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Overview
• General scattering approach
‣ Heat generation and heat pump effect

• Single-channel chiral emitter
‣ Quantized emission regime : Energy of emitted particles understood  

from different perspectives

• Heat fluctuations and how to measure them
• Energy dissipated by the two-particle emitter 

and two emission regimes, adiabatic and non-
adiabatic
• Conclusion
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General formalism 
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Continuity equation for energy
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Energy current from wave function

i) A. Brataas, Y. Tserkovnyak, and G. E. W. Bauer, Physical Review B 84, (2011),
ii) G. A. Levin, W. A. Jones, K. Walczak, and K. L. Yerkes, arXiv cond-mat.mes-hall, (2012),
(D. Bohm, Quantum Theory, Dover Pub. New York (1989) p. 89.)

energy current :
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Heat current in scattering language
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M. Büttiker, Physical Review B 45, 3807 (1992).
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ÎE↵ (t) =
1

h

ZZ

dE dE0 E + E0

2
ei

E�E0
~ t

n

b̂†↵(E) b̂↵(E
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Heat current in terms of Floquet
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S(t)
S(t) = S(t+ T ) ,
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En = E + n~⌦ , ⌦ = 2⇡/T ,

a DC heat is in: M. M.  and M. Büttiker, Physical Review B 66, 205320 (2002).
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Heat generation
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S(t)

L. Arrachea, M.M. Energy transport and heat production in quantum engines, in Handbook of Nanophysics: 
Nanomedicine and Nanorobotics, ed. by Klaus D. Sattler (CRC Press, Taylor & Francis Group), (2010).

generated DC heat :

pumping set-up : f↵ = f0 , 8↵ ,
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Pumped heat
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S(t)

L. Arrachea, M.M. Energy transport and heat production in quantum engines, in Handbook of Nanophysics: 
Nanomedicine and Nanorobotics, ed. by Klaus D. Sattler (CRC Press, Taylor & Francis Group), (2010).

transferred heat :
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Applications :
Single-channel chiral emitter
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Motivation
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Experiment

12

compensated for and the electron occupying the
highest energy level of the dot is emitted. The
final state of the electron is a coherent wave
packet propagating away in the conductor. Its
energy width is given by the inverse tunneling
time, as required for an on-demand single-
particle source, and is independent of temper-
ature. Its mean energy can be adjusted above the
Fermi energy by tuning the voltage step am-
plitude. The circuit (Fig. 1A), is realized in a 2D
electron gas in a GaAsAl/GaAs heterojunction
of nominal density ns = 1.7 ! 1015 m−2 and
mobility m = 260 V−1 m2 s−1. The dot is electro-

statically coupled to a metallic top gate, 100 nm
above the 2D electron gas, whose ac voltage,
Vexc, controls the dot potential at the subnano-
second time scale. For all measurements, the
electronic temperature is about 200 mK and a
magnetic field B ≈ 1.3 T is applied to the sample
so as to work in the quantum Hall regime with
no spin degeneracy. The QPC dc gate voltage VG
is tuned to control the transmission D of a single
edge state as well as the dc dot potential. As
reported (25), this circuit constitutes the paradigm
of a quantum-coherent resistor-capacitor (RC)
circuit, where coherence is seen to strongly affect

the charge relaxation dynamics. From this study,
the charging energy D + e2/C ≈ D ≈ 2.5 K was
extracted (26). Here the large top-gate capaci-
tance makes the Coulomb energy e2/C unusually
small, and the total charging energy reduces to
the energy-level spacing D.

In (25), the linear response of the current to
the ac top-gate voltage was investigated, and the
ac charge amplitude was much lower than the
elementary charge e. In order to achieve single-
charge injection, we had to apply a high-
amplitude excitation (Vexc ~ D/e) and go beyond
the linear regime. When an electron is suddenly
brought above the Fermi energy of the lead, it is
expected to escape the dot at a typical tunnel
rate t−1 = DD /h, where D /h is the attempt
frequency and D is the transmission probability.
This gives nanosecond time scales, for which
single-charge detection is still out of reach ex-
perimentally. To increase the signal-to-noise
ratio, a statistical average over many individ-
ual events is used by generating repetitive se-
quences of single-electron emission followed
by single-electron absorption (or hole emission)
as shown in Fig. 1A. This is done by apply-
ing a periodic square wave voltage amplitude
≈ D/e to the top gate. Figure 1B shows typical
temporal traces of the current averaged over a
few seconds for a repetition period of T = 32 ns.
The single-electron events reconstruct the expo-
nential current decay of an RC circuit. When
transmission D is decreased from ≈0.03 to
≈0.002, the relaxation time t, extracted from the
exponential decay, increases from 0.9 to 10 ns.
For the two highest transmissions in Fig. 1B,
t << T/2, the current decays to zero, and the
mean transferred charge per half period is constant.
For the smallest transmission, t ~ T/2, the mean
emitted charge decreases because electrons have
reduced probability of escaping the dot. These
time-domain measurements are limited by the
1-GHz bandwidth of the acquisition card and
give access to the few-nanosecond injection times
corresponding to small transmissions D ≲ 0.03.

In order to get a better understanding of the
above results, we extend the harmonic linear re-

Fig. 1. Single-charge in-
jection. (A) Schematic of
single-charge injection.
Starting from an antires-
onant situation where
the Fermi energy lies be-
tween two energy levels
of the dot (step 1), the
dot potential is increased
by D moving one occu-
pied level above the Fer-
mi energy (step 2). One
electron then escapes the
dot on the mean time t =
h/DD. The dot potential
is then brought back to
its initial value (step 3),
where one electron can
enter it, leaving a hole
in the Fermi sea. (Inset
at right) The quantum
RC circuit: one edge chan-
nel is transmitted inside
the submicrometer dot,
with transmission D tuned
by the QPC gate voltage
VG. The dot potential is
varied by a radio-frequency
excitation Vexc applied on a macroscopic gate located on top of the dot. The electrostatic potential can
also be tuned by VG because of the electrostatic coupling between the dot and the QPC. (B) Time-
domain measurement of the average current (black curves) on one period of the excitation signal (red
curves) at 2eVexc = D for three values of the transmission D. The relaxation time t is deduced from an
exponential fit (blue curve).

Fig. 2. Iw as a function
of VG at f = 180 MHz
for different values of
the excitation amplitude
2eVexc. Transmission D
is also indicated. (A)
Modulus |Iw|. The hori-
zontal dashed line is the
constant value |Iw| =
2ef. (B) Nyquist repre-
sentation (imaginary
part of Iw versus real
part of Iw). The red
curve corresponds to an
RC circuit of constant
capacitance e2/D and
varying resistance. (C)
Phase f. The phase f
is independent of Vexc.

