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Géraldine Haack1 and Francesco Giazotto2

1Department of Applied Physics, Université de Genève, 1211 Genève, Switzerland
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We propose a quantum heat engine based on an Aharonov-Bohm interferometer in a two-terminal
geometry, and investigate its thermoelectric performances in the linear response regime. Sizeable
thermopower (up to ∼ 0.3 mV/K) as well as ZT values largely exceeding unity can be achieved by
simply adjusting parameters of the setup and temperature bias across the interferometer leading
to thermal efficiency at maximum power approaching 30% of the Carnot limit. This is close to
the optimal efficiency at maximum power achievable for a two-terminal heat engine. Changing
the magnetic flux, the asymmetry of the structure, a side-gate bias voltage through a capacitively-
coupled electrode and the transmission of the T-junctions connecting the AB ring to the contacts
allows to finely tune the operation of the quantum heat engine. The exploration of the parameters’
space demonstrates that the high performances of the Aharonov-Bohm two-terminal device as a
quantum heat engine are stable over a wide range of temperatures and length imbalances, promising
towards experimental realization.

I. INTRODUCTION

The investigation of thermal properties and heat trans-
port at the nanoscale has garnered an impressive atten-
tion in the last few years11–55. Strong advances achieved so
far have proven a deeper understanding of the fundamen-
tal processes governing thermal transport and dynamics
in solid-state nano-systems, both from the theoretical66–1919

and experimental side2020–2727. A very relevant question is
related to establish if, and up to which extent, quantum
effects do play a role in setting and controlling the per-
formance of nano-sized heat engines, for instance, their
conversion efficiency and output power2828–3030.

Albeit classical thermodynamics turns out to hold at
the microscale, it is well established that quantum effects
and phase coherence may have a profound impact on the
overall behavior of nanoscopic heat engines. In the above
context, the celebrated Aharonov-Bohm effect3131, i.e., the
quantum mechanical property for which a charged par-
ticle can be influenced by either electric or magnetic po-
tentials, may represent the prototypical building block
for the realization of efficient quantum heat engines.

Here we envision and analyze a solid-state phase-
coherent heat engine based on a mesoscopic Aharonov-
Bohm (AB) interferometer, as shown in Fig. 11. Our
proposal has a number of peculiar and attractive features:
i) The working medium of the engine is a mesoscopic AB
ring, that provides quantum phase-coherent control of
particle and heat currents; ; ii) The system can operate
as an ideal heat switch by controlling very precisely the
thermal conductance κth from a thermally insulating
to a conducting state. iii) The Seebeck coefficient S
(thermopower) can be large, i.e., of several hundreds of
µV/K for suitable system parameters and temperature
bias across the interferometer, and of both positive and
negative sign whereas the dimensionless figure of merit
ZT obtains values largely exceeding unity; iv) The heat
engine efficiency at maximum power approaches 30% of
the Carnot efficiency, which is close to the theoretical
optimum2929. The AB flux threading the sample plays
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FIG. 1. a) Scheme of the two-terminal Aharonov-Bohm (AB)
quantum heat engine. L1 and L2 denote the lengths of the
arms of the interferometer whereas Thot and Tcold are the
temperatures of the hot and cold reservoirs. ΦAB is the mag-
netic flux piercing the loop, Vg is the gate voltage, and J
is the heat current flowing through the system. Transmis-
sion from the leads to the AB ring goes through T-junctions,
parametrized by ε ∈ [0, 1/2]. The AB interferometer is con-
nected to a generic load resistor RL through dissipationless
(superconducting) wires. V and Ic represent the thermovolt-
age developed across the AB ring, and the thermocurrent
circulating in the circuit, respectively. b) Tunability of the
energy-dependent transmission probability TAB of the AB
ring as a function of the asymmetry δL = 0 (dashed) and
δL/L = 0.3 (solid) and as a function of the transmittivity
of the T-junctions ε = 0.5 (black) and ε = 0.1 (red) for
eVg = 2πµ/5, 2πΦAB/Φ0 = π/7, L = 2 · 10−6µm.
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the role of a finely tunable parameter, allowing for
switching on and off the engine. Properties i)-iv) are
optimized by controlling the asymmetry of the ring, a
side gate voltage through a capacitively-coupled gate
electrode and the quality of the contacts between leads
and working medium. The AB interferometer represents
the archetypal quantum platform in mesoscopic physics
which has been largely investigated so far both from
the theoretical3232–3636 and experimental3737–4040 side since
it can be easily realized with current state-of-the-art
nano-fabrication techniques and available materials,
based on metallic or 2DEG structures. Transport
through this device takes place in 1D. In light of the
above considerations, the AB engine has the potential
to pave the avenue to the realization of a novel class of
phase-tunable quantum machines ranging from thermal
rectifiers2525,4141–4646 and autonomous heat engines4747–5050 to
driven Floquet heat engines5151–5656.

The paper is organized as follows. In Sec. IIII, we pro-
vide the expression of the transmission probability TAB
of the AB ring using a scattering matrix approach, all de-
tails are given in App AA. In Sec. IIIIII, we investigate the
behaviour of the electrical and thermal conductances, as
well as of the Seebeck coefficient, as a function of key
experimental parameters, for instance, the average tem-
perature, the gate voltage, the AB flux and the size and
asymmetry of the ring. We show that the AB ring can be
tuned to reach high thermopower, confirmed by values of
the ZT figure of merit largely exceeding 1. In Sec. IVIV,
we exploit the good thermoelectric performances of the
AB ring to propose a heat engine with an AB ring as
working medium. By adjusting the value of the load
resistance, we show that it achieves a close-to-optimal
efficiency, η ∼ 30%. We conclude this work by investi-
gating in Sec. VV the effect of non-ideal T-junctions, i.e.,
when incoming electrons from the contacts do have a
finite probability to be reflected into the contacts. This
leads to resonant tunneling, increasing even more the per-
formance of the AB heat engine.

II. LINEAR RESPONSE REGIME
AND TRANSMISSION PROBABILITY

In the linear response regime, which is valid when
Thot − Tcold ≡ ∆T � T ≡ (Thot + Tcold)/2, and within a
Landauer-Büttiker formalism, the charge and heat cur-
rents, respectively I and J , are related to a voltage
bias ∆V and temperature bias ∆T by the transport
coefficients2828,3030:(

I
J

)
=

(
G L
M K

)(
∆V
∆T

)
. (1)

These coefficients take the explicit form G = 2e2I0, L =
2eI1/T,K = 2I2/T , and M = 2eI1 = LT with the inte-
grals

In =
1

h

∫ ∞
−∞

dE (E − µ)n TAB(E)

(
− ∂f
∂E

)
n = 0, 1, 2 .

(2)

The factor 2 in the transport coefficients accounts for
spin-degeneracy, and the Fermi distribution’s derivative

is (−∂f/∂E) =
[
4kBT cosh2[(E − µ)/(2kBT )]

]−1

. The

coefficients G,L,K fully determine the thermal conduc-
tance κth , as well as the thermo-electric response of the
device, i.e., the Seebeck coefficient S

κth =
J

∆T

∣∣∣∣
I=0

= −(K + S2GT ) (3)

S =
∆V

∆T

∣∣∣∣
I=0

= −L
G
. (4)

The Seebeck coefficient depends on the ratio I1/I0 as
defined in Eq. (22), which vanishes if the transmission
probability T (E) is symmetric with respect to energy or
energy-independent. Below, we show that it is the com-
bination of optimal values for the asymmetry of the ring
and of the gate voltage essentially that leads to a strong
energy-asymmetry in T , and that allows the AB ring
to exhibit strong thermoelectric effects. To derive the
transmission probability through the AB ring within a
scattering-matrix approach, we model our setup as a two-
terminal geometry consisting of an AB ring connected to
two metallic reservoirs through T-junctions. The inter-
ferometer is threaded by a magnetic field that leads to
an enclosed magnetic flux ΦAB and is gated via an ex-
ternal voltage Vg, see Fig. 11 a). Although the approach
is not new, see in particular Refs. 3232, 3434, and 5858, and
the derivation does not present any specific difficulty, the
complete expression of TAB as a function of the length
and asymmetry of the ring, in the presence of a gate volt-
age and for finite-transmissivity T-junctions is absent in
the literature, to the best of our knowledge. Since we will
demonstrate that the AB ring can be operated as an effi-
cient thermoelectric device by tuning those parameters,
we believe it is important to provide the full expression
of TAB . The full derivation with all the details is given
in App. AA, the final expression being:
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TAB =
1− cosχ cos δχ+ cos(2πΦAB/Φ0) (cos δχ− cosχ)

sin2 χ+

(
2(1−ε) cosχ−

(
1−ε−√1−2ε

)
cos δχ−

(
1−ε+√1−2ε

)
cos(2πΦAB/Φ0)

2ε

)2 .

(5)

Here, χ = χ1 + χ2 and δχ = χ1 − χ2, where χi = kiLi
are the dynamical phases that electrons acquire while
traveling in each arm i = 1, 2, ki being the wave vec-
tor and Li the length of the corresponding arm. The
AB flux is 2πΦAB/Φ0 with the flux quantum Φ0 = h/e.
Furthermore, non-ideal T-junctions, implying that elec-
trons arriving from source or drain contacts onto the
beam splitter have a finite probability to be reflected
back to the contacts, are characterized by a single pa-
rameter ε ∈ [0, 1/2], see Ref. 3232. This parameter allows
to continuously span from a fully transmitting T-junction
(ε = 1/2) to a fully disconnected AB ring from the source
and drain for ε = 0. The energy-dependence of TAB is
put in evidence by linearizing the spectrum around the
Fermi energy µ. Taking into account an additional volt-
age gate Vg applied onto the lower arm and the possibility
to tune the Fermi wave vector with some energy offsets
applied onto each arm (kµ → k̃µ), the wave vectors for
electrons travelling through the upper and lower arms are
respectively given by

k1(E) = k̃µ +
E − µ
~vd

, k2(E) = k̃µ +
E − (µ+ eVg)

~vd
.(6)

For an asymmetric AB ring, the difference and sum of
the dynamical phases then read:

χ1 + χ2 = (2L+ δL)

(
k̃µ +

E − µ
~vd

)
− eVgL

~vd
(7)

χ1 − χ2 = δL

(
k̃µ +

E − µ
~vd

)
+
eVgL

~vd
. (8)

Here we have defined L1 ≡ L + δL, L2 ≡ L, and vd
is the electronic drift velocity. By inserting Eqs. (77)
and (88) into Eq. (55), we obtain the energy-dependent
transmission probability as a function of the arm’s length
L, the asymmetry of the ring δL, the transmission of the
T-junction ε, the AB flux ΦAB and the gate voltage Vg.

From Eqs. (55), (77), (88), it becomes clear why the key
parameters for enhancing the thermoelectric properties
reduce to the length L, the asymmetry δL, the gate volt-
age Vg and the transmission parameter of the T-junctions
ε. Indeed, as stated earlier, energy asymmetry is the key
factor, and the energy dependence arises in the dynamical
phases χ1 and χ2, which can be controlled by the afore-
mentioned parameters. By contrast, the AB flux can be
exploited to turn on and off the thermoelectric properties
of the AB ring. Remarkably, when ε � 1 correspond-
ing to poorly transmitting T-junctions, the transmission
probability TAB(E) exhibits resonance peaks as a func-
tion of energy. In other words, when the T-junctions are

poorly transmitting, a resonant tunneling effect through
the AB ring is observed. Thanks to the complexity of the
energy-dependence of TAB(E) as a function of the mul-
tiple parameters of the AB ring, we can exploit them to
design a close-to-ideal transmission probability for max-
imising thermoelectric effects. This is achieved when the
transmission probability is made of a series of delta-peaks
(originating in the resonance peaks for ε � 1/2), highly
asymmetric with respect to the Fermi energy. As an il-
lustration of those properties, Fig. 11 b) shows the strong
energy asymmetry of the transmission probability in the
presence of a finite asymmetry δL and external voltage
Vg, for optimal ideal T-junctions (ε = 0.5) and for poorly
transmitting T-junctions (ε = 0.1).

III. THERMOELECTRIC PROPERTIES OF
THE AB RING

We first investigate the parameters’ space of the AB
ring to determine under which conditions the AB ring
exhibits strong thermoelectric effect. To this end, we
first assume that the T-junctions are fully transmitting
[ε = 0.5 in Eq. (55)]. The effect of finite reflection at the
T-junctions is investigated in Sec. VV. In Fig. 22, we show
the transport and thermoelectric coefficients of the gated
AB ring as a function of the AB flux and the gate voltage
Vg for a fixed length L = 2µm and length asymmetry
δL/L = 0.3. The dependence on average temperature is
shown in panel b), whereas the density plots in panel a)
are valid for an average temperature T = 500 mK.

As expected, at low temperatures for which the Fermi
distributions are almost step-like functions, the electrical
conductance exhibits maximal amplitude 2e2/h since it
is principally determined by the transmission probabil-
ity which ranges from 0 to 1 over the parameter space.
By contrast, as the temperature increases, we observe a
decrease in its maximal amplitude.

