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Chapter 5

Inexact methods beyond weak coupling

The exact methods discussed in the previous chapter will fail for systems with interactions (e.g.
quartic Hamiltonians in annihilation and creation operators): The Heisenberg equations of motions
wilbmotrclose)and although the general thermodynamic statemens remain true, we cannot calcu-
late the discussed quantities like entropy production exactly. Likewise, the weak-coupling (BMS)
master equation may fail if we consider e.g. strong-system reservoir interactions or non-Markovian
reservoirs. To close the arising descriptive gap, some methods have been developed.

5.1 General polaron master equation

We consider an arbitrary system described by Hg (which may contain interactions) via a single
hermitian coupling operator S = S to a bosonic reservoir Sere, . Proorg.

H= %+Z%P+“4h+ kg, (5.1)
S’if/ 'Z /m.
with reservoir energies wy, bosonic annihilation operators by, and spontaneous emission amplitudes
hi. Importantly, we note that — if Hg has a lower spectral bound — the above Hamiltonian has a
lower spectral bound for all values of the coupling strength h;. Upon expansion and introducing
the spectral function I'(w), this leads to a term

_ ‘hkF o 1 /OOF(W) 2
AHS_%: ” §t = 0 dwS (5.2)

W

that renormalizes the system Hamiltonian and is typically neglected in weak-coupling treatments.
When for example following the minimal coupling procedure, such a term will however arise gener-
ically. In our discussion here, we will keep it.

Now, the unitary polaron transform

Up = exp {SZ ( —kpt —bk)} (5.3)

can be defined for arbitrary coupling operators S and has the following properties

UpSUL = S,

h h
UpbpUL = by — —S UpblUL = b} — —’“s (5.4)
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Figure 5.1: Sketch of a single-electron transistor
that is capacitively coupled to a phonon reservoir.
The interaction in the original Hamiltonian is of
the pure dephasing type, i.e., to lowest order the
SET energy will not be changed by the phonons.
A conventional master equation treatment would
yield no phonon effect on the SET dynamics.
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where the first line follows trivially and the last two lines can be shown with the nested commutator
expansion. In the polaron picture, the total Hamiltonian therefore becomes

H' = UpHU}, = UPHSUT + Zwkabk (5.5)
ﬂ/////ﬂo “{

Now, if [Hg, S| = 0 as e.g. in the pure dephasing model, we would have UPHSUITD = Hg and the
model was completely decoupled in the polaron frame. Howevergrealistic:models willusually not
do us this favor, and UpH SU}; will involve terms mediating the interaction between system and
reservoirs. The usual approach to derive a polaron master equation now defines a modified system
Hamiltonian by the requirement that the first order expectation value of the interaction between
system and reservoir should vanish in a thermal equilibrium state of the reservoir

H' = UpHsUpL + > wyblby
k

e_@kbzbk
= Trg { UpHsU},

—é:fkb b
~ UpHsUl — Trp {UPHSUT ‘ } +Zwkb b . (5.6)

~~ ~~
/
i, @) Hy

The first term defines a renormalized system Hamiltonian, the second term denotes the system-
reservoir interaction which by construction obeys Trg {H te Py |7 } = 0, and the last term the
reservoir contribution. In particular, we note that in this frame, in the strong coupling limit
hi — oo, none of these terms diverges. When deriving a master equation in this frame, instead of
being perturbative in the hy, we are rather perturbative in the term in square brackets, such that
there exist regimes where the polaron master equation can be used to treat the strong-coupling
limit.

5.2 Example: Phonon-coupled single electron transistor

As before, we consider a quantum dot model that is additionally coupled to phonons. To keep the
analysis simple however, we follow Ref. [1] by considering an SET that is coupled to one, many, or
even a continuum of phonon modes as depicted in Fig. 5.1.

e j,\@,zj
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5.2.1 Model
We write the full Hamiltonian as H=Hggr + H; + th, where the SET Hamiltonian is given by
Hsgr = Ede + Z Z [Gk,jck,yckl, + tkudck,, + tkyckyd } . (57)
oal ve{L,R} k

g/ﬂ/ o SET \7?4‘:{\
In addition, the central dot of the SET now interacts with a phonon reservoir
QV/ A 1ol A P/ﬂu‘,\ 'Aoé

Q
H; :fijfi ® Z [hgaq + hZajI] : HY = quajlaq (5.8)
=72 04,5]~0 s =1 -
containing () phonon modes. Obviously, the interaction commutes with the central dot part of
the SET Hamiltonian. Therefore, if one would conventionally derive a master equation for the
population dynamics of the central quantum dot, the additional phonon bath would not affect the
populations of the central dot at all — the interaction is of pure-dephasing type.

