the two-terminal formula for the zero-
frequency noise,

5= /m{ZT B)[1 - fu(B)] + @mvfwmmm—mww}
(G.14)

see, e.g., Ref. [96]. The transmission coefficient T'(E) is known to be proportional to the
spectral function Ay4(FE). The exact relation between them can be extracted easily by
comparing Eq. (G.1) to the Landauer formula

1) =5 [ ABTE) (1(B) - fulE). (G.15)

This leads to T(E) = Aq(E)T'.T'gr/T.

The integrations can be carried out by invoking the Fourier transform for the Lorentzian.
The energy-integration then turns into a Fourier transform of the Fermi factors, which may
be carried out by contour integration. The remaining time-integration leads to polygamma
functions. The exact result for the zero-frequency noise is given by

FS

g = % 2FLFR(F% +F2)
h 27 47

coth(BeV/2) Im Z ay < + zﬁ[ed +aeV/2] + ﬁF)

+2(F§1;R)ﬁ coth(a3) Imzcwb( +Z2ﬂ[€d+“€w2} i)
(Fﬂj-;FR Re Z¢ ( +Z2ﬂ[ed+aeV/2]+Zr>
(FLFR or

Carz 27[‘R ZW( +Z*[Edﬂwv/?] + 4> } (G.16)
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Expanding this expression in I', we find in leading and next-to-leading order

< _ zhe? { QWPLFRS;% +12) Frlea) + Fulea) — 2Fr(ea) Frlea)] (G.17)
T 2
4 LR (e = e + Suleall - fifea)] }
s 2€2thPR2ﬂ7T coth(af) Im Z ay)’ (; + i%[ed + aeV/2]> (G.18)

Again, we can compare this expansion with the results from the rate-equations approach.
Employing the formalism described in Appendix D, we obtain the occupation probabilities

2o lall — fd] > alafa
Py=“&a-cell "Jd  p Zia—ala G.19
0 I'p+Tgr YT T+ TR ( )

the steady-state current

(D | o fi) + s = . (@.20)

and the vectors
= (e L) ) @
= (ot o) ) o
== (G ) ), o)
e ( _Pll'@FoLF[Llf;/ffg ]j{i;j(ii;wfl%w;;‘)’m) ) | (G.24)
e (P Yo

—_— < Prfr/h+wrr — wre >
Il — fr]/h+wrr —wgrr )’

— 7FRfR/h+wLR—wRL
e ( Lr[l = fr]/h+wLr — wrL > (G.27)

(G.26)

A lengthy but straightforward calculation shows that the rate-equations results for the
zero-frequency noise in leading and next-to-leading order are identical with Egs. (G.17) and

(G.18).



Appendix H

Approximate evaluation of cotunneling rates

We derive an approximate expression for the elastic cotunneling rate WOO(()), b Valid for strong
electron-phonon coupling A > 1. Our starting point is the (unregularizeél) rate as obtained
by Fermi’s golden rule, see Eq. (2.5). This expression can be greatly simplified by noting that
only a few terms in the ¢” sum give significant contributions, which is due to the behavior
of Franck-Condon matrix elements for strong electron-phonon coupling. Specifically, the
relevant matrix elements read

N\20—N? 1

q B V2T

where we have used Sterling’s approximation for the factorial in the last step. By inspection
for A > 1, we find that the argument of the exponenial function is strictly negative and
exhibits a single maximum at ¢ &~ A\?. We obtain a reasonable approximation for the strong-
coupling FC matrix elements by expanding the argument to second order in ¢ around the
maximum ¢ = A%, which leads to the Gaussian

|ng|2: exp [—/\2+2qln)\+q—qlnq—%lnq] , (H.1)

| Moy |* ~ (q_Az)T . (H.2)

1
exp | —
V2T P [ 2)2

Consequently, as a function of ¢ the (squared) FC matrix element ]M0q|2 exhibits a single
peak of width ~ ) centered at ¢ = A\2. Accordingly, in Eq. (2.5) we only need to account
for contributions from these summands. To leading order in 1/, we can then neglect the
variation of 1/¢” within the Gaussian peak, i.e. setting ¢” = A? in the energy denominator,
and noting that |e| < (eq — A2hw) for bias and gate voltages small compared to the polaron
shift, we obtain the approximation

