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We describe a systematic series of experiments on thermalization of electrons
in lithographic metallic thin films at millikelvin temperatures using Coulomb
blockade thermometry (CBT). Joule dissipation due to biasing of the CBT
sensor tends to drive the electron system into non-equilibrium. Under all
experimental conditions tested, the electron-electron relaxation is fast enough
to ensure thermal electron distribution, which is also in agreement with the
theoretical arguments we present. On the other hand, poor electron-phonon
relaxation plays a dominant role in lifting the electron temperature above that
of the bath. From a comparison of the results with the theoretical current-
voltage characteristics of the thermometers we precisely determine the elec-
tron-phonon coupling constant for the common metals used. Our experiments
show that it is a formidable task to attain thermal equilibrium with the bath
using single-electron devices under non-zero bias conditions at 20–50 mK
temperatures that are typically encountered in experiments. The conclusion
concerning Coulomb blockade thermometry is more optimistic and two-fold:
(1) One can now correct the errors due to bias heating in a satisfactory
manner based on known material properties and the size of the metal films in
the sensor. (2) Reliable thermometry down to 20 mK requires islands whose
volumes are > 10−15 m3, which is still acceptable both from the parameter
(capacitance) and fabrication points of view.
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Thermometry:	
With	tunnel	junc7ons…	

…	and	with	resonators	
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Fig. 2. A typical measured conductance curve
(G(V)/GT=differential conductance scaled by its
asymptotic value at large positive and negative
voltages) against bias voltage V. V1/2 indicates the
full width at half minimum of the characteristics,
which is the main thermometric parameter. The full
depth of the line in this plot is the other parameter
of interest, DG/GT.

The central results of the CBT are as follows.1, 2 The conductance
curve G(V) — dI/dV scaled by its asymptotic value GT — limV Q± . G(V) of
a linear array of junctions can be written in the limit kBT ± EC in the form

G(V)/GT=1 − 2 C
N

i=1

RT, i

RS

D i

kBT
g 1RT, i

RS

eV
kBT

2 . (1)

Here RT, i is the tunnel resistance ( junction resistance) of the i th junction,
RS — ;N

i=1 RT, i, whereas D i is the Coulomb blockade threshold for the ith
junction originating from the inverse capacitance matrix of the array, and
the function g determines the bias V dependence of G/GT:

g(x)=[x sinh(x) − 4 sinh2(x/2)]/[8 sinh4(x/2)]. (2)

If the array is fully uniform, i.e., tunnel resistances and junction capaci-
tances Ci are all equal within the array such that RT, i — RT and Ci — C,
and the stray capacitances of the islands are small compared to C, we
obtain

G(V)/GT=1 −
EC

kBT
g 1 eV

NkBT
2 . (3)
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supersymmetric models, which are beyond the reach of
current detectors.

Owing to the isotropic gap of superfluid 3He-B, its heat
capacity decreases exponentially, resulting in extremely
high bolometric sensitivity. Thermometry is achieved by
measuring the damping of a Vibrating Wire Resonator
(VWR) immersed in the superfluid [5]. A VWR is a fine
superconducting NbTi wire bent into semi-circular shape
and oscillating perpendicularly to its plane (Fig. 1). The
damping of the oscillator, driven at its first mechanical
resonance, is dominated by the collisions with the
surrounding quasiparticle gas [6] and provides, therefore,
a very sensitive and direct probe of the superfluid’s
temperature.

2. Results from MACHe3

A schematic view of the bolometer prototype studied
within the MACHe3 collaboration is shown in Fig. 1. The
target 3He (32mg) is confined into copper cells of 0.13 cm3

which are thermally linked to the outer 3He bath via a
small orifice in one of the cell walls [7]. Energy deposited to
the superfluid inside the cell is detected as an increase of the
VWR damping W. The fast VWR response ðtriseo1 sÞ is
followed by a slow recovery ðtfall # 5 sÞ as the excess
quasiparticles escape to the outer thermal bath. The
bolometric calibration is performed using a second VWR
present in the cell [8].