25 MAY 2007 VOL 316 SCIENCE www.sciencemag.org1170

REPORTS

 o
n 

Ju
ne

 5
, 2

00
7 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

�+ e2/C ⇡ � ⇡ 2.5K

compensated for and the electron occupying the
highest energy level of the dot is emitted. The
final state of the electron is a coherent wave
packet propagating away in the conductor. Its
energy width is given by the inverse tunneling
time, as required for an on-demand single-
particle source, and is independent of temper-
ature. Its mean energy can be adjusted above the
Fermi energy by tuning the voltage step am-
plitude. The circuit (Fig. 1A), is realized in a 2D
electron gas in a GaAsAl/GaAs heterojunction
of nominal density ns = 1.7 ! 1015 m−2 and
mobility m = 260 V−1 m2 s−1. The dot is electro-

statically coupled to a metallic top gate, 100 nm
above the 2D electron gas, whose ac voltage,
Vexc, controls the dot potential at the subnano-
second time scale. For all measurements, the
electronic temperature is about 200 mK and a
magnetic field B ≈ 1.3 T is applied to the sample
so as to work in the quantum Hall regime with
no spin degeneracy. The QPC dc gate voltage VG
is tuned to control the transmission D of a single
edge state as well as the dc dot potential. As
reported (25), this circuit constitutes the paradigm
of a quantum-coherent resistor-capacitor (RC)
circuit, where coherence is seen to strongly affect

the charge relaxation dynamics. From this study,
the charging energy D + e2/C ≈ D ≈ 2.5 K was
extracted (26). Here the large top-gate capaci-
tance makes the Coulomb energy e2/C unusually
small, and the total charging energy reduces to
the energy-level spacing D.

In (25), the linear response of the current to
the ac top-gate voltage was investigated, and the
ac charge amplitude was much lower than the
elementary charge e. In order to achieve single-
charge injection, we had to apply a high-
amplitude excitation (Vexc ~ D/e) and go beyond
the linear regime. When an electron is suddenly
brought above the Fermi energy of the lead, it is
expected to escape the dot at a typical tunnel
rate t−1 = DD /h, where D /h is the attempt
frequency and D is the transmission probability.
This gives nanosecond time scales, for which
single-charge detection is still out of reach ex-
perimentally. To increase the signal-to-noise
ratio, a statistical average over many individ-
ual events is used by generating repetitive se-
quences of single-electron emission followed
by single-electron absorption (or hole emission)
as shown in Fig. 1A. This is done by apply-
ing a periodic square wave voltage amplitude
≈ D/e to the top gate. Figure 1B shows typical
temporal traces of the current averaged over a
few seconds for a repetition period of T = 32 ns.
The single-electron events reconstruct the expo-
nential current decay of an RC circuit. When
transmission D is decreased from ≈0.03 to
≈0.002, the relaxation time t, extracted from the
exponential decay, increases from 0.9 to 10 ns.
For the two highest transmissions in Fig. 1B,
t << T/2, the current decays to zero, and the
mean transferred charge per half period is constant.
For the smallest transmission, t ~ T/2, the mean
emitted charge decreases because electrons have
reduced probability of escaping the dot. These
time-domain measurements are limited by the
1-GHz bandwidth of the acquisition card and
give access to the few-nanosecond injection times
corresponding to small transmissions D ≲ 0.03.

In order to get a better understanding of the
above results, we extend the harmonic linear re-

Fig. 1. Single-charge in-
jection. (A) Schematic of
single-charge injection.
Starting from an antires-
onant situation where
the Fermi energy lies be-
tween two energy levels
of the dot (step 1), the
dot potential is increased
by D moving one occu-
pied level above the Fer-
mi energy (step 2). One
electron then escapes the
dot on the mean time t =
h/DD. The dot potential
is then brought back to
its initial value (step 3),
where one electron can
enter it, leaving a hole
in the Fermi sea. (Inset
at right) The quantum
RC circuit: one edge chan-
nel is transmitted inside
the submicrometer dot,
with transmission D tuned
by the QPC gate voltage
VG. The dot potential is
varied by a radio-frequency
excitation Vexc applied on a macroscopic gate located on top of the dot. The electrostatic potential can
also be tuned by VG because of the electrostatic coupling between the dot and the QPC. (B) Time-
domain measurement of the average current (black curves) on one period of the excitation signal (red
curves) at 2eVexc = D for three values of the transmission D. The relaxation time t is deduced from an
exponential fit (blue curve).

Fig. 2. Iw as a function
of VG at f = 180 MHz
for different values of
the excitation amplitude
2eVexc. Transmission D
is also indicated. (A)
Modulus |Iw|. The hori-
zontal dashed line is the
constant value |Iw| =
2ef. (B) Nyquist repre-
sentation (imaginary
part of Iw versus real
part of Iw). The red
curve corresponds to an
RC circuit of constant
capacitance e2/D and
varying resistance. (C)
Phase f. The phase f
is independent of Vexc.
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G. Fève, A. Mahé, J.-M. Berroir, T. Kontos, B. Plaçais, D. C. Glattli, A. Cavanna, B. Etienne, Y. Jin,    Science 316, 1169 (2007)
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Equivalent (low frequency) 
electric circuit

13

U(t)no DC charge current :

RC qq

a linear response regime :

Cq = e2⌫(µ0) , Rq = h
2e2 ,

DOS

charge relaxation resistance quantum

Predicted: M. Büttiker, H. Thomas, and A. Prêtre, Physics Letters A 180, 364 (1993).

Confirmed: J. Gabelli, G. Fève, J.-M. Berroir, B. Plaçais, A. Cavanna, B. Etienne, Y. Jin, and D. Glattli, Science 313, 496 (2006).
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Floquet scattering amplitude

15

U(t)(of a Fabry-Pérot type)

M.M., P. Samuelsson, and M. Büttiker, PRL 100, 0866012 (2008)
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1P
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A.2 The chiral single-channel capacitor

Using the method presented in Sec. 3.5.3 one can calculate the elements of
the Floquet scattering matrix as follows:

S F(En, E) =
T

0

dt
T
ein!0t S in(t, E) , (A.21a)

S in(t, E) =
!!

q=0

eiqkLS (q)(t) , (A.21b)

S (0) = r , S (q>0)(t) = t̄2 rq"1 e"i"q(t) , "q(t) =
e
!

t

t"q!

dt#U(t#) .

Here r(E)/t̄(E) is a reflection/transmission amplitude of a QPC connecting cav-
ity to the linear edge state, ! = meL/(!k) is a time necessary for electron with
energy E to make one turn around a cavity of length L. The index q counts
number of turns which electron makes in the cavity until escaping it. In above
equation it is assumed that !!0 $ E and the reflection/transmission amplitude
of a QPC changes in energy over the scale "E % E which is much larger than
!!0. Correspondingly we neglected the terms of order !!0/"E and smaller.