2
2

I'.'y kT + eV
[/[/ OO, =~ a (W 1/
00;ab wh (eq + Ahwp)? Z | 0g

(H.3)
p

T,y kpT +eV /OO P (g—A)21\°  T.Iy kpT +eV
~ X —_— ~ .
7h (eq + N2hwo)2 \J_ . U ama P 22 7h (cq + A2hwp)?
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Appendix |

Details: Noise calculations

I.1 Zero-frequency noise and Fano factor for the telegraph regime

According to the simplest situation where telegraph noise occurs, we take into account
the transitions (1) [0,0) — |1,0) and |1,0) — ]0,0) due to sequential tunneling, and
(2) 10,0) — ]0,0) and |1,1) — [1,1) due to cotunneling. At finite bias the transport
is essentially unidirectional, so that we restrict to LR cotunneling, as well as sequential
tunneling |0,0) — |1,0) via the left junction and |1,0) — |0,0) via the right junction. In
order to avoid irrelevant indices, we will here denote the rates as W, W~ for sequential
tunneling, and W, W for cotunneling. The rate-equation matrix then reads

w-( Tl ). (1)

and the resulting steady-state occupation probabilities for the empty and singly-occupied
molecule are

B W= P w+
TwWrew- T W w
Note that due to the spin-degeneracy of the singly-occupied state, the sequential rates obey
W+ = 2W~, leading to Py = 1/3 and P; = 2/3. Neglecting sequential rates as compared
to cotunneling rates where appropriate, we find that the vectors u,,’, y., and w, are given

P (L2)

by
Pyw?
Uge! = <P1W1> =Ya (1'3)
WO
W, = (Wl) (1.4)
The steady-state current is
1 2
Iy = LW + P! = gWO + gWl, (L.5)
so that ¥, is obtained as
_ _ WHW=-(W° —wh) /1
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Finally, we have

W-ly, — CWEW (WO - W) ( 1 )

(WH+W-)3 -1

For the noise, we therefore find S;;, = Sgr = Sr = Sk, and the final results are

9 W—l—w—(Wo _ W1)2
W++w-)33
W+W7(WO _ W1)2
(WO 2W ) (W+ + W—)3'

S(w=0)=~4e (L.8)

F~6 (1.9)

[.2 Zero-frequency noise in the pair-tunneling regime

The calculation of the zero-frequency noise for the pair-tunneling regime can be carried
out along the lines of Appendix D. Here, we list the relevant processes and the charges
transferred by them, see Figure 1.1 and Table I.1.

b2 DX 3

Figure I.1: Elementary processes for the transitions |0) — |2) and |0) — |0). The label “x2”
signals an additional factor of 2 due to two incoherent spin contributions. The diagrams for the
processes corresponding to the transitions |2) — |0) and |2) — | 2) are obtained by reversing the
direction of all arrows.

Shew |@=L|a=R| 5, |a=L|a=R

v=1 2 0 v=1 -2 0
2 0 -2 2 0 2
3 1 -1 3| -1 1

Soow | @=L |a=R| %, |a=L|a=R
4 1 1 4 1 1
51 —1 -1 5| —1 -1

Table I.1: All nonvanishing coefficients s{; , characterizing the current contributions of individual

processes.



Appendix J

Quantum mechanics of the Morse potential

The Morse potential [109]
V(z)=D [e‘mx - Qe_ﬁx] (J.1)

is one of the few exactly solvable problems in quantum mechanics. Beyond this fact, it has
two other appealing properties: (i) It allows the investigation of anharmonicities, and (ii)
it describes not only bound states but also continuum states, opening up the possibility to
study the dissociation of molecules. Here, we briefly highlight the basics of its quantum
mechanical treatment.

The Morse parameters D and 3 determine the depth and inverse width of the Morse
potential. For a sufficiently deep Morse potential, it is evident that the vicinity of the
potential minimum at x = 0 is well approximated by a parabola. An expansion of the
potential around z = 0 yields

V(z) = —D + DB%z* — D33z + O(z*). (J.2)
In the harmonic approximation, this allows us to identify ,uwg /2 = D32, ie.

hiwe = hB3*\/2D/p, (1.3)

where p is the reduced mass. The corresponding oscillator length is given by £, = ’/uze’

and we can immediately define a dimensionless parameter x describing the anharmonicity
strength by comparing the quadratic and cubic term,

1 (DN .. BB
X_2<Dﬂ2> _Me/z_QM. (J.4)

Here, the additional factor 1/2 and our choice to square the ratio are not essential, and
are merely motivated by making contact with the definitions conventionally used in the
literature.

