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We study transport properties and the charge quantization phenomenon in a small metallic island connected to
the leads through two quantum point contacts (QPCs). The linear conductance is calculated perturbatively with
respect to weak tunneling and weak backscattering at QPCs as a function of the temperature 7" and gate voltage.
The conductance shows Coulomb blockade (CB) oscillations as a function of the gate voltage that decay with the
temperature as a result of thermally activated fluctuations of the charge in the island. The regimes of quantum
T < Ec and thermal T > E fluctuations are considered, where E¢ is the charging energy of an isolated island.
Our predictions for CB oscillations in the quantum regime coincide with previous findings by Furusaki and
Matveev [Phys. Rev. B 52, 16676 (1995)]. In the thermal regime the visibility of Coulomb blockade oscillations
decays with the temperature as /T /E¢ exp(—m 2T /E), where the exponential dependence originates from the
thermal averaging over the instant charge fluctuations, while the prefactor has a quantum origin. This dependence
does not depend on the strength of couplings to the leads. The differential capacitance, calculated in the case of
a single tunnel junction, shows the same exponential decay, however the prefactor is linear in the temperature.
This difference can be attributed to the nonlocality of the quantum effects. Our results agree with the recent

experiment [Nature (London) 536, 58 (2016)] in the whole range of the parameter 7/E.
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I. INTRODUCTION

The transport of electrons through small mesoscopic con-
ductors, such as metallic and semiconductor quantum dots, has
been extensively studied both experimentally and theoretically
[1]. One of the most popular experimental systems in this
field is the single electron transistor (SET), which consists of
a quantum dot (typically, a small micrometer-scale metallic
island) connected to two metallic leads by tunnel junctions
and capacitively coupled to an additional gate electrode [2].
Such a three-terminal device has been theoretically proposed
by Averin and Likharev [3], and fabricated and characterized
by Fulton and Dolan [4]. The most important characteristic
of these devices, which sets them apart from the conventional
field effect transistors, is that they can be switched between
insulating and conducting state by adding a small amount of
charge to the gate electrode as the charge of an electron e.

Such strong charge sensitivity of SETs is a consequence
of the fact that the charge of an isolated metallic island is
quantized in units of the elementary charge e. Tunneling of an
electron from a lead into the island changes its charge by e and
increases the charging energy of the system by the amount of
order E¢ = ¢?/2C, where C is a geometrical capacitance of
the island. When the temperature is small, T < E¢, tunneling
is strongly suppressed except at degeneracy points between
states, where the number of electrons in the island differs
by one. Therefore, the conductance of the SET exhibits a
series of peaks as a function of the applied gate voltage.
This well-known phenomenon, called the Coulomb blockade
(CB) effect, is widely reviewed in the literature [1,2,5,6].
Recently, it has received renewing interest in the context of the
quantum information processing, where the semiconductor-
metal hybrid devices serve as crucial elements for quantum
computing [7], and in the quest for topologically protected
quantum bits [8].
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The growing interest in single electron phenomena stimu-
lated further research and recently resulted in the publication
of the thorough experimental study of the decay of CB
oscillations in mesoscopic circuits induced by thermal and
quantum fluctuation of charge [9]. The experimental setup in
Ref. [9] is schematically shown in Fig. 1. The experimentalists
fabricated a hybrid SET based on a two-dimensional electron
gas in the integer quantum Hall (QH) regime by attaching
a central micrometer-scale metallic island to large electrodes
with the help of edge channels. Unlike in earlier experiments
[10-12], this new approach allows a precise control of coupling
of the island to the leads by using two QPCs, which mix
incoming and outgoing edge channels with the complex
amplitudes 7, and tg. The metallic island has a negligible level
spacing, which implies that it can be considered a reservoir for
electron-hole excitations. The experimentalists measured the
visibility of CB oscillations in the linear conductance of the
SET as a function of the tunneling amplitudes t; z and the
temperature 7" in the whole range of parameters. The purpose
of the present paper is to present the theory and interpretation of
the observed effects in the regimes of weak tunneling and weak
backscattering at QPCs, which are theoretically accessible by
using the tunneling Hamiltonian approach.

Between a large number of previous theoretical works on
the CB effect (see, e.g., Refs. [13-20]) the earlier theory [21] of
Furusaki and Matveev deserves special attention in the present
context, because they have addressed the CB oscillations with
the help of the model described above (see Fig. 1). Using the
standard bosonization technique, they have made quantitative
predictions for the visibility of CB oscillations in the quantum
regime T < E¢ in the case of strong tunneling, where one
or both QPCs are close to perfect transmission. Here we
extend these predictions to arbitrary temperatures by using an
alternative approach to bosonization [22,23], which is based
on the scattering theory for bosons as well as the Langevin
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FIG. 1. The experimental system in Ref. [9] is schematically
shown. In the integer quantum Hall regime, where only one spinless
edge mode contributes to the transport, a metallic island (containing
the charge Q) is connected to the leads by two QPCs, characterized
by the backscattering amplitudes 7, and tz. The edge states are
described by four bosonic operators, labeled by « = in, out and
Jj = 1,2. The average current () is calculated through the cross
section immediately to the right of the right QPC.

equation method. Our quantitative predictions fully agree with
the experimental data in the whole range of temperatures. In the
thermal regime T > E, the amplitude of CB oscillations in
the conductance scales as §G o« /T/E¢ exp(—nzT/Ec), in-
dependently of the geometry of the system. Here the exponen-
tial function results from the averaging of CB oscillations over
the classical thermal fluctuations of the charge in the island,
while the power-law prefactor has a quantum origin. Interest-
ingly, the CB oscillations in the differential capacitance of the
island acquire the linear in T prefactor, which points to the
nonuniversality of this contribution and to its quantum origin.

