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I electric current density

J particle current density

Jo heat flux, heat current density

M chemical potential

T temperature

V voltage, electrostatic potential difference
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From: R.D. Barnard Thermoelectricity in Metals and Alloys (1972) e e
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Landauer-Buttiker-Formalism:
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« Kelvin-Onsager relation (1931)
Lo _n__(§)
- G I~ - T B eT thermal energy

(AQ = TAS) to transfer one

electron from a
hot to a cold
reservoir

« Heike’s formula
S=—LAS=-1ky(ing, -Ing,)
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(spin) entropy contribution

Mottt relation
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Measuring
Thermopower
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Vth :VI _V2 — (Sdot B quc)(Te _TL)

fl T| = Tr fr

* energy dissipation at the channel entrance

« only hot electron gas within channel
(1 PS = Tee << Tepn= 0.2 ns)

* energy relaxation in the reservoir

» diffusion thermopower

AT =10 mK, AXx =500 nm = 20 K/mm

QD and QPC create thermovoltages
which can be measured as voltage
difference between V,and V,

V-V, = (Sqp -Sapc) AT = Sqp AT
Sqpc €an be adjusted to zero
ac-excitation and detection:

I:)heat - [I Sin(mt)]2
~ sin(2wt) (/27 =13 Hz)
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First Experiments:

Thermopower of a QPC
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Quantum Oscillations in the Transverse Voltage of a Channel in the Nonlinear Transport Regime
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Each channel in the point contact acts as a potential barrier,
hence the thermopower shows a series of peaks

L.W. Molenkamp et al., Phys. Rev. Lett. 65, 1052 (1990).
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c —k—eB(1+51) if N<1
E:

[ fdE =k, T In[i+exp(E, /kyT)]

i[ln(m Demnfi+en )]

:>L:2——B
h e

quantized thermopower

S :_ﬁ In2

1
e N—1

if E. =E,; N>I

H. van Houten et al., Semicond. Sci. Technol. 7, B215 (1992)

2

(-kg/e)
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S=0
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« Voltage Probes have to be at same temperature and of the same material
* QPC can be used as a reference since TP of QPC is known (can be adjusted to zero)

« G of QPC is quantized — and therefore, so is S. This can be used as a method of
temperature calibration

4 4

% +
VT,A VT,B - VY / VT,B
TA

L.W. Molenkamp et al., Phys. Rev. Lett. 65, 1052 (1990).
L.W. Molenkamp et al., Phys. Rev. Lett. 68, 3765 (1992).
A.A.M. Staring et al., Europhys. Lett. 22, 57 (1993).

S. Mdller et al., Phys. Rev. Lett. 81, 5197 (1998).

S.F. Godijn et al., Phys. Rev. Lett. 82, 2927 (1999).

R. Scheibner et al., Phys. Rev. Lett. 95, 176602 (2005).
R. Scheibner et al., Phys. Rev. B75, 041301(R) (2007).
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Kelvin-Onsager relation II = ST

Theoretical estimate for Peltier
coefficient

I1=ST = —(kgTIn2)/(N + 3)e =~ =70 uV

is within factor of 2 from observed
signal.

Peltier heating/cooling linear in current,
detect only 1f signal!

L.W. Molenkamp et al., Phys. Rev. Lett. 68, 3765 (1992).
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() 1K <
@ %ﬂx Loirens % Wiedemann- Franz relation,

+ 6T a--2-- + AT ——E « % LoTG |
Ill % Lo = k%n?/3e? is the Lorenz number.
5 X 4

o

The Wiedemann-Franz relation (5), using G = N(2e2/h),
implies k = 1.7 x 10711 W/K (for the N = 5 plateau).

>
32 again within factor of 2 from the
observed signal.

o
;Lﬂ Wiedemann-Franz yields thermal
conductance quantum.