Following the detection of the nuclear neutron capture
[7,9] and the identification of the muon peak [10], the
detection threshold was lowered to the keV level in recent
measurements on a detector prototype of three adjacent
bolometric cells [11].

In the same experiment, the coincident detection of
muons in two or three cells simultaneously allowed to
illustrate the possibility of efficient muon background
rejection by a large matrix of bolometric cells. Further-
more, in one of the three detector cells, we embedded a
small amount of radioactive 57Co producing g-rays of 122
and 136 keV as well as electron emission lines, mainly at
about 7 and 14 keV [12]. These low energy events are
clearly detected, and are well above threshold (Figs. 2 and
3). The MACHe3 detector prototype therefore already
reached the required sensitivity for observing bolometri-
cally the expected neutralino signal.

3. ULTIMA outlook

A future version of a detector looking for nBDM will
have to integrate a method of parallel discrimination of
electron recoil background events. The irradiation depen-
dent scintillation rate of helium may provide a possible
method for further discrimination of incident g-rays and
muons from nuclear recoils. Magnetic calorimeters allow
to detect radiation well below keV level at temperatures as
low as 30mK [13]. Such detectors would not have to be in
direct physical contact with the target material but may be
separated by some transparent confining material and
vacuum. Furthermore 3He is extremely transparent to its
own scintillation, the target samples surrounded by such a
radiation detector may thus be large.

ARTICLE IN PRESS

Fig. 1. Bolometric cell for particle detection using superfluid 3He as the
target material. The fine VWRs are sensitive thermometers in the
submilliKelvin range. The superfluid inside the cell is in weak thermal
contact with the outer 3He heat bath via the small orifice. A second VWR
in the cell can be used for calibrating the bolometric cell. The inset shows a
picture of the prototype of three adjacent cells.

Fig. 2. VWR damping as a function of time, the calibration coefficient
relating peak amplitude to energy being of about 2:5$ 10%4 Hz=keV. Low
energy electrons (events marked 1, 3, 6, 7 and 9) corresponding to 7 and
14 keV events, are observed in the cell containing the 57Co source. The
larger energy events ð5; 10Þ are most likely due to cosmic muons. Energy
depositions below 1 keV can be distinguished (2).
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Fig. 4.4: Signal en phase et en quadrature de la résonance d’un Fil Vibrant de NbTi à ultra-basse
température. En traits pleins, l’ajustement du signal complexe par (4.17) fournit une largeur de raie
W0(T ) = 1.26 Hz et permet de déterminer H. Un temps de balayage long (300 s, 100 points) et un courant
d’excitation faible I = 3.6 nA permettent d’éviter la distorsion et les non-linéarités de la résonance. La
calibration décrite dans la partie 5 permet de convertir cette largeur en température, ici en l’occurence
T = 144 µK.

faible que ce qui correspondrait à une dissipation visqueuse, linéaire en la vitesse. Comme

il sera discuté dans la partie 4.3, dans le superfluide la friction est sous-linéaire en v et la

courbe (I, V ) ⌘ (F, v) présente un comportement sur-linéaire (figure 4.5).

Dans les mesures e↵ectuées à Lancaster, le Fil Vibrant est à l’intérieur d’un grand vo-

lume de superfluide, ce qui permet d’assurer que ces mesures sont e↵ectuées à température

constante. Comme nous le discuterons dans la section 5, la situation est très di↵érente

dans notre dispositif expérimental. Puisque nous voulons être sensibles à de faibles dépôts

d’énergie, nous travaillons dans de petits volumes de superfluide et la puissance de chauf-

fage due au Fil Vibrant lui-même doit être prise en compte. Les e↵ets de l’auto-chau↵age

sont discutés dans l’annexe B.