To calculate given above Floquet scattering matrix elements, S F(En, E),
we consider scattering of a plane wave, e"iEt/!+ikx, with unit amplitude and with
energy E onto an oscillating scatterer. We direct the axis x along the linear edge
state and the axis y along the circular edge state of a cavity. We assume that the
QPC connects points x = 0 and y = 0. Then the wave function reads as follows:

#(t, x) =

"
##$

##%

e"iEt/!+ikx , x < 0 ,

e"iEt/!
!&

n="!

'
k
kn S F(En, E) e

"in!0t+iknx , x > 0 ,
(A.22a)

#(t, y) = e"iEt/!
!!

n="!
e"in!0t

!!

l="!

al$n"leikly , 0 < y < L , (A.22b)
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Quantized adiabatic regime :
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S. Ol’khovskaya, J. Splettstoesser, M.M., and M. Büttiker, PRL 101, 166802 (2008)

compensated for and the electron occupying the
highest energy level of the dot is emitted. The
final state of the electron is a coherent wave
packet propagating away in the conductor. Its
energy width is given by the inverse tunneling
time, as required for an on-demand single-
particle source, and is independent of temper-
ature. Its mean energy can be adjusted above the
Fermi energy by tuning the voltage step am-
plitude. The circuit (Fig. 1A), is realized in a 2D
electron gas in a GaAsAl/GaAs heterojunction
of nominal density ns = 1.7 ! 1015 m−2 and
mobility m = 260 V−1 m2 s−1. The dot is electro-

statically coupled to a metallic top gate, 100 nm
above the 2D electron gas, whose ac voltage,
Vexc, controls the dot potential at the subnano-
second time scale. For all measurements, the
electronic temperature is about 200 mK and a
magnetic field B ≈ 1.3 T is applied to the sample
so as to work in the quantum Hall regime with
no spin degeneracy. The QPC dc gate voltage VG
is tuned to control the transmission D of a single
edge state as well as the dc dot potential. As
reported (25), this circuit constitutes the paradigm
of a quantum-coherent resistor-capacitor (RC)
circuit, where coherence is seen to strongly affect

the charge relaxation dynamics. From this study,
the charging energy D + e2/C ≈ D ≈ 2.5 K was
extracted (26). Here the large top-gate capaci-
tance makes the Coulomb energy e2/C unusually
small, and the total charging energy reduces to
the energy-level spacing D.

In (25), the linear response of the current to
the ac top-gate voltage was investigated, and the
ac charge amplitude was much lower than the
elementary charge e. In order to achieve single-
charge injection, we had to apply a high-
amplitude excitation (Vexc ~ D/e) and go beyond
the linear regime. When an electron is suddenly
brought above the Fermi energy of the lead, it is
expected to escape the dot at a typical tunnel
rate t−1 = DD /h, where D /h is the attempt
frequency and D is the transmission probability.
This gives nanosecond time scales, for which
single-charge detection is still out of reach ex-
perimentally. To increase the signal-to-noise
ratio, a statistical average over many individ-
ual events is used by generating repetitive se-
quences of single-electron emission followed
by single-electron absorption (or hole emission)
as shown in Fig. 1A. This is done by apply-
ing a periodic square wave voltage amplitude
≈ D/e to the top gate. Figure 1B shows typical
temporal traces of the current averaged over a
few seconds for a repetition period of T = 32 ns.
The single-electron events reconstruct the expo-
nential current decay of an RC circuit. When
transmission D is decreased from ≈0.03 to
≈0.002, the relaxation time t, extracted from the
exponential decay, increases from 0.9 to 10 ns.
For the two highest transmissions in Fig. 1B,
t << T/2, the current decays to zero, and the
mean transferred charge per half period is constant.
For the smallest transmission, t ~ T/2, the mean
emitted charge decreases because electrons have
reduced probability of escaping the dot. These
time-domain measurements are limited by the
1-GHz bandwidth of the acquisition card and
give access to the few-nanosecond injection times
corresponding to small transmissions D ≲ 0.03.

In order to get a better understanding of the
above results, we extend the harmonic linear re-

Fig. 1. Single-charge in-
jection. (A) Schematic of
single-charge injection.
Starting from an antires-
onant situation where
the Fermi energy lies be-
tween two energy levels
of the dot (step 1), the
dot potential is increased
by D moving one occu-
pied level above the Fer-
mi energy (step 2). One
electron then escapes the
dot on the mean time t =
h/DD. The dot potential
is then brought back to
its initial value (step 3),
where one electron can
enter it, leaving a hole
in the Fermi sea. (Inset
at right) The quantum
RC circuit: one edge chan-
nel is transmitted inside
the submicrometer dot,
with transmission D tuned
by the QPC gate voltage
VG. The dot potential is
varied by a radio-frequency
excitation Vexc applied on a macroscopic gate located on top of the dot. The electrostatic potential can
also be tuned by VG because of the electrostatic coupling between the dot and the QPC. (B) Time-
domain measurement of the average current (black curves) on one period of the excitation signal (red
curves) at 2eVexc = D for three values of the transmission D. The relaxation time t is deduced from an
exponential fit (blue curve).

Fig. 2. Iw as a function
of VG at f = 180 MHz
for different values of
the excitation amplitude
2eVexc. Transmission D
is also indicated. (A)
Modulus |Iw|. The hori-
zontal dashed line is the
constant value |Iw| =
2ef. (B) Nyquist repre-
sentation (imaginary
part of Iw versus real
part of Iw). The red
curve corresponds to an
RC circuit of constant
capacitance e2/D and
varying resistance. (C)
Phase f. The phase f
is independent of Vexc.
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compensated for and the electron occupying the
highest energy level of the dot is emitted. The
final state of the electron is a coherent wave
packet propagating away in the conductor. Its
energy width is given by the inverse tunneling
time, as required for an on-demand single-
particle source, and is independent of temper-
ature. Its mean energy can be adjusted above the
Fermi energy by tuning the voltage step am-
plitude. The circuit (Fig. 1A), is realized in a 2D
electron gas in a GaAsAl/GaAs heterojunction
of nominal density ns = 1.7 ! 1015 m−2 and
mobility m = 260 V−1 m2 s−1. The dot is electro-

statically coupled to a metallic top gate, 100 nm
above the 2D electron gas, whose ac voltage,
Vexc, controls the dot potential at the subnano-
second time scale. For all measurements, the
electronic temperature is about 200 mK and a
magnetic field B ≈ 1.3 T is applied to the sample
so as to work in the quantum Hall regime with
no spin degeneracy. The QPC dc gate voltage VG
is tuned to control the transmission D of a single
edge state as well as the dc dot potential. As
reported (25), this circuit constitutes the paradigm
of a quantum-coherent resistor-capacitor (RC)
circuit, where coherence is seen to strongly affect

the charge relaxation dynamics. From this study,
the charging energy D + e2/C ≈ D ≈ 2.5 K was
extracted (26). Here the large top-gate capaci-
tance makes the Coulomb energy e2/C unusually
small, and the total charging energy reduces to
the energy-level spacing D.

