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Out-of-equilibrium fluctuation-dissipation relations verified by the electrical
and thermoelectrical ac-conductances in a quantum dot

Adeline Crépieux
Aiz Marseille Univ, Université de Toulon, CNRS, CPT, Marseille, France

The electrical and heat currents flowing through a quantum dot are calculated in the presence of a
time-modulated gate voltage with the help of the out-of-equilibrium Green function technique. From
the first harmonics of the currents, we extract the electrical and thermoelectrical trans-admittances
and ac-conductances. Next, by a careful comparison of the ac-conductances with the finite-frequency
electrical and mixed electrical-heat noises, we establish the fluctuation-dissipation relations link-
ing these quantities, which are thus generalized out-of-equilibrium for a quantum system. It is
shown that the electrical ac-conductance associated to the displacement current is directly linked
to the electrical noise summed over reservoirs, whereas the relation between the thermoelectrical
ac-conductance and the mixed noise contains an additional term proportional to the energy step

that the electrons must overcome when traveling through the junction.

A numerical study reveals

however that a fluctuation-dissipation relation involving a single reservoir applies for both electrical
and thermoelectrical ac-conductances when the frequency dominates over the other characteristic

energies.

I. INTRODUCTION

The fluctuation-dissipation theorem (FDT) is a rela-
tion which states that the time-correlation function of
an unperturbed system is equal to the response function
of the perturbed system®. For example, in a conductor,
the current fluctuations are directly related to the ac-
conductance. This means that the response of the system
to the action of an external force is closely connected to
the way their eigenstates can fluctuate. If they can not,
the system will not react to the perturbation. The FDT
was first evidenced in electrical conductors by Johnson?
and Nyquist?. It is often thought that the FDT applies
only at equilibrium and for linear response but in reality
its validity domain is wider.

The FDT has been discussed far and wide for over sixty
years 47 and continues to be a pivotal issue, notably con-
cerning its generalization to non-linear, non-equilibrium,
non-perturbative, interacting, and nano-scale systems
821 In some other works, this relation is used to de-
duce the electrical ac-conductance from the calculation
of noise without having to include ac-voltage in the
calculation®?23, and constitutes a useful ingredient in
the theoretical studies of electrical time-dependent trans-
port in quantum systems?* 30, which are fully accessible
experimentally® 0. In the last years, these theoretical
studies have been extended to the heat and thermoelec-
trical ac-transport in quantum systems®*'®2 but no di-
rect connection has been established until now between
the thermoelectrical trans-admittance and the fluctua-
tions mixing the electrical and heat currents in a quan-
tum system.

In this paper, using the out-of-equilibrium Keldysh Green
function formalism, we perform a direct calculation of the
time-dependent electrical and heat currents associated
to a quantum dot (QD) submitted to an ac-gate voltage.
Next, we derive the exact expressions of the electrical and
thermoelectrical trans-admittances and ac-conductances,

and compare them to the expressions of the electrical and
mixed noises in order to establish whether the FDT is
verified.

This paper is organized as follows: the model and the
formal expression of the electrical and heat currents are
given in Sec. II. Sections III and IV present respectively
the calculation of both currents for a time-independent
and a time-dependent gate voltage. The expressions of
the trans-admittance are given in Sec. V, and those of the
ac-conductances in Sec. VI. The derivation of the FDT
is exposed in Sec. VII, and we conclude in Sec. VIII.

II. MODEL

We consider a non-interacting QD with a single energy
level, €40t (t), which can be driven in time by a gate volt-
age, connected to left (L) and right (R) reservoirs (see
Fig. 1). To describe this system, we use the Hamiltonian
H = HL +HR +Hd0t —|—f[T7 with

Ho—rr(t) = exch(t)ex(t) | (1)

kea
Haot (1) = caot(t)dT (1)d(t) (2)
Hyp(t) = Vel ®)d(t) +h.c] . (3)
a=L,Rk€x
;

where ¢, (cx) is the creation (annihilation) operator of
one electron in the reservoirs, d' (d) is the creation (an-
nihilation) operator of one electron in the QD, &, is the
band energy of the reservoir, and Vj is the transfer am-
plitude of one electron from the QD to the reservoirs and
vice-versa. We set h = e = 1 in all the intermediate
results, and restore these constants in the final results.

The electrical and heat current operators from the «
reservoir to the central region through the o barrier are
respectively defined as I0(t) = —N,(t), and I}(t) =
—Ho () + pta Ny (t), where N, () = cf (t)cx (t), which lead
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FIG. 1: Schematic picture of the QD connected to left and
right reservoirs with a gate modulated voltage. The green
arrows indicate the convention chosen for the definition of
left and right currents.

to

t) = iZ(Ek — )"

k€a
< Vi (d(t) - Vid Be®)] . (@)

where 77 = 0 gives the electrical current, and n = 1 gives
the heat current. Their average values are thus given by