The rest of the paper is organized as follows. In Sec. II
we introduce the model of the system, starting with the
Hamiltonian of all the constituting parts and the bosonization
prescription, and formulate the method of quantum Langevin
equations. In Sec. III we calculate the linear conductance
and the visibility of CB oscillations for the case of the
symmetric setup, i.e., for weak backscattering at both QPCs,
using the perturbation approach in backscattering amplitudes.
In Sec. IV we develop the perturbation theory for the case
of the asymmetric setup with weak tunneling at one of the
two QPCs and calculate the conductance and visibility in this
regime. Section V is devoted to the derivation of the differential
capacitance. We present our conclusions and the discussion in
Sec. VI. Details of the calculations are given in the Appendixes.
Throughout the paper we sete = h = kg = 1.

II. THEORETICAL MODEL
A. Hamiltonian

We start by introducing the Hamiltonian of the experimental
system in Ref. [9], see Fig. 1. The relevant energy scales in this
experiment are sufficiently small compared to the Fermi energy
€, which suggests using the effective low-energy theory of
QH edge states [24]. The advantage of this approach is that
it allows us to take into account Coulomb interaction at the
metallic island in a straightforward way [23]. According to
the effective theory, edge states can be described as collective
fluctuations of the charge densities pg;(x), where indexes label
the number of the channel j = 1,2 and the state @ = in,out.
The charge density operators are expressed in terms of bosonic
fields ¢q;(x), namely, p4j(x) = (1/27)0x¢qj(x). These free
bosonic fields satisfy canonical commutation relations

[0:Pa; (%), Ppe ()] = (—1)*27idepdjd(x — y), (1)
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where the sign determines the propagation direction of the
edge states.
The total Hamiltonian includes three terms

H = Hy + H, + Hr. 2
Here
Vfr
o= 2
o = 1n,out
j=12

/ dx[0, ) ()1 3)

is the free part of the total Hamiltonian, and the Fermi velocity
vrp is the same for each edge channel. The second term
describes Coulomb interaction at the metallic island:

(0 - Q0P

I-Iin— E) 4
¢ °C “

where

l o0
0= 7 / dx[0xPin1 (x) + OxPourz (x)]
T Jo

1 0
3 f dx[0xin2(x) + 0xPout1 (x)] (%)
T J-

is the operator of the total charge on the metallic island, C being
its geometrical capacitance, and the parameter Q is propor-
tional to the gate voltage and the capacitance C, between the
island and the gate, namely Qg = C,V,. Thus the role of the
gate is to control the average charge of the metallic island.

The last term describes backscattering of electrons at the
left and right QPC,

Hr=A; +Agr+Hec,

TL ig (O)—i

Ap = L eitmO=igon(0) (©6)
a

Ag = R piton O
a

where 7; are the tunneling coupling constants, and a is the
ultraviolet cutoff [23,25—-27]. Note that here we set the distance
between the grain and QPCs to zero, because in the experiment
it is much shorter than the characteristic wavelength of
excitations A ~ vgp/T.

The Hamiltonian (2) gives the complete description of our
system. We note that the part Hy + Hjy is quadratic in bosonic
operators, thus the dynamics associated with this Hamiltonian
can be accounted for exactly by solving linear equations
of motion. We follow Refs. [22,23] and complement these
equations with the boundary conditions in terms of dissipative
currents originating from the reservoirs and the metallic island.
Fluctuations of these currents are Gaussian, therefore, they
can be considered Gaussian sources in the so-arising quantum
Langevin equations. In contrast, the tunneling term (6) is
nonlinear in bosonic operators. Therefore, in Secs. III and
IV we develop the perturbation theory to leading order in
backscattering and tunneling amplitudes.

B. Quantum Langevin equations

As the first step, we consider the currents in the system
shown in Fig. 1, when QPCs are fully open (symmetric setup),
and write the equations of motion generated by the part
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Hy + Hjy of the total Hamiltonian in the following form [23]:

d
g(t) = Z Jine (1) — Z Joutar (1),
t =12 a=1,2
_ 00)— Qo | .
outa(t) = ———— + ;(t)’ )
Jout R,C g

where R; = 27 is aquantum resistance. Here the first equation
expresses the conservation of charge. The second line is
the Langevin equations, which have the following physical
meaning. The outgoing currents acquire two contributions: the
first one is the current induced by the time dependent potential
Q(t)/C, and the second j; are the Langevin current sources
originating from the metallic island.

Now we are ready to calculate the current (/)¢ through the
system in absence of backscattering, i.e., in the case of fully
open QPCs. We define it as the average current in the cross
section immediately after the right QPC,

(Io = (Joutt) — {Jin2)- (8)

Assuming that the first channel is voltage biased with A,
while the second is grounded, we set (j,i,) = 0. Averaging
Egs. (7) and taking into account that the average incoming
current is equal to the average outgoing current, we obtain

(Jout1) + (Jou2) = AM/Rq,
(@) — Qo

(joutl) = (joutZ) = 5 ~ -

R,C ©)

Next, we use these equations to calculate the average value
for the total charge stored in the metallic island (Q) = Q¢ +
AunC /2, and the average current through the system (I)y =
(Jout1) = Au/2R,. Therefore, in the absence of backscattering
the conductance acquires the value

Go = 3Gy, (10)

where G, = 1/R, = 1/2m is the conductance quantum, i.e.,
the system behaves as two quantum resistances connected in
series.