Pour des vitesses encore plus grandes, généralement comprises entre v0 et vc, des rup-

tures de pente, voire des plateaux et discontinuités peuvent être observés. Les plateaux ont

été observés par Bradley [12]. Lorsqu’un plateau est traversé très lentement, des oscilla-

tions entre deux valeurs discrètes de la vitesse sont observées, que ces auteurs interprètent

Winkelmann	et	al.,	JLTP	(2004),		
NIMA	(2006),	PRL	(2006)	
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QDs	as	monochroma7c	single	electron	injectors	
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At charge degeneracy, the thresholds for the onset of
both forward and backtunneling can be seen as the narrow
blue stripes in Fig. 3(a). Both thresholds cross at VB ¼ 0
when Aϵ ¼ Δ. Whereas the frequency-dependent trans-
mission of the ac gate signal to the device is not precisely
known, this crossing is used to calibrate Aϵ. The bright
color identifies regions of voltage-independent current
corresponding to I ¼ 0 and I ¼ "ef, respectively.
When ϵ̄ is slightly detuned from ϵ̄0 by the static gate

potential, the onset of forward tunneling is linearly shifted
towards larger Aϵ [Fig. 1(b)]. Note that turnstile operation
requires two successive tunneling events to occur. This is
visible in Fig. 3(b), where the current is shown as a function
of gate detuning and modulation amplitude. For larger
amplitudes Aϵ, an increasing tolerance of the turnstile
operation with respect to the proper tuning of ϵ̄ − ϵ̄0
develops.
Having evidenced electron turnstile operation, let us

now identify the hallmarks of transport through a single
quantum energy level. In SINIS turnstiles, backtunneling
can be occasioned by electrons from the high-energy tail of
the thermal energy distribution in N. The backtunneling
probability increases, thus, steadily and smoothly as Aϵ is
cranked up [33]. Conversely, in a SQS turnstile, back-
tunneling sets in abruptly when the threshold Aϵ ¼ Δþ
jVBj=2e is exceeded. This is seen in Fig. 4(a), where at high
enough modulation amplitudes, the current drops suddenly
from ef. We numerically model the turnstile current
dependence on Aϵ, both for the SINIS and the SQS
turnstile, by solving the time-dependent rate equations
using the measured output of the ac signal generator.
In the SQS case, the instantaneous tunneling rates to each
lead are found from the retarded Green’s function’s pole
[24,34,35], that is, beyond Fermi’s golden rule. This is

particularly important near the singularities in the super-
conducting density of states (see the Supplemental Material
[30]). The calculation [continuous line in Fig. 4(a)] nicely
captures the abrupt decrease of the current as soon as the
backtunneling threshold is met. For comparison, in a SINIS
device with parameters taken from the most precise devices
presently studied [36,37], the onset of backtunneling is
markedly smoother (dashed line).
This particularly sharp onset of backtunneling is all the

more pronounced if the rise time τ of ϵðtÞ is short, or more
precisely, if the time available for forward tunneling only is
brief. If ϵ is raised to the backtunneling threshold within
τ ≪ γ−1S;D, the probability of backtunneling may actually
exceed that of forward tunneling. This means that a current
inversion of magnitude up to ef might eventually be
produced with proper parameter combinations. This could
not, however, be observed in our experiment because the

FIG. 3. (a) Color map of ∂I=∂VB as a function of bias and
gate modulation amplitude (f ¼ 56 MHz, ϵ̄ ¼ ϵ̄0). Narrow blue
regions corresponding to rapid increase in current separate areas
of voltage-independent current (white), with values I ¼ 0 and
I ¼ "ef. (b) Color map of turnstile current as a function of static
gate offset from degeneracy point and gate modulation amplitude
(f ¼ 60 MHz, VB ¼ 1.5Δ=e). All data are from device A.
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FIG. 4. (a) Turnstile current as a function of operation signal
amplitude (device A, f ¼ 56 MHz, ϵ̄ ¼ ϵ̄0, and eVB ¼ 0.7Δ).
The sharp decrease in current indicates the sudden onset of
backtunneling. The continuous line is the numerical calculation
for the SQS with all parameters determined by the device dc
transport properties (see text). The dashed line is the analogous
calculation for a SINIS device with normal state resistance
RN ¼ 300 kΩ, U ¼ 3.0Δ and assuming quasiequilibrium of
electrons in N by electron-phonon relaxation [38]. The arrows
indicate the values of Aϵ used in (c). (b) Slope at inflection point
of IðVbÞ on the turnstile plateaus, averaged over Aϵ, as a function
of temperature (device A). The dashed line is the calculation
for the SINIS device, with parameters as in (a). (c) Calculation
of the energy distribution of the delivered charge per cycle,
for different gate drive amplitudes Aϵ, with parameters as in (a).
The negative part of the panel displays the backtunneling
contribution. The highest position of the quantum dot level, as
determined by the gate modulation, is represented in the inset by
the lines of corresponding colors.
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Charge	versus	energy	current	
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Experimental	tools	