(1) = 2Re{ Y_(er = pa) iG]} . ()
kea

where GS ,(t,t') = i(ch(#)d(t)) is the Keldysh Green

function mixing ¢ and d operators, which is equal to 356
o0
aalt:t) = Vg / dt1 [Gioy (. t1)gy (t1,t)
— 00
G50 (1) g (1, )] (6)

where G, (t,t') = i(d'(t')d(t)) is the Keldysh Green
function associated to the QD, and G} , (t,t'), its retarded
counterpart. gy (¢,¢) = i(cz(t’)ck (t))o is the Keldysh
Green function associated to the disconnected reservoir,
and g (t,t'), its advanced counterpart. These two latter
Green functions are given by°”

gr () = ifa(er)e= 1 (7)
gl (t, ) = O —t)elr =t (8)

where © is the Heaviside function and f,, the Fermi-
Dirac distribution function of the electrons in the reser-
voir a. When we report Eqgs. (6-8) in Eq. (5), we get

- 2 * de °
n __=z _ n e(t—t1)
(L3(2)) hFaIm{ [m or (e — pta) [m dt1e”

X foz(g)ggot (ta tl) + ®(t - tl)gd<ot (t’ tl):| } ) (9)

where I',, = 27|V|?p, in the wide band approximation
(energy dependency is neglected in the reservoir density
of states p,, and in the hopping amplitude V = Vk)
Thus, the knowledge of the dot Green function, Qdot,
allows us to fully determine the time-dependent current.
We have?5:56

Ghot (t.8) = gl (1, 8) e TeATm =072 (10)

with gdot(t t) = FiO(£t F t')e™" S dtreaot (1) and

gdot t t/

/ dt1/ dtaGho (t,t1)G G0 (2, 1)
XZF/thmMW“-

Given a time-variation of the dot energy level £40¢(t), we
have all the ingredients to calculate the time-dependent
current. In the following, we first remind the expressions
of the currents in the time-independent case, and next
treat the case where the gate voltage is modulated in
time.

(11)

III. STATIONARY ELECTRICAL AND HEAT
CURRENTS

In the time-independent case, we have e4ot(t) = €dc,
which leads to g5 (t, ') = FiO(t F /)e~€act=t)  thus
:FZG(:l:t :F t/)e[iEdCiF](tlft) ,

Gl (t,1) = (12)

with T'= (', + T'g)/2, and

gdot t t _ZZF /OO %foz( )

—(ieqc+T)t+(icge—T)t

t t
></ dtle(iedc_i€+r)t1/ dt2€(—iadc+ia+f‘)t2 , (13)
which leads after calculation to
® de f, (5)€ia(t’—t)
gdot t t = ZZF / —m . (14)

We remark that, as it should be in the time-independent
case, the Green function at times ¢ and ¢’ depends of the
time difference ¢ — ¢’ only. Inserting Eqs. (12) and (14)
in Eq. (9), we get the Landauer formula for the electrical
and heat currents

- 1 [~ d
i) =1 [ 5= ml TOE - 6] |
(15)
where @ = R for « = L, and @ = L for « = R.

T(e) = TTr/[(e — €4c)® + I'?] is the transmission co-
efficient through the double barrier.

IV. TIME-MODULATED ELECTRICAL AND
HEAT CURRENTS

When a gate-voltage modulated in time is applied,
i.e., when eqot(t) = €dc + Eac cos(wt), the bare retarded



and advanced Green functions of the QD defined as
g (t,t') = FiO(£t F t')e~  Jir drcaoc (1) are equal to

gra(t, ) = FiO(xt T t/)eeaelt=)

x exp (= i(€ac/w) [ sin(wt) — sin(wt’)]) .
(16)

Using the relation e 5m®) = S 7 (z)e where
Jn is the Bessel function, we get for the retarded and
advanced bare Green functions of the QD

gg,ou{: (ta t/) = $’L@(j:t T t/)eiedc(tlft)

o] o] c c
. ;.
X E E Jn ( ac) Jm ( ac) eznwt —i1mwt ,
w w

n=—oo m=—oo

(17)

and for the retarded and advanced Green functions of the

QD

G (t,t') = FiO(+t F t')eliactDE =0

o0 oo

DD P (%) g (Ewi) inwt’ —imwt

n=—0o0 Mm=—0o0

(18)

We calculate now the QD Keldysh Green function start-
ing from Eq. (11), we insert the expressions of the re-
tarded and advanced Green functions of Eq. (18), and
we perform the double integration over time. We obtain

gd<ot (t,t) =1 Z Lo

€ac €ac €ac €ac
< 3 n () () ()0 ()
o e fa(E)e(7is+i(n7m)w)te(ieJri(pfq)w)t’
8 [m 27 (ieqe + I — ie + inw)(—ieqe + I + ic — iqw)
(19)

We now calculate the currents, given by Eq. (9), by re-
porting the expressions of the retarded Green function
given by Eq. (18) and of the Keldysh Green function
given by Eq. (19), and performing the integration over
time, we get

=5 o () (2)

XRe{ei(n_m)Wt /_OO ﬁ(f - Ma)nfa(E)T(E - TLCLJ)}

oo 2T
T (Z5) I (326) 90 (550) 20 (55)
xRe{ei("’m“”q)“’t /Z g—;(s — 1) frr(e+ (g — p)w)

xr(e—pw)r(e = (n+p—qw)} | (20)

NOTATION DESIGNATION

cde = eVac dc-gate voltage amplitude

Eac = €Vac ac-gate voltage amplitude

hw Gate voltage modulation frequency

r Coupling strength between the QD and the leads
UL, LR Chemical potentials of the left and right leads
eV = ur — pr|Voltage gradient between the left and right leads
kT Temperature of the leads

TABLE I: List of characteristic energies.

where frr(e) = > ,_1 g fa(€)/2 is the average distri-
bution function over the two reservoirs, and where we
have introduced the transmission amplitude defined as
T(e) = il'Gh.(e) = il'/(e — eqc + i), assuming sym-
metrical barriers I'y, = I'r = I’ For clarity, all the
characteristic energies of the problem are summarized in
Table 1.