In general however, this cannot be true: The interaction does not commute with the total SET
Hamiltonian, and therefore one must expect the phonons to have some effect. Indeed, extensive
calculations with only a single phonon mode whose dynamics is completely taken into account
have revealed a strong suppression of the electronic current when strongly-coupled phonons are
present. This phenomenon has been termed Franck-Condon blockade [2].

To treat such cases within a master equation approach, we apply a transformation to the full
Hamiltonian H' = UHU' with the unitary operator

U = exp {dT N = 7D (5.9)

The above transformation is known as polaron or Lang-Firzov transformation [3, 4]. Obviously,
the electronic leads are unaffected by the transformation, since Ucy, U = ¢}, and also the central
dot part is inert Ud'dU' = d'd. There are multiple ways of proving the following relations

UdUt = de®  Ud'UT = dtet?

h; h
UaU' = ay— —2dld,  UdlU" =al — —d'd. (5.10)
Wq Wq
These immediately also imply the relation
d'd . [y
UafzaqUT = a;aq — w—q (hgaq + hqa;) + w—quTd. (5.11)

After the polaron transformation, the Hamiltonian therefore reads
— ﬂ»‘ Or ey g & ?

H = (e Z gl ’ de+Zek,,ckyckz,+qu ata,

+Z (tk,,dc,w + e d%“‘) , (5.12)
1

ﬁc’/rn/; Vi 4
and thereby admits a new decomposition into system and bath Hamiltonians, see also Fig. 5.2.

Most obvious, we observe a shift of the electronic level ¢ — ¢ = e — Z Igl® . Second, the electronic
Wq
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Figure 5.2: After the polaron transformation,

direct coupling between the central quantum "B \
dot and the phonons in Fig. 5.1 is trans- h <R

. . q. 1 ~q \
formed to the electronic tunnel couplings. The A
electron-phonon coupling may be treated non- ) N
perturbatively (dash-dotted lines) when the elec- "t LL - @// tkr

tronic tunnel couplings are treated perturbatively
(dashed lines).

tunneling terms between central dot and the adjacent leads now become dressed by exponential
operators => {4270

* *
hg 7 _ha hq

_ —Lql——1q - aj—1la
H} = Z tkl/dcz,,e Zq(wq 1w LZ) +t;;yckydT€+Zq<wq T q) 9 (513>
A/-{//ﬁ,/;///.z -2 %Z &}'/&zz.

which demonstrates that every single electronic jump from the central dot to the leads may now
trigger multiple phonon emissions or absorptions. This implies that a perturbative treatment in ¢,
still enables for a non-perturbative treatment of the phonon absorption and emission amplitudes
hg. Furthermore, this leads to the somewhat non-standard situation that already in the interaction
Hamiltonian one has now operators from different reservoirs occurring in a product, which implies
interesting properties for the correlation functions.

5.2.2 Reservoir equilibrium in the polaron picture

Before we proceed further by deriving a master equation in the displaced polaron frame, we remark
that the solution from the displaced frame has to be transformed back to the original picture. A
rate equation in the displaced frame implies that the full density matrix in the polaron frame is

given by a product state of system and reservoir, where the phonon reservoir density matrix is

given by the thermal equilibrium statesp/(t)r=mpl(t )p](3L) p](gR)&. The transformation back to
ph

the initial frame is given by the inverse polaron transformation

—BpnHj

(L) (R € "B
p(t) = U (U = Ulel(t)py " UU'—7—U
p
—BonUTHLU
(L) (R e P B
= Ul (tUpy Py ——— (5.14)
ph

where we have used that the polaron transformation (5.9) leaves the electronic reservoirs untouched.
When the system density matrix does not exhibit coherences p§(t) = Pg(t)dd' + Pr(t)d'd, the
unitary transformation will leave it untouched, such that only the reservoir part will be modified.
With Hp = Y w,ala, we can with the inverse transformations of Eq. (5.10)