According to Egs. (7), the fluctuating currents satisfy the
following equations:

d

801 =} Sjna() = Y SjowalD),
a=1,2 a=1,2
30(1)
R,C

8 jouta (1) = + 8jq (0). an

These equations can be easily solved in the frequency
representation, and for the symmetric setup we obtain

(ajouu(m)
8] ou2(@)

3ji(w)

_ (¢@) b(@) —bw) —b(w)> 8j5(w) (12)
b(w) alw) —blw) —bw))|jm(w) ]|’
S jin2(w)

where  a(w) = (iwR,C — 1)/(iwR,C —2) and b(w) =

1/(iwR,C — 2) are the scattering coefficients. Next, in order
to address a particular experimental situation [9], we also
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FIG. 2. The asymmetric setup, where the left QPC is almost fully
open, while the right QPC is weakly transmitting, is schematically
shown. We investigate CB oscillations to leading order in the
backscattering amplitude t; and tunneling amplitude tg.

consider an asymmetric setup, i.e., where for instance the left
QPC is fully open, while the right one is fully closed (see
Fig. 2). We skip the details of the calculations, which are
analogous to those in the case of the symmetric setup, and
present the result

Sjout () = 8j; (w) + M]%[Sj‘ﬁ (@) = 8jin1 ()],
Sjoun(®) = %51}5 (@) — ————6 i1 (®).
ioR,C —1 ioR,C —1
(13)

Finally, the two-point correlation functions of the incoming
currents and Langevin sources are given by the equilibrium
spectral function [28]

(8j5(@)8j5(@") = (8jina(@)8jinp(@) = 8upd(@ + &) S(w),
(14)

where S(w) =27G,0/(1 —e /7). With the help of
Egs. (12), (13), and (14), one obtains two-point correlators
of the currents at QPCs. In the following sections we use these
correlators to derive the corrections to the bare conductance
perturbatively in the cases of the symmetric and asymmetric
setup. Below we will use that R, =27 and G, =1/27
explicitly. These quantities are easily restored in the final
results for conductance.

III. SYMMETRIC SETUP

We consider the regime of low bias A < T and evaluate
the linear conductance through the metallic island in the
symmetric setup shown in Fig. 1:

d(I)

= m (15)

Au=0
In the interaction representation the average current is given
by the expression

(I} = Tr[poU' (¢, — 00)I(1)U (2, — 00)], (16)

where
1
U(tl,tz)z"fexp[—i / dtHT(t):| 17)
15}

is the evolution operator. The current operator is defined in the
cross section immediately after the right QPC,
1
1(t) = —Zaz[d)oun(xr,t) — Pin2(xr, 1)1, (18)

and pg o exp[—(Ho + Hin)/T] is the equilibrium density
matrix.
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We evaluate the average current perturbatively expanding
the evolution operator to the lowest order in backscattering
amplitudes,

(1) = (I)o + (1o, 19)

where the nonperturbed current (/)o = Ap/2R, was derived
in the previous section, and the second term can be written as
(for details, see Appendix A)

8{I)o = lgir + loge = Z Iy,
LIU=L,R

1
Iy = —E/dM[A,T(t),Az/(O)])o, (20)

where the average is taken with respect to the equilibrium
nonperturbed state with the density matrix py and Iy =
Ir; + Igrr is the direct contribution to the current, while
Iose = ILg + Iy isthe oscillating part. The later one oscillates
as a function of the parameter Q,, proportional to the gate
voltage, as cos(2m Qy), which is the manifestation of the CB
effect. Finally, the prefactor 1/2 in this expression comes from
the fact that the metallic island mixes the edge channels equally
even in the absence of backscattering.

A. Quantum regime

We evaluate the correction §G to the linear conductance
by using the Kubo formula (20) and split it in a direct
and oscillating part: §G = §(1)o/ A = Ggir + Gosc- In the
low-temperature quantum regime 7 <« Ec we obtain (see
Appendix B for details)

70 1+ |tk |* €’ Ec

2 27
Vg 8T

Ggir = — 2y

where y ~ 0.5772 is Euler’s constant. For the oscillating
contribution in this regime we obtain the expression

2|t lltr|e"Ec

v: 82T

Gose = cos(2m Qo). (22)

Taking into account that G, = 1/27 and combining Egs. (10),
(21), and (22), we present the total linear conductance in the
following form:

G = ﬂ(l - —F(Q°)>, (23)
2 T
where
eVEC ) 2
I'(Qo) = T2 Uzel” + [trl” + 2|t ||Tr] cOs2m Qo)]. (24)
V%

It is important to mention that in Eq. (23) we kept only leading
order terms in the parameter E-/T, and according to our
perturbation approach in weak backscattering 7 >> I'(Qy). In
this limit our results fully agree with the earlier theory of
Furusaki and Matveev [21]. Interestingly, the same expressions
were derived for the conductance of a one-dimensional (1D)
system with two defects [29].
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B. Thermal regime

In the thermal regime T > E we derive (see Appendix B
for details) the following expressions for direct:

A luP+lwP

2
Vg

Gair = — (25)

8

and the oscillating term

ltelltr| [T 7T
Gose = — — - 27 Q). (26
osc ZU%; EC eXp EC COS( 7TQ0) ( )

Taking into account that G, = 1/27 and combining Egs. (10),
(25), and (26), we obtain the following expression for the total
linear conductance:

G [1 P+ |TR|2+2|TL||TR|F(T)COS(27TQO):|

G=-1
2 2v%

27

where the temperature dependent factor is given by

|nT 7T
F(T)=2m E_C exp I:_E_C:| (28)

In contrast to the quantum regime, here the temperature
influences only CB oscillations.

‘We note that these results have an interesting interpretation.
While at high temperatures the bare currents at the left and right
QPC can be considered being independent 1D currents, at low
temperatures 7 < E¢ (and consequently at low frequencies)
the metallic island splits them equally. This leads to the
phenomenon of charge fractionalization (half of an electron
is reflected by the island), and thus reduces the exponent of the
power-law correlators in (20) by the factor of 2. As a result, the
direct conductance in (21) acquires the singular temperature
dependence 1/T.