In (25), the linear response of the current to
the ac top-gate voltage was investigated, and the
ac charge amplitude was much lower than the
elementary charge e. In order to achieve single-
charge injection, we had to apply a high-
amplitude excitation (Vexc ~ D/e) and go beyond
the linear regime. When an electron is suddenly
brought above the Fermi energy of the lead, it is
expected to escape the dot at a typical tunnel
rate t−1 = DD /h, where D /h is the attempt
frequency and D is the transmission probability.
This gives nanosecond time scales, for which
single-charge detection is still out of reach ex-
perimentally. To increase the signal-to-noise
ratio, a statistical average over many individ-
ual events is used by generating repetitive se-
quences of single-electron emission followed
by single-electron absorption (or hole emission)
as shown in Fig. 1A. This is done by apply-
ing a periodic square wave voltage amplitude
≈ D/e to the top gate. Figure 1B shows typical
temporal traces of the current averaged over a
few seconds for a repetition period of T = 32 ns.
The single-electron events reconstruct the expo-
nential current decay of an RC circuit. When
transmission D is decreased from ≈0.03 to
≈0.002, the relaxation time t, extracted from the
exponential decay, increases from 0.9 to 10 ns.
For the two highest transmissions in Fig. 1B,
t << T/2, the current decays to zero, and the
mean transferred charge per half period is constant.
For the smallest transmission, t ~ T/2, the mean
emitted charge decreases because electrons have
reduced probability of escaping the dot. These
time-domain measurements are limited by the
1-GHz bandwidth of the acquisition card and
give access to the few-nanosecond injection times
corresponding to small transmissions D ≲ 0.03.

In order to get a better understanding of the
above results, we extend the harmonic linear re-

Fig. 1. Single-charge in-
jection. (A) Schematic of
single-charge injection.
Starting from an antires-
onant situation where
the Fermi energy lies be-
tween two energy levels
of the dot (step 1), the
dot potential is increased
by D moving one occu-
pied level above the Fer-
mi energy (step 2). One
electron then escapes the
dot on the mean time t =
h/DD. The dot potential
is then brought back to
its initial value (step 3),
where one electron can
enter it, leaving a hole
in the Fermi sea. (Inset
at right) The quantum
RC circuit: one edge chan-
nel is transmitted inside
the submicrometer dot,
with transmission D tuned
by the QPC gate voltage
VG. The dot potential is
varied by a radio-frequency
excitation Vexc applied on a macroscopic gate located on top of the dot. The electrostatic potential can
also be tuned by VG because of the electrostatic coupling between the dot and the QPC. (B) Time-
domain measurement of the average current (black curves) on one period of the excitation signal (red
curves) at 2eVexc = D for three values of the transmission D. The relaxation time t is deduced from an
exponential fit (blue curve).

Fig. 2. Iw as a function
of VG at f = 180 MHz
for different values of
the excitation amplitude
2eVexc. Transmission D
is also indicated. (A)
Modulus |Iw|. The hori-
zontal dashed line is the
constant value |Iw| =
2ef. (B) Nyquist repre-
sentation (imaginary
part of Iw versus real
part of Iw). The red
curve corresponds to an
RC circuit of constant
capacitance e2/D and
varying resistance. (C)
Phase f. The phase f
is independent of Vexc.
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B Mesoscopic capacitor as a particle emitter

!!!t(+)0 ! t
(!)
0

!!! " !! . (B.10)

Substituting Eq. (B.8) into Eq. (A.12) we find an adiabatic current at zero
temperature (for 0 < t < T):

I(t) =
e
"

"
#$

#%

!!
&
t ! t(!)0

'2
+ !2!

!
!!

&
t ! t(+)0

'2
+ !2!

(
#)

#*
. (B.11)

This current consists of two pulses of the Lorentzian shape with half-width !!
corresponding to an emission of an electron and a hole. Integrating over time
easy to check that the first pulse carries a charge ewhile the second pulse carries
a charge !e.

In this regime the frozen density of states, Eq. (A.64) reads:

#(t, µ0) =
4
"T

"
#$

#%

!2!&
t ! t(!)0

'2
+ !2!

+
!2!&

t ! t(+)0
'2
+ !2!

(
#)

#*
, (B.12)

With this equation one can estimate the adiabaticity condition, i.e., the condition
under which the current I(2) # #20 is small compared to a linear in #0 current
I(1), see Eq. (A.63). We use # # 1/(T"). In the linear response regime we have,
I2 # e2h#2 d2U/dt2, and correspondingly find:

$lin #
I(2)

I(1)
# h ##0 #

!#0
T
$ 1 . (B.13a)

While in the non-linear regime to leading order in #0!! we can write: I(2) #
e2h# (%#/%t) (dU/dt). Then using %#/%t # 1/(!!T") we calculate:

$n/lin #
I(2)

I(1)
#

h
!!T"

#
!#0
T 2
$ 1 . (B.13b)

Comparing Eqs. (B.13a) and (B.13b) we conclude that in the quantized emis-
sion regime the adiabaticity condition is more restrictive compared to the linear
response regime.
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compensated for and the electron occupying the
highest energy level of the dot is emitted. The
final state of the electron is a coherent wave
packet propagating away in the conductor. Its
energy width is given by the inverse tunneling
time, as required for an on-demand single-
particle source, and is independent of temper-
ature. Its mean energy can be adjusted above the
Fermi energy by tuning the voltage step am-
plitude. The circuit (Fig. 1A), is realized in a 2D
electron gas in a GaAsAl/GaAs heterojunction
of nominal density ns = 1.7 ! 1015 m−2 and
mobility m = 260 V−1 m2 s−1. The dot is electro-

statically coupled to a metallic top gate, 100 nm
above the 2D electron gas, whose ac voltage,
Vexc, controls the dot potential at the subnano-
second time scale. For all measurements, the
electronic temperature is about 200 mK and a
magnetic field B ≈ 1.3 T is applied to the sample
so as to work in the quantum Hall regime with
no spin degeneracy. The QPC dc gate voltage VG
is tuned to control the transmission D of a single
edge state as well as the dc dot potential. As
reported (25), this circuit constitutes the paradigm
of a quantum-coherent resistor-capacitor (RC)
circuit, where coherence is seen to strongly affect

the charge relaxation dynamics. From this study,
the charging energy D + e2/C ≈ D ≈ 2.5 K was
extracted (26). Here the large top-gate capaci-
tance makes the Coulomb energy e2/C unusually
small, and the total charging energy reduces to
the energy-level spacing D.