SYMMETRICAL POTENTIAL NON-SYMMETRICAL POTENTIAL
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FIG. 2: Time-evolution of the electrical current ([Ag’R(t» and
the heat current (I}R(t» in the left/right reservoir (pur-
ple/orange curved lines) for kgT/hw = 0.1, I'/hw = 0.1,
eV/hw =1, eac/hw = 0.2 when the time-independent poten-
tial profile through the junction is symmetrical (gq./fiw = 0.5)
and non-symmetrical (e4c/hw = 1). The black curve lines
correspond to the displacement currents (I7(t)) = (I7(t)) +
(I7}(t)). The dashed lines indicates the currents in the station-
ary case, i.e. when €, = 0. The right reservoir is grounded:
HR = 0.

To illustrate this result, we plot in Fig. 2 the time-
evolution of the electrical and heat currents. When the
potential profile through the junction is symmetrical, i.e.,
when eqc = (pur + pr)/2, the left and right electrical cur-



rents oscillate in phase around their time-independent
values, given by Eq. (15) taking n = 0, which are of
opposite sign since the averaged displacement electrical
current®®, (19(t)), equals to the sum of left and right cur-
rents, cancels in the stationary case due to charge conser-
vation. In the presence of time-modulation, the displace-
ment current is non-zero (see black curved lines in Fig. 2).
The left and right heat currents oscillate in phase opposi-
tion around the same stationary value, given by Eq. (15)
taking n = 1, since the heat transferred from the left and
right reservoirs to the QD is the same when the potential
is symmetrical (indeed, the energy distances py, —eq4. and
€dc — pg are equal as depicted in the top left corner of
Fig. 2). On the contrary, when the potential profile is
non-symmetrical, i.e., when eqc # (pr + pr)/2, we ob-
serve that the left and right electrical currents are out of
phase. Moreover, the stationary heat currents from the
left and right reservoirs are different in that case (dashed
orange and purple straight lines): the left stationary heat
current vanishes since the energy difference between the
left reservoir and the QD is zero, whereas the station-
ary right heat current is almost unchanged in compari-
son to the symmetrical case. We observe also that the
stationary electrical currents are half reduced due to the
face that the energy barrier between the QD and the
right reservoir is the double compared to the symmet-
rical case. For both symmetrical and non-symmetrical
profiles, the amplitude of oscillations of the displacement
heat current, (I}(t)), is attenuated in comparison to the
amplitude of the left and right heat currents. No such
attenuation is observed for the displacement electrical
current.

V. ELECTRICAL AND THERMOELECTRICAL
TRANS-ADMITTANCES

From the expression of (I(t)) given by Eq. (20), we
deduce the trans-admittance Y7 (w) = A1 (W) /dVie,

with Vie = €ac/e, and Ig(l)(w) the first harmonic of the
current defined through the relation

(Ine)y = 119 42 i Re{zg<N>(w)e*int} - (21)

To identify the N*" harmonic of the current, Ig(N)(w),
we rewrite Eq. (20) making the change of index m =
n + N in the first contribution, and the change of index

m =n+p—q+ N in the second contribution. We get

< d
Ig(N)(W) = %/ i(e = a)fale)

<[ (5) o () e
(52 o (52 e )
Ly /Z e~ ) sl + (g p))

n,p,q "~

o (5 e (52 0 () 0 ()

x7(e = pw)T(e = (n+p — g)w)
(2 e (2)0(2) ()

X7*(e — pw)T(e — (n+p— q)w)} ) (22)

We assume at this stage that ¢, — 0, and we keep only
the contributions proportional to £,./hw, since to get the
trans-admittance we have to take the derivative of the
first harmonic of the current, Ig(l)(w), according to g,c.
To get these contributions, we consider the Taylor expan-
sion of the products of Bessel functions. Concerning the
product J,,J,x1, its Taylor expansion gives a contribu-
tion proportional to €,. provided that one of the Bessel
function index is equal to +1 and the other is equal to
0. Concerning the product J,J,1p—qgx1JpJy, it gives a
contribution proportional to e,./hw provided that one of
the Bessel function index is equal to +1 and the others
are equal to 0. Keeping only these contribution, we find
that the trans-admittance reads as

1 > de
n _ _ n
i) 2hhw /Oo 27 (&= ta)

x [fa(s) [7(e) = 7 (&) = (e = Fw) + 7 (= + )]

+ e = ) [ T(e = hw) = 7()(e — )]

+far(e + hw) [T* (e 4 hw)T(e) = T(e+ ﬁw)}

+fa(e) [T*(E)T(E — hw) — 7 (e + ﬁw)T(E)H . (23)