C. Visibility
The strength of the CB oscillations is described by the
visibility function
_ Gmax — Grin
- Gmax + Gmin '
where G max(min) 1S the maximum (minimum) SET conductance

over one gate voltage period.
In the quantum regime the visibility is given by

(29)

_tllzrle” Ec

Vv , TKE, (30)

/4 v%- T
and according to the perturbation approach in weak backscat-
tering, V <« 1. In the thermal regime we obtain the following
result:

2ltzlltrl 7T
I 177117 ey

72T
V= pl—-——1| T>Ec. (3l

v Ec Ec

The exact dependence of the visibility on the temperature
in whole range of temperatures, from quantum to thermal
regime, is found by calculating time integrals in Appendix B
numerically. The results are presented in Fig. 3 together with
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FIG. 3. The exact temperature dependence of the visibility
(green line) is shown for the case of the symmetric setup to-
gether with the asymptotic low- and high-temperature solutions
(dashed lines) and experimental results (black squares). The vis-
ibility is normalized to the value V, = |t.||t|/v% in order to
get rid of the nonuniversal backscattering amplitudes. The ex-
perimental results are obtained for various transmissions at the
left QPC [9]: G./G, =0.983,0.974,0.974,0.75,0.75,0.75 for
T/Ec = 0.055,0.108,0.157,0.273, 0.397, 0.553, respectively. The
transmission at the right QPC, Gr/G,, is kept very close to 1.

asymptotic solutions (30) and (31), and the results of the
experiment [9]. It is worth mentioning a good agreement with
the experiment.

IV. ASYMMETRIC SETUP

In this section we study the case of the asymmetric
setup, namely, we assume that the right QPC is almost
closed (pinched-off), while the left one is almost open (see
Fig. 2). To find the conductance of the system we apply the
perturbation expansion in two steps: we first calculate the linear
conductance perturbatively in the tunneling at the right QPC,
and then consider corrections to it taking into account weak
backscattering at the left QPC.

The electron current is defined as a rate of change of the
electron number Ny in the right arm, namely

Ir = i[Hy,Ng] = i(Ag — Ay). (32)
We evaluate the average current to the lowest order in the
tunneling amplitude tg:

(Ig) = /dt([A}(t),AR(O)D. (33)

Here the average is taken with respect to the density matrix
p = U0, = 00)poU(0, — 00), (34)

perturbed by weak backscattering at the left QPC. To the lowest
order in the backscattering amplitude t; , the evolution operator
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is given by the expression

Ultit)=1—i f di(AL + AD). (35)

15}
Using Eq. (33), we present the linear conductance G =
(Ig)/ A in the following form:

iltr|?

C=— /dtt[KO(t)Gl(t)_K{)k(t)G2(t)], (36)

where
—iT

Ko = S Simblx T — 10)]

(37

is the two-point correlation function of free fermions in the
right arm of the system in Fig. 2. The correlation functions

Gl(t) = (Uj([, - Oo)e_i¢outl(t)

xU(t,0)e'* OV (0, - 00))o, (38)
Ga(1) = (U0, = co)e =¥
xU(0,0)e™" 1 OU (1, — 00))o (39)

are calculated perturbatively to the lowest order in the
backscattering amplitude 7, i.e., by using Eq. (35). After
expanding Eqgs. (38) and (39) and substituting them into
Eq. (36), one can split the conductance G in the sum of two
terms

G = Ggir + Gose. (40)

Here the term G y;; is proportional to |t |2, and does not depend
on the gate parameter Q. In contrast, the contribution G o is
proportional to |77||tz|*> and demonstrates CB oscillations.
Detailed calculations of these two terms are presented in
Appendix C.

A. Quantum regime

Repeating the same steps as in the Sec. III, we obtain the fol-
lowing expression for the direct and oscillating contributions
to the conductance in the limit of low temperatures 7 < E¢
(see Appendix C):

274T%G g

Gair(T) = 37 B2

; (41)

where Gg = |tg|?/2mv% is the bare conductance of the right
QPC. The oscillating contribution acquires the form

27T4T2GR |‘EL|
Gose = _WEE cos(2m Q). 42)

Substituting Egs. (41) and (42) into Eq. (40), we arrive at the
following expression for the total linear conductance:
_ 27T4T2GR|: |‘L'L| :|

1 —&——cos(2m
AL |y T

(43)

where & = 4¢? is the dimensionless numeric constant [21].
Note that even in the absence of backscattering at the left QPC
the conductance scales as T2
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B. Thermal regime

In this case, T > E, we get the following expressions for
the direct and oscillating contributions to the total conductance
(details of calculations are presented in Appendix C):

Gair = —|IR|2 = Gg (44)
27{1)12F
and
Gose = —G (1) cos(2 00), (45)
VF

where the temperature dependent factor is given by

[nT 7T
M(T) =2n e exp |:_E_c:| (46)

Combining two terms, we present the total conductance as
|zl
G =Gg|1 — —M(T)cosm Q) |. 47)
UFr

Note that the temperature affects only the oscillating contribu-
tion, in contrast to the quantum regime.

C. Visibility
As it follows from Eq. (43), the visibility in the quantum
regime is constant:

v =gl
VF

T K Ec. (48)

In the thermal regime [see Eq. (47)], the visibility acquires the
following form:

2|ty | T 72T
V= —exp|—— |, T>»Ec. (49
v Ec Ec

The results of the exact numerical calculation of time integrals
for the visibility in Appendix C are shown in Fig. 4 together
with the asymptotic forms and the experimental data [9]. Our
results agree quite well with the experiment.