The behaviour of the thermal conductance is of par-
ticular relevance for exploiting the AB ring to control
heat currents. The density plot of κth as a function of
the gate voltage and AB flux shows that the latter can
be used to fully control heat currents, i.e., the AB ring
behaves as an ideal phase-tunable heat switch. By ad-
justing the AB flux allows one to tune the thermal con-
ductance from 0 to maximum. This type of device is
highly desirable towards phase-coherent caloritronics33,44.
This operating mode has to be contrasted with exist-
ing proposals for quantum heat switches based on super-
conducting devices and Josephson junctions. There, the
switch is only over the phase-dependent component (due
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<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

⇥
1
0
�

1
2

<latexit sha1_base64="hZTNYZsm2Z8584EvW+/jWInYQOk=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAbBg4bdKOgx4MVjBPOAZA2zk9lkyOyDmV4hLvkSLx4U8eqnePNvnCR70MSChqKqm+4uP5FCo+N8Wyura+sbm4Wt4vbO7l7J3j9o6jhVjDdYLGPV9qnmUkS8gQIlbyeK09CXvOWPbqZ+65ErLeLoHscJ90I6iEQgGEUj9exSF0XINXGdh+zcrU56dtmpODOQZeLmpAw56j37q9uPWRryCJmkWndcJ0EvowoFk3xS7KaaJ5SN6IB3DI2o2eZls8Mn5MQofRLEylSEZKb+nshoqPU49E1nSHGoF72p+J/XSTG49jIRJSnyiM0XBakkGJNpCqQvFGcox4ZQpoS5lbAhVZShyapoQnAXX14mzWrFvahU7y7LtbM8jgIcwTGcggtXUINbqEMDGKTwDK/wZj1ZL9a79TFvXbHymUP4A+vzBzhukhQ=</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

1
<latexit sha1_base64="58N8iZhPhP8YbIeRpqOkwM6Xbak=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHVNjKM=</latexit>

2
<latexit sha1_base64="UUb8Kz17eE1R6FyuGqU/dQhbsTQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWatb65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15V6hd5HEU4gVM4Bw+uoQ530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AXbRjKQ=</latexit>

3
<latexit sha1_base64="4LC7uBqjYrKZQCLexnDzyReyniU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuIugx4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCW3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9VypXFdql1lceThDM7hEjy4gRrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB3hVjKU=</latexit>

4
<latexit sha1_base64="ud69VEI4g0/Hc8Kff9d/w0dHW30=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuDOgx4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCW3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9flSqNaql1lceThDM7hEjy4gRrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB3nZjKY=</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

1
<latexit sha1_base64="58N8iZhPhP8YbIeRpqOkwM6Xbak=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHVNjKM=</latexit>

0.5
<latexit sha1_base64="sNws6NnF+B6mX7riS/eX2j6+yKo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4kJBURY8FLx4r2g9oQ9lsN+3SzSbsToRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOd9Oyura+sbm4Wt4vbO7t5+6eCwYZJMM15niUx0K6SGS6F4HQVK3ko1p3EoeTMc3k795hPXRiTqEUcpD2LaVyISjKKVHjz3qlsqe643A1kmfk7KkKPWLX11egnLYq6QSWpM2/dSDMZUo2CST4qdzPCUsiHt87alisbcBOPZqRNyapUeiRJtSyGZqb8nxjQ2ZhSHtjOmODCL3lT8z2tnGN0EY6HSDLli80VRJgkmZPo36QnNGcqRJZRpYW8lbEA1ZWjTKdoQ/MWXl0mj4voXbuX+slw9z+MowDGcwBn4cA1VuIMa1IFBH57hFd4c6bw4787HvHXFyWeO4A+czx9UPI0Z</latexit>

th [W/K]
<latexit sha1_base64="RGqCnfAsLS3P6AlX+m7vVCkomBA=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSE2qoMuCG8FNBfuAJITJdNIOnUyGmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXeeyLBqNKO822trK6tb2xWtqrbO7t7+/bBYVelmcSkg1OWyn6EFGGUk46mmpG+kAQlESO9aHwz9XuPRCqa8gedCxIkaMhpTDHSRgrtmj9GQqCw0KOJfwa93vldENp1p+HMAJeJW5I6KNEO7S9/kOIsIVxjhpTyXEfooEBSU8zIpOpnigiEx2hIPEM5SogKitnxE3hilAGMU2mKazhTf08UKFEqTyLTmSA9UoveVPzP8zIdXwcF5SLThOP5ojhjUKdwmgQcUEmwZrkhCEtqboV4hCTC2uRVNSG4iy8vk26z4V40mveX9VazjKMCjsAxOAUuuAItcAvaoAMwyMEzeAVv1pP1Yr1bH/PWFaucqYE/sD5/ANAUlCo=</latexit>

Seebeck [µV/K]
<latexit sha1_base64="jOJ3peP0ou41/PHIxPG6oDqQflg=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIHEmCnoMeBG8RDQLZIbQ06kkTXoWumvEMOTkxV/x4kERr36DN//GznLQxAcFj/eqqKrnx1JotO1vK7OwuLS8kl3Nra1vbG7lt3dqOkoUhyqPZKQaPtMgRQhVFCihEStggS+h7vcvR379HpQWUXiHgxi8gHVD0RGcoZFa+X0X4QHTWwAfeH9I3WPadIOE1ugJvfZa+YJdtMeg88SZkgKZotLKf7ntiCcBhMgl07rp2DF6KVMouIRhzk00xIz3WReahoYsAO2l4zeG9NAobdqJlKkQ6Vj9PZGyQOtB4JvOgGFPz3oj8T+vmWDnwktFGCcIIZ8s6iSSYkRHmdC2UMBRDgxhXAlzK+U9phhHk1zOhODMvjxPaqWic1os3ZwVyqVpHFmyRw7IEXHIOSmTK1IhVcLJI3kmr+TNerJerHfrY9KasaYzu+QPrM8fB3GXeg==</latexit>

a)
<latexit sha1_base64="KjHGGi9N5goRlk2ES/hR0gdjvww=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSLopSS1oMeCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD/SyXyq7FXcOskq8nJQhR6Nf+uoNYpZGXCGT1Jiu5yboZ1SjYJJPi73U8ISyMR3yrqWKRtz42fzSKTm3yoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbThFG4K3/PIqaVUr3lWlel8r12t5HAU4hTO4AA+uoQ530IAmMAjhGV7hzRk7L86787FoXXPymRP4A+fzByPtjQ4=</latexit>

b)
<latexit sha1_base64="CMTkfLHi4GBjvDygSDIyys/HAME=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSLopSS1oMeCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD8Flv1R2K+4cZJV4OSlDjka/9NUbxCyNuEImqTFdz03Qz6hGwSSfFnup4QllYzrkXUsVjbjxs/mlU3JulQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMb/xMqCRFrthiUZhKgjGZvU0GQnOGcmIJZVrYWwkbUU0Z2nCKNgRv+eVV0qpWvKtK9b5WrtfyOApwCmdwAR5cQx3uoAFNYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyVyjQ8=</latexit>

2⇡
<latexit sha1_base64="o2we4ogH9qdH/pDB9nLErX3Xy3g=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY8FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aytb2xubZd2yrt7+weHlaPjlk4yxdBniUhUJ6QaBZfoG24EdlKFNA4FtsPx3cxvP6HSPJGPZpJiENOh5BFn1FjJr5NeyvuVqltz5yCrxCtIFQo0+5Wv3iBhWYzSMEG17npuaoKcKsOZwGm5l2lMKRvTIXYtlTRGHeTzY6fk3CoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg2yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n7INwVt+eZW06jXvqlZ/uK42Los4SnAKZ3ABHtxAA+6hCT4w4PAMr/DmSOfFeXc+Fq1rTjFzAn/gfP4AEb6OIQ==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

⇡
<latexit sha1_base64="hRHXb1qZN9DW23SWptFWm95EBbs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeuglol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5ltXZ/Valf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdKbY27</latexit>

2⇡
<latexit sha1_base64="o2we4ogH9qdH/pDB9nLErX3Xy3g=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY8FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aytb2xubZd2yrt7+weHlaPjlk4yxdBniUhUJ6QaBZfoG24EdlKFNA4FtsPx3cxvP6HSPJGPZpJiENOh5BFn1FjJr5NeyvuVqltz5yCrxCtIFQo0+5Wv3iBhWYzSMEG17npuaoKcKsOZwGm5l2lMKRvTIXYtlTRGHeTzY6fk3CoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg2yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n7INwVt+eZW06jXvqlZ/uK42Los4SnAKZ3ABHtxAA+6hCT4w4PAMr/DmSOfFeXc+Fq1rTjFzAn/gfP4AEb6OIQ==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

⇡
<latexit sha1_base64="hRHXb1qZN9DW23SWptFWm95EBbs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeuglol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5ltXZ/Valf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdKbY27</latexit>

100
<latexit sha1_base64="U7NivmglaBOVxegVuZW4ILBW+pM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWevBct1+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5ltXZ/Valf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdROI0X</latexit>

200
<latexit sha1_base64="jhzURtShbCP7Fye6AeJuhZYZjnc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeqi5br9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdKqVb3Lau3+qlK/yOMowgmcwjl4cA11uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w9Svo0Y</latexit>

�200
<latexit sha1_base64="ob0Tx+2aNJSNTZgllZvyqIGwTMc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5YkCnosePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJpUvfdQfVmlt350CrxCtIDQo0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0/bp3VfcfrmuNiyKOMpzAKZyDBzfQgHtoQgsIjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AvGGNTw==</latexit>

5
<latexit sha1_base64="O81HbD3PcBeCTub0ATBmTFuPxYc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuVPQY8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6te9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCW3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2qVL3I4sjDCZzCOXhwA1W4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3tdjKc=</latexit>

6
<latexit sha1_base64="QVwmLucC8fTUWQPzJ9PlDmpMJJ4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuFPUY8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6te9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCW3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2qVL3I4sjDCZzCOXhwA1W4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3zhjKg=</latexit>

�100
<latexit sha1_base64="J727gAPZdGdfdYRYn/C/J90gQWM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5akCnosePFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jk0qXnuoNqza27c6BV4hWkBgVag+pXfxiTVFBpCMda9zw3MUGGlWGE01mln2qaYDLBI9qzVGJBdZDNb52hM6sMURQrW9Kgufp7IsNC66kIbafAZqyXvVz8z+ulJroNMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8WG4C2/vErajbp3VW88XNeaF0UcZTiBUzgHD26gCffQAh8IjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AutuNTg==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

100
<latexit sha1_base64="U7NivmglaBOVxegVuZW4ILBW+pM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWevBct1+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5ltXZ/Valf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdROI0X</latexit>

200
<latexit sha1_base64="jhzURtShbCP7Fye6AeJuhZYZjnc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeqi5br9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdKqVb3Lau3+qlK/yOMowgmcwjl4cA11uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w9Svo0Y</latexit>

�200
<latexit sha1_base64="ob0Tx+2aNJSNTZgllZvyqIGwTMc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5YkCnosePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJpUvfdQfVmlt350CrxCtIDQo0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0/bp3VfcfrmuNiyKOMpzAKZyDBzfQgHtoQgsIjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AvGGNTw==</latexit>

280
<latexit sha1_base64="z4LR7oO2ZJ+hv3Pv1ACXLu8zF9s=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4kJJUwR4LXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YRK81g+mkmCfkSHkoecUWOlh2rN7ZfKbsWdg6wSLydlyNHol756g5ilEUrDBNW667mJ8TOqDGcCp8VeqjGhbEyH2LVU0gi1n81PnZJzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6RRuCt/zyKmlVK95VpXp/Xa5f5nEU4BTO4AI8uIE63EEDmsBgCM/wCm+OcF6cd+dj0brm5DMn8AfO5w9e5o0g</latexit>

300
<latexit sha1_base64="5UmZHMip5/hTicBOcjnupRcK/D8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4kJK0gh4LXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YRK81g+mkmCfkSHkoecUWOlh5rr9ktlt+LOQVaJl5My5Gj0S1+9QczSCKVhgmrd9dzE+BlVhjOB02Iv1ZhQNqZD7FoqaYTaz+anTsm5VQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14Y2fcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6RRuCt/zyKmlVK16tUr2/Ktcv8zgKcApncAEeXEMd7qABTWAwhGd4hTdHOC/Ou/OxaF1z8pkT+APn8wdURI0Z</latexit>

G [2e2/h]
<latexit sha1_base64="Z0BLllllKKueXQlzJYnJCnDyaQI=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg9QkCnoseNBjBfsBSSyb7aZdutmE3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6acKW3b31ZpZXVtfaO8Wdna3tndq+4ftFWSSUJbJOGJ7IZYUc4EbWmmOe2mkuI45LQTjm6mfueJSsUS8aDHKQ1iPBAsYgRrI/m3/pnnIvrong+DXrVm1+0Z0DJxClKDAs1e9cvvJySLqdCEY6U8x051kGOpGeF0UvEzRVNMRnhAPUMFjqkK8tnNE3RilD6KEmlKaDRTf0/kOFZqHIemM8Z6qBa9qfif52U6ug5yJtJMU0Hmi6KMI52gaQCozyQlmo8NwUQycysiQywx0SamignBWXx5mbTdunNRd+8vaw23iKMMR3AMp+DAFTTgDprQAgIpPMMrvFmZ9WK9Wx/z1pJVzBzCH1ifP/pzkEs=</latexit>