This is the key result of this paper which is valid for
any values of the source-drain voltage, temperature, fre-
quency and coupling strength to the reservoirs. It will be
used in the next section to deduce the ac-conductances.
Figure 3 shows the profiles of the trans-admittances
Y?(w) and Y. (w) as a function of left/right voltage eV’
and dc-gate voltage €4c. The dashed blue lines indicated
the place where the left and right trans-admittances are
equal. We can see that this is the case at equilibrium,
e, at V =0 (see the vertical blue line presents in each



FIG. 3: Real part and imaginary part of the electrical trans-
admittance Yg r(w) and the thermoelectric trans-admittance
Y} r(w) as a function of voltage eV//hw (horizontal axis) and
dc-gate voltage eqc/hw (vertical axis), at kgT/hw = 0.5 and
I'/hw = 0.5. The amplitudes vary from negative values
(black and purple colors) to positive values (orange and white
colors). The dashed blue lines indicated the place where
Re{Y//(w)} = Re{V{(w)} or Im{Y/!(w)} = Im{Y}(w)}, and
the red ones the place where Re{Y; (w)} = —Re{Y}(w)} or
Im{Y; (w)} = —Im{Y7(w)}. The right reservoir is set to the
ground: pgr = 0.

graph) and also out-of-equilibrium. In particular, we ex-
plain in the next section why the real parts of left and
right electrical trans-admittances are equal each other
when g4, = €eV/2, i.e. for symmetrical potential pro-
file. The dashed red lines indicated the place where the
left and right trans-admittances are opposite. This oc-
curs for the thermoelectric trans-admittance but never
for the electrical trans-admittance. The important point
to notice at this stage is that Y;'(w) and Y} (w) take
distinct absolute values except in some particular situa-
tions which are: at equilibrium (as expected) and out-of-
equilibrium on the blue and red dashed curved lines.

VI. ELECTRICAL AND THERMOELECTRICAL
AC-CONDUCTANCES

The electrical ac-conductance, G (w), is given by the
real part of the trans-admittance Y, (w) associated to the
electrical current. From Eq. (23), making the change of
variable ¢ — € — hw for terms involving the argument
€ + hw, we get

62

2hhw

Golw) =
></_Oo ae lfa( — hw)T(e) = fale)T (e — hw)
+fM(s—hw)[T(s—hw — 2Re{r(e)7" (e — hw)}

+far(e {QRe{T (e — hw ”

The thermoelectrical ac-conductance, G, (w), is given by
the real part of the trans- admlttance Yl( ) associated

to the heat current. From Eq. (23), making the change
of variable ¢ — ¢ — lw for terms involving the argument
€ + hw, we get

i de
1
Gal 2hhw /

(¢ — o) [T(a ~ 1) [Far(e — ) — fale)]

X

+Re{7(e)7* (e — hw) } [fam(e) — (e — hw)ﬂ

e o) [T(a) [fale — ) — far(e)]

+Re{7(e)7* (e — hw) } [ fus(e) fM(shw)}H .

(25)

From Egs. (24) and (25), it can be checked that the
conductances GV (w) and G} (w) are both even function
in frequency. In order to identify the conditions to get
identical left and right ac-conductances, it is needed to
calculate the following differences using Eq. (24)

2

G (w) — GR(w) = 51—
<[4 o [[m( )~ F1()] (e — o)

[ale — ) — fole — )] T(e)} @6

and

GHw) —Ghw) = 5= [
x[[ (e — hw — pur) fr(e — Fw)
—(e—hw— MR)fR(E* hw)| T (e)
~[(e = 1) F2(6) = (& = 1) frl©)] T(e = hw)| -
(27)

Both differences cancel at equilibrium (small voltage V'
and large temperature 7') since in that case we have
fr(e) fr(e).  Moreover, GY(w) — G%(w) cancels
also out-of-equilibrium when the profile of the poten-
tial through the junction is perfectly symmetric. In-
deed, Eq. (26) can be written alternatively using T () =

I'%/(e? +1?), as
/°° ds ~
(w)
hﬁw

X [F(w,s —de — pr) — F(w, e

GL(w) —
— eac+ 1ir) | +(28)

where  F(w,e) = [1 + sinh(e/kpT)/ sinh(hw/kpT)] !
The above difference vanishes when the electron-hole



symmetry point is reached, here when eq. = (ur, +pur)/2,
i.e, eqc = eV/2 since we take up = 0, in full agreement
with the two first upper graphs of Fig. 3. In Fig. 4,
we plot the ac-conductances spectrum associated to the
left and right parts of the junction for several dc-gate
voltage values. We see that as expected from Fig. 3
and explained by Eq. (28), the left and right electrical
ac-conductances coincide when the potential profile is
symmetrical, whereas the left and right thermoelectrical
ac-conductances take opposite values. The physical
justification is the following: for a symmetrical potential
profile, the energy differences are the same in absolute
value but opposite in sign when the electrons flow from
the QD to the left and right reservoirs (energy gain for
one direction of propagation and energy loss for the
other).

0.4 0.4
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0.2 0.2
~ 0.1 %\ ~ 0.1
S 00 S 00
To01 T 01
-02 -0.2
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FIG. 4: Ac-conductances spectrum for kpT/eV = 0.1,

I'/eV = 0.1, and varying values of the dc-gate energy eqc
from 0 to eV//2. The blue and red curved lines corresponds
to a symmetrical potential profile with the value eqc = eV/2,
for which we have GY(w) = G%(w) (blue curved lines) and
G1(w) = —GE(w) (red curved lines). The right reservoir is
set to the ground: pur = 0. G2(w) is in units of e?/h, the
quantum of conductance, and G (w) is in units of e*V/h.