V. DIFFERENTIAL CAPACITANCE

Without loss of generality, we consider here an asymmetric
case, namely, we assume that the right QPC is pinched-off
with g = 0 (see Fig. 2), while the left QPC is almost open
with the weak backscattering amplitude 7, . In this case, the
CB effect manifests itself in the oscillations of the equilibrium
characteristics of the system, such as its ground state energy
or the average charge of the island. The single-electron
capacitance spectroscopy of quantum dots [30,31] can be
used to measure experimentally the differential capacitance
between the gate and the lead. The differential capacitance is
defined, up to a nonuniversal constant prefactor, as

Ciitr = —az—F, (50)
2005
where F is the free energy of the system
F = —Tlog(2), ShH

and Z = Tr(e~f/T) is the partition function.
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FIG. 4. The exact temperature dependence of the visibility (green
line) is shown for the case of the asymmetric setup together with
the asymptotic low- and high-temperature solutions (dashed lines)
and experimental results (black squares). The visibility is normalized
to the value Vy = |t.|/vF in order to get rid of the nonuniversal
backscattering amplitude. The experimental results are obtained for
transmission at the left QPC [9]: G./G, = 0.075 for T/Ec =
0.055,0.108, 0.157, 0.273, 0.397, 0.553 and the transmission at the
right QPC, Gr/G,, is kept very close to 1. The green shadowed
region shows the error bars of the numerical evaluation.

The fully open island does not exhibit the QB effect,
therefore we evaluate the partition function perturbatively
in the backscattering amplitude 7, and concentrate on the
correction to the capacitance. We write

Z=2y+8Z, (52)

where Zy = Tr[e~Po+Hn)/T] is the bare part, while the
correction is given by

T
8Z = —Tr[e‘(H(J*Hi"')/T/ dTHT(T):|y (53)
0

where 7 is the imaginary time. Consequently, the free energy
can be rewritten as

F = Fy+§F, (54)
where Fy = —T log(Zy), and the correction has the following
form:

87
§F = T = Tr(po Hr), (55)
0

where Hr = A, + ATL.

Next, we write the right-hand side of Eq. (55) in bosonic
operators using the definition (6), and evaluate the correlation
function (e ?e®e=i#m ) hy using the scattering matrix (13)
for bosons in the asymmetric setup and the Gaussian character
of the theory. Thus, we obtain

2|t

SF = cos(2m Qg)e’ D, (56)
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where

Ty — dxx 1
yr=- 1+ 21— ex/oniC’

We evaluating y(T') in the limit of high temperatures 7 > E¢:
W(T) = log(a/4nvpC) — 2T C + log(4n*TC), (58)

(57)

and find the correction to the free energy

2
SF = ﬂTe‘”zT/E(‘ cos(2m Q).
Vfp

(59)

Consequently, the correction to the differential capacitance in
the thermal regime is given by

T
5Car = 82 T exp [—”—} cos2r Qo). (60)
v Ec

Interestingly, the differential capacitance contains the same
exponential factor as in the linear conductance for both setups.
This can be easily explained by the fact that the exponential
dependence on the temperature simply follows from averaging
CB oscillations over instant fluctuations of the charge in the is-
land, which are distributed with the equilibrium Gibbs weights
PG X exp[—QZEC /T]. However, the power-law prefactor in
the differential capacitance is different from the one in the
linear conductances [see Eqgs. (28) and (46)], which can be
understood taking into account its quantum character, since
one of the contributions to it comes from high-energy modes.

VI. CONCLUSION

The charge of an isolated metallic system is quantized in
units of the elementary electron charge. This phenomenon
manifests itself in oscillations of the conductance, if a
system is attached to metallic leads, and in the oscillations
of the differential capacitance. The degree of the charge
quantization is described by the dimensionless visibility V
of such oscillations. In the recent experiment conducted in
the group of Pierre [9], the transport through a small metallic
island connected to two leads by QPCs (as schematically
shown in Fig. 1) has been thoroughly studied in the regime,
where the QPCs are pinched-off to allow only one mode to
partially propagate. In such systems quantum and thermal
fluctuations of the current at QPC gradually reduce the
quantization of charge as the tunneling coupling strength at
QPCs is increased, and the CB oscillations vanish for fully
open contacts. The work [9] has reported measurements of
the visibility of CB oscillations as a function of temperature
as well as of the tunneling coupling strength at QPCs.

Motivated by this experiment, we have developed a quanti-
tative theory of the linear conductance and differential capaci-
tance of the metallic island in the whole range of temperatures,
from below to above the charging energy Ec, in the cases of
symmetric and asymmetric tunneling coupling at QPCs. To
do so, we have use the quantum Langevin equation approach
to account for the dynamics and fluctuations of the collective
charge fluctuations in a fully open system, and the tunneling
Hamiltonian approach to account for weak backscattering and
weak tunneling of electrons at QPCs [23,25]. This method is
based on the fact that the electrical circuit elements typically
create only Gaussian fluctuations and therefore the fully open
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system in the bosonic picture remains Gaussian, because the
interaction part of Hamiltonian is quadratic in bosonic fields.

We have found that in the low-temperature quantum regime
T <« E¢ the temperature dependence of the linear conduc-
tance coincides with the results of Furusaki and Matveev [21]
in both cases of symmetric and asymmetric setup. For instance,
in the symmetric case (see Fig. 1) the direct and oscillating
part of the weak backscattering contribution to the conduc-
tance of the system both acquire the power-law temperature
dependence §G « E¢/T. On the other hand, in the case of
asymmetric setup (see Fig. 2) the total conductance including
the oscillating correction acquires the temperature dependence
G « (T/E¢)?, thus the visibility of CB oscillations stays con-
stant. Different power-law scaling of the conductance with the
temperature depending on the geometry of the system indicates
that an important role is played by the character of mixing of
the collective modes in the metallic island. For instance, in the
case of the symmetric setup the metallic island splits equally
incoming currents, and thus the scaling E¢/ T originates from
the charge fractionalization induced by such a current splitter,
which is known to affect the power-law exponents.