2
UTHRU =3 wiala, +d'd @Y (hyag + hal) + 3 %dw
q a q

q

2

_ gt t « 1, |hql
=d'd® E Weaaq + hqag + hyay +
q

q

1) +dd" © ) " wala, (5.15)
q
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represent the operator in the exponential as a sum of commuting operators. Since for all operators
AB = BA = 0 we have e4™8 = e¢4e® we conclude

o BonUTHRU _ ,—Bond d®Y, wy(afthq/wq)(ag+hy/wq) ,—Bondd ©F, weahag

— [1 + de (e—ﬁph Zq wq(a:;—&—hq/wq)(aq—&-h;/wq) _ 1)} [1 + ddT <e—5ph Zq an};aq — 1)}

— dee_Bph Zq Wq(ag‘f'hq/wq)(aq"‘hé/wq) + ddTe—ﬁph Zq wqa,gaq . (516)

Comparing with the initial Hamiltonian, the phonon part of the first term in the last line is nothing
but the thermal phonon state under the side constraint that the SET dot is filled. Formally, this
can be seen by replacing d'd — 1 in Eq. (5.8). Similarly, the other term is the thermalized phonon
state when the SET dot is empty. Therefore, preparing the reservoir in a thermal state in the
polaron-transformed frame implies that in the original frame, the reservoir state is conditioned
on the state of the system. Inserting the assumption that there are no coherences in the system
ps(t) = Pp(t)dd" + Pr(t)d'd, the full density matrix in the original frame becomes

—Bon Xog waahag —Boh 3 wa(althg /wq)(ag+hy /w,)
(L) (R e a (L) (R e g4 Td q
p(t) = Pu(t)dd' oy 5" @ 7 + Pp(t)d'dpy py” ® 7
ph ph

(5.17)

Therefore, when the SET dot is occupied, the phonon state is given by a displaced thermal state,
whereas when the SET dot is empty, it is just given by the thermal state corresponding to the
original phonon Hamiltonian. The phonon dynamics thereby follows the system state immediately,
which goes beyond the conventional Born approximation.

5.2.3 Polaron Rate Equation for discrete phonon modes

In the transformed frame, we do now proceed to derive a rate equation for the SET dot populations.
We choose to count the phonons emitted into the phonon bath, to test the applicability of the
counting field formalism. Here, we will use Ny, = >, alag as the reservoir observable of interest.
Identifying the bath coupling operators in the interaction Hamiltonian (5.13) as

By, = Z tkl,;’czue_é\\, By, = thyckye+A (5.18)
F df,{{ V/-’Att./,, ( b

it becomes quite obvious that the reservoir correlation functions will now simultaneously contain
contributions from electronic and phonon reservoirs. Recalling the definition of the generalized
correlation function, we obtain a simple product form between electronic and phononic contribu-

tions P Tl /e
C13(7) = (B1(7) Bay) = Cty (1) 1 (7)
Cor'(7) = (B2 (1) By) = C3) o(17)C5 (7)) - (5.19)

Here, the electronic contributions are just the conventional ones known from the SET

i 1 —iwT
12,a(T) = Z | fo (g e TiomT = %/FV(—w)ﬁ,(—w)e dw,
K

S1a(T) = Z It (1 — fo(€ny)]e 7 = % /F,,(w)[l — fo(w)]e ™ dw . (5.20)
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In contrast, the phonon contributions are given by

Clnl) = (e re At} | Oy () = (s Agag-A) (5.
with the phonon operator in the interaction picture g2 -£ /47
s
h;, 7 h .
A1) = Tefiwam _ "0 p=iwaT ) 5.22
(1) = 3 (Ebafersir - e, (5:22)

We note that by h, — —h,, we transform CF, |, (1) — C3 ;,(7), such that we actually only need
to calculate one correlation function. To calculate phonon contribution to the correlation function,

we can exploit that (with AX(7) = e NenX A(7)e1Nonx)
X : ’hq|2 :
[AX(T), A] = 2i Z e sin(w,T — Xx) (5.23)
q q

is just a number, which implies — using the Baker-Campbell-Hausdorff relation

o~ AN A _ A=A ()-1/2[AN (1) 4]

hy (wgr— h Ci(wgr— ) |hg|? .
> (fag(1*€+l(“qT X)—Lag(1—e i waT X))) =130, o sin(weT—x)
A a e 7w . (5.24)