In (25), the linear response of the current to
the ac top-gate voltage was investigated, and the
ac charge amplitude was much lower than the
elementary charge e. In order to achieve single-
charge injection, we had to apply a high-
amplitude excitation (Vexc ~ D/e) and go beyond
the linear regime. When an electron is suddenly
brought above the Fermi energy of the lead, it is
expected to escape the dot at a typical tunnel
rate t−1 = DD /h, where D /h is the attempt
frequency and D is the transmission probability.
This gives nanosecond time scales, for which
single-charge detection is still out of reach ex-
perimentally. To increase the signal-to-noise
ratio, a statistical average over many individ-
ual events is used by generating repetitive se-
quences of single-electron emission followed
by single-electron absorption (or hole emission)
as shown in Fig. 1A. This is done by apply-
ing a periodic square wave voltage amplitude
≈ D/e to the top gate. Figure 1B shows typical
temporal traces of the current averaged over a
few seconds for a repetition period of T = 32 ns.
The single-electron events reconstruct the expo-
nential current decay of an RC circuit. When
transmission D is decreased from ≈0.03 to
≈0.002, the relaxation time t, extracted from the
exponential decay, increases from 0.9 to 10 ns.
For the two highest transmissions in Fig. 1B,
t << T/2, the current decays to zero, and the
mean transferred charge per half period is constant.
For the smallest transmission, t ~ T/2, the mean
emitted charge decreases because electrons have
reduced probability of escaping the dot. These
time-domain measurements are limited by the
1-GHz bandwidth of the acquisition card and
give access to the few-nanosecond injection times
corresponding to small transmissions D ≲ 0.03.

In order to get a better understanding of the
above results, we extend the harmonic linear re-

Fig. 1. Single-charge in-
jection. (A) Schematic of
single-charge injection.
Starting from an antires-
onant situation where
the Fermi energy lies be-
tween two energy levels
of the dot (step 1), the
dot potential is increased
by D moving one occu-
pied level above the Fer-
mi energy (step 2). One
electron then escapes the
dot on the mean time t =
h/DD. The dot potential
is then brought back to
its initial value (step 3),
where one electron can
enter it, leaving a hole
in the Fermi sea. (Inset
at right) The quantum
RC circuit: one edge chan-
nel is transmitted inside
the submicrometer dot,
with transmission D tuned
by the QPC gate voltage
VG. The dot potential is
varied by a radio-frequency
excitation Vexc applied on a macroscopic gate located on top of the dot. The electrostatic potential can
also be tuned by VG because of the electrostatic coupling between the dot and the QPC. (B) Time-
domain measurement of the average current (black curves) on one period of the excitation signal (red
curves) at 2eVexc = D for three values of the transmission D. The relaxation time t is deduced from an
exponential fit (blue curve).

Fig. 2. Iw as a function
of VG at f = 180 MHz
for different values of
the excitation amplitude
2eVexc. Transmission D
is also indicated. (A)
Modulus |Iw|. The hori-
zontal dashed line is the
constant value |Iw| =
2ef. (B) Nyquist repre-
sentation (imaginary
part of Iw versus real
part of Iw). The red
curve corresponds to an
RC circuit of constant
capacitance e2/D and
varying resistance. (C)
Phase f. The phase f
is independent of Vexc.
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compensated for and the electron occupying the
highest energy level of the dot is emitted. The
final state of the electron is a coherent wave
packet propagating away in the conductor. Its
energy width is given by the inverse tunneling
time, as required for an on-demand single-
particle source, and is independent of temper-
ature. Its mean energy can be adjusted above the
Fermi energy by tuning the voltage step am-
plitude. The circuit (Fig. 1A), is realized in a 2D
electron gas in a GaAsAl/GaAs heterojunction
of nominal density ns = 1.7 ! 1015 m−2 and
mobility m = 260 V−1 m2 s−1. The dot is electro-

statically coupled to a metallic top gate, 100 nm
above the 2D electron gas, whose ac voltage,
Vexc, controls the dot potential at the subnano-
second time scale. For all measurements, the
electronic temperature is about 200 mK and a
magnetic field B ≈ 1.3 T is applied to the sample
so as to work in the quantum Hall regime with
no spin degeneracy. The QPC dc gate voltage VG
is tuned to control the transmission D of a single
edge state as well as the dc dot potential. As
reported (25), this circuit constitutes the paradigm
of a quantum-coherent resistor-capacitor (RC)
circuit, where coherence is seen to strongly affect

the charge relaxation dynamics. From this study,
the charging energy D + e2/C ≈ D ≈ 2.5 K was
extracted (26). Here the large top-gate capaci-
tance makes the Coulomb energy e2/C unusually
small, and the total charging energy reduces to
the energy-level spacing D.

In (25), the linear response of the current to
the ac top-gate voltage was investigated, and the
ac charge amplitude was much lower than the
elementary charge e. In order to achieve single-
charge injection, we had to apply a high-
amplitude excitation (Vexc ~ D/e) and go beyond
the linear regime. When an electron is suddenly
brought above the Fermi energy of the lead, it is
expected to escape the dot at a typical tunnel
rate t−1 = DD /h, where D /h is the attempt
frequency and D is the transmission probability.
This gives nanosecond time scales, for which
single-charge detection is still out of reach ex-
perimentally. To increase the signal-to-noise
ratio, a statistical average over many individ-
ual events is used by generating repetitive se-
quences of single-electron emission followed
by single-electron absorption (or hole emission)
as shown in Fig. 1A. This is done by apply-
ing a periodic square wave voltage amplitude
≈ D/e to the top gate. Figure 1B shows typical
temporal traces of the current averaged over a
few seconds for a repetition period of T = 32 ns.
The single-electron events reconstruct the expo-
nential current decay of an RC circuit. When
transmission D is decreased from ≈0.03 to
≈0.002, the relaxation time t, extracted from the
exponential decay, increases from 0.9 to 10 ns.
For the two highest transmissions in Fig. 1B,
t << T/2, the current decays to zero, and the
mean transferred charge per half period is constant.
For the smallest transmission, t ~ T/2, the mean
emitted charge decreases because electrons have
reduced probability of escaping the dot. These
time-domain measurements are limited by the
1-GHz bandwidth of the acquisition card and
give access to the few-nanosecond injection times
corresponding to small transmissions D ≲ 0.03.

In order to get a better understanding of the
above results, we extend the harmonic linear re-

Fig. 1. Single-charge in-
jection. (A) Schematic of
single-charge injection.
Starting from an antires-
onant situation where
the Fermi energy lies be-
tween two energy levels
of the dot (step 1), the
dot potential is increased
by D moving one occu-
pied level above the Fer-
mi energy (step 2). One
electron then escapes the
dot on the mean time t =
h/DD. The dot potential
is then brought back to
its initial value (step 3),
where one electron can
enter it, leaving a hole
in the Fermi sea. (Inset
at right) The quantum
RC circuit: one edge chan-
nel is transmitted inside
the submicrometer dot,
with transmission D tuned
by the QPC gate voltage
VG. The dot potential is
varied by a radio-frequency
excitation Vexc applied on a macroscopic gate located on top of the dot. The electrostatic potential can
also be tuned by VG because of the electrostatic coupling between the dot and the QPC. (B) Time-
domain measurement of the average current (black curves) on one period of the excitation signal (red
curves) at 2eVexc = D for three values of the transmission D. The relaxation time t is deduced from an
exponential fit (blue curve).