In the high-temperature limit 7 > Ec the temperature
dependence of the oscillating correction to the conduc-
tance is entirely different: it is given by the product of
a power-law prefactor and exponentially decaying function
8G o \/T/Ec exp(—n2T/Ec), both for the symmetric and
asymmetric setup. In order to compare our theory to the
experiment [9], we have found the visibility of CB oscillations
exactly in the entire range of temperatures by calculating
time integrals numerically. Our results are shown in Figs. 3
and 4 together with the asymptotic forms and the results of
measurements. This comparison shows a good agreement of
our theory with the experiment.

Finally, we have investigated CB oscillations in a partially
closed system, where the right QPC is disconnected from
the circuit (r; =0, see Fig. 2) by evaluating the differ-
ential capacitance of the metallic island. Interestingly, the
oscillating correction to the differential conductance in the
high-temperature limit acquires the same exponential decay
with the temperature as the one for the linear conductance.
Such universality can be explained by the fact that this effect is
completely classical and originates from the thermal averaging
of the CB oscillations over instant configurations of the charge
in the island with the equilibrium Gibbs weights. On the
contrary, the power-law prefactor is different [see Eq. (60)],
which can be attributed to its quantum origin.
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APPENDIX A: DERIVATION OF THE KUBO FORMULA
FOR SYMMETRIC SETUP

In this Appendix we derive Eq. (20). The operator of
outgoing current to the right from the right QPC at point x, > 0
(see Fig. 1) expressed in bosonic fields reads

1
I(t) = _Eat[d)oull(xrst) — Gin2 (X, 1)]. (AD)
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Then the average current is given by the following expression:

() = (U, = ) [(U(t, — 00))o, (A2)

where the average is taken with respect to the unperturbed
state o9 o exp[—(Hy + Hin)/ T], and the evolution operator
in interaction picture is expanded to second order in tunneling
Hamiltonian Eq. (6):

t

U(Z,—OO):l—i/ dty Hr (1))

_ / d, / d Hr(t) i), (A3)

By substituting (A3) into (A2) and doing simple algebra, one
arrives at the expression (19).

The first term in (19) has been evaluated in Sec. II with the
result (8). Here we concentrate on the second term in (19) and
rewrite it in the following form:

8(1) = —/ dl1/ duy([[1(2), Hr(t)], Hr(12)])o.  (A4)

The integrand contains four nonzero terms,

([LI(@®), Hr(t)], Hr(2))o = 1) + TTx +c.c.,  (AS)
where the first two terms read
Iy = ([[1(1), AL(t)], AT ()]0,
M, = ([[1(1). Ar(t)]. AT (22)])o. (A6)

Next, we concentrate on the first term IT; (the second
term I, can be evaluated in the same way) and simplify the
commutator in IT;:

[1(1), AL(t1)] o [8Poutt (Xr,1) — & Pina (x, 1), €/ Pim (D)= (11)]]
(A7)

by using the following properties of operators. If an op-
erator D = [B,C] satisfies [B,D] =[C,D] =0, then the
following relations hold: [B, exp(C)] = [B,C]exp(C) and
exp(B) exp(C) = exp(B + C)exp ([B,C]/2). Thus, we obtain

Iy = R(t — 1)K (1 — 1), (AB)

where  Kp (11 — 1) = ([AL(1),AT()])o and R(r — 1) =
— 55 {8 Poutt (xr,1) = 8P (xy,1),[Din1 (11) — Pou(t1)]} Then,
using the Langevin equations (12) and the commutator
of incoming currents [ jing (@), jing(0")] = wd(w + @')84p, We
obtain the relation

1 dwa eiwx,/vp e—ia)x,./vp
R(t —1) = —/ . — -
dr | o*+n*\inwC -1 irwC+1
x eTie=h), (A9)
It can be shown similarly that
I, = F(t — 1)Kgr(t) — 1), (A10)

where  Kg(ti — 1) = ([Ag(t1),Al(1)])o and  F(t — 1)) =
—0(t —x,/vp — 1)) = 8(t + X, /vp — 11) — R(t — 11).

Finally, substituting expressions (A8) and (A10) into
Eq. (AS), and then into Eq. (A4), we arrive at the following
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1 / < K(w)
—— [ do| - +
vi% iwo+a

where o — +0, and K(w) = K (w) + Kr(w). We use
the property K(w)= K*(w), which follows from K*(t) =
([A(®),AT(0)])* = ([A(0),AT(#)]) = K(—t). Thus, only w = 0
contributes in the integral, and we obtain

expression:
K*(w)

§{I) =
(0 —iw+«

), (Al1)

1
8(1) = —E/dH[AT(t),A(O)])o, (Al12)

and eventually, Eq. (20) in the main text.

APPENDIX B: PERTURBATION THEORY FOR
SYMMETRIC SETUP

In this Appendix we derive the leading order corrections to
the conductance of the system in the symmetric setup. We use
the Gaussian character of the theory to present the average of
four vertex operators in Eq. (20) in the following form:

<eil1¢1 ei/\2¢zeil3¢3 eil4¢4>0

L& 4
=exp —EZAf(qﬁiz)O—Z)»i)»j(tﬁi%)o ,
im1 i<

A = =1, B

where the average is taken with respect to the equilibrium
density matrix py o exp[—(Hy + Hin)/T]. We evaluate two-
point correlation functions on the right-hand side of this
expression using the quantum Langevin equation approach
(12). According to Eq. (20), the correction to the average
current consists of the direct and oscillating part §(/)o =
Lgir + Iosc. Here we consider them separately.
The direct term has the following form:

lu P tiewl

lyir = — 2 /dteiA”’/z[Kff(t)e’ﬂ(’) —c.cl],
(B2)
where B(¢) is given below, and
Ka(r) 1 2/ doo e " —1
= —ex
i a2 P w?+ 21 —e /T
T2
(B3)

" 4ol sinh’ [T (1 — i0)]

is the square of the free fermion correlation function. The
oscillating term is given by the following expression:

Iosc =-2 | TL || TR |
=271 Qo+as(T) 4
><Re[T / dre'2H/2 (PO —C.c.)i|. (B4)
Here
by 1
as(T) = —Z/dxl Rk mp—r e

a

+21og(27 2T C) + 2¥(1/27°TC),  (B5)
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W(x) =dlog["(x)]/dx is the digamma function of real
variable x, I'(x) is the gamma function, and B(¢) = B1(t) +
ReBa(t) + ilmpBy(1).