=e
For a thermal reservoir, the phonon correlation function can be written as a product of single-mode

correlation functions C7, ; (7) = H 5%, (7), where the single mode contributions read

h i _ _ilna? _
Cxﬁq<7_> _ <€wqaj1(1 etilwgm— X)) @ aq(1—e~H(wqr X))e i w2 sin(wgT—X)
p

2
hg ot (] —eHilwgr—x)y _ha _e—ilwgT=x) _Lral” (g emiwar—0
_ <ewqaq(1 e q )6 wqaq(l e q ) e wg ( )' (5'25>

By expanding the exponentials, we can evaluate the expectation value for thermal states, where
the probability of having n quanta in the mode ¢ is given by P, = (1 — e #r®@a)e=onws a9

(evinhena) = 3 %%ZPM (al)" (o))" 10

n,m=0
r q|2“ > N R
_Z ZP fl (a ZPEZ ()2 (€—n)!
n=0
- ZPgﬁeuaqF) = eIl (5:26)

=0

with the Bose distribution n% = [e®rh%s —1]71 and Legendre polynomials, defined by the Rodriguez
formula [5]

L,(z) = — [2*—1]". (5.27)
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The single-mode contributions thus become with o, = Z—Z( 1 — e iwaT=x))

[efi(qufx) (1+n%)+ €+i(wqffx)n‘]13 —(1+ anB)} } , (5.28)

such that finally, we obtain for the phonon correlation function

2 - 04”8,"/
|hq|2 —i( }’/ / -+ 2 )
Clopn(F) = exp Z — e ”JQ?X (L4 n%) + e @O ns — (1+2n%)] p . (5.29)
! i - Bl

The fact that the transformation h, — —h, leaves this result invariant implies that the phonon
contribution is always the same in Eq. (5.19), such that we can drop the indices 12 and 21.
Furthermore, we see that the phonon counting field occurs at the positions where one might have
intuitively expected them. We note that the phonon correlation function obeys the KMS condition.

The observation that in the phonon correlation function (5.28) the terms proportional to
(1 +n%) correspond to the emission of a phonon into the phonon reservoir and terms propor-
tional to n% alone are responsible for the absorption of a phonon from the reservoir enables one
to derive the full phonon counting statistics from the model. Formally expanding the single mode
correlation function into multiple emission (m’) and absorption (m) events we would obtain a
decomposition in the net number of phonon absorbtions by the phonon bath n = m’ — m, where
CXI(r) = Y020 CoM(r)e™, and CHM (1) = 5= o 2 (T)e”™dx can be determined by the
inverse Fourier transform. In particular, using that

wg m!m/!

P gpey & hy|” e nd)™(1+nL)™ . /

Cgh(T):e w? ( B) Z | q| ( B) ( + B) e+1(m—m YwqT (53())
one can show that by introducing the net number of phonon absorptions by the phonon bath
n = m’ — m, the correlation function can be represented as (below, we drop the counting field
X — 0, since we have an interpretation for each term)

+oo |hg|? q a\ 3 2
—inwgt (1+2n%) 1 +n ? Ih |

Cr(r)y= 3 eimere o < anB) 7 (2 ) ) (5.31)
n=-—oo q

where J,(x) denotes the modified Bessel function of the first kind [5] — defined by the solution of
the differential equation 227" (z) + 27J.(z) — (2* + n*)J,(z) = 0. Introducing for multiple modes
the notation n = (n4,...,ng), w = (w1, . ..,wq), we therefore have for the full multi-mode phonon
correlation function the representation

Q |hg|? g a\ 3 2
CMwon B (42nd) (1410 2 |hgl
Cph(T) = E e n-w | | [e 2 B ( an B> jnq (2 ;2 n%(l +an)

q=1 q

n
=D e TR, (5.32)
n

where the simple exponential prefactor enables to calculate the Fourier transform of the full cor-
relation function. In particular if only a single phonon mode is present, this enables a simple
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»ﬂ({

calculation of the Fourier transform of the comp\lf{e electron-phonon correlation function

n, v
Vo (w Z Voa(w — 1y - w)Cph = Z Nam, (@)
ny
n, v
Vor (w Z Vorel(w — 1y - ‘-'-’)Cph = Z T21m,, (w). (5.33)
ny