Fig. 2. Iw as a function
of VG at f = 180 MHz
for different values of
the excitation amplitude
2eVexc. Transmission D
is also indicated. (A)
Modulus |Iw|. The hori-
zontal dashed line is the
constant value |Iw| =
2ef. (B) Nyquist repre-
sentation (imaginary
part of Iw versus real
part of Iw). The red
curve corresponds to an
RC circuit of constant
capacitance e2/D and
varying resistance. (C)
Phase f. The phase f
is independent of Vexc.
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T = 0.1

�⌧
T ⇡ T

4⇡2

S. Ol’khovskaya, J. Splettstoesser, M.M., and M. Büttiker, PRL 101, 166802 (2008)
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compensated for and the electron occupying the
highest energy level of the dot is emitted. The
final state of the electron is a coherent wave
packet propagating away in the conductor. Its
energy width is given by the inverse tunneling
time, as required for an on-demand single-
particle source, and is independent of temper-
ature. Its mean energy can be adjusted above the
Fermi energy by tuning the voltage step am-
plitude. The circuit (Fig. 1A), is realized in a 2D
electron gas in a GaAsAl/GaAs heterojunction
of nominal density ns = 1.7 ! 1015 m−2 and
mobility m = 260 V−1 m2 s−1. The dot is electro-

statically coupled to a metallic top gate, 100 nm
above the 2D electron gas, whose ac voltage,
Vexc, controls the dot potential at the subnano-
second time scale. For all measurements, the
electronic temperature is about 200 mK and a
magnetic field B ≈ 1.3 T is applied to the sample
so as to work in the quantum Hall regime with
no spin degeneracy. The QPC dc gate voltage VG
is tuned to control the transmission D of a single
edge state as well as the dc dot potential. As
reported (25), this circuit constitutes the paradigm
of a quantum-coherent resistor-capacitor (RC)
circuit, where coherence is seen to strongly affect

the charge relaxation dynamics. From this study,
the charging energy D + e2/C ≈ D ≈ 2.5 K was
extracted (26). Here the large top-gate capaci-
tance makes the Coulomb energy e2/C unusually
small, and the total charging energy reduces to
the energy-level spacing D.

In (25), the linear response of the current to
the ac top-gate voltage was investigated, and the
ac charge amplitude was much lower than the
elementary charge e. In order to achieve single-
charge injection, we had to apply a high-
amplitude excitation (Vexc ~ D/e) and go beyond
the linear regime. When an electron is suddenly
brought above the Fermi energy of the lead, it is
expected to escape the dot at a typical tunnel
rate t−1 = DD /h, where D /h is the attempt
frequency and D is the transmission probability.
This gives nanosecond time scales, for which
single-charge detection is still out of reach ex-
perimentally. To increase the signal-to-noise
ratio, a statistical average over many individ-
ual events is used by generating repetitive se-
quences of single-electron emission followed
by single-electron absorption (or hole emission)
as shown in Fig. 1A. This is done by apply-
ing a periodic square wave voltage amplitude
≈ D/e to the top gate. Figure 1B shows typical
temporal traces of the current averaged over a
few seconds for a repetition period of T = 32 ns.
The single-electron events reconstruct the expo-
nential current decay of an RC circuit. When
transmission D is decreased from ≈0.03 to
≈0.002, the relaxation time t, extracted from the
exponential decay, increases from 0.9 to 10 ns.
For the two highest transmissions in Fig. 1B,
t << T/2, the current decays to zero, and the
mean transferred charge per half period is constant.
For the smallest transmission, t ~ T/2, the mean
emitted charge decreases because electrons have
reduced probability of escaping the dot. These
time-domain measurements are limited by the
1-GHz bandwidth of the acquisition card and
give access to the few-nanosecond injection times
corresponding to small transmissions D ≲ 0.03.

In order to get a better understanding of the
above results, we extend the harmonic linear re-

Fig. 1. Single-charge in-
jection. (A) Schematic of
single-charge injection.
Starting from an antires-
onant situation where
the Fermi energy lies be-
tween two energy levels
of the dot (step 1), the
dot potential is increased
by D moving one occu-
pied level above the Fer-
mi energy (step 2). One
electron then escapes the
dot on the mean time t =
h/DD. The dot potential
is then brought back to
its initial value (step 3),
where one electron can
enter it, leaving a hole
in the Fermi sea. (Inset
at right) The quantum
RC circuit: one edge chan-
nel is transmitted inside
the submicrometer dot,
with transmission D tuned
by the QPC gate voltage
VG. The dot potential is
varied by a radio-frequency
excitation Vexc applied on a macroscopic gate located on top of the dot. The electrostatic potential can
also be tuned by VG because of the electrostatic coupling between the dot and the QPC. (B) Time-
domain measurement of the average current (black curves) on one period of the excitation signal (red
curves) at 2eVexc = D for three values of the transmission D. The relaxation time t is deduced from an
exponential fit (blue curve).

Fig. 2. Iw as a function
of VG at f = 180 MHz
for different values of
the excitation amplitude
2eVexc. Transmission D
is also indicated. (A)
Modulus |Iw|. The hori-
zontal dashed line is the
constant value |Iw| =
2ef. (B) Nyquist repre-
sentation (imaginary
part of Iw versus real
part of Iw). The red
curve corresponds to an
RC circuit of constant
capacitance e2/D and
varying resistance. (C)
Phase f. The phase f
is independent of Vexc.
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compensated for and the electron occupying the
highest energy level of the dot is emitted. The
final state of the electron is a coherent wave
packet propagating away in the conductor. Its
energy width is given by the inverse tunneling
time, as required for an on-demand single-
particle source, and is independent of temper-
ature. Its mean energy can be adjusted above the
Fermi energy by tuning the voltage step am-
plitude. The circuit (Fig. 1A), is realized in a 2D
electron gas in a GaAsAl/GaAs heterojunction
of nominal density ns = 1.7 ! 1015 m−2 and
mobility m = 260 V−1 m2 s−1. The dot is electro-

statically coupled to a metallic top gate, 100 nm
above the 2D electron gas, whose ac voltage,
Vexc, controls the dot potential at the subnano-
second time scale. For all measurements, the
electronic temperature is about 200 mK and a
magnetic field B ≈ 1.3 T is applied to the sample
so as to work in the quantum Hall regime with
no spin degeneracy. The QPC dc gate voltage VG
is tuned to control the transmission D of a single
edge state as well as the dc dot potential. As
reported (25), this circuit constitutes the paradigm
of a quantum-coherent resistor-capacitor (RC)
circuit, where coherence is seen to strongly affect

the charge relaxation dynamics. From this study,
the charging energy D + e2/C ≈ D ≈ 2.5 K was
extracted (26). Here the large top-gate capaci-
tance makes the Coulomb energy e2/C unusually
small, and the total charging energy reduces to
the energy-level spacing D.