VII. OUT-OF-EQUILIBRIUM FDT

To establish the FDT, we need to compare the
expressions of the ac-conductances to the difference
Shg" (—w) =S5 (w), where the finite-frequency current-
current correlator S (w) is defined as

ST (w) = / dte™! (SI17 ()1 2(0)) (29)

with 617 (t) = I (t) — (I"). The reason for consid-
ering the difference S73"(~w) — Sj2" (w) is double: it
allows to suppress the terms involving the product of
two functions f, shifted with energy fw, which are not
present in the conductances G2 (w) and G (w), and it
allows at the same time to be fully consistent with the
Kubo formula'. Note that the noise depends on the
reservoir indexes when the following conditions are all
filled: non-zero frequency, energy dependent transmis-
sion coefficient and asymmetry of the potential profile
across the system®®. It was confirmed by two recent ex-
periments on carbon nanotube quantum dot®® and on
tunnel junction®0.

We start with the comparison between the electrical
ac-conductance, G (w), and the difference SO%(—w) —
Sgg (w) involving the electrical noise, and continue next
with the comparison between the thermoelectrical ac-
conductance, G (w), and the difference Sé%(fw) —
Shi (w) involving the mixed noise, i.e., the correlator
between the electrical and heat currents.

A. Direct comparison between electrical
ac-conductance and electrical noise

The electrical noise S} (w) was calculated in Ref. 58
for a similar system in the absence of gate-voltage mod-
ulation (i.e., for e, = 0). Considering the difference
S99 (—w)— S, (w), we get for the auto-correlator (o = j3)

sp-w)-sihw =5 [ £
x| fate = m)[T(0) + 1r(6) = 7(e — )]
—Fal@)[T(e = ) + I7(e) = (e — hw) ]

Hhale - T(e = 1) = fa@T(E)] (30
and for the cross-correlator (o # 3)

e? [ de
Sea(—w) — Sga(w) = ﬁ/ o
x| [fale) -
+[fa(€) — Ja

Comparing Eqs. (24) and (30), we show that the electrical
ac-conductance and auto-correlator are related together
through the exact relation

G () = 8%, (~w) — S ()
2 e [fa(e) — fale — hw)|Re{7(e)T* (e — hw)} .

T
(32)



The additional contribution appearing in the second line
of Eq. (32) is related to the cross-correlator given by
Eq. (31). Moreover, we notice that the sum of the left and
right electrical ac-conductances calculated from Eq. (24)
gives

(&

MZGg(w) = ;/OO ﬁ[fM(E*ﬁlﬂ*fM(E)}

oo 2T

x|7(e — hw) — 7(e)|? (33)
which coincides exactly with the sum over reservoirs of
the difference Sp%(—w) — 552 (w) through the relation

oI G w) = D[S0 (-w) — SHw@)] . (34)

a,p

This result is a generalization of the FDT to on out-of-
equilibrium situation. It is valid at any frequency, volt-
age, temperature and coupling strength between the QD
and the reservoirs. The important point to underline here
is the need to sum over reservoirs to get a simple rela-
tion between the ac-conductance and the noise. Indeed,
an additional term is present when the sum over reser-
voirs is not taken (see in Eq. (32)). The justification for
taking the sum over reservoirs is the following: since the
time-modulation is applied to the gate-voltage which acts
on the QD, i.e. on the central part of the junction, the
relevant current here is the displacement current defined
as I))(t) = I](t) + I}(t). Thus, these are the fluctua-
tions of the total current which is formally related to the
total ac-conductance. It is important to underline that
it is the double sum over the anti-symmetrized noises,
i.e., the difference between the absorption noise and the
emission noise: S99 (—w)—S§),(w), which is related to the
ac-conductance. Such a relation could not be obtained
for symmetrized noise since in that case we would have
on one hand, Za,g[sg%,sym(*w) — 559 sym(@)] =0, and
on the other hand, 4hw Y [G2(w) — GY (—w)] = 0, since
the total conductance is an even function with frequency
(see Eq. (24)). Finally, we want to underline that even if
the QD is placed in an out-of-equilibrium situation, the
left and right reservoirs stay at equilibrium, this is very
probably the reason why Eq. (34) is verified.
At this stage, it is important to understand how the equi-
librium limit (zero-voltage) can be reached from these re-
sults. In that limit, using the fact that fas(e) = fo(e) =
fa(e), the auto-correlator and the cross-correlator of
Egs. (30) and (31) simplify to
00 00 e? [ de
St(-w) = 5%w) = 5 [ 5o [fuale — hw) = fur (9]
oo 2m

<[ T(€)+ T(e = hw) +Ir(e) = (e — h)] |

529~ $B@) = = [ & [fule ~ o)~ (@)
)

x| = T(e) = Tle = hw) +Ir(e) - (e — h) ] |

(35)

and the ac-conductance of Eq. (33) gives
2 00
0 e de
2hwGy(w) = m /_OO %[fM(E — hw) — fur(e)]
x| (e — hw) — 7(e)|? (36)
All these three quantities gained the particularity to be-
come independent of the reservoir index a, as expected
at equilibrium, and are related through the relation

Gl (w) = 3 [ (~w) — SPw)] . (37)
B

At high frequency, the FDT simplifies even more since we
have S92 (—w) — SY (w) ~ 0, and the KMS relation®!-%2:
S0 (~w) = /b T S0 (1), thus

Sea(w) = 4hwN (w)Go(w) , (38)
where N(w) = [exp(hw/kpT) —1]7! is the Bose-Einstein
distribution function. This last relation corresponds to
the standard FDT.