Here, the terms 77, 5 , are interpreted as the emission of n, phonons into the phonon reservoir
whilst an electron jumps from lead v onto the SET dot, whereas 73 5  accounts for the emission
of n,, when an electron is emitted to lead v. Now, the bosonic KMS relation

W T (5.34)

together with properties of the Fermi functions implies a KMS-type relation for the full correlation
function

AT Ot (1), (5.35)
which now involves both the electronic and phononic temperatures. However, we note that when
these temperatures are equal, the usual local detailed balance relations are reproduced. Deriving
a secular-type rate equation for the dot occupation is now straightforward, the probabilities for
finding the dot empty or filled are governed by the rate matrix
Z Z ( —Vo n,, ') 4+ _m, (+€) ) (5.36)
—€) =¥ m, () )7

ve{L,R} My +iam, (

’YlVQ,Jr’n,, (~w)=e

where 75y (—€’) denotes the rate for an electron jumping onto the SET dot from lead v whilst
simultaneously emitting n,, phonons of the various modes into the phonon reservoir. Correspond-
ingly, 73, _n,, (+€') denotes the rate for the inverse process. Having identified the rates for the
various involved processes, we can proceed by introducing counting fields. For a three-terminal
system with the phononic junction only allowing for energy exchange and with conservation laws
on the total energy and particle number we can expect three counting fields to be sufficient for
tracking the full entropy production. These can — for example — be the matter transfer from left
to right and the energy emitted to the phonon bath counted separately for electronic jumps, such
that we have the counting-field dependent version

_~L o + L B +, —ing, Q¢
£(X L fR) = ( 7127"1L( E) Y21, nL( e)e )

+71LQ,nL(_€/)e+mL'Q£L _’VQLl,—nL (+¢€)
G P I
+7£,’I’LR(_€/)6_IX€+InR. tn _fYQLl,f’I’I,R(—i_E/) ’

which enables one to reconstruct all energy and matter currents and thus the full entropy flow.
Here, we will first investigate the impact of the phonon presence on the electronic matter

current. If one is only interested in the electronic current, we may set {1, = g = 0. The transition

rates in the above Liouvillian become particularly simple in the case of a single phonon mode

1
Yoin(—€) =Tu(€ +nQ) f, (¢ + nf2)e A0+2m5) (ﬂ> Tn <2A\/nB 1+ ng )

np

V1, (+€) = (¢ +nQ)[1 = f, (€ +nQ)Je~20+21) (”—) T (20V/np(L+np)) . (5.38)

1+np
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Figure 5.3: Electronic matter current versus bias
voltage applied to the SET for vanishing (bold
black) and increasing (dashed red, dash-dotted
blue, and dotted green, respectively) coupling
strengths A = ]h]Q/Q2 = Jp to a single phonon
mode of frequency €2 (bold curves) or to a contin-
uum of phonon modes distributed according to an
ohmic model (thin solid curves in background).
The Franck-Condon blockade can within this
model be understood in terms of a renormaliza-
tion of the effective dot level ¢ = € — AS), which

[ uncoupled SET | A= © . .
oal |-=—- A= — when A2 > € will lead to current suppression.
A R A=5 . .
I o Furthermore, the steps in the electronic current
— A=10, BQ=100

02| observed for sufficiently low temperatures (solid
green) admit for the transport spectroscopy of
the phonon frequency €2. In the multi-mode case
(thin solid curves, for w. = Q and Jy = A), cur-
rent suppression due to the level renormalization
is also observed but the steps in the current are no
| longer visible. Other parameters: I'y = T'p =T,
[ S R B Br = Br = Bpn = B, B = 10 (except the thin

-30 ‘ -20 -10 0 10 20 30
bias voltage V [Q] green curve), € = 58, Jy = A, w. = (.

electronic current I [I']

2
where A = ‘g—‘z denotes the dimensionless coupling strength to the single phonon mode which is
q

occupied according to np = [ — 1]71. The resulting electronic matter current is depicted in
Fig. 5.3.

Surprisingly, the simple 2 x 2 rate matrix predicts many signatures in the electronic current. For
example, in the electronic matter current one can read off the renormalized dot level at sufficiently
low electronic temperatures. In addition however, low temperatures also allow to determine the
phonon frequency from the width of the multiple plateaus.