Below we need the expressions for 8;(¢) and B,(¢) only for
positive times ¢ > 0, where they take the following form:

cos(wt) — 1

Bilr) = 2/00 do o (B6)
= 0 Wr4+n?l14+@wC)? 1 —eo/T
o w  cos(wt) — 1
RepBy(t) = d
eh2(0) /0 @2 + 121+ (rwC)?
—t/nC
= —y —log(t/nC) + Ei(t/nC)
t/nC
Ei(—1/7C), (B7)
* 1) sin(wt)
I 1) =— d
mpa(t) fo ) + 17?1+ (rwC)?
= —%(1 _ /70y, (B8)

Here Ei(x) = — ffi dye™”/y is the exponential integral for
real nonzero values of x. Below we use derived in this
Appendix integral representations for the current, take the
derivative with respect to A to obtain the conductance, and
find analytic expressions for the thermal 7 >> E¢ and quantum
T <K E¢ regimes.

1. Quantum regime

We first consider the direct term (B2). The contribution
from the poles to the time integral at small times t ~ 1/€f is
a constant of temperature, while the dominant contribution to
(B2) scales as E¢/T. Therefore, we neglect the contributions
from poles and present the direct part of the conductance as an
integral over positive times, because the integrand is an even
function of variable ¢ in this case:

2 2 00 2
Gar = _M/ dit— L A0 Repst0)
v 0 4sinh®( T't)
4
X sin [3(1 - e*’/”c)].

(B9)

Next, taking into account that 7 < E¢, we set C =0 in
Bi1(t) and obtain B;(r) = log(““h(”m) Then, the main
contribution to integral for Ggi; comes from large times,
namely ¢/ C > 1. In this case, we can simplify Ref,(t) =

— log(t /7 C) and use sin [F(1 — e~ 1/7C)] ~ 1. After sub-
stitution these expressions in Eq. (B9), we obtain

It P+ 1w * e *© X
Gdirz_ B 7 X —
Vg 474TC sinh(x)
2 2 YE
:_|TL|‘+;|TR|€2C' (B10)
Vi 82T

In the oscillating term, at small temperatures 7' << E¢, the
factor ag(T) simplifies as ag(T) & 2y + 2log(a/2w%vrC).
Then, using the same arguments as for the direct term, we

PHYSICAL REVIEW B 96, 155408 (2017)

obtain
2|t |l tr | e’ /oo x
GOQC - S 2 d RN
‘ B s el R
2 E
_ 2l TLZH A < cos(2 Q). (B11)
vy 8

Combining (B10), (B11), and (10) we obtain Eq. (23) in the
main text.

2. Thermal regime

In this regime T > E., the prefactor as(7) has the
following form:
as(T) ~ 2log(a/2n*vpC) — 21T C + 21ogRn*T C).
(B12)

We evaluate 3(¢) by expanding the distribution function 1 /(1 —
e~“/T at large temperatures:

5(0_/(1 w e~iof T+1
T TR Ty @eCr |0 2

=n’TC(l —e "™ CI— | t/nC )

— 21— e Dysgn(), (B13)
and then expanding the right-hand side of this equation in
series of t/m C « 1, taking into account the fact that the main
contribution to the time integral comes from small times, and

that T > E¢. Thus, we obtain the following expression:

T* it

) =~ — 55

Now we are ready to write the correction for the conductance.
The direct term reads

2 2
7L + TR . 2
Gair = lm P+l fdtltheTt 12

(B14)

itj2c

X < — - —c.c.). (B15)
sinh“[7 T (¢t —i0)]

In this integral the main contribution comes from small times

t ~1/ep, and we can neglect exponential factors in the

integrand. Introducing the dimensionless variable x = T,

we write

1 1
X /dxix( — — - - >
sinh“[x —i0]  sinh“[x 4+ i0]

Ut P+t ?
=__|L|‘Z|R|' (B16)
8 Vg
Next, we take derivative with respect to Au in Eq. (B4) to get
the following expression for the oscillating part:

2
Vp

X / dyy sin y exp(—2T Cy?),

Gose = — T2C2e 2 TC cos(2 Qp)

(B17)
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where we introduced the dimensionless variable y = ¢/2C.
Evaluating this integral, we obtain

G |lzelltr| |7 T 72T 2700). (B18)
osc = — —exp | ——— | cos(2m .
202 \ Ec P Ec 0

Here we neglected the factor exp(—1/472T C), because T <
Ec. Combining (B16), (B18), and (10), we arrive at the
expression for conductance (27) in the main text.

APPENDIX C: PERTURBATION THEORY
FOR ASYMMETRIC SETUP

In this Appendix we use Egs. (36)-(40) to derive the
leading order contribution to the conductance in the case of the
asymmetric setup. We recall that the direct contribution G g;; is
proportional to |tz|?, while the oscillating term G o, comes as a
correction proportional to |7 || 7| due to weak backscattering
at the left QPC, and thus acquires oscillations as a function
of the parameter Q. We derive analytical expressions in the
quantum T K E¢ and classical T > E¢ regimes.