B. Direct comparison between thermoelectrical
ac-conductance and mixed noise

The mixed noises SJp(w) and S3%(w) were calculated
in Ref. 63 for a similar system in the absence of gate-
voltage modulation (i.e., for €, = 0). Considering the
double sum over reservoirs, its real part reads as

Re{ > [535(—w) - S§h(w)] } == Z/_Z &=

af
X [(5 - ,ua)[fM(E — hw) — foz(g)]

X [T(s — hw) — Re{7(e)7* (e — hw)}}
+(e — hw — :ua)[foz(g — hw) — fM(E)}

X [T(E) — Re{r(e)7* (e — hw)}]} ) (39)

The objective is to compare this expression to the sum
of the left and right thermoelectric ac-conductances, cal-
culated from Eq. (25), and given by

mzcmﬁ_}jz/_mj_jr

X [(6 — o) [[fM(E — hw) = fa(€)] T (e — hw)

+[fM(€) — fu(e — hw)} Re{T(E)T* (e — hw)}

e hw —ua)[[fa(f— heo) — Far ()] T(E)

+[fM(€) — fu(e — hw)} Re{T(E)T* (e — hw)}




Comparing Eqs. (39) and (40), we get

1hw Y Gl(w) = Re{ >[5 (w) - S )] }

af
+= zaj /Z g—;Re{T(@T*(s ~ hw)}

x [(e = pa)lfa(e) = fale)]
+He = hw — pa)[fale — hw) — fale —tw)]] . (41)

The additional term is proportional to the energy that
the electrons must overcome when they travel through
the double barrier. At equilibrium, since we have
fa(e) = fa(e), the above relation reduces to

4ho Y Gl(w) = Re{ > 53 (w) - SGh)] } . (42)

ap

Moreover, it can be shown that we have a KMS-type re-

lation between positive frequency and negative frequency
: g — hw/k

glllxed noises: zaﬁ Sé%(—w) = efw/ksT Zaﬁ Sglﬁ(w),
us

Re{ > Sglﬁ(w)} =4hwN(w) Y Ghlw),  (43)

aff

which corresponds to a FDT between the sum over mixed
noises to the total thermoelectrical ac-conductance. Out-
of-equilibrium, we have an additional term in the relation
connecting the mixed noise and the thermoelectrical ac-
conductance, which however vanishes at large frequency
as shown in the next section.

C. Numerical comparison between ac-conductances
and noises

We have seen in the previous subsections that the FDT
holds out-of-equilibrium for the electrical ac-conductance
provided that the sum over reservoirs is taken, but not for
the thermoelectrical ac-conductance since an additional
term is present. However, in some situations, the two
thereafter relations are notwithstanding verified

4G (w) = S%(—w) — S () , (44)
Ghw) = Re{S0h(-w)— S} .  (45)

To discuss that point, we plot in Fig. 5 the ac-
conductances and the noises as a function of frequency as-
suming a symmetrical potential profile through the junc-
tion, for which we have shown in Fig. 4 that GY (w) =
G%(w) and G} (w) = —GR(w). Playing with the values
of temperature, frequency, voltage and coupling strength,
we notice that Eqs. (44) and (45) do not apply when
these energies are of the same order of magnitude (com-
pare the purple and blue curves and the green and red
curves in the graphs on the right side of Fig. 5). On the

contrary, when the frequency is the highest energy, all
the graphs of Fig. 5 show the remarkable feature that
Egs. (44) and (45) are verified, since the purple and blue
lines coincide in the upper graphs and the green and red
lines coincide in the bottom graphs at high frequency.
This allows to conclude that the FDT involving a single
reservoir is verified for both electrical and thermoelec-
trical ac-conductances in that limit. For completeness,
we want to underline that the results presented here are
obtained in case of non-interacting QD, and could be al-
tered in the presence of electron-phonon interaction®® or

electron-electron interaction!®.

0.03 03 :
kyT/eV = 0.01 kgT/eV = 0.1
0.02 I'/eV =0.01 02} I'/eV =0.1
N -3
S 001 3 o1}
5 5
0.00 0.0
000 5551075203530 0005107152025 30
Biig hw/eV sl hw/eV
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FIG. 5: Comparison between ac-conductances and noises
for two distinct couple of values {kgT,I'} at cqc = eV/2
(symmetrical potential profile). The blue curves stand for
the electrical ac-conductance G9(w), and the red curves
for the thermoelectrical ac-conductance G (w). The pur-
ple and magenta curves stand for [SY7, (—w) — S99 (w)]/4hw,
and [S?%(—w) — S% (w)]/4hw. Note that in the upper
left graph, the purple curve is not visible since it coincides
exactly with the blue curve. The green and orange curves
stand for Re{S?} (—w) — S1%(w)}/4hw, and Re{SPR(—w) —
Skr(w)}/4hw.  GY(w) is in units of e®/h, the quantum of
conductance, and G} (w) is in units of e2V/h.