5.2.4 Thermodynamic interpretation

The present rate equation does not directly fit the standard thermodynamic discussion, since the
contribution of the three reservoirs to the rates is not additive. Such non-additivity may lead to
interesting properties: For example, it is possible to implement a QAR with three reservoirs and
just a two-level system when the rates are non-additive [6]. Nevertheless, an interpretation in
terms of stochastic thermodynamics is possible.

The strong modification of the electronic current is due to the fact that the phonons allow for
processes that would normally be forbidden, see Fig. 5.4 In the trajectory in the figure, first an
electron jumps in from the left lead to the initially empty SET whilst absorbing two phonons.
The change of the system energy by AE = +€¢ = AE + AE,, is supplied by both the left lead
AE; = ¢ — 2Q and the phonon bath AE,, = +2Q. In the second step, the electron leaves the
dot towards the right lead whilst again absorbing three phonons. Again, the change of the system
energy by —¢ is supplied by the right lead AER = —(¢’ +3Q) and the phonon both AE,;, = +34.
These energy and matter transfers can be used to construct the total heat exchanged between the
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lem for a single phonon mode, slightly adapted 7
from Ref. [1]. For sufficiently low electronic tem- S — -
peratures, the dot level has to be between 7, and \7 < é% - > é

%

ir to allow for transport, such that an electronic

Figure 5.4: Sketch of the energetics of the prob- j i

transfer from left to right would be extremely un-
likely for the depicted situation. With phonons at . s
sufficiently large temperature however, it is pos-

sible to realize trajectories where the missing en- F“L

ergy is supplied by the phonon bath. The indi- , ksTy, PE

cated heat transfers from reservoirs into the sys- ‘ T
tem allow for a complete reconstruction of the Q) =+20 { ¢
entropy flows even for single trajectories. ¢ =200 — +(¢ —20° )|

'S
72re) /24|

reservoirs and thereby also the total entropy production in the steady state.

To relate the thermodynamic interpretation more to the modified local detailed balance relation,
let us now for simplicity restrict ourselves to the case of a single phonon mode (the generalization
to multiple modes is also possible). Formally, the rates corresponding to emission or absorption
of different phonon numbers enter additively in Eq. (5.36). This enables one to see the phonon
reservoir as a whole collection of infinitely many virtual phonon reservoirs that admit only for
the emission or absorption of a certain number of phonons with the same frequency each time
an electron is transferred across the SET junctions. This view enables one to adopt the previous
definition of the entropy flow, where the index v labeling the reservoir may now assume infinitely
many values v — (v,n), where v € {L, R} denotes the junction across which an electron is
transferred and n denotes the virtual phonon reservoir from or to which only n phonons may
be absorbed or emitted at once. Recalling that £§§£) denotes the rate for an electron to leave

the dot towards lead v whilst absorbing n phonons from the reservoir and ,cﬁ,”;;) the rate of the
inverse process, i.e., for an electron to enter the dot from lead v whilst emitting n phonons into
the reservoir, the local detailed balance relation becomes — with the rates in Eq. (5.38)

V(L (m+n(—€')) B [ (€ +nQ) (1 +nB)”}
n =In{———% | =In
ﬁ%’gl) Yo1,—n(+€) 1— f.(¢ +nQ) ng

=1In [e’ﬁ”(ﬁurnﬂ’“”)e*"ﬁphﬂ = —0B,(¢ +nQ — p,) + Bpun€?, (5.39)

such that the entropy flow from the virtual reservoir (recall that v — (v, n)) becomes

~Y(vn v,n) o E(Vm) v,n) o £(V7n)
s = i renn (S5 )+ i o (15

EF FE
r.n) M rv.n) M E(V’n)
- [cgppF = cggp,;} In <—fi)>
EF
= B, (L™ = I™) + BonI g P = S 4 ) (5.40)

which is additive in electronic and phononic contributions. Here, we have introduced the energy
flows corresponding to the emission or absorption of n phonons. The total energy flows are given
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by

Iy = Z Igm) = Z [712,+n(_5/)pE - 721,711(‘1_6/)?}7} (e’ +nQ),

Iy =7 [[J(En’L’ph) + [Sﬂn’R’ph)] => > [ver-al+€)Pr = yion(—€) Pr] 092, (5.41)

n

whereas the total electronic matter current from lead v is given by

Iy = Z ISEV’”) = Z (V12,40 (—€") Pp — Yo1,_n(+€) Pr] . (5.42)

n

Similarly, the total entropy flow from the electronic leads is obtained by summing over all differ-
ent n, and the total entropy flow from the phonon reservoirs is obtained by summing over the
contributions from different n and different v