1
<latexit sha1_base64="58N8iZhPhP8YbIeRpqOkwM6Xbak=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHVNjKM=</latexit>

1/4
<latexit sha1_base64="s+yqkvGP518SOnQ7+r4NupiOJOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQeJuDOgx4MVjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHrzLaq9YcsvuHGSVeBkpQYZ6r/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDGn3CZpAYlWywKU0FMTGZ/kz5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf88ippVsreVblyXy3VLrI48nACp3AOHlxDDe6gDg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kDVcONGg==</latexit>

3/4
<latexit sha1_base64="JbpFwlW1UB1XdXKwg6ZSCJftIVg=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNxNAnoMePEY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz321lb39jc2s7t5Hf39g8OC0fHTR0limGDRSJS7YBqFFxiw3AjsB0rpGEgsBWMb2d+6wmV5pF8NJMY/ZAOJR9wRo2VHipX1V6h6JbcOcgq8TJShAz1XuGr249YEqI0TFCtO54bGz+lynAmcJrvJhpjysZ0iB1LJQ1R++n81Ck5t0qfDCJlSxoyV39PpDTUehIGtjOkZqSXvZn4n9dJzODGT7mME4OSLRYNEkFMRGZ/kz5XyIyYWEKZ4vZWwkZUUWZsOnkbgrf88ipplktepVS+rxZrl1kcOTiFM7gAD66hBndQhwYwGMIzvMKbI5wX5935WLSuOdnMCfyB8/kDWM+NHA==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

1
<latexit sha1_base64="58N8iZhPhP8YbIeRpqOkwM6Xbak=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHVNjKM=</latexit>

1/4
<latexit sha1_base64="s+yqkvGP518SOnQ7+r4NupiOJOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQeJuDOgx4MVjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHrzLaq9YcsvuHGSVeBkpQYZ6r/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDGn3CZpAYlWywKU0FMTGZ/kz5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf88ippVsreVblyXy3VLrI48nACp3AOHlxDDe6gDg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kDVcONGg==</latexit>

3/4
<latexit sha1_base64="JbpFwlW1UB1XdXKwg6ZSCJftIVg=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNxNAnoMePEY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz321lb39jc2s7t5Hf39g8OC0fHTR0limGDRSJS7YBqFFxiw3AjsB0rpGEgsBWMb2d+6wmV5pF8NJMY/ZAOJR9wRo2VHipX1V6h6JbcOcgq8TJShAz1XuGr249YEqI0TFCtO54bGz+lynAmcJrvJhpjysZ0iB1LJQ1R++n81Ck5t0qfDCJlSxoyV39PpDTUehIGtjOkZqSXvZn4n9dJzODGT7mME4OSLRYNEkFMRGZ/kz5XyIyYWEKZ4vZWwkZUUWZsOnkbgrf88ipplktepVS+rxZrl1kcOTiFM7gAD66hBndQhwYwGMIzvMKbI5wX5935WLSuOdnMCfyB8/kDWM+NHA==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

1
<latexit sha1_base64="58N8iZhPhP8YbIeRpqOkwM6Xbak=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHVNjKM=</latexit>

1/4
<latexit sha1_base64="s+yqkvGP518SOnQ7+r4NupiOJOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQeJuDOgx4MVjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHrzLaq9YcsvuHGSVeBkpQYZ6r/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDGn3CZpAYlWywKU0FMTGZ/kz5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf88ippVsreVblyXy3VLrI48nACp3AOHlxDDe6gDg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kDVcONGg==</latexit>

3/4
<latexit sha1_base64="JbpFwlW1UB1XdXKwg6ZSCJftIVg=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNxNAnoMePEY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz321lb39jc2s7t5Hf39g8OC0fHTR0limGDRSJS7YBqFFxiw3AjsB0rpGEgsBWMb2d+6wmV5pF8NJMY/ZAOJR9wRo2VHipX1V6h6JbcOcgq8TJShAz1XuGr249YEqI0TFCtO54bGz+lynAmcJrvJhpjysZ0iB1LJQ1R++n81Ck5t0qfDCJlSxoyV39PpDTUehIGtjOkZqSXvZn4n9dJzODGT7mME4OSLRYNEkFMRGZ/kz5XyIyYWEKZ4vZWwkZUUWZsOnkbgrf88ipplktepVS+rxZrl1kcOTiFM7gAD66hBndQhwYwGMIzvMKbI5wX5935WLSuOdnMCfyB8/kDWM+NHA==</latexit>

4 K
<latexit sha1_base64="VvyjW1cdKME9XGsqeUWxRM84RwY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBQym7bUGPBS+Clwr2A9qlZNNsG5tNliQrlKX/wYsHRbz6f7z5b0zbPWjrg4HHezPMzAtizrRx3W8nt7G5tb2T3y3s7R8cHhWPT9paJorQFpFcqm6ANeVM0JZhhtNurCiOAk47weRm7neeqNJMigczjakf4ZFgISPYWKldR/0yuhsUS27FXQCtEy8jJcjQHBS/+kNJkogKQzjWuue5sfFTrAwjnM4K/UTTGJMJHtGepQJHVPvp4toZurDKEIVS2RIGLdTfEymOtJ5Gge2MsBnrVW8u/uf1EhNe+ykTcWKoIMtFYcKRkWj+OhoyRYnhU0swUczeisgYK0yMDahgQ/BWX14n7WrFq1Wq9/VSo5zFkYczOIdL8OAKGnALTWgBgUd4hld4c6Tz4rw7H8vWnJPNnMIfOJ8/1luN6w==</latexit>

1 K
<latexit sha1_base64="uWmpzWs0laTzfPeD03SbT15Nc8k=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBQym7VdBjwYvgpYL9gHYp2TTbxmaTJckKZel/8OJBEa/+H2/+G7PtHrT1wcDjvRlm5gUxZ9q47rdTWFvf2Nwqbpd2dvf2D8qHR20tE0Voi0guVTfAmnImaMsww2k3VhRHAaedYHKT+Z0nqjST4sFMY+pHeCRYyAg2Vmp7qF9Fd4Nyxa25c6BV4uWkAjmag/JXfyhJElFhCMda9zw3Nn6KlWGE01mpn2gaYzLBI9qzVOCIaj+dXztDZ1YZolAqW8Kgufp7IsWR1tMosJ0RNmO97GXif14vMeG1nzIRJ4YKslgUJhwZibLX0ZApSgyfWoKJYvZWRMZYYWJsQCUbgrf88ipp12veRa1+f1lpVPM4inACp3AOHlxBA26hCS0g8AjP8ApvjnRenHfnY9FacPKZY/gD5/MH0cCN6A==</latexit>

0.5 K
<latexit sha1_base64="8UZdIgvyLzTvnv/g6mombsaUOhM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBQ1l2q6LHghfBSwVbC+1Ssmm2Dc0ma5IVytI/4cWDIl79O978N6btHrT1wcDjvRlm5oUJZ9p43rdTWFldW98obpa2tnd298r7By0tU0Vok0guVTvEmnImaNMww2k7URTHIacP4eh66j88UaWZFPdmnNAgxgPBIkawsVLbcy9Qt4pue+WK53ozoGXi56QCORq98le3L0kaU2EIx1p3fC8xQYaVYYTTSambappgMsID2rFU4JjqIJvdO0EnVumjSCpbwqCZ+nsiw7HW4zi0nTE2Q73oTcX/vE5qoqsgYyJJDRVkvihKOTISTZ9HfaYoMXxsCSaK2VsRGWKFibERlWwI/uLLy6RVc/0zt3Z3XqlX8ziKcATHcAo+XEIdbqABTSDA4Rle4c15dF6cd+dj3lpw8plD+APn8weyrY5e</latexit>

0.1 K
<latexit sha1_base64="bFfEnZixNkmbs7J68+PgmF6hgsQ=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBQ1l2q6DHghfBSwX7Ae1Ssmm2Dc0ma5IVytI/4cWDIl79O978N6btHrT1wcDjvRlm5oUJZ9p43rdTWFvf2Nwqbpd2dvf2D8qHRy0tU0Vok0guVSfEmnImaNMww2knURTHIaftcHwz89tPVGkmxYOZJDSI8VCwiBFsrNTxXB/1quiuX654rjcHWiV+TiqQo9Evf/UGkqQxFYZwrHXX9xITZFgZRjidlnqppgkmYzykXUsFjqkOsvm9U3RmlQGKpLIlDJqrvycyHGs9iUPbGWMz0sveTPzP66Ymug4yJpLUUEEWi6KUIyPR7Hk0YIoSwyeWYKKYvRWREVaYGBtRyYbgL7+8Slo1179wa/eXlXo1j6MIJ3AK5+DDFdThFhrQBAIcnuEV3pxH58V5dz4WrQUnnzmGP3A+fwCsiY5a</latexit>

Temp.
<latexit sha1_base64="UFwX8q+14oVOfjWfzy/LmlK4taM=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBA8yLIbBT0GvHiMkBdklzA76U2GzD6Y6RXDkt/w4kERr/6MN//GSbIHTSxoKKq66e4KUik0Os63tba+sbm1Xdop7+7tHxxWjo7bOskUhxZPZKK6AdMgRQwtFCihmypgUSChE4zvZn7nEZQWSdzESQp+xIaxCAVnaCTPQ3jCvAlRak/7lapjO3PQVeIWpEoKNPqVL2+Q8CyCGLlkWvdcJ0U/ZwoFlzAte5mGlPExG0LP0JhFoP18fvOUnhtlQMNEmYqRztXfEzmLtJ5EgemMGI70sjcT//N6GYa3fi7iNEOI+WJRmEmKCZ0FQAdCAUc5MYRxJcytlI+YYhxNTGUTgrv88ipp12z3yq49XFfrl0UcJXJKzsgFcckNqZN70iAtwklKnskrebMy68V6tz4WrWtWMXNC/sD6/AE8IpG9</latexit>
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<latexit sha1_base64="Q1esXt8ceFNylpi7V0/30NoY0so=">AAACB3icbVBNS8MwGE79nPOr6lGQ4BAmyGynoMeBFw8eJrgPaEtJ03QLS9qSpINRdvPiX/HiQRGv/gVv/hvTbQfdfCB5H57nfUneJ0gZlcqyvo2l5ZXVtfXSRnlza3tn19zbb8skE5i0cMIS0Q2QJIzGpKWoYqSbCoJ4wEgnGNwUfmdIhKRJ/KBGKfE46sU0ohgpLfnmEYHuGWz7vaI4d/pyeQbPq3049MNTzzcrVs2aAC4Se0YqYIamb365YYIzTmKFGZLSsa1UeTkSimJGxmU3kyRFeIB6xNE0RpxIL5/sMYYnWglhlAh9YgUn6u+JHHEpRzzQnRypvpz3CvE/z8lUdO3lNE4zRWI8fSjKGFQJLEKBIRUEKzbSBGFB9V8h7iOBsNLRlXUI9vzKi6Rdr9kXtfr9ZaVRn8VRAofgGFSBDa5AA9yCJmgBDB7BM3gFb8aT8WK8Gx/T1iVjNnMA/sD4/AH5PpYn</latexit>

�AB/�0
<latexit sha1_base64="Zsxs5556GgCWQHb1Zxut41Qxvwk=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuKpJFXRZdeOygr1AG8JkOmmHTiZhZlIooW/ixoUibn0Td76N0zQLbf1h4OM/53DO/EHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw/r3cmVCoWiyc9TagX4aFgISNYG8u37X5zxPzs9m52kZPj21Wn5uRCq+AWUIVCTd/+6g9ikkZUaMKxUj3XSbSXYakZ4XRW6aeKJpiM8ZD2DAocUeVl+eUzdGacAQpjaZ7QKHd/T2Q4UmoaBaYzwnqklmtz879aL9XhjZcxkaSaCrJYFKYc6RjNY0ADJinRfGoAE8nMrYiMsMREm7AqJgR3+cur0K7X3Mta/fGq2qgXcZThBE7hHFy4hgY8QBNaQGACz/AKb1ZmvVjv1seitWQVM8fwR9bnD2v0ktE=</latexit>

�AB/�0
<latexit sha1_base64="Zsxs5556GgCWQHb1Zxut41Qxvwk=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuKpJFXRZdeOygr1AG8JkOmmHTiZhZlIooW/ixoUibn0Td76N0zQLbf1h4OM/53DO/EHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw/r3cmVCoWiyc9TagX4aFgISNYG8u37X5zxPzs9m52kZPj21Wn5uRCq+AWUIVCTd/+6g9ikkZUaMKxUj3XSbSXYakZ4XRW6aeKJpiM8ZD2DAocUeVl+eUzdGacAQpjaZ7QKHd/T2Q4UmoaBaYzwnqklmtz879aL9XhjZcxkaSaCrJYFKYc6RjNY0ADJinRfGoAE8nMrYiMsMREm7AqJgR3+cur0K7X3Mta/fGq2qgXcZThBE7hHFy4hgY8QBNaQGACz/AKb1ZmvVjv1seitWQVM8fwR9bnD2v0ktE=</latexit>