VIII. CONCLUSION

The calculation of electrical and thermoelectrical ac-
conductances associated to a QD and the comparison to
finite-frequency noises have allowed to check whether the
FDT holds out-of-equilibrium. We have established a
generalized FDT for electrical ac-conductance which re-
quires a summation over reservoirs, and we have shown
that an additional term (which cancels at equilibrium)
is present in the relation linking the thermoelectrical ac-
conductance and the mixed noise. With the help of nu-



merical calculation, we have shown that the standard

FDT, i.e.

without the sum over reservoirs, is indeed

valid out-of-equilibrium for both electrical and thermo-
electrical ac-conductances provided that the frequency
is higher than the other characteristic energies of the sys-
tem.

1

10

11
12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Acknowledgments. The author wants to acknowl-

edge R. Deblock, R. Delagrange, P. Eyméoud, J. Gabelli,

P.
R.

Joyez, M. Lavagna, T. Martin, F. Michelini and
Zamoum for discussions on time-dependent transport

and finite-frequency noise.

R. KuBo, M. TopaA, and N. HASHITSUME, Statistical
Physics II, Springer-Verlag Berlin Heidelberg, edited by
M. Cardona, P. Fulde, and H.-J. Queisser (1985).

J.B. JOHNSON, Phys. Rev. 32, 97 (1928).

H. NyQuisT, Phys. Rev. 32, 110 (1928).

D. RoGoviIN, and D.J. SCALAPINO, Annals of Phys. 86, 1
(1974).

SH. KOGAN, FElectronic noise and fluctuations in solids,
Cambridge University Press (1996).

H.L. HARTNAGEL, R. KATILIUS, and A. MATULIONIS, Mi-
crowave Noise in Semiconductor Devices, Wiley, New York
(2001).

U.M.B. Marconi, A. Pucris, L. RONDONI,
A. Vurpriani, Phys. Rep. 461, 111 (2008).

G.N. Bocukov, and Yu.E. KuzovLEv, Physica 106, 443
(1981).

D.J. Evans, E.G.D. CoHEN, and G.P. MORRIss, Phys.
Rev. Lett. 71, 2401 (1993).

D.J. EvaNns, and D.J. SEARLES, Phys. Rev. E 50, 1645
(1994).

C. JARZYNSKI, Phys. Rev. Lett. 78, 2690 (1997).

T. BobpINEAU, and B. DERRIDA, Phys. Rev. Lett. 92,
180601 (2004).

D. LoBASKIN, and S. KEHREIN, J. Stat. Phys. 123, 301
(2006).

H.C. PARK, and K.-H. AHN, Phys. Rev. Lett. 101, 116804
(2008).

M. EsposiTo, U. HARBOLA, and S. MUKAMEL, Rev. Mod.
Phys. 81, 1665 (2009).

S. NAKAMURA, Y. YAMAUCHI, M. HASHISAKA, K. CHIDA,
K. KoBavasui, T. Ono, R. LETURCQ, K. ENSSLIN,
K. Sarro, Y. Utsumi, and A.C. GOSSARD, Phys. Rev.
Lett. 104, 080602 (2010).

U. SEIFERT, and T. SpECK, EPL 89, 10007 (2010).

I. SAF1, and P. JoyEz, Phys. Rev. B 84, 205129 (2011).
E. LippPIELLO, M. BAIESI, and A. SARRACINO, Phys. Rev.
Lett. 112, 140602 (2014).

A. SHiMIZU, and K. FUJIKURA,
(2017).

N. TsuJi, T. SHITARA, and M. UEDA, arXiv:1612.08781
(2017).

I. SaF1, C. BENA, and A. CREPIEUX, Phys. Rev. B 78,
205422 (2008).

C.P. Moca, P. SimoN, C.H. CHUNG, and G. ZARAND,
Phys. Rev. B 83, 201303R (2011).

P. NORDLANDER, N.S. WINGREEN, Y. MEIR,
D.C. LANGRETH, Phys. Rev. B 61, 2146 (2000).

R. Lopez, R. AGuapo, G. PLATERO, and C. TEJEDOR,
Phys. Rev. B 64, 075319 (2001).

M. SINDEL, W. HOFSTETTER, J. VON DELFT, and M. KIN-
DERMANN, Phys. Rev. Lett. 94, 196602 (2005).

S. KOHLER, J. LEHMANN, and P. HANGGI, Phys. Rep.
406, 379 (2005).

and

J. Stat. Mech. 024004

and

31

32

33

34

35

36

37

38

39

40

41

42

43
44

45

46

47

48

49

B. KuBALA, and F. MARQUARDT, Phys. Rev. B 81, 115319
(2010).

T.J. Suzuki, and T. Karo, Phys. Rev. B 91, 165302
(2015).

A. UepA, U. UtsuMmi, Y. TOKURA, O. ENTIN-WOHLMAN,
and A. AHARONY, J. Chem. Phys. 146, 092313 (2017).

J. GaBELLI, G. FEVE, J.-M. BERROIR, B. PLAGAIS, A.
CAVANNA, B. ETIENNE, Y. JIN, and D.C. GLATTLI, Sci-
ence 313, 49 (2006).