For energies F < 0, the stationary Schrodinger equation can be solved exactly by
substituting z = e7#%. The resulting eigenenergies and eigenfunctions (see e.g. Ref. [144])
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152 Appendix J: Quantum mechanics of the Morse potential

are given by!

E, = —D + hwe(q + 1/2) — hwex(q +1/2)?, (J.5)
e(€) = Nye /24 1209)(¢), (1.6)

Here, we have used the transformed coordinate ¢ = (25 + 1)e™5%, and we have introduced
the parameter j related to the asymmetry parameter y through 25 + 1 = 1/x. This pa-
rameter is useful, since |j| + 1 represents the total number of bound states of the Morse
potential. Hence, the quantum number ¢ takes the values ¢ = 0,1,...,[j|. Finally, N, is a
normalization constant fixed by

Bq'2(j —q)

TR gt 1) o

The treatment of the continuum state requires some more care. We refer the reader to
Ref. [115] (and references therein) for a discussion of the scattering states solution.

!We caution the reader about the fact that expressions in Morse’s original paper [109] must be addressed
with some care due to an unconventional definition of the generalized Laguerre polynomials in his work.



Appendix K

Thermopower: Linearized rate equations
and expansion coefficients

K.1 Linearized rate equations

The rate equations for the deviations O and ®¢ from the equilibrium probability have the
following form:

0=y [P;—l(ATtg,;L" + Vg M) 4 PR AT 6 " 4 Vot (K.1)
q/

T n,n+1 n,n+1 n,n—1 n,n—1 n—1 n—1 n—1mn
—PpAT " + Vo, + ATt + Vo )+ (ATO, + Vo w,,

+(AT O + V orthuwitt — (AT OF + V &) (whit + ng‘l)}
+ Z {PQ(AT tole + Vugl) = PRAT 107 + Vo) + (AT 07, + V ) Jwp/
a'#q

— (AT O] +V @g)wgg} — [AT 07 +V oy — PSY (ATO] +V &y, )]
q

K.2 Expansion coefficients

By expanding (2.2) and (2.4) one obtains the following expressions for the expansion coef-
ficients of the sequential-tunneling rates W, " S S (i

qq';a
Wittt = Do /0| Mg |* s(n,n + 1) F(EL — BT, (K.2)
wgq"al = Ta/h‘qu/ 2s(n,n 1) |1— f(Ey E”ﬁl) 7 (K.3)
,n+1 2 41
tnt, =T1/h| My " s(nn+ D(By — E;™)/T f(BY — B), oy =0, (K4)
o = Do /b Myg[* s(n,n = 1)(By = E70)/T f(By = B, tad =0, (K.5)
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Un,n+1 fr FL/thqq

qq’; L

’ -1 —
Vg, =T/l M,

(P s(n,n+ Ve f/(ERT - BN,
| s(nn = 1) (—e) /(B — B,

(K.6)
(K.7)

Similarly, the expansion of the cotunneling rates Egs. (2.5) and (2.6) is carried out. Defining

the abbreviations

qu” M;/q//
Aqq/qu(ﬁ) = —0 1
e+ Ej — Eq,,
C qu” M;/q//
gq'q" (€)

=Tl 2
e—I—Eq —Eq,,

. qu” M;/q//
Bygq(€) = 1 2
€ + Eq// - Eq/
. qu// M;/q//
Dyqq(€) = 0 1
€ + Eq// - Eq/

we obtain for the relevant expansion coefficients

2
r,r
00 b
wqq/;ab =2 26;_77/ /dﬁ ZAqq/q//(e)
q
2
r,r
22 b
Woq'sab = 2C7LTh de Z;qu’q”(f)
q
2
11 Lol

w, . =
qq’; ab owmh

I‘an
27h

_'_

.y
+ 21h /d6

Farb
teg; LR = =2 onh

/de Zqu/qu(e)
q//

2

dé Z qu/q// (6)
ql/

1

q

€
d€ T Z Aqq’q” (6)
ql/

2

2

fle) [1 = f(e+ hwolg — ¢])]

f(€) [1 = f(e+ hwolg — '])]

F(e) [1 = f(e+ hwolg — ¢'])]

f(€) [1 = f(e+ hwolg - ¢'])]