�AB/�0
<latexit sha1_base64="Zsxs5556GgCWQHb1Zxut41Qxvwk=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuKpJFXRZdeOygr1AG8JkOmmHTiZhZlIooW/ixoUibn0Td76N0zQLbf1h4OM/53DO/EHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw/r3cmVCoWiyc9TagX4aFgISNYG8u37X5zxPzs9m52kZPj21Wn5uRCq+AWUIVCTd/+6g9ikkZUaMKxUj3XSbSXYakZ4XRW6aeKJpiM8ZD2DAocUeVl+eUzdGacAQpjaZ7QKHd/T2Q4UmoaBaYzwnqklmtz879aL9XhjZcxkaSaCrJYFKYc6RjNY0ADJinRfGoAE8nMrYiMsMREm7AqJgR3+cur0K7X3Mta/fGq2qgXcZThBE7hHFy4hgY8QBNaQGACz/AKb1ZmvVjv1seitWQVM8fwR9bnD2v0ktE=</latexit>
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<latexit sha1_base64="Q1esXt8ceFNylpi7V0/30NoY0so=">AAACB3icbVBNS8MwGE79nPOr6lGQ4BAmyGynoMeBFw8eJrgPaEtJ03QLS9qSpINRdvPiX/HiQRGv/gVv/hvTbQfdfCB5H57nfUneJ0gZlcqyvo2l5ZXVtfXSRnlza3tn19zbb8skE5i0cMIS0Q2QJIzGpKWoYqSbCoJ4wEgnGNwUfmdIhKRJ/KBGKfE46sU0ohgpLfnmEYHuGWz7vaI4d/pyeQbPq3049MNTzzcrVs2aAC4Se0YqYIamb365YYIzTmKFGZLSsa1UeTkSimJGxmU3kyRFeIB6xNE0RpxIL5/sMYYnWglhlAh9YgUn6u+JHHEpRzzQnRypvpz3CvE/z8lUdO3lNE4zRWI8fSjKGFQJLEKBIRUEKzbSBGFB9V8h7iOBsNLRlXUI9vzKi6Rdr9kXtfr9ZaVRn8VRAofgGFSBDa5AA9yCJmgBDB7BM3gFb8aT8WK8Gx/T1iVjNnMA/sD4/AH5PpYn</latexit> e
V
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<latexit sha1_base64="Q1esXt8ceFNylpi7V0/30NoY0so=">AAACB3icbVBNS8MwGE79nPOr6lGQ4BAmyGynoMeBFw8eJrgPaEtJ03QLS9qSpINRdvPiX/HiQRGv/gVv/hvTbQfdfCB5H57nfUneJ0gZlcqyvo2l5ZXVtfXSRnlza3tn19zbb8skE5i0cMIS0Q2QJIzGpKWoYqSbCoJ4wEgnGNwUfmdIhKRJ/KBGKfE46sU0ohgpLfnmEYHuGWz7vaI4d/pyeQbPq3049MNTzzcrVs2aAC4Se0YqYIamb365YYIzTmKFGZLSsa1UeTkSimJGxmU3kyRFeIB6xNE0RpxIL5/sMYYnWglhlAh9YgUn6u+JHHEpRzzQnRypvpz3CvE/z8lUdO3lNE4zRWI8fSjKGFQJLEKBIRUEKzbSBGFB9V8h7iOBsNLRlXUI9vzKi6Rdr9kXtfr9ZaVRn8VRAofgGFSBDa5AA9yCJmgBDB7BM3gFb8aT8WK8Gx/T1iVjNnMA/sD4/AH5PpYn</latexit>

e Vg [L µ/(hvd)]
<latexit sha1_base64="Q1esXt8ceFNylpi7V0/30NoY0so=">AAACB3icbVBNS8MwGE79nPOr6lGQ4BAmyGynoMeBFw8eJrgPaEtJ03QLS9qSpINRdvPiX/HiQRGv/gVv/hvTbQfdfCB5H57nfUneJ0gZlcqyvo2l5ZXVtfXSRnlza3tn19zbb8skE5i0cMIS0Q2QJIzGpKWoYqSbCoJ4wEgnGNwUfmdIhKRJ/KBGKfE46sU0ohgpLfnmEYHuGWz7vaI4d/pyeQbPq3049MNTzzcrVs2aAC4Se0YqYIamb365YYIzTmKFGZLSsa1UeTkSimJGxmU3kyRFeIB6xNE0RpxIL5/sMYYnWglhlAh9YgUn6u+JHHEpRzzQnRypvpz3CvE/z8lUdO3lNE4zRWI8fSjKGFQJLEKBIRUEKzbSBGFB9V8h7iOBsNLRlXUI9vzKi6Rdr9kXtfr9ZaVRn8VRAofgGFSBDa5AA9yCJmgBDB7BM3gFb8aT8WK8Gx/T1iVjNnMA/sD4/AH5PpYn</latexit>

e Vg [L µ/(hvd)]
<latexit sha1_base64="Q1esXt8ceFNylpi7V0/30NoY0so=">AAACB3icbVBNS8MwGE79nPOr6lGQ4BAmyGynoMeBFw8eJrgPaEtJ03QLS9qSpINRdvPiX/HiQRGv/gVv/hvTbQfdfCB5H57nfUneJ0gZlcqyvo2l5ZXVtfXSRnlza3tn19zbb8skE5i0cMIS0Q2QJIzGpKWoYqSbCoJ4wEgnGNwUfmdIhKRJ/KBGKfE46sU0ohgpLfnmEYHuGWz7vaI4d/pyeQbPq3049MNTzzcrVs2aAC4Se0YqYIamb365YYIzTmKFGZLSsa1UeTkSimJGxmU3kyRFeIB6xNE0RpxIL5/sMYYnWglhlAh9YgUn6u+JHHEpRzzQnRypvpz3CvE/z8lUdO3lNE4zRWI8fSjKGFQJLEKBIRUEKzbSBGFB9V8h7iOBsNLRlXUI9vzKi6Rdr9kXtfr9ZaVRn8VRAofgGFSBDa5AA9yCJmgBDB7BM3gFb8aT8WK8Gx/T1iVjNnMA/sD4/AH5PpYn</latexit>

0.25
<latexit sha1_base64="7A5QyD5nqOA08p51HiDgY+0+k68=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg4SkKnosePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJJc+tXw+qNc/15kCrxC9IDQo0B9Wv/jAmqaDSEI617vleYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwV9+eZW0665/6dYfrmqNiyKOMpzAKZyDDzfQgHtoQgsIjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AxXyNVQ==</latexit>

0.85
<latexit sha1_base64="p+0DqBoRc8BZZ6K/gCJDetcnqFk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4kJBUxR4LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv21lb39jc2i7tlHf39g8OK0fHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkkufWbwaVqud6c6BV4hekCgWag8pXfxiTVFBpCMda93wvMUGGlWGE01m5n2qaYDLBI9qzVGJBdZDNb52hc6sMURQrW9Kgufp7IsNC66kIbafAZqyXvVz8z+ulJqoHGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2xD8JdfXiXtmutfubWH62rjsoijBKdwBhfgwy004B6a0AICY3iGV3hzhPPivDsfi9Y1p5g5gT9wPn8AzpqNWw==</latexit>

0.25
<latexit sha1_base64="7A5QyD5nqOA08p51HiDgY+0+k68=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg4SkKnosePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJJc+tXw+qNc/15kCrxC9IDQo0B9Wv/jAmqaDSEI617vleYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwV9+eZW0665/6dYfrmqNiyKOMpzAKZyDDzfQgHtoQgsIjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AxXyNVQ==</latexit>

0.85
<latexit sha1_base64="p+0DqBoRc8BZZ6K/gCJDetcnqFk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4kJBUxR4LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv21lb39jc2i7tlHf39g8OK0fHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkkufWbwaVqud6c6BV4hekCgWag8pXfxiTVFBpCMda93wvMUGGlWGE01m5n2qaYDLBI9qzVGJBdZDNb52hc6sMURQrW9Kgufp7IsNC66kIbafAZqyXvVz8z+ulJqoHGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2xD8JdfXiXtmutfubWH62rjsoijBKdwBhfgwy004B6a0AICY3iGV3hzhPPivDsfi9Y1p5g5gT9wPn8AzpqNWw==</latexit>

0.25
<latexit sha1_base64="7A5QyD5nqOA08p51HiDgY+0+k68=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg4SkKnosePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJJc+tXw+qNc/15kCrxC9IDQo0B9Wv/jAmqaDSEI617vleYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwV9+eZW0665/6dYfrmqNiyKOMpzAKZyDDzfQgHtoQgsIjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AxXyNVQ==</latexit>

0.85
<latexit sha1_base64="p+0DqBoRc8BZZ6K/gCJDetcnqFk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4kJBUxR4LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv21lb39jc2i7tlHf39g8OK0fHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkkufWbwaVqud6c6BV4hekCgWag8pXfxiTVFBpCMda93wvMUGGlWGE01m5n2qaYDLBI9qzVGJBdZDNb52hc6sMURQrW9Kgufp7IsNC66kIbafAZqyXvVz8z+ulJqoHGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2xD8JdfXiXtmutfubWH62rjsoijBKdwBhfgwy004B6a0AICY3iGV3hzhPPivDsfi9Y1p5g5gT9wPn8AzpqNWw==</latexit>e Vg [L µ/(hvd)]

<latexit sha1_base64="Q1esXt8ceFNylpi7V0/30NoY0so=">AAACB3icbVBNS8MwGE79nPOr6lGQ4BAmyGynoMeBFw8eJrgPaEtJ03QLS9qSpINRdvPiX/HiQRGv/gVv/hvTbQfdfCB5H57nfUneJ0gZlcqyvo2l5ZXVtfXSRnlza3tn19zbb8skE5i0cMIS0Q2QJIzGpKWoYqSbCoJ4wEgnGNwUfmdIhKRJ/KBGKfE46sU0ohgpLfnmEYHuGWz7vaI4d/pyeQbPq3049MNTzzcrVs2aAC4Se0YqYIamb365YYIzTmKFGZLSsa1UeTkSimJGxmU3kyRFeIB6xNE0RpxIL5/sMYYnWglhlAh9YgUn6u+JHHEpRzzQnRypvpz3CvE/z8lUdO3lNE4zRWI8fSjKGFQJLEKBIRUEKzbSBGFB9V8h7iOBsNLRlXUI9vzKi6Rdr9kXtfr9ZaVRn8VRAofgGFSBDa5AA9yCJmgBDB7BM3gFb8aT8WK8Gx/T1iVjNnMA/sD4/AH5PpYn</latexit>
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FIG. 2. a) Density plots of the electric (G) and thermal (κth) conductance, and Seebeck coefficient vs magnetic flux ΦAB and
gate voltage Vg. Length and imbalance of the ring are respectively fixed to L = 2µm and δL/L = 0.3. b) The same quantities
as in a) vs Vg calculated along the dashed-line cut (ΦAB/Φ0 = 1/2) for a few selected temperatures. The electronic drift

velocity is set to 106m.s−1, and k̃µ =
√
πkµ.

to the Josephson coupling) of the thermal conductance,
but there is always the phase-independent contribution in
the background44. As expected, and highlighted in panel
b) for the thermal conductance, the AB-ring based quan-
tum heat switch loses quality as temperature increases.

The thermoelectric response of the device is given by
the Seebeck coefficient S = V/∆T |I=0. It characterizes
the amount of electrical voltage that is generated across
the AB ring by a thermal bias, at zero electrical cur-
rent. As a function of Vg, it exhibits a strong asym-
metry, taking both positive and negative values. This re-
flects whether electron- or hole-like excitations contribute
predominantly. Remarkably, it reaches values as high
as 300 µV/K, twice the values obtained by operating a
Mach-Zehnder interferometer as heat engine1212, and sev-
eral times larger than earlier devices based on tunneling
quantum dots88 and chaotic cavities99. As the temperature
increases, the Seebeck coefficient also exhibits a smaller
amplitude, and we therefore expect lower performance of
the corresponding heat engine.

In the linear response regime, a valid figure of merit
for thermoelectric properties of a device is the ZT coef-
ficient, defined as ZT = GS2T/κth. It corresponds to
the ratio of heat current originating from purely thermo-
electric effects to the heat current in absence of a voltage
bias5757. Hence, desirable values of ZT are above 1. In Fig.
33, we show the maximal ZT values obtained over the full
parameter space spanned by the AB flux and gate volt-
age as a function of the imbalance of the interferometer
δL/L. All maximal values for the ZT coefficient were

obtained for AB flux equal to 0 or 1/2Φ0, only the gate
voltage Vg has to be adjusted when changing L and δL.
This specificity originates in the energy dependence of
the transmission probability TAB that is controlled ex-
clusively by Vg, L and δL, as discussed in the previous
section. This result is of particular interest to further
exploit the AB ring as a cyclic engine, for instance, since
it allows to turn on and off the thermoelectric properties
of the AB ring with the magnetic flux only.