J. GaBELLI, G. FEvVE, T. KoNTOS, J.-M. BERROIR, B.
Pragais, D.C. GraTrTLl, B. ETIENNE, Y. JIN, and M.
BUTTIKER, Phys. Rev. Lett. 98, 166806 (2007).

J. GABELLI, G. FEVE, J.-M. BERROIR, and B. PLACAIS,
Rep. Prog. Phys. 75, 126504 (2012).

M. Hasuisaka, K. Wasnio, H. Kamara, K. MURAKI,
and T. Fujisawa, Phys. Rev. B 85, 155424 (2012).

S.J. CHORLEY, J. WABNIG, Z.V. PENFOLD-FITCH, K.D.
PETERSSON, J. FRAKE, C.G. SMmITH, and M.R. BUITE-
LAAR, Phys. Rev. Lett. 108, 036802 (2012).

J. Basser, H. BoucHIAT, and R. DEBLOCK, Phys. Rev.
B 85, 085435 (2012).

T. FrEY, P.J. LEEK, M. BECK, J. FAIST, A. WALLRAFF,
K. ENssLIN, T. IHN, and M. BUTTIKER, Phys. Rev. B 86,
115303 (2012).

M.-L. Zuanag, D. WEI, G.-W DENG, S.-X. L1, H.-O. Lz,
G. Cao, T. Tu, M. X140, G.-C. Guo, H.-W. JiaNG, and
G.-P. Guo, Appl. Phys. Lett. 105, 073510 (2014).

N. Ares, F.J. ScHurp, A. MAVALANKAR, G. ROGERS,
J. GrrirriTHS, G.A.C. JONES, I. FARRER, D.A. RITCHIE,
C.G. SwmitH, A. Corter, G.A.D. BRIGGS, and
E.A. LAIRD, Phys. Rev. Appl. 5, 034011 (2016).

W.-T. Lai, D.M.T. Kvo, and P.-W. L1, Physica E 41,
886 (2009).

D.V. AvVERIN, and J.P. PEKOLA, Phys. Rev. Lett. 104,
220601 (2010).

A. CREPIEUX, F. Simkovic, B. CAMBON, and F. MICHE-
LINI, Phys. Rev. B 83, 153417 (2011); 89 239907 (2014).
A. CREPIEUX, Physica Scripta T151, 014040 (2012).

J.S. Lim, R. LopPEZ, and D. SANCHEZ, Phys. Rev. B 88,
201304R (2013).

B. TAcGANI, and R. SOLEIMANI, Int. J. Thermophys. 35,
136 (2014).

M.F. Lupovico, J.S. LiM, M. MOSKALETS, L. AR-
RACHEA, and D. SANCHEZ, J. of Phys.: Conf. Series 568,
052017 (2014).

G. ROSSELLO, R. LoPEZ, and J.S. LiMm, Phys. Rev. B 92,
115402 (2015).

M. MoOSKALETS, and G. HAACK, Phys. Status Solidi B 1
(2016).

J.I. ROMERO, E. VERNEK, and L. ARRACHEA, Phys. Rev.
B 95, 235117 (2017).

P. BHALLA, P. KuMAR, N. Das, and N. SINGH, J. Phys.
Chem. Solids 109, 31 (2017).



51

54

55

56

M.F. Lubpovico, M. MOSKALETS, D. SANCHEZ, and
L. ARRACHEA, Phys. Rev. B 94, 035436 (2016).

M.F. Lubpovico, L. ARRACHEA, M. MOSKALETS, and
D. SANCHEZ, Entropy 18, 419 (2016).

L.P. KADANOFF, and G. BAYM, Quantum statistical me-
chanics:  Green’s function methods in equilibrium and
nonequilibrium problems (Benjamin, New-York, 1962).
D.C. LANGRETH, Linear and non-linear electrons transport
in solids, ed. by J.T. Devreese, E. Van Doren (Plenum,
New-York, 1976).

A.-P. Jauno, N.-S. WINGREEN, and Y. MEIR, Phys. Rev.
B 50, 5528 (1994).

H.J.W. Haug, and A.P. JAUHO, Quantum Kinetics in
Transport and Optics of Semiconductors, Springer Series
in Solid-State Sciences 123, Second Substantially Revised
Edition (2010).

10

G.D. MAHAN, Many-Particle Kluwer Aca-
demic/Plenum Publishers (2000).

R. ZAMOUM, M. LAVAGNA, and A. CREPIEUX, Phys. Rev.
B 93, 235449 (2016).

R. DELAGRANGE, J. BAsSeET, H. BOUCHIAT, and R. DE-
BLOCK, arXiv:1704.00479 (2017).

P. FEVRIER, and J. GABELLI, arXiv:1707.03803 (2017).
R. KuBo, J. Phys. Soc. Jpn. 12, 570 (1957).

P.C. MARTIN, and J. SCHWINGER, Phys. Rev. 115, 1342
(1959).

P. EymMEOUD, and A. CREPIEUX,
205416 (2016).

M. GrAssL, A. Vacov, S. LUKER, D.E. REITER,
M.D. Croitoru, P. MACHNIKOWSKI, V.M. AXT, and
T. Kunn, Phys. Rev. B 84, 195311 (2011).

Physics,

Phys. Rev. B 94,