Local	electronic	thermometry	

Electromigra'on	

RF	read-out	

GasparineV	et	al.,		
Phys.	Rev.	Appl.	(2015)	

van	Zanten	et	al.,		
Phys.	Rev.	B	(2015)	
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Thermal	transport	in	the	presence	of		
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Thermopower	of	a	weakly	coupled	quantum	dot	

Independent	access	to	device	
parameters	and	TL,	TR	
	
Applica7ons	as	a	heat	engine	

5.3 Exp 2: Thermoelectric transport in a weakly coupled QD 115

Fig. 5.12: Thermocurrent response of the QD (a) The map of the thermocurrent of the QD
junction as a function of bias voltage Vb and gate voltage Vg, measured at the base temperature Tb ⇡ 70
mK. Interestingly, the positive current part of the diamond enters into the negative bias region and
same is true for the negative current part of the Coulomb-diamond. (b) A line-cut of the thermocurrent
map at a constant bias close to Vb = 0. The black line is the fit of the data with the linear response
theory, using the temperature of the leads as free parameters. The temperature of the source and drain
leads obtained from the fit are Ts = 235 mK and Td = 143 mK. Fitted value of Ts matches very well
with a rough estimate, while deviation of fitted value of Td from Tb indicates that the electrons are not
well thermalized to the bath at such low temperature, because of the parasitic noise. (c) The transport
mechanism through the QD in the presence of a finite temperature and voltage bias across it. With
application of the gate voltage one can manipulate the position of the QD level. Different positions of
a single QD level are shown by the numbers. The shape of measured thermocurrent can be explained
by the position of the single level.

shown in Fig. 5.12 (b), the black line gives the fit of the data with a linear response theory,
using the temperature of the leads as free parameters (theoretical help from Paolo Erdman is
acknowledged). The temperature of the source and drain lead found from the fit are Ts = 235
mK and Td = 143 mK. The deviation of the fitted value of Td from Tb indicates that the
electrons remain overheated at such low bath temperature due to the parasitic noise.

Fig. 5.12 (c) shows the mechanism of the transport with a single QD level. Let us
consider a finite bias between the hot-source and the cold-drain lead. With the application
of the gate voltage we can move the QD level reversibly along the energy axis. First at the
position 1, the level is far away from the Fermi-level of both of the leads, hence a zero current
is observed. When the level is at the position 2, the high energy electrons from the hot source
lead can tunnel and produce a negative current against the applied bias voltage (considering

Beenakker	and	Staring,	Phys.	Rev.	B	(1993)	
Matveev	and	Turek,	Phys.	Rev.	B	(2002)	
Erdman	et	al.,	Phys.	Rev.	B	(2017)	
	
See	also:	Joseffson	etal.,	Nature	Nanotechnol.	(2018)	



Thermal	signature	of	transport	in	a	QD	junc7on	
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Thermopower	in	the	Kondo	regime	



Thermopower	in	the	Kondo	regime	

See	also:	Svilans	et	al.,	arXiv:1807.07807	

1	K	
2.5	K	
4	K	

-5 0
vg

-2

-1

0

1

2

S 
[k

B
/e

]

T=0.07Γ
T=0.2Γ
T=0.3Γ

even	 odd	

-  2e-periodic	thermopower	signal	
-  Sign	change	as	temperature	is	

increased	
(as	opposed	to	mixed	valence	regime	
Scheibner	et	al.,	Phys.	Rev.	LeR.	2005)	

NRG	calcula7ons	by	T.	Cos7	
Cos^	and	Zla^c,	Phys.	Rev.	B	(2011)	
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