Both panels confirm that a finite imbalance is crucial
to get ZT values larger than one, and therefore to op-
erate the gated AB ring as an efficient thermoelectric
device. Since the dependence on the length L of the
transmission probability is highly non-linear, it is diffi-
cult to make general statements about ZT values as a
function of L and δL. However, the good performances
of this device are found for a wide range of length asym-
metries, up to δL/L = 0.6 for L = 2µm, and up to 0.4
for for L = 6µm. It also appears that high ZT values
are found for average temperatures ranging from 0.5 K
to 1 K, thereby demonstrating that good thermoelectric
performances of the AB ring are not too sensitive to key
experimental parameters. This is very promising towards
a realistic implementation of the AB heat engine, and
was not known until now. Figure 33 also indicates that
the maximal ZT values at 0.1 K decrease more rapidly
when increasing asymmetry, and the maximal ZT values
at 4K are all below the threshold value 1. Comparing now
panels a) and b), it appears that the figure of merit of
this engine decreases when increasing the length L of the
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FIG. 3. Maximum ZT coefficient for the AB heat engine
(ZTmax) calculated as a function of ring asymmetry δL at
different temperatures T = 0.1, 0.5, 1, 4 K for a) L = 2µm,
and b) L = 6µm. For each asymmetry, the optimal ZT is
shown, reached for different values of the AB flux and gate
voltage. ZTmax largely exceeds 1, a critical value for an engine
to be considered as a promising thermoelectric device.

arms of the ring, for instance when going from L = 2µm
to L = 6µm. Let us now emphasize that the latest val-
ues of the electronic coherence length in AB rings are of
the order of lφ ' 6µm at T = 1 K, and lφ ' 12µm at
T = 0.5 K4040. This experimental achievement, together
with the relative ease of realization of this device with
standard fabrication techniques in high-mobility GaAs-
AlGaAs two-dimensional electron gas heterostructures,
makes the AB ring very promising for being a realisti-
cally efficient and highly-tunable quantum heat engine,
whose functioning relies on single-particle quantum in-
terferences.

IV. THE AB RING AS EFFICIENT QUANTUM
HEAT ENGINE

To harvest power from the engine, we close the circuit
as shown in Fig. 11 a) with a load resistance RL. This
load will develop a thermo-voltage V in the steady-state
regime, which satisfies current conservation, Ic = V/RL,
where Ic is the electrical thermocurrent given by Eq. (11)
circulating in the circuit. The generated thermo-voltage
takes the form V = RLGS∆T/(GRL + 1), from which
the outpout power generated by the AB ring can be di-
rectly calculated in terms of the transport and thermo-
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<latexit sha1_base64="mlR/qZWM4t4XJt/3ILjfm+j7aAs=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8SNiNAb0IAS+Clwh5QbKE2clsMmR2dpnpFULIR3jxoIhXv8ebf+Mk2YMmFjQUVd10dwWJFAZd99tZW9/Y3NrO7eR39/YPDgtHx00Tp5rxBotlrNsBNVwKxRsoUPJ2ojmNAslbwehu5reeuDYiVnUcJ9yP6ECJUDCKVmrVyS2pkIdeoeiW3DnIKvEyUoQMtV7hq9uPWRpxhUxSYzqem6A/oRoFk3ya76aGJ5SN6IB3LFU04safzM+dknOr9EkYa1sKyVz9PTGhkTHjKLCdEcWhWfZm4n9eJ8Xwxp8IlaTIFVssClNJMCaz30lfaM5Qji2hTAt7K2FDqilDm1DehuAtv7xKmuWSd1UqP1aK1cssjhycwhlcgAfXUIV7qEEDGIzgGV7hzUmcF+fd+Vi0rjnZzAn8gfP5Azrgjh4=</latexit>

⌘
/
⌘ C

<latexit sha1_base64="+3Blr1jMJRa2WJMoaZyKTV1OMJM=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKe5GQY+BXDxGMA9IljA76U2GzD6c6Q2EJd/hxYMiXv0Yb/6Ns8keNLGg6aKqm+kpL5ZCo21/W4WNza3tneJuaW//4PCofHzS1lGiOLR4JCPV9ZgGKUJooUAJ3VgBCzwJHW/SyPzOFJQWUfiIsxjcgI1C4QvO0EhuH5DRK5q1QWNQrthVewG6TpycVEiO5qD81R9GPAkgRC6Z1j3HjtFNmULBJcxL/URDzPiEjaBnaMgC0G66OHpOL4wypH6kTIVIF+rvjZQFWs8Cz0wGDMd61cvE/7xegv6dm4owThBCvnzITyTFiGYJ0KFQwFHODGFcCXMr5WOmGEeTU8mE4Kx+eZ20a1Xnulp7uKnUa3kcRXJGzsklccgtqZN70iQtwskTeSav5M2aWi/Wu/WxHC1Y+c4p+QPr8wdudZEt</latexit>

⌘
/⌘

C
<latexit sha1_base64="+3Blr1jMJRa2WJMoaZyKTV1OMJM=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKe5GQY+BXDxGMA9IljA76U2GzD6c6Q2EJd/hxYMiXv0Yb/6Ns8keNLGg6aKqm+kpL5ZCo21/W4WNza3tneJuaW//4PCofHzS1lGiOLR4JCPV9ZgGKUJooUAJ3VgBCzwJHW/SyPzOFJQWUfiIsxjcgI1C4QvO0EhuH5DRK5q1QWNQrthVewG6TpycVEiO5qD81R9GPAkgRC6Z1j3HjtFNmULBJcxL/URDzPiEjaBnaMgC0G66OHpOL4wypH6kTIVIF+rvjZQFWs8Cz0wGDMd61cvE/7xegv6dm4owThBCvnzITyTFiGYJ0KFQwFHODGFcCXMr5WOmGEeTU8mE4Kx+eZ20a1Xnulp7uKnUa3kcRXJGzsklccgtqZN70iQtwskTeSav5M2aWi/Wu/WxHC1Y+c4p+QPr8wdudZEt</latexit>

P/Pmax
<latexit sha1_base64="okIjMw2VASfc6wPkO+nLzyi7l7w=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE81d0q6LHgxeMK9gPatWTTbBuaZJdkVluW/g8vHhTx6n/x5r8xbfegrQ8GHu/NMDMvTAQ34Lrfzsrq2vrGZmGruL2zu7dfOjhsmDjVlNVpLGLdColhgitWBw6CtRLNiAwFa4bDm6nffGTa8FjdwzhhgSR9xSNOCVjpwT/3ux1gI8gkGU26pbJbcWfAy8TLSRnl8Lulr04vpqlkCqggxrQ9N4EgIxo4FWxS7KSGJYQOSZ+1LVVEMhNks6sn+NQqPRzF2pYCPFN/T2REGjOWoe2UBAZm0ZuK/3ntFKLrIOMqSYEpOl8UpQJDjKcR4B7XjIIYW0Ko5vZWTAdEEwo2qKINwVt8eZk0qhXvolK9uyzXqnkcBXSMTtAZ8tAVqqFb5KM6okijZ/SK3pwn58V5dz7mrStOPnOE/sD5/AGX25KH</latexit>

T = 0.5 K
<latexit sha1_base64="BQiZyUVgG+OyBwEYlUAdcam0pUw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBgyy7VdGLUPAieKnQL2mXkk3TNjTJLklWKEt/hRcPinj153jz35i2e9DWBwOP92aYmRfGnGnjed9ObmV1bX0jv1nY2t7Z3SvuHzR0lChC6yTikWqFWFPOJK0bZjhtxYpiEXLaDEe3U7/5RJVmkayZcUwDgQeS9RnBxkqPtRvPvUSds/tuseS53gxomfgZKUGGarf41elFJBFUGsKx1m3fi02QYmUY4XRS6CSaxpiM8IC2LZVYUB2ks4Mn6MQqPdSPlC1p0Ez9PZFiofVYhLZTYDPUi95U/M9rJ6Z/HaRMxomhkswX9ROOTISm36MeU5QYPrYEE8XsrYgMscLE2IwKNgR/8eVl0ii7/rlbfrgoVcpZHHk4gmM4BR+uoAJ3UIU6EBDwDK/w5ijnxXl3PuatOSebOYQ/cD5/AIewjt8=</latexit>

20
<latexit sha1_base64="hH+XzNUz7147R183sGjGo0hYVK0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYxX5AG8pmO2mXbjZhdyOU0H/gxYMiXv1H3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKDzW3X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nr90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIye5sMuEJmxMQSyhS3txI2oooyY8Mp2RC85ZdXSatW9S6rtfurSv0ij6MIJ3AK5+DBNdThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwDkp4ze</latexit>

50
<latexit sha1_base64="st7Mex6OmhF7zS+szUn1iJgoZjI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4kJJURY8FLx6r2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSw5XbK5XdijsDWSZeTsqQo94rfXX7MUsjlIYJqnXHcxPjZ1QZzgROit1UY0LZiA6wY6mkEWo/m106IadW6ZMwVrakITP190RGI63HUWA7I2qGetGbiv95ndSEN37GZZIalGy+KEwFMTGZvk36XCEzYmwJZYrbWwkbUkWZseEUbQje4svLpFmteBeV6v1luXaex1GAYziBM/DgGmpwB3VoAIMQnuEV3pyR8+K8Ox/z1hUnnzmCP3A+fwDpNozh</latexit>

100
<latexit sha1_base64="U7NivmglaBOVxegVuZW4ILBW+pM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWevBct1+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5ltXZ/Valf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdROI0X</latexit>

P/Pmax
<latexit sha1_base64="okIjMw2VASfc6wPkO+nLzyi7l7w=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE81d0q6LHgxeMK9gPatWTTbBuaZJdkVluW/g8vHhTx6n/x5r8xbfegrQ8GHu/NMDMvTAQ34Lrfzsrq2vrGZmGruL2zu7dfOjhsmDjVlNVpLGLdColhgitWBw6CtRLNiAwFa4bDm6nffGTa8FjdwzhhgSR9xSNOCVjpwT/3ux1gI8gkGU26pbJbcWfAy8TLSRnl8Lulr04vpqlkCqggxrQ9N4EgIxo4FWxS7KSGJYQOSZ+1LVVEMhNks6sn+NQqPRzF2pYCPFN/T2REGjOWoe2UBAZm0ZuK/3ntFKLrIOMqSYEpOl8UpQJDjKcR4B7XjIIYW0Ko5vZWTAdEEwo2qKINwVt8eZk0qhXvolK9uyzXqnkcBXSMTtAZ8tAVqqFb5KM6okijZ/SK3pwn58V5dz7mrStOPnOE/sD5/AGX25KH</latexit>

RL/Rq
<latexit sha1_base64="oVo74k2Yp/ps8+8xEyhEFe7PzSg=">AAAB7nicbVA9SwNBEJ31M8avqKXNYhCs4l0UtAzYWFjEYD4gOY69zV6yZG/v3N0TwpEfYWOhiK2/x85/4ya5QhMfDDzem2FmXpAIro3jfKOV1bX1jc3CVnF7Z3dvv3Rw2NJxqihr0ljEqhMQzQSXrGm4EayTKEaiQLB2MLqZ+u0npjSP5YMZJ8yLyEDykFNirNRu+HfnDf/RL5WdijMDXiZuTsqQo+6Xvnr9mKYRk4YKonXXdRLjZUQZTgWbFHupZgmhIzJgXUsliZj2stm5E3xqlT4OY2VLGjxTf09kJNJ6HAW2MyJmqBe9qfif101NeO1lXCapYZLOF4WpwCbG099xnytGjRhbQqji9lZMh0QRamxCRRuCu/jyMmlVK+5FpXp/Wa5V8zgKcAwncAYuXEENbqEOTaAwgmd4hTeUoBf0jj7mrSsonzmCP0CfP49IjwI=</latexit>
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<latexit sha1_base64="Q1esXt8ceFNylpi7V0/30NoY0so=">AAACB3icbVBNS8MwGE79nPOr6lGQ4BAmyGynoMeBFw8eJrgPaEtJ03QLS9qSpINRdvPiX/HiQRGv/gVv/hvTbQfdfCB5H57nfUneJ0gZlcqyvo2l5ZXVtfXSRnlza3tn19zbb8skE5i0cMIS0Q2QJIzGpKWoYqSbCoJ4wEgnGNwUfmdIhKRJ/KBGKfE46sU0ohgpLfnmEYHuGWz7vaI4d/pyeQbPq3049MNTzzcrVs2aAC4Se0YqYIamb365YYIzTmKFGZLSsa1UeTkSimJGxmU3kyRFeIB6xNE0RpxIL5/sMYYnWglhlAh9YgUn6u+JHHEpRzzQnRypvpz3CvE/z8lUdO3lNE4zRWI8fSjKGFQJLEKBIRUEKzbSBGFB9V8h7iOBsNLRlXUI9vzKi6Rdr9kXtfr9ZaVRn8VRAofgGFSBDa5AA9yCJmgBDB7BM3gFb8aT8WK8Gx/T1iVjNnMA/sD4/AH5PpYn</latexit>

0.25
<latexit sha1_base64="7A5QyD5nqOA08p51HiDgY+0+k68=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg4SkKnosePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJJc+tXw+qNc/15kCrxC9IDQo0B9Wv/jAmqaDSEI617vleYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwV9+eZW0665/6dYfrmqNiyKOMpzAKZyDDzfQgHtoQgsIjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AxXyNVQ==</latexit>

0.85
<latexit sha1_base64="p+0DqBoRc8BZZ6K/gCJDetcnqFk=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4kJBUxR4LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv21lb39jc2i7tlHf39g8OK0fHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jkkufWbwaVqud6c6BV4hekCgWag8pXfxiTVFBpCMda93wvMUGGlWGE01m5n2qaYDLBI9qzVGJBdZDNb52hc6sMURQrW9Kgufp7IsNC66kIbafAZqyXvVz8z+ulJqoHGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2xD8JdfXiXtmutfubWH62rjsoijBKdwBhfgwy004B6a0AICY3iGV3hzhPPivDsfi9Y1p5g5gT9wPn8AzpqNWw==</latexit>

FIG. 4. a) Efficiency η/ηC as a function of output power
P/Pmax calculated at T = 0.5 K for a few values of load resis-
tor RL. b) Efficiency vs Vg calculated for different tempera-
tures, and optimal load resistances (see text). The inset shows
η/ηC vs output power P/Pmax calculated at T = 0.1K (blue
dashed line) and 4K (black full line). Length and asymmetry
of the ring are fixed to 2µm and δL/L = 0.3.

electric coefficients. In the linear response regime, the
efficiency as a function of the power can be expressed in
terms of the ZT coefficient3030, and therefore depends on
the load resistance RL through the output power:

η

ηC
(RL) =

Pout(RL)/Pmax

2
(

1 + 2/ZT −
√

1− Pout(RL)/Pmax

) .(9)

Here ηC = ∆T/T is the Carnot efficiency in the lin-
ear response regime, and the maximum power Pmax =
GS2∆T 2/4 is achieved for a thermo-voltage being half
the stopping voltage Vs = S∆T .