2

S [Cagar(€) = Dagrgr (]| f(e) [1 = fle + hwolg — ¢'])]

f'(€) [1 = f(e + hwolg — ¢'])]

f(e) [1 = fle+ hwolg — ¢])]

(K.8)

(K.9)

(K.10)

(K.11)

(K.12)

(K.13)

(K.14)

(K.15)
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2

W = 2t [ e IS (@] 7 (e hna =) (K16)
2

2 =20t [ac IS g | fOf el g Ka7)
2

e Zcqqqf, )| £ (e + hwolg — ) (K18)
2

Lol [ g HIAZTLIS™ by @) $0F (e + henla — q)

2

> " [Cuagrar(€) = Dagrgr ()] | £(€) (e + huwolg — ')

q//

_l’_

L.y /d6 €+ hwolq — ¢']
2mh T

(K.19)

The expressions for vy, are obtained from the ¢, expressions by substituting e/T, (e+
hwolg — ¢'1)/T — e. We point out that Eqs. (K. 10) (K.18) correct an erroneous statement
about spin factors in Ref. [145]. For the case of finite charging energies, a careful consider-
ation of incoherent vs. coherent contributions is crucial and leads to the above cotunneling
expressions.

The calculation of the regularized expansion coefficients proceeds in analogy to our
treatment in Appendix C. It is important to note that the coefficients for elastic cotunneling
tqq €bc. remain divergent in the zero-bias limit. However, the evaluation of G and G always
requires the subtraction of two such coefficients and the divergences cancel out exactly. Here,
we list the additional types of integrals required for the computation.

1 1
E—¢ —iI'1EF—e +1ily

Il(El,el,fg) = tho/dEf(E — El)

1 62{1W+¢(1/2+16[E1 —el/2m) —(1/2 —ipB[E — 62]/27r)}

€1 —
1 1
I,(Ey, E = lim | dEf(E—E\)f(E—E
2(E1, By, €1, €2) FJTO/ 1 DI ) e S E—etils

- {m +np(Ey — By) [~0(1/2 + i 8[Ey — e1]/27) + 9(1/2 — 1 B[E) — ] /270)]

€1 — €2

(B — B0 [-9(1/2 +15B2 — el 2m) + (/2 — 1 0[E2 — o/ 2m)

1 1
E—¢ —iI'1EF—e+ily

I(El, EQ, €1, 62) == Illglo dE f(E - El) [1 - f(E - EQ)]

S { (1 +np(Er— E2)] [¢(1/2 +1B[Ey — e1]/2m) — ¢(1/2 — 1 B[Er — €] /27)]

€1 — €2

+np(H2 — E1) [(1/2 +1B[Ey — e1]/2m) — ¢(1/2 — i B[E2 — €3] /27)] }
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A(Br, ) = im [/ dE f(F - El)m - (’)(1/1“)}
= Ztm ) (1/2 41 0(Bx — ) /2m)
DBy, Ba, ) = im [/ dE f(E — By)f(E — Eg)m - 0(1/r)]
= 2 [p(Br — By my® (1/2 41l — Fy)/2)
tnp(Ey — ) Tmy) (1/2 41 8le — By /2m)|
HEr B = Jim | [ 4 18 - B 1~ (8 - B s — OUD)
B

(14 np(By — E2) im ) (1/2 +18[E) — €] /2r)

T2

tnp(Ey — ) TmyD (1/2 +1 5[, — €]/2m)|

_ 7 I _ 1 1
KQ(E17E2761762)_Flilglo/dEf(E El)f(E EQ)E—El—irlE_€2+iF2
= —0I,/0F;
L — 1 1
Kl(El’El’EQ)_rljglo/dEf(E By Tin et
= —0I,/0E;
T o . B 1 1
K(E17E2’61762>I13210/dEf(E El)[l f(E E2)]E—61—iP1E—62+iF2
= —0I/0FE,
— 1 [ ! - — 1 S —
LQ(El, EQ, 6) = %11)% _/ dEf (E El)f(E EQ) (E _ 6)2 T F2 O(I/F)]
= —0.Jy/0F;
J— 1 [ / —_ 1 J—
Ll(Ehe)_ll‘li% -/dEf(E El)(E—€)2+F2 O(]'/F):|
= —0.J,/0E;
— 1 I —_ _ — 1 —
L(El, EQ, 6) = FILH;O |:/ dEf (E El) [1 f(E EQ)] (E — 6)2 T F2 (’)(1/1“)}
= —0J/0E,