59 = 8

s =3 (S0 + S8 (5.43)
n
Altogether, the system obeys the laws of thermodynamics, which results in an overall positive
entropy production. Consequently, we just note here that it is possible to verify a fluctuation
theorem for entropy production, i.e., for Pn:@éh,effh (t) denoting the probability for trajectories with
n electrons having traversed the SET from left to right and having emitted energy eﬁh =nr-wto
the phonon reservoir during electronic jumps over the left and energy egh = npg - w during jumps
over the right barrier. In detail, it reads [1]

P t
lim +n’+61€h’+e§h( ) _ e[(/BR_ﬁL)fl'i'(IBLML_5RMR)]"+(Bph_/BL)eéh""(ﬁph_BR)@gh’ (5.44)
tmoo P L R (t)

" C€ph " ph

and it is straightforward to see that it reduces to the conventional fluctuation theorem when all
temperatures are equal.

Disregarding the phonon counting statistics, we note that the system also obeys a fluctuation
theorem involving the electronic transfer statistics only

. P‘H’L(t) _ nAeg
Jim P e ) (5.45)

where the effective affinity A.g is however not related to the entropy production, it does, for
example, depend on the details of the coupling.

5.2.5 Polaron Rate Equation for continuum phonon modes

Also for a continuum of phonon modes it is possible to obtain a master equation representation.
Here, we directly represent the phonon correlation function (5.29), taking a counting field for the
energy of the phonon reservoir into account. This then yields
Cf _ OOd J(w) —iw(T—£) 1 +iw(r—&) 1 2 5.46
on(T) = exp ey le (1+npw)) +e np(w) = (L+2np(w))] ¢, (5.46)

w
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where we have introduced the spectral density J(w) = >__ |k, 6(w — w,), and & is a counting
field responsible for the energy of the phonon reservoir. When we choose the common ohmic
parametrization J(w) = Jowe “/“c with dimensionless coupling strength .Jy and cutoff frequency
w,, the integral can be solved exactly. Writing the Bose-Einstein distributions as a geometric series
and resumming all separate integral contribution, we finally obtain for the phonon correlation
function

r <1+,8phwc+i(‘rf§)wc> I <1+/6’p},wc7i(7-7€)wc> Jo

Ciu(r) = B"lhf; - e : (5.47)
() (141G — )

A
where I'(z) = [¢*le7'dt denotes the I-function. The observation that C’Ifh(T) < Con(T — &)

0
(generally true for energy counting and an initial state that is diagonal in the energy eigenbasis)
leads to the relation

3

76 w) = ey (w). (5.48)

We note from Eq. (5.46) that for particular parametrizations of the spectral coupling density one
can expect that for large times the phonon correlation functions may remain finite lim; o Cpn(7) #
0. However, the total correlation function is given by a product of electronic (which decay) and
phonon correlation functions. Its Fourier transform (that enters the rates) can be calculated
numerically from a convolution integral

v, 1 —i(€+w
(€)= o= [ (T~ — ),

v, 1 i(e—w
Wi (+e) = o / dwly (+@)[1 = fo(+w)ppn(+e — w)e e, (5.49)

and enters in this case a rate matrix of the form

= —p(—€) ™ (+e€) —Yi5(—€) R (€ ) etix
[,(ngLagR) - ( _|_,}/L£L< 6,) —721(—{—6/) )+ ( +7R§R( ,)e_iX —’}/21<+6,) ) ) (550)

from which the electronic matter current can be directly deduced. With the choices Jy = ‘SL and
w. = () the electronic current is for high temperatures quite similar as if one would have only a
single phonon mode. Also the symmetries are similar to that of Eq. (5.37), and a similar fluctuation
theorem arises from that. The crucial difference however is that at low temperatures, the phonon
plateaus are no longer visible — compare the thin solid versus the bold curves in Fig. 5.3. Since for
the continuum model many different phonon frequencies contribute, this is expected. Interestingly
however, the current suppression due to the presence of the phonons (Franck Condon blockade) is
also visible for a continuum of phonon modes -

/1/41 S \/ ﬂ/{/,( 4//

< o
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