In (25), the linear response of the current to
the ac top-gate voltage was investigated, and the
ac charge amplitude was much lower than the
elementary charge e. In order to achieve single-
charge injection, we had to apply a high-
amplitude excitation (Vexc ~ D/e) and go beyond
the linear regime. When an electron is suddenly
brought above the Fermi energy of the lead, it is
expected to escape the dot at a typical tunnel
rate t−1 = DD /h, where D /h is the attempt
frequency and D is the transmission probability.
This gives nanosecond time scales, for which
single-charge detection is still out of reach ex-
perimentally. To increase the signal-to-noise
ratio, a statistical average over many individ-
ual events is used by generating repetitive se-
quences of single-electron emission followed
by single-electron absorption (or hole emission)
as shown in Fig. 1A. This is done by apply-
ing a periodic square wave voltage amplitude
≈ D/e to the top gate. Figure 1B shows typical
temporal traces of the current averaged over a
few seconds for a repetition period of T = 32 ns.
The single-electron events reconstruct the expo-
nential current decay of an RC circuit. When
transmission D is decreased from ≈0.03 to
≈0.002, the relaxation time t, extracted from the
exponential decay, increases from 0.9 to 10 ns.
For the two highest transmissions in Fig. 1B,
t << T/2, the current decays to zero, and the
mean transferred charge per half period is constant.
For the smallest transmission, t ~ T/2, the mean
emitted charge decreases because electrons have
reduced probability of escaping the dot. These
time-domain measurements are limited by the
1-GHz bandwidth of the acquisition card and
give access to the few-nanosecond injection times
corresponding to small transmissions D ≲ 0.03.

In order to get a better understanding of the
above results, we extend the harmonic linear re-

Fig. 1. Single-charge in-
jection. (A) Schematic of
single-charge injection.
Starting from an antires-
onant situation where
the Fermi energy lies be-
tween two energy levels
of the dot (step 1), the
dot potential is increased
by D moving one occu-
pied level above the Fer-
mi energy (step 2). One
electron then escapes the
dot on the mean time t =
h/DD. The dot potential
is then brought back to
its initial value (step 3),
where one electron can
enter it, leaving a hole
in the Fermi sea. (Inset
at right) The quantum
RC circuit: one edge chan-
nel is transmitted inside
the submicrometer dot,
with transmission D tuned
by the QPC gate voltage
VG. The dot potential is
varied by a radio-frequency
excitation Vexc applied on a macroscopic gate located on top of the dot. The electrostatic potential can
also be tuned by VG because of the electrostatic coupling between the dot and the QPC. (B) Time-
domain measurement of the average current (black curves) on one period of the excitation signal (red
curves) at 2eVexc = D for three values of the transmission D. The relaxation time t is deduced from an
exponential fit (blue curve).

Fig. 2. Iw as a function
of VG at f = 180 MHz
for different values of
the excitation amplitude
2eVexc. Transmission D
is also indicated. (A)
Modulus |Iw|. The hori-
zontal dashed line is the
constant value |Iw| =
2ef. (B) Nyquist repre-
sentation (imaginary
part of Iw versus real
part of Iw). The red
curve corresponds to an
RC circuit of constant
capacitance e2/D and
varying resistance. (C)
Phase f. The phase f
is independent of Vexc.

25 MAY 2007 VOL 316 SCIENCE www.sciencemag.org1170

REPORTS

 o
n 

Ju
ne

 5
, 2

00
7 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

IQ
(t
)
,a
.u
.

T = 0.1

a work done by the external force depending on emission time
(an energy of a particle emitted at a given instant of time)

J.S. Lim, D. Sanchez, M.M.  (unpublished)
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M. M. and M. Büttiker, Physical Review B 80, 081302( R ) (2009).

T ĪQ = 2
~

2�⌧
,

the energy of a single-particle

the number of particles emitted per period
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Particle’s energy from the work done
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µt = t0

~
2�⌧

= ⌧DedU
dt ,

t = t0 + τD
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Particle’s energy from 
the distribution function
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F. Battista and P. Samuelsson, M. Albert, M.M. (unpublished)

mean energy : h✏i =

1R

0
d✏ ✏ f(✏)

1R
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= ~
2�⌧

,

(Poisson distribution)

h✏2i =

1R

0
d✏ ✏2 f(✏)
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= 2
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~
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⌘2
,fluctuations :

⌦
�2✏

↵
=

⌦
✏2
↵
� h✏i2 = h✏i2 ,

Fluctuations in energy of emitted particles 
result in fluctuations of a heat flux

f(µ+ ✏) = hb†(µ+ ✏)b(µ+ ✏)i = 2⌦�⌧e�
2�⌧
~ ✏ ,



Heat fluctuations and how to 
measure them

22
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VDC :

V(t) :

Charge current Heat flow

e2

h VDC ,

e2

h V (t) ,

RqI2 ,

RqI2 ,

Paradigmatic example :
a biased Hall bar

23

I
V

VDC :

V(t) :

Charge noise
(zero frequency)

Heat noise
(zero frequency)

0,

0,

0,

(a shot-like heat noise)

h
T IQ ,

F. Battista and P. Samuelsson, M. Albert, M.M. (unpublished)

A probabilistic absorption of energy from a 
time-dependent field results in fluctuations 
of an energy flow even if the particle flow is 

regular
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How to measure the energy 
fluctuations

24

F. Battista and P. Samuelsson, M. Albert, M.M. (unpublished)

D
(�TP )

2
E
⇠

D
(�✏)2

E
,

U(t)

VP, TP

voltmeter & thermometer

D
(�VP )

4
E
⇠

D
(�TP )

2
E
,

�Vp

SES generates a noiseless particle flow but noisy heat flow
(like an AC voltage does)



Two-particle emitter

25

J. Splettstoesser, S. Ol’khovskaya, M.M, and M. Büttiker, Physical Review B 78, 205110 (2008).
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First, why it should be additive (U is constant, N is additive):

IQ = dA/dt = UI = UedN/dt ,

Heat is not additive : 

26

M. M. and M. Büttiker, Physical Review B 80, 081302( R ) (2009).

Second, heat can be non-additive if the particles overlap and, 
as a result of the Pauli principle, their energies become 
interrelated: (effective eU for different particles becomes different). 
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Utilizing the Joule-Lenz law:  IQ ∼ I2