We have exploited Eq. (99) to find the optimal value of
the load resistance for different temperatures, as shown
in Fig. 44 a) for T = 0.5 K. We took the maximal
values of ZT and the corresponding values for ΦAB
and Vg as shown in Fig. 33. The optimal load resis-
tances in units of the quantum resistance Rq = h/2e2

for T = {0.1, 0.5, 1, 4} K are respectively RL/Rq =
{100, 100, 74.9, 4.6}.

In the lower panel of Fig. 44, we show the efficiency
η/ηC from Eq. (99) as a function of the gate voltage Vg
for different temperatures and optimal load resistances.
Remarkably, the efficiency reaches 28.3% of Carnot effi-
ciency for T = 1 K and 28.6% at T = 0.5 K. It is also
interesting to note that the efficiency reaches a simi-
lar maximum for the lowest and highest temperatures,
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<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

1
<latexit sha1_base64="58N8iZhPhP8YbIeRpqOkwM6Xbak=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHVNjKM=</latexit>

0.5
<latexit sha1_base64="sNws6NnF+B6mX7riS/eX2j6+yKo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4kJBURY8FLx4r2g9oQ9lsN+3SzSbsToRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOd9Oyura+sbm4Wt4vbO7t5+6eCwYZJMM15niUx0K6SGS6F4HQVK3ko1p3EoeTMc3k795hPXRiTqEUcpD2LaVyISjKKVHjz3qlsqe643A1kmfk7KkKPWLX11egnLYq6QSWpM2/dSDMZUo2CST4qdzPCUsiHt87alisbcBOPZqRNyapUeiRJtSyGZqb8nxjQ2ZhSHtjOmODCL3lT8z2tnGN0EY6HSDLli80VRJgkmZPo36QnNGcqRJZRpYW8lbEA1ZWjTKdoQ/MWXl0mj4voXbuX+slw9z+MowDGcwBn4cA1VuIMa1IFBH57hFd4c6bw4787HvHXFyWeO4A+czx9UPI0Z</latexit>

1
<latexit sha1_base64="58N8iZhPhP8YbIeRpqOkwM6Xbak=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHVNjKM=</latexit>

1/4
<latexit sha1_base64="s+yqkvGP518SOnQ7+r4NupiOJOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQeJuDOgx4MVjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHrzLaq9YcsvuHGSVeBkpQYZ6r/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDGn3CZpAYlWywKU0FMTGZ/kz5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf88ippVsreVblyXy3VLrI48nACp3AOHlxDDe6gDg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kDVcONGg==</latexit>

3/4
<latexit sha1_base64="JbpFwlW1UB1XdXKwg6ZSCJftIVg=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNxNAnoMePEY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz321lb39jc2s7t5Hf39g8OC0fHTR0limGDRSJS7YBqFFxiw3AjsB0rpGEgsBWMb2d+6wmV5pF8NJMY/ZAOJR9wRo2VHipX1V6h6JbcOcgq8TJShAz1XuGr249YEqI0TFCtO54bGz+lynAmcJrvJhpjysZ0iB1LJQ1R++n81Ck5t0qfDCJlSxoyV39PpDTUehIGtjOkZqSXvZn4n9dJzODGT7mME4OSLRYNEkFMRGZ/kz5XyIyYWEKZ4vZWwkZUUWZsOnkbgrf88ipplktepVS+rxZrl1kcOTiFM7gAD66hBndQhwYwGMIzvMKbI5wX5935WLSuOdnMCfyB8/kDWM+NHA==</latexit>�AB/�0

<latexit sha1_base64="Zsxs5556GgCWQHb1Zxut41Qxvwk=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuKpJFXRZdeOygr1AG8JkOmmHTiZhZlIooW/ixoUibn0Td76N0zQLbf1h4OM/53DO/EHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw/r3cmVCoWiyc9TagX4aFgISNYG8u37X5zxPzs9m52kZPj21Wn5uRCq+AWUIVCTd/+6g9ikkZUaMKxUj3XSbSXYakZ4XRW6aeKJpiM8ZD2DAocUeVl+eUzdGacAQpjaZ7QKHd/T2Q4UmoaBaYzwnqklmtz879aL9XhjZcxkaSaCrJYFKYc6RjNY0ADJinRfGoAE8nMrYiMsMREm7AqJgR3+cur0K7X3Mta/fGq2qgXcZThBE7hHFy4hgY8QBNaQGACz/AKb1ZmvVjv1seitWQVM8fwR9bnD2v0ktE=</latexit>
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<latexit sha1_base64="jOJ3peP0ou41/PHIxPG6oDqQflg=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIHEmCnoMeBG8RDQLZIbQ06kkTXoWumvEMOTkxV/x4kERr36DN//GznLQxAcFj/eqqKrnx1JotO1vK7OwuLS8kl3Nra1vbG7lt3dqOkoUhyqPZKQaPtMgRQhVFCihEStggS+h7vcvR379HpQWUXiHgxi8gHVD0RGcoZFa+X0X4QHTWwAfeH9I3WPadIOE1ugJvfZa+YJdtMeg88SZkgKZotLKf7ntiCcBhMgl07rp2DF6KVMouIRhzk00xIz3WReahoYsAO2l4zeG9NAobdqJlKkQ6Vj9PZGyQOtB4JvOgGFPz3oj8T+vmWDnwktFGCcIIZ8s6iSSYkRHmdC2UMBRDgxhXAlzK+U9phhHk1zOhODMvjxPaqWic1os3ZwVyqVpHFmyRw7IEXHIOSmTK1IhVcLJI3kmr+TNerJerHfrY9KasaYzu+QPrM8fB3GXeg==</latexit>

2⇡
<latexit sha1_base64="o2we4ogH9qdH/pDB9nLErX3Xy3g=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY8FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aytb2xubZd2yrt7+weHlaPjlk4yxdBniUhUJ6QaBZfoG24EdlKFNA4FtsPx3cxvP6HSPJGPZpJiENOh5BFn1FjJr5NeyvuVqltz5yCrxCtIFQo0+5Wv3iBhWYzSMEG17npuaoKcKsOZwGm5l2lMKRvTIXYtlTRGHeTzY6fk3CoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg2yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n7INwVt+eZW06jXvqlZ/uK42Los4SnAKZ3ABHtxAA+6hCT4w4PAMr/DmSOfFeXc+Fq1rTjFzAn/gfP4AEb6OIQ==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

⇡
<latexit sha1_base64="hRHXb1qZN9DW23SWptFWm95EBbs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeuglol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5ltXZ/Valf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdKbY27</latexit>
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<latexit sha1_base64="Q1esXt8ceFNylpi7V0/30NoY0so=">AAACB3icbVBNS8MwGE79nPOr6lGQ4BAmyGynoMeBFw8eJrgPaEtJ03QLS9qSpINRdvPiX/HiQRGv/gVv/hvTbQfdfCB5H57nfUneJ0gZlcqyvo2l5ZXVtfXSRnlza3tn19zbb8skE5i0cMIS0Q2QJIzGpKWoYqSbCoJ4wEgnGNwUfmdIhKRJ/KBGKfE46sU0ohgpLfnmEYHuGWz7vaI4d/pyeQbPq3049MNTzzcrVs2aAC4Se0YqYIamb365YYIzTmKFGZLSsa1UeTkSimJGxmU3kyRFeIB6xNE0RpxIL5/sMYYnWglhlAh9YgUn6u+JHHEpRzzQnRypvpz3CvE/z8lUdO3lNE4zRWI8fSjKGFQJLEKBIRUEKzbSBGFB9V8h7iOBsNLRlXUI9vzKi6Rdr9kXtfr9ZaVRn8VRAofgGFSBDa5AA9yCJmgBDB7BM3gFb8aT8WK8Gx/T1iVjNnMA/sD4/AH5PpYn</latexit>

�100
<latexit sha1_base64="J727gAPZdGdfdYRYn/C/J90gQWM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5akCnosePFYwbSFNpTNdtMu3d2E3Y1QQv+CFw+KePUPefPfuGlz0NYHA4/3ZpiZFyacaeO6305pbX1jc6u8XdnZ3ds/qB4etXWcKkJ9EvNYdUOsKWeS+oYZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jk0qXnuoNqza27c6BV4hWkBgVag+pXfxiTVFBpCMda9zw3MUGGlWGE01mln2qaYDLBI9qzVGJBdZDNb52hM6sMURQrW9Kgufp7IsNC66kIbafAZqyXvVz8z+ulJroNMiaT1FBJFouilCMTo/xxNGSKEsOnlmCimL0VkTFWmBgbT8WG4C2/vErajbp3VW88XNeaF0UcZTiBUzgHD26gCffQAh8IjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AutuNTg==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

100
<latexit sha1_base64="U7NivmglaBOVxegVuZW4ILBW+pM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWevBct1+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5ltXZ/Valf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdROI0X</latexit>

200
<latexit sha1_base64="jhzURtShbCP7Fye6AeJuhZYZjnc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeqi5br9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDG/8TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdKqVb3Lau3+qlK/yOMowgmcwjl4cA11uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w9Svo0Y</latexit>

�200
<latexit sha1_base64="ob0Tx+2aNJSNTZgllZvyqIGwTMc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5YkCnosePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJpUvfdQfVmlt350CrxCtIDQo0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZW0/bp3VfcfrmuNiyKOMpzAKZyDBzfQgHtoQgsIjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AvGGNTw==</latexit>
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<latexit sha1_base64="J2ZmrOO5flSju06q1Wd/9KbwUWo=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJSSVEEvQsGLBw8VbCs0oWy2m3bpbhJ2J2IJBf+KFw+KePV3ePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtLyyulZcL21sbm3v2Lt7LR2nirImjUWs7gOimeARawIHwe4TxYgMBGsHw6uJ335gSvM4uoNRwnxJ+hEPOSVgpK59cIMvcQ17FezJFHvAHiGT465ddqrOFHiRuDkpoxyNrv3l9WKaShYBFUTrjusk4GdEAaeCjUteqllC6JD0WcfQiEim/Wx6/hgfG6WHw1iZigBP1d8TGZFaj2RgOiWBgZ73JuJ/XieF8MLPeJSkwCI6WxSmAkOMJ1ngHleMghgZQqji5lZMB0QRCiaxkgnBnX95kbRqVfe0Wrs9K9creRxFdIiO0Aly0Tmqo2vUQE1EUYae0St6s56sF+vd+pi1Fqx8Zh/9gfX5A9JIlBI=</latexit>

T = 0.5 K
<latexit sha1_base64="DnfOuFhb1BXHbjR+rA2IQK160Vo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBQwlJVfQiFLwIXir0C5pQNttNu3SzCbsboYT+DS8eFPHqn/Hmv3Hb5qCtDwYe780wMy9IOFPacb6twtr6xuZWcbu0s7u3f1A+PGqrOJWEtkjMY9kNsKKcCdrSTHPaTSTFUcBpJxjfzfzOE5WKxaKpJwn1IzwULGQEayN5TXSLHPsKeVX00C9XHNuZA60SNycVyNHol7+8QUzSiApNOFaq5zqJ9jMsNSOcTkteqmiCyRgPac9QgSOq/Gx+8xSdGWWAwliaEhrN1d8TGY6UmkSB6YywHqllbyb+5/VSHd74GRNJqqkgi0VhypGO0SwANGCSEs0nhmAimbkVkRGWmGgTU8mE4C6/vEraNdu9sGuPl5V6NY+jCCdwCufgwjXU4R4a0AICCTzDK7xZqfVivVsfi9aClc8cwx9Ynz+LZI9X</latexit>
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<latexit sha1_base64="PdPsOI87Fy6xBSieZtgblbMB9/0=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSBT0WvHis0C9sQ9hsN+3SzSbsTqQ19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5QSK4Bsf5tgobm1vbO8Xd0t7+wWHZPjpu6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gnGt3O/88iU5rFswjRhXkSGkoecEjCSb5cfmn7WBzaBLCKT2cy3K07VWQCvEzcnFZSj4dtf/UFM04hJoIJo3XOdBLyMKOBUsFmpn2qWEDomQ9YzVJKIaS9bHD7D50YZ4DBWpiTghfp7IiOR1tMoMJ0RgZFe9ebif14vhfDGy7hMUmCSLheFqcAQ43kKeMAVoyCmhhCquLkV0xFRhILJqmRCcFdfXiftWtW9rNburyr1Wh5HEZ2iM3SBXHSN6ugONVALUZSiZ/SK3qwn68V6tz6WrQUrnzlBf2B9/gCEapOZ</latexit>