1. Quantum regime

We first concentrate on the direct contribution. We use
the solution Eq. (13) of quantum Langevin equations for the
asymmetric setup to evaluate bosonic correlators that arise in
the perturbative expansion for the conductance and arrive at
the following expression:

2 T2
Gair = — |TR2| /dtit( — — P — c.c.),
4vg sinh“[7 T (¢t — i0)]

(CI)

where B(¢) is given by the same expressions as in Appendix B
with C replaced by 2C, simply because in the asymmetric setup
the conductance is twice as small. The expression (C1) holds
for arbitrary temperatures and serves as a starting point for
evaluating low- and high-temperature limits. The contribution
from the poles at small times ¢ ~ 1/€p takes the constant
value |tz|?/2m v%. Using the same arguments as in case of the
symmetric setup (see Appendix B), we obtain the expression
for the direct part in the form:
T2T4

ltrl> lwel* [
Gir=r———>—— | di—F——
2 vy vy Jo sinh™ (7 T't)

x sin[m (1 — e~ "/?7)]. (C2)

e2Reb2()

In the low-temperature limit 7 < E¢, the main contribution
to the integral in Gy comes from times much smaller then
the inverse temperature ¢ << 1/ T. Thus, we can expand the
temperature dependent part of the integrand in small 7'¢:

2 2 0
TR 4 TR
Gair = Iral A7l / di’ T4
0

2 2
2mvy Vg

X — 2R gin[m (1 — e71/27C)].
[714T4t4 3712T2t2:| L= )

(C3)

From the last equation it is obvious that Gg; consists of a
constant part and a temperature dependent part. The former
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can be presented as

|Tr|? ITr|?

Gair(T =0) = Cr. (4

YN R S ¥
2mvy  2mvg

It turns out that the constant C; is exactly equal to 1, and
Gair(T = 0) vanishes. However, the easiest way to prove this
fact is to rewrite equation (C1) for 7 = 0 in the form

M)

(s —i0)2

eM*(s)

(s +i0)

Gair(T =0) x /dss|: :|, (C5)

where M(s) = 2 fooo %, and s and x are dimensionless
variables. Here we note that M(s) is an analytical function
in the low half plane. Moreover, it behaves as —21log [s| at
Im(s) - —oo. Therefore, in the first term of the integral
(C5) the contour may be deformed to Im(s) — —oo. Next,
at Im(s) — —oo the integrand behaves as 1/|s|?, and thus
the integral vanishes. The same arguments are applied to the
second term, where M *(s) is analytical in the upper half plane.
Thus, we have proven that Gy (T = 0) = 0.

Now we consider the temperature dependent term. To
integrate over ¢ in Eq. (C3), we use the following integral
identity [, dxxe™#2sin[z(1 — e™)] = 5%, where x =
t/2nC is the dimensionless variable. Introducing the bare
conductance Gy = |tz|?/27m v%, we present the final result

27472

Gui(T) = Gr——.
air(T) R332VE%

(Co)

Similar arguments may be used for the oscillating part of
the conductance to show that it is proportional to (T/Ec)? as
well. We confirm this fact by the exact numerical evaluation
of the time integrals (see Fig. 4). Therefore, the final result in
the case of an asymmetric setup at small temperatures can be
written as (43).

2. Thermal regime

In the limit 7 >> E the exponential factor in the integrand
can be neglected and the main contribution to the integral
comes from poles, i.e., from small times r ~ 1/€f:

e l? . 1
Gar = — B) dtit ) N 12 R
4vy. sinh“(r —i0)  sinh“(r 4+ i0)

2
=l _ G, (€7

2 v
Next, the oscillating term has the following form:

|Tr|?

Gose = —2 explaa(T)Re(r e 2 Gy),  (C8)

where

otA(T)=—/ dxx 1

1 +)C2 1 — e—x/27TC

a 2
=y +log C +2n°TC

2
Anlvp

+1log(47’TC) + W(1/47*TC),  (C9)
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y being the Euler gamma constant, W(x) is the digamma
function, and

G, = / " AR OA) — K* ORI (C10)

o0

Here we introduced K (1) = K (1)e??®, Ky(t)is given by (B3)
and expressions for A;(¢), R;(¢) read

—00
M= [ dnter e )
0

0
+/ dtl[ep(l—fl)-‘rF(fl) —-1]
t

t
g
—00

—00
R = [ dnfel e )
t

diy[e~FO-DHF@) _ )

+/’ diy[e~FO=D=FC) _ )
0

0
+/ dtj[e”FO=DHE@ 11 (C11)
-0
where _
/d L2l en
F(t)) = 4miC .
(t) = 4mi a)1+4(7ra)C)21—e‘“’/T (C12)
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One should note that F*(t;) = —F(—t;), which implies
that R (t) = —Aj(z), and thus we need to calculate only the
function A;(¢). At large temperatures T > Ec we expand
1/(1 —e /Ty~ T/w+1/2 in the integrand of (C12), and
after integrating over w we obtain

F(t)) = —im(1 — l=1/27€)

+472TC(1 — e M/27CNsen(ty).  (C13)

Next, using again 7 > Ec we conclude that the main
contribution to the integral (C10) comes from times smaller
than 27 C, because T > E, therefore one can expand (C13):
A1) = Ri(t) ~i(e¥T" —1)/T.

Substituting A;(¢) and R;(¢) into Eq. (C10), we arrive at
the following expression:

2n Tt

G| = _iT /dttzefﬂz/zc.ez—_l,
4vyC sinh“(w T't)

(C14)

where we have simplified K (1) = K y7(r)e~T""/2€=1/2C | pe-

cause the integral comes from ¢t/C « 1. Moreover, the main
contribution comes from times ¢ > 1/7T, so that (e2"7' —
1)/ sinh®(w Tt) ~ 4. After integrating over ¢, we get G| =
—i+/27C /2v%+/T. Finally, combining this with Egs. (C7)
and (C8), and absorbing the phase factor e*"/2 into 7, we
arrive at the result (47) in the main text.
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