27

M. M. and M. Büttiker, Physical Review B 80, 081302( R ) (2009).

separate emission of particles : heat is additive

I2(t) = I(t� t0L) + I(t� t0R) ,

I22 (t) = I2(t� t0L) + I2(t� t0R) ! IQ2 (t) = IQL + IQR ,

E2 = EL + ER = 2
~

2�⌧
,
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Utilizing the Joule-Lenz law:  IQ ∼ I2

28

M. M. and M. Büttiker, Physical Review B 80, 081302( R ) (2009).

e-e pair emission : heat is enhanced
I2(t) = 2I1(t) ! IQ2 = 4IQ1 ,

E2 = 4
~

2�⌧
> EL + ER ,

~
2�⌧

, 3
~

2�⌧
, The second particle has enhanced energy

(the Pauli principle requires this)
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Paradoxically an energy carried by an e-h 
pair is sensitive to the regime of emission

29

M. M. and M. Büttiker, Physical Review B 80, 081302( R ) (2009).

adiabatic regime : heat is suppressed
I2(t) = 0 ! IQ2 = 0 ,

E2 = 0 ,
What  emitted by the first source is reabsorbed by the second source !

(two positive energies “add up” to zero!) 

E2 = EL + ER = 2
~

2�⌧
,non-adiabatic regime : heat is additive



Adiabatic versus non-adiabatic

30
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Emission : adiabatic

31

E

µ

U(t) = U0 cos(Ωt)

I(t)

t0 t

EN

2δ

Г = —————  ,δ
dU/dt

2�

Ia(t) =
�/⇡

(t�t0)2+�2

U(t)

S(U,E)

Adiabatic emission condition : � ⌧ ⌧D
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Emission : non-adiabatic

32

U0

t0

t0

⌧D

U(t)

S(U,E)

dU
dt � U0

⌧D
,Non-adiabatic emission condition :
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Reabsorption as due to the TRS

33

2

T ! !D , (3)

to use a driven cavity as a single-particle source.1 Note to
operate periodically we need to return the level back by
applying the opposite potential "!"(t" t+). The delay
between subsequent potential steps should be longer than
the duration of a current pulse, t+"t! ! !D, to allow an
electron emission to be completed : The emitted charge
q =

! t+
t!

I(t)dt should be equal to an electron charge,

q = e. Then at time t+ a hole can be emitted.
Second, the dwell time, !D, defines the regime of emis-

sion, adiabatic or non-adiabatic. We mark the corre-
sponding quantities with indices “a” or “na”, respec-
tively. If the potential U(t) changes fast on the scale
of !D, then we speak about a non-adiabatic emission. In
this case the shape of an emitted current pulse is asym-
metric and given by Eq. (1). In contrast, if U(t) changes
smooth the current pulse is predicted to be symmetric :11

Say, close to t! it is,

Ia(t) =
e"!/#

(t" t!)
2 + "2

!

. (4)

Now the duration of a current pulse is defined by the time
of crossing, 2"! = 2$/

"

"e dU/dt|t=t!

"

". Here 2$ is a width
of a quantum level in the weakly coupled cavity. In the
model used $ = !T/(4#). For eU(t) = (!/2) cos(#t),
where # = 2#/T , and t! = 3T /4 we find

"! = T
T

4#2
. (5)

Note as it was shown in Ref. 3, the time of crossing "!
defines also a single-particle coherence time of an electron
emitted adiabatically.
The equation (4) is a leading order adiabatic contribu-

tion dominated at 20

"! ! !D . (6)

It means that the level of a cavity crosses the Fermi level
so slow, that electrons (from the conductor) have enough
time to enter and to leave the cavity at the same instan-
taneous value of the potential and, therefore, they do
not contribute to a current. Only an electron occupied
a quantum level in the cavity and leaved the cavity does
contribute to a current.
From Eq. (6) it also follows that the width of a wave-

packet emitted adiabatically is much larger than the
width of a wave-packet emitted non-adiabatically. Ap-
parently with decrease of the crossing time "! , keep-
ing the period T large compared to !D, the shape of

the pulse will evolve from adiabatic, Eq. (4), to non-
adiabatic, Eq. (1). The example can be found in Ref. 13
for a level driven with a constant speed.
The current pulses Ina(t), Eq. (1), and Ia(t), Eq. (4),

have both similar and di$erent features. The similar-
ity is that each of them carries a quantized charge and
correspond to a single particle. Therefore, one can an-
ticipate that they both should show similar quantiza-
tion e$ects11–14 and e$ects exploiting the fermionic na-
ture of electrons and arising due to the overlap of wave-
packets11,15–18,22. We use below the shot noise suppres-
sion e$ect as an example.
On the other hand for some e$ects the shape of

a wave-packet is crucial. Below we use the e$ect of
reabsorption20,21 predicted for the adiabatic regime as
such an example : If two cavities are coupled to the
same edge state, then the electron emitted adiabatically
by one cavity can be reabsorbed by another cavity emit-
ting a hole at the same time, see Fig. 1 (a). First
of all, in this regime a time-dependent current is zero,
I(t) = 0.20 This current consists of two parts, electronic,
Ie(t), and hole, Ih(t), which compensates each other :

BA BA

I(t) = 0
I    = 0Q

I(t) = 0
I    > 0QA

(a)  Adiabatic emission

(b)  Non−adiabatic emission

BA B

FIG. 1: (Color online) Two-particle emitter composed of
two cavities having the same parameters and coupled to the
same chiral edge state. Electrons propagate in the edge states
shown as blue solid lines. The cavity B is tuned to emit a
hole at the time when the cavity A emits an electron (plus
the time of flight between the cavities). The arrows indicate
the direction of a movement. The humps schematically show
current profiles corresponding to an electron (upward black)
and a hole (downward red). (a) Adiabatic emission regime :
When the driven potential is slow and smooth, an electron
emitted by the cavity A is merely reabsorbed by the cavity B
and nothing comes out. (b) Non-adiabatic emission regime :
When the cavities are driven by the pulsed potentials they
emit an electron-hole pair. Since this pair is neutral the time-
dependent current is zero, I(t) = 0. However both an electron
and a hole carries energy. Therefore, the generated DC heat
flow is not zero, IQ > 0.

-t

-t

G. Haack, M. M. and M. Büttiker, (unpublished)

In an adiabatic regime both sources work together.
While in a non-adiabatic regime they work separately.
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Conclusion

34

• We presented the scattering matrix approach to a time-dependent heat 
transport in mesoscopic dynamic structures. 

‣ There are two generic effects : Heat generation and heat pump effect. 

• Probabilistic absorption of energy from a dynamical source results in 
heat fluctuations even if the particle flow is regular. 

• Heat current is not additive (unlike a charge current). We analyzed heat 
generation in a two-particle source and found 

‣ in adiabatic regime : heat suppression at e-h emission,
‣ in both regimes : heat increase at e-e (h-h) emission,
‣ otherwise heat is additive.
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