T-junctions’ transmission parameter ✏
<latexit sha1_base64="kC3YqheSZXV7/LW4tiPJ1bfoCdE=">AAACHXicbVBNS8NAFNz4WetX1aOXxSJ6sSS1oMeCF48VrBaaUDbbF13dbMLui1hC/4gX/4oXD4p48CL+Gze1B20dWBhm3vD2TZhKYdB1v5yZ2bn5hcXSUnl5ZXVtvbKxeWGSTHNo80QmuhMyA1IoaKNACZ1UA4tDCZfh7UnhX96BNiJR5zhIIYjZlRKR4Ayt1Ks0fIR7zM8PbjLFC8nsUdRMmViYIkRTplkMCJoOqQ+pEbKIVd2aOwKdJt6YVMkYrV7lw+8nPItBIZfMmK7nphjkTKPgEoZlPzOQMn7LrqBrqbIbTZCPrhvSXav0aZRo+xTSkfo7kbPYmEEc2smY4bWZ9ArxP6+bYXQc5EKlGYLiP4uiTFJMaFEV7QsNHOXAEsa1sH+l/NrWwW0bpmxL8CZPniYX9Zp3WKufNarN+riOEtkmO2SfeOSINMkpaZE24eSBPJEX8uo8Os/Om/P+MzrjjDNb5A+cz2/476MG</latexit>

�L/L = 0.3
<latexit sha1_base64="zFzJYfXV7hqau3kS4Avtygp+XSY=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwIDFpBb0IBS8ePFSwH9CGstlM2qWbTdjdiKX0r3jxoIhX/4g3/43bNgdtfTDweG+GmXlBypnSrvttrayurW9sFraK2zu7e/v2QampkkxSaNCEJ7IdEAWcCWhopjm0UwkkDji0guHN1G89glQsEQ96lIIfk75gEaNEG6lnl7ohcE3wHT43dY1dp9qzy67jzoCXiZeTMspR79lf3TChWQxCU06U6nhuqv0xkZpRDpNiN1OQEjokfegYKkgMyh/Pbp/gE6OEOEqkKaHxTP09MSaxUqM4MJ0x0QO16E3F/7xOpqMrf8xEmmkQdL4oyjjWCZ4GgUMmgWo+MoRQycytmA6IJFSbuIomBG/x5WXSrDhe1ancX5RrZ3kcBXSEjtEp8tAlqqFbVEcNRNETekav6M2aWC/Wu/Uxb12x8plD9AfW5w9BipHo</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

2
<latexit sha1_base64="UUb8Kz17eE1R6FyuGqU/dQhbsTQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWatb65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15V6hd5HEU4gVM4Bw+uoQ530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AXbRjKQ=</latexit>

4
<latexit sha1_base64="ud69VEI4g0/Hc8Kff9d/w0dHW30=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuDOgx4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCW3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9flSqNaql1lceThDM7hEjy4gRrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB3nZjKY=</latexit>

6
<latexit sha1_base64="QVwmLucC8fTUWQPzJ9PlDmpMJJ4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuFPUY8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6te9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCW3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2qVL3I4sjDCZzCOXhwA1W4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD3zhjKg=</latexit>

8
<latexit sha1_base64="/HgdJnIk4TbHJlKN7aTPGQ6PSC4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuFMwx4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCqj/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvetypXFTql1lceThDM7hEjy4hRrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB3/pjKo=</latexit>

10
<latexit sha1_base64="7Zn4EE+SbqRURB4gRs69lte0Rfw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYxX5AG8pmO2mXbjZhdyOU0H/gxYMiXv1H3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD57bL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m186JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSEN37GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseGUbAje8surpFWrepfV2v1VpX6Rx1GEEziFc/DgGupwBw1oAoMQnuEV3pyx8+K8Ox+L1oKTzxzDHzifP+MijN0=</latexit>

12
<latexit sha1_base64="VdOt0S2Rg0E5LO/X/W4yUNmA5NA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYxX5AG8pmO2mXbjZhdyOU0H/gxYMiXv1H3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD16tX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nr90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIye5sMuEJmxMQSyhS3txI2oooyY8Mp2RC85ZdXSatW9S6rtfurSv0ij6MIJ3AK5+DBNdThDhrQBAYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwDmKozf</latexit>

0.5
<latexit sha1_base64="sNws6NnF+B6mX7riS/eX2j6+yKo=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4kJBURY8FLx4r2g9oQ9lsN+3SzSbsToRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOd9Oyura+sbm4Wt4vbO7t5+6eCwYZJMM15niUx0K6SGS6F4HQVK3ko1p3EoeTMc3k795hPXRiTqEUcpD2LaVyISjKKVHjz3qlsqe643A1kmfk7KkKPWLX11egnLYq6QSWpM2/dSDMZUo2CST4qdzPCUsiHt87alisbcBOPZqRNyapUeiRJtSyGZqb8nxjQ2ZhSHtjOmODCL3lT8z2tnGN0EY6HSDLli80VRJgkmZPo36QnNGcqRJZRpYW8lbEA1ZWjTKdoQ/MWXl0mj4voXbuX+slw9z+MowDGcwBn4cA1VuIMa1IFBH57hFd4c6bw4787HvHXFyWeO4A+czx9UPI0Z</latexit>

0.1
<latexit sha1_base64="HCFZ1LdOvq27EwSqY82m8f3gQw8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg4SkCnosePFY0X5AG8pmO2mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmhang2njet1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmd+6wmV5ol8NOMUg5gOJI84o8ZKD57r98oVz/XmIKvEz0kFctR75a9uP2FZjNIwQbXu+F5qgglVhjOB01I305hSNqID7FgqaYw6mMxPnZIzq/RJlChb0pC5+ntiQmOtx3FoO2NqhnrZm4n/eZ3MRDfBhMs0MyjZYlGUCWISMvub9LlCZsTYEsoUt7cSNqSKMmPTKdkQ/OWXV0mz6vqXbvX+qlK7yOMowgmcwjn4cA01uIM6NIDBAJ7hFd4c4bw4787HorXg5DPH8AfO5w9OLI0V</latexit>

0.2
<latexit sha1_base64="g42Y/avNaP1pEv5WwJSrL0Mk9cM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg4SkCnosePFY0X5AG8pmO2mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmhang2njet1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmd+6wmV5ol8NOMUg5gOJI84o8ZKD55b7ZUrnuvNQVaJn5MK5Kj3yl/dfsKyGKVhgmrd8b3UBBOqDGcCp6VupjGlbEQH2LFU0hh1MJmfOiVnVumTKFG2pCFz9ffEhMZaj+PQdsbUDPWyNxP/8zqZiW6CCZdpZlCyxaIoE8QkZPY36XOFzIixJZQpbm8lbEgVZcamU7Ih+Msvr5Jm1fUv3er9VaV2kcdRhBM4hXPw4RpqcAd1aACDATzDK7w5wnlx3p2PRWvByWeO4Q+czx9PsI0W</latexit>

0.3
<latexit sha1_base64="sAybX9dgegK5dmKDImLXhQwgZBc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4kJC0gh4LXjxWtB/QhrLZbtqlm03YnQil9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dtbWNza3tgs7xd29/YPD0tFx0ySZZrzBEpnodkgNl0LxBgqUvJ1qTuNQ8lY4up35rSeujUjUI45THsR0oEQkGEUrPXhutVcqe643B1klfk7KkKPeK311+wnLYq6QSWpMx/dSDCZUo2CST4vdzPCUshEd8I6lisbcBJP5qVNybpU+iRJtSyGZq78nJjQ2ZhyHtjOmODTL3kz8z+tkGN0EE6HSDLlii0VRJgkmZPY36QvNGcqxJZRpYW8lbEg1ZWjTKdoQ/OWXV0mz4vpVt3J/Va5d5nEU4BTO4AJ8uIYa3EEdGsBgAM/wCm+OdF6cd+dj0brm5DMn8AfO5w9RNI0X</latexit>

2⇡
<latexit sha1_base64="o2we4ogH9qdH/pDB9nLErX3Xy3g=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY8FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aytb2xubZd2yrt7+weHlaPjlk4yxdBniUhUJ6QaBZfoG24EdlKFNA4FtsPx3cxvP6HSPJGPZpJiENOh5BFn1FjJr5NeyvuVqltz5yCrxCtIFQo0+5Wv3iBhWYzSMEG17npuaoKcKsOZwGm5l2lMKRvTIXYtlTRGHeTzY6fk3CoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg2yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n7INwVt+eZW06jXvqlZ/uK42Los4SnAKZ3ABHtxAA+6hCT4w4PAMr/DmSOfFeXc+Fq1rTjFzAn/gfP4AEb6OIQ==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

⇡
<latexit sha1_base64="hRHXb1qZN9DW23SWptFWm95EBbs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeuglol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5ltXZ/Valf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdKbY27</latexit>
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<latexit sha1_base64="Q1esXt8ceFNylpi7V0/30NoY0so=">AAACB3icbVBNS8MwGE79nPOr6lGQ4BAmyGynoMeBFw8eJrgPaEtJ03QLS9qSpINRdvPiX/HiQRGv/gVv/hvTbQfdfCB5H57nfUneJ0gZlcqyvo2l5ZXVtfXSRnlza3tn19zbb8skE5i0cMIS0Q2QJIzGpKWoYqSbCoJ4wEgnGNwUfmdIhKRJ/KBGKfE46sU0ohgpLfnmEYHuGWz7vaI4d/pyeQbPq3049MNTzzcrVs2aAC4Se0YqYIamb365YYIzTmKFGZLSsa1UeTkSimJGxmU3kyRFeIB6xNE0RpxIL5/sMYYnWglhlAh9YgUn6u+JHHEpRzzQnRypvpz3CvE/z8lUdO3lNE4zRWI8fSjKGFQJLEKBIRUEKzbSBGFB9V8h7iOBsNLRlXUI9vzKi6Rdr9kXtfr9ZaVRn8VRAofgGFSBDa5AA9yCJmgBDB7BM3gFb8aT8WK8Gx/T1iVjNnMA/sD4/AH5PpYn</latexit>

1.25
<latexit sha1_base64="uY4htcWSXaGemqTOPn4+X/so+bE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg4SkKnosePFYwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtPG8b6e0tr6xuVXeruzs7u0fVA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek7vc7zxRpVksH800oYHAI8kiRrDJJd+tXw+qNc/15kCrxC9IDQo0B9Wv/jAmqaDSEI617vleYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQbZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwV9+eZW0665/6dYfrmqNiyKOMpzAKZyDDzfQgHtoQgsIjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4AxwONVg==</latexit>

ZT figure of merit
<latexit sha1_base64="s5sCuqyyEoD2sup3ZXTTQV2OYUo=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQPIXdKOgx4MVjhLwwCWF20psMmX0w0yuGJXjxV7x4UMSrX+HNv3GS7EETCxqKqm6aKi+WQqPjfFu5ldW19Y38ZmFre2d3z94/aOgoURzqPJKRanlMgxQh1FGghFasgAWehKY3up76zXtQWkRhDccxdAM2CIUvOEMj9eyjDsIDpnc16otBooBGPg1ACZz07KJTcmagy8TNSJFkqPbsr04/4kkAIXLJtG67TozdlCkUXMKk0Ek0xIyP2ADahoYsAN1NZxEm9NQofepHykyIdKb+vkhZoPU48MxmwHCoF72p+J/XTtC/6qYijBOEkM8f+YmkGNFpH7QvFHCUY0MYN7kFp3zIFONoWiuYEtzFyMukUS6556Xy7UWxUs7qyJNjckLOiEsuSYXckCqpE04eyTN5JW/Wk/VivVsf89Wcld0ckj+wPn8AJsiXOA==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

1
<latexit sha1_base64="58N8iZhPhP8YbIeRpqOkwM6Xbak=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHVNjKM=</latexit>

1/4
<latexit sha1_base64="s+yqkvGP518SOnQ7+r4NupiOJOQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQeJuDOgx4MVjRPOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHrzLaq9YcsvuHGSVeBkpQYZ6r/jV7ccsjVAaJqjWHc9NjD+hynAmcFrophoTykZ0gB1LJY1Q+5P5qVNyZpU+CWNlSxoyV39PTGik9TgKbGdEzVAvezPxP6+TmvDGn3CZpAYlWywKU0FMTGZ/kz5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf88ippVsreVblyXy3VLrI48nACp3AOHlxDDe6gDg1gMIBneIU3RzgvzrvzsWjNOdnMMfyB8/kDVcONGg==</latexit>