1 1
E—El—irlE—62+iF2
= Go(E1, Ea,€1) + (e2 — E1)Kao(Eq, Ea, €1, €2)
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1 1
M{(FE = I dE(E — E))f'(E - FE
1(E1, €1, €2) FZ_IE}O ( A 1)E—51—iF1E—62+iF2

= [B0/0B I1(Ey, €1, €)

1 1
M(FEq, E =1 E(E-E\f(E-E)[1-f(E-E
( 1, 2161762) F:TO d ( 1)f( 1)[ f( 2)]E—61—iF1E—€2+iF2

= M (Eh, €1,€2) — Ma(Eq, Ea, €1, €2)

No(F, B, ) = Jim U dE (E — Ey)f'(E — Ey)f(E — Eg)m — o)
— ReGa(E1, Bs, ) + (¢ — Ey)Lo(E), By, ¢)
Nu(E), €)= %iirh/dE (E— B\ f/(E - El)m _ o)
= [30/9B Ji(E1,¢€)
N(Ey, By, ¢) = %Lnb/dE (B — ENF(E — E)[1— f(E - E»)] m — o)

= Ni(F1,€) — No(FEy, Ea,€)



Appendix L

Kondo regime — Inelastic backscattering
contributions

In this appendix, we detail the analysis of inelatic contributions to the backscattering
current in the Kondo regime, see Chapter 8. Upon decomposing the quasiparticles into left-
and right-movers, the relevant part of the effective Hamiltonian reads

p i i
Hin=—gr D D OhyybriCyde (L.1)
P72K ) ks ks a,b,c,d=L,R

This gives rise to 2% different processes. Here, we depict the 8 processes with an incoming
spin-down right-mover (i.e. d = R):

Rl, , JRl R Ll R R R, L

q=0 (i) ¢g=1 (i) g=1 (iii) ¢ = 2

Rl, , (Rl Rl Ll . .

(iv) g = —1 q=0 q=0 (v)g=1

The remaining eight processes are obtained from these diagrams by interchanging L <« R
and inverting the sign of q. Again, only diagrams with nonvanishing ¢ can contribute to
the backscattering current. Furthermore, one easily confirms that ¢ < 0 processes have zero
phase space and lead to vanishing rates. Altogether, the five processes (i)—(v) remain for
consideration. (By process (iv) we denote the inverted diagram from now on.)

In the following, we evaluate the separate contributions to the backscattering current
one by one. We start with the two-particle process (iii), for which we obtain by Fermi’s
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golden rule

ass 2
Igu) :227;;6 Z ‘<gS|R;24lLk3LR;22TLk1THin‘gS> (L2)
k1,k2,k3,k4
X Fr(€ra) F1(8ha) 1 = Fr(€R)IL = FR(€k)IO Sk + Ers — Eks — Eha)
2
:22726 <477pI82TK> p4 / de deg des dey 9(€V/2 - 62)0(€V/2 - 64)

X 0(eV/2+ €1)0(eV/2 + €3)d(e1 + €3 — €2 — €4)
2 eV/2 00 eV/2
g2 1/ wg/ d@/‘ des 0(eV/2+ €5 — €3 — €4)

B Eﬁg —00 —eV/2 —00
2 B eV
h 3 \Tx

The explicit factor of 2 describes the backscattering of a particle pair. The remaining four
integrals are found to be indentical, and give (explicitly shown for the example of I g))

Q) _ G _ V) p(v)
o7 =ls" =15~ =15 (L.3)
2me 9
:T Z ’<gS|RL4lLkSlR22TRk1THm’gs>
k1,k2,k3,ka

X SL(8ka) FL (k)L = FL (&R = FR(ER IO (ERr + Es — Sk — )
2
> ol / dey dea des dey 6(eV /2 + €1)0(—eV /2 + €3)

X 9(6V/2 — 62)9(6‘//2 — 64)(5(61 + €3 — €2 — 64)

%% 52 1 /eV/Z p /oo 4 /eV/Z d 6( V/2 )
=7 - €9 €3 €1 0(e — €3+ €3+ ey
hT:8 ) o ev/2 —o0

B 2e2 v B2 (eV 2
 h o 48\ Tk
As a result, the total inelastic contribution to the backscattering current is given by

2e2 53% [eV 2
Ig=—V—|{—] . L4
g hvm<n) (L-4)

e 0
b \4mpTxk