3/4
<latexit sha1_base64="JbpFwlW1UB1XdXKwg6ZSCJftIVg=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNxNAnoMePEY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz321lb39jc2s7t5Hf39g8OC0fHTR0limGDRSJS7YBqFFxiw3AjsB0rpGEgsBWMb2d+6wmV5pF8NJMY/ZAOJR9wRo2VHipX1V6h6JbcOcgq8TJShAz1XuGr249YEqI0TFCtO54bGz+lynAmcJrvJhpjysZ0iB1LJQ1R++n81Ck5t0qfDCJlSxoyV39PpDTUehIGtjOkZqSXvZn4n9dJzODGT7mME4OSLRYNEkFMRGZ/kz5XyIyYWEKZ4vZWwkZUUWZsOnkbgrf88ipplktepVS+rxZrl1kcOTiFM7gAD66hBndQhwYwGMIzvMKbI5wX5935WLSuOdnMCfyB8/kDWM+NHA==</latexit>

�AB/�0
<latexit sha1_base64="Zsxs5556GgCWQHb1Zxut41Qxvwk=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuKpJFXRZdeOygr1AG8JkOmmHTiZhZlIooW/ixoUibn0Td76N0zQLbf1h4OM/53DO/EHCmdKO822V1tY3NrfK25Wd3b39A/vwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw/r3cmVCoWiyc9TagX4aFgISNYG8u37X5zxPzs9m52kZPj21Wn5uRCq+AWUIVCTd/+6g9ikkZUaMKxUj3XSbSXYakZ4XRW6aeKJpiM8ZD2DAocUeVl+eUzdGacAQpjaZ7QKHd/T2Q4UmoaBaYzwnqklmtz879aL9XhjZcxkaSaCrJYFKYc6RjNY0ADJinRfGoAE8nMrYiMsMREm7AqJgR3+cur0K7X3Mta/fGq2qgXcZThBE7hHFy4hgY8QBNaQGACz/AKb1ZmvVjv1seitWQVM8fwR9bnD2v0ktE=</latexit>

2⇡
<latexit sha1_base64="o2we4ogH9qdH/pDB9nLErX3Xy3g=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY8FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777aytb2xubZd2yrt7+weHlaPjlk4yxdBniUhUJ6QaBZfoG24EdlKFNA4FtsPx3cxvP6HSPJGPZpJiENOh5BFn1FjJr5NeyvuVqltz5yCrxCtIFQo0+5Wv3iBhWYzSMEG17npuaoKcKsOZwGm5l2lMKRvTIXYtlTRGHeTzY6fk3CoDEiXKljRkrv6eyGms9SQObWdMzUgvezPxP6+bmeg2yLlMM4OSLRZFmSAmIbPPyYArZEZMLKFMcXsrYSOqKDM2n7INwVt+eZW06jXvqlZ/uK42Los4SnAKZ3ABHtxAA+6hCT4w4PAMr/DmSOfFeXc+Fq1rTjFzAn/gfP4AEb6OIQ==</latexit>

0
<latexit sha1_base64="KJa6pDgxxeogIDVidSgL+lobpZs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9Ys8jiKcwCmcgwfXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHPJjKI=</latexit>

⇡
<latexit sha1_base64="hRHXb1qZN9DW23SWptFWm95EBbs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeuglol+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5ltXZ/Valf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdKbY27</latexit>
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FIG. 5. Effect of finite transmission through the T-junctions on the thermoelectric response and figure of merit of the AB
heat engine. We have fixed the length and asymmetry of the AB ring to L = 2µm and δL/L = 0.3, and the temperature to
T = 0.5K. a) Seebeck coefficient for ε = 0.1. The maximum thermoelectric response is of the same order, ∼ 300µK/V as for
ε = 0.5, see Fig. 22, but it exhibits a more pronounced sharp dependence on the gate voltage Vg and AB flux Φ/Φ0. This allows
for achieving much higher values for the figure of merit, shown in panels b) and c). In b), we show density plots of the ZT
figure of merit for ε = 0.3 and ε = 0.1. For ε = 0.3, resonant tunneling does not yet take place, explaining lower ZT values as
compared to Fig. 33 where ZT > 2 for L = 2µm, δL/L0.3 and T = 0.5K. When transmission through the T-junctions is further
decreased, ε = 0.1, resonant tunneling takes place and ZT achieves exceptionally high values, exceeding 12. In panel c), we
show the max values achieved for ZT as a function of ε over the parameter space spanned by the gate voltage and the AB flux.
It clearly shows the advantage provided by resonant tunneling once ε ≤ 0.2.

T = 0.1 and T = 4 K. However, the thermoelectric ad-
vantage of the AB heat engine at T = 0.1 K compared to
T = 4 K is clearly demonstrated in the inset. Whereas
the efficiency reaches its maximum at maximum power
for T = 4 K as expected when ZT < 1, the maximal effi-
ciency at T = 0.1 K does not correspond to the efficiency
at maximum power.

At T = 1 K and T = 0.5 K, the efficiency at maximum
power reaches ∼ 26% and ∼ 27%, respectively. To the
best of our knowledge, the highest efficiency at maximum
power considering a mesoscopic engine has been recently
obtained in Ref. 1717, and reached ∼ 29%. The corre-
sponding device is an interferometer built within the
quantum Hall regime, and the energy dependence of the
transmission probability is induced by a time-dependent
driven mesoscopic capacitor. From the experimental
point of view, this device is more complex compared to
a tunable AB ring, for a similar efficiency at maximum
power. However, we would like to stress that these two

proposals demonstrate the high potential of exploiting
mesoscopic interferometers towards the realization of
efficient quantum heat engines. The corresponding
efficiencies at maximum power are close to the optimal
one derived for a two-terminal engine, obtained with a
box-car type transmission probability2929.

V. THE AB HEAT ENGINE UNDER
RESONANT TUNNELING CONDITIONS

In this last section, we wish to further emphasize the
exceptional experimental tunabilities of the AB ring al-
lowing for high thermoelectric performances when oper-
ating as a heat engine. This is done by exploiting the
transmission probabilities of the T-junctions between the
AB ring and the left and right leads. Following Ref. 3232
and already recalled in Sec. IIII, this one can be charac-
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terized by a single parameter ε ∈ [0, 0.5] appearing in the
total transmission probability TAB , see eq. (55). When
ε is small for both T-junctions, the transmission proba-
bility TAB exhibits resonances due to resonant tunneling
effect. This can be seen in Fig. 11 from the red curve,
the transmission probability exhibits sharp peaks as a
function of energy. Due to the other parameters (asym-
metry, gate voltage), TAB remains highly asymmetric as
a function of energy, allowing for exceptional thermoelec-
tric properties. These ones are illustrated in Fig. 55. For
clarity, we have fixed the length, the asymmetry and the
temperature to L = 2µm, δL/L = 0.3 and T = 0.5K.

A lower transmission of the T-junctions characterized
by ε < 0.5 leads for both the Seebeck coefficient and ZT
figure of merit to a much more pronounced dependence
on the gate voltage Vg and the AB flux as shown by the
density plots in panels a) and b). However, an increase
of the thermoelectric properties of the AB heat engine
only arises when ε is sufficiently small, ε ≤ 0.2, such that
resonant tunneling starts playing a role. This can be
seen from panel b), where the ZT values does not exceed
1.25 for ε = 0.3, but reaches values as high as 12.5 when
ε = 0.1. Resonant tunneling is also put in evidence in
panel c), where we show the maximum values obtained
for ZT over the full space spanned by Vg and ΦAB as
a function of ε. To the best of knowledge, high values
for ZT clearly exceeding the threshold 3 to have more
than 30% efficiency have only been predicted for very
few systems so far, in engines exploiting superconduct-
ing gaps1010, quantum spin Hall states5959, graphene doped
by magnetic impurities6060 and mobility edges6161. Remark-
ably, the AB heat engine performance relies entirely (and
solely) on single-particle quantum coherence, one of the
simplest genuine quantum properties.

VI. CONCLUSIONS

In summary, we have proposed and analyzed a
phase-coherent mesoscopic heat engine based on a
Aharonov-Bohm quantum interferometer. The system
can provide sizeable thermoelectric response, and large
thermodynamic efficiency at maximum power (∼ 30%)
which is close to the optimal one achievable for a two-
terminal heat engine. Under conditions which are easily
accessible from the experimental point of view, the heat
engine is able to yield full phase and electrostatic control
of thermal and electric conductance as well as of its ther-
moelectric figures of merit. High-mobility GaAs/AlGaAs
two-dimensional electron gas heterostructures4040 are ideal
candidates for the implementation of the AB quantum
heat engine which is expected to lead to realistically
robust performances over a wide range of system pa-
rameters configurations. Our results suggest the AB
interferometer as the archetypal quantum platform for
the realization of unique phase-tunable heat engines
and quantum thermal machines operating at cryogenic
temperatures.
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Appendix A: Derivation of the transmission
probability through a AB ring

Here we provide details on the derivation of the trans-
mission probability of the AB ring in full generality.
We take into account finite transmission through the T-
junctions characterized by the parameter ε, the asymme-
try of the AB ring and the presence of a magnetic field
threading the sample that leads to an enclosed magnetic
flux. The schematic of the setup is shown in Fig. 66. To
satisfy symmetry between the two branches of the ring,
following Ref. 3232 and the labels of the different channels
as shown on Fig. 66, the real scattering matrices of the
left and right T-junctions, St,L and St,R respectively, are
given by :

St,L =

 −√1− 2ε
√
ε
√
ε√

ε a b√
ε b a

 ≡
 rL11 tL12 tL13

tL21 rL22 tL23

tL31 tL32 rL33

 .

St,R =

 a b
√
ε

b a
√
ε√

ε
√
ε −
√

1− 2ε

 ≡
 rR11 tR12 tR13

tR21 rR22 tR23

tR31 tR32 rR33

 .

with a, b satisfying (a+ b)2 + 2ε = 1 and a2 + b2 + ε = 1
for current (probability) conservation:

a =
1

2

(√
1− 2ε− 1

)
and b =

1

2

(√
1− 2ε+ 1

)
.(A1)

and tL,Rij , rL,Rij the transmission and reflection amplitudes

to go from input j to output i as defined in the left (L)
and right (R) T-junctions. Then the total transmission
amplitude takes into account contributions from paths
starting from the upper arm or from the lower arm, that
we denote tu and td respectively following Ref. 5858:

t = tL21tu + tL31td . (A2)

Denoting by φi the phase acquired in presence of a
perpendicular magnetic field along the upper (i = 1) and
lower (i = 2) arms, and by χi = kiLi the dynamical
phase where ki is the momentum vector and Li the length
of arm i, the amplitudes tu, td can be shown to be the
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FIG. 6. Schematic of an AB ring in the presence of a magnetic
field that leads to an enclosed magnetic flux ΦAB , with T-
junctions (black traingles) characterized by a single parameter
ε.

solutions of

tu = ei(φ1+χ1)tR31 + e2iχ1(rR11r
L
22tu + rR11t

L
32td)

+ei(χ1+χ2)ei(φ1−φ2)(tR21t
L
23tu + tR21r

L
33td) , (A3)

td = ei(φ2+χ2)tR32 + e2iχ2(rR22r
L
33td + rR22t

L
23tu)

+ei(χ1+χ2)e−i(φ1−φ2)(tR12t
L
32td + tR12r

L
22tu) . (A4)

Inserting the expressions of the transmission and re-

flection amplitudes as a function of the parameter ε, we
get

t =
√
ε(tu + td) (A5)

with tu and td the solutions of

tu = ei(φ1+χ1)
√
ε

+
e2iχ1 + ei(χ1+χ2)ei(φ1−φ2)

4

[
(1− 2ε)(tu + td) + (tu − td)

]
+
e2iχ1 − ei(χ1+χ2)ei(φ1−φ2)

2

√
1− 2ε tu , (A6)

td = ei(φ2+χ2)
√
ε

+
e2iχ2 + ei(χ1+χ2)e−i(φ1−φ2)

4

[
(1− 2ε)(tu + td)− (tu − td)

]
+
e2iχ2 − ei(χ1+χ2)e−i(φ1−φ2)

2

√
1− 2ε td . (A7)

Straightforward algebra leads to a simple expression of
the total transmission amplitude:

t =
ε e−i(χ1+χ2)

(
ei(χ1+φ1) + ei(χ2+φ2) − ei(2χ1+χ2+φ2) − ei(χ1+2χ2+φ1)

)
(
ε− 1 +

√
1− 2ε

)
cos(φ1 − φ2) +

(
ε− 1−

√
1− 2ε

)
cos(χ1 − χ2)− 2(ε− 1) cos(χ1 + χ2)− 2iε sin(χ1 + χ2)

(A8)

The total transmission probability for the AB ring as a function of ε takes the final form:

TAB(ε) =
1− cos(χ1 + χ2) cos(χ1 − χ2) + cos(φ1 − φ2)

(
cos(χ1 − χ2)− cos(χ1 + χ2)

)
sin2(χ1 + χ2) +

(
2(1−ε) cos(χ1+χ2)−(1−ε−√1−2ε) cos(φ1−φ2)−(1−ε+√1−2ε) cos(χ1−χ2)

2ε

)2 .

(A9)

We remark that the final result only depends on the AB
magnetic flux φ1 − φ2 = 2πΦAB/Φ0 and on the sum and
difference of the dynamical phases χ = χ1 +χ2 and δχ =
χ1 − χ2. This expression corresponds to Eq. (55) in the

main text. When ε = 1/2 (fully transmitting T-junctions
from the leads to the two branches), one recovers existing
expressions in the literature.
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