L.W. Molenkamp et al., Phys. Rev. Lett. 68, 3765 (1992).
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Electron-electron-scattering-induced size effects in a two-dimensional wire

L. W. Molenkamp and M. J. M. de Jong*
Philips Research Laboratories, 5656 AA Eindhoven, The Netherlands
(Received 7 October 1993) T T T T T

The differential resistance of wires defined in the two-dimensional electron gas in an (Al,Ga)As
heterostructure is observed to first increase and then decrease with increasing current. It is demon-

strated that this behavior results from the interplay of an enhanced electron-electron-scattering rate
(due to current heating of the electron gas), and the partly diffusive nature of boundary scattering 700 |
in the wire. The data are identified as an experimental observation of the Knudsen maximum and
the Poiseuille flow regime in electron transport, and confirm an analogy between electron and gas
flow that has been anticipated since the 1950s.
TABLE I. Length L, lithographic width Wi, electrical
width W, electron density n, mean free path Iy [M. 1.5 K
(sample I) and 1.8 K (samples II & III)], and specularity pa-
1 | L l

rameter a of the samples discussed in this paper.

Sample L Wiww W n Iy a 650
(pm)  (pm) (pm) (10" em~?) (um)
I 20.2 3.9 3.5 2.2 12.4 0.6 a
11 63.7 4.0 3.6 2.7 19.7 0.7 -
I 127.3 4.0 3.6 2.7 19.7 0.7 %
T T T % T 1 T T T
450 (a)
as0 | 4
400
é 350 |- -1
bl
> 300 400 K . , , —
250 | 20 10 0 10 20
| | WA)
200 _1;,0 _5'0 T ET 100 FIG. 2. Differential resistance dV/dI vs I for (a) wire II,
1 (wA) and (b) wire III for lattice temperatures of (from top to bot-
FIG. 1. Differential resistance dV/dI of wire I as a function tom) 4.5, 3.1, and 1.8 K. At higher current levels, dV/dI ex-
of heating current I for lattice temperatures of (from top to hibits a quasiquadratic increase with current, similar to that

bottom) 24.7, 20.4, 17.3, 13.6, 10.4, 8.7, 4.4, and 1.5 K. in Fig. 1.
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statically defined wires in the two-dimensional electron gas in (Al,Ga)As heterostructures. In these
experiments current heating is used to induce a controlled increase in the number of electron-electror
collisions in the wire. The interplay between the partly diffusive wire-boundary scattering and the
electron-electron scattering leads first to an increase and then to a decrease of the resistance o 675
the wire with increasing current. These effects are the electronic analog of Knudsen and Poiseuille
flow in gas transport, respectively. The electron flow is studied theoretically through a Boltzmanr
transport equation, which includes impurity, electron-electron, and boundary scattering. A solutior
is obtained for arbitrary scattering parameters. By caiculation of flow profiles inside the wire it it
demonstrated how normal flow evolves into Poiseuille flow. The boundary-scattering parameters for
the gate-defined wires can be deduced from the magnitude of the Knudsen effect. Good agreement

Hydrodynamic electron flow in high-mobility wires

Philips Research Laboratories, 5656 AA Eindhoven, The Netherlands

-1650
il 1 1 (Illa) (11Ib)
Hydrodynamic electron flow is experimentally observed in the differential resistance of electro- 700 625

Channel resistance reflects
URZBURG - hydrodynamic Electron Flow

VOLUME 51, NUMBER 19

M. J. M. de Jong* and L. W. Molenkampf

(Received 24 October 1994)

between experiment and theory is obtained.
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FIG. 3. Differential resistance dV/dI vs current I for wire
IT and III for lattice temperatures of (from top to bottom)
T =4.5, 3.1, and 1.8 K. At higher current levels, dV/dI ex-
hibits a quasiquadratic increase with current, similar to that
in Fig. 2. Left panel (Ila) and (IIla): experimental traces;
right panel (IIb) and (IIIb): results of calculations, see Sec.
V.
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ee

1 Ep [ kgT 2 E. 2q
n< Iee(T9 ne) . hv ( E. ] {ln[kBT)Hn[ijH}

Gurzhi, Shevchenko, JETP (1968)

I I ! .
i Knudsen-Maximum |  Knudsen Regime
N ) E =
i Knudsen-Stréomung ] B 1. R
‘/ w 7z
| e — !
lee \
N .7 | = =
Molekularstromung < >
L

\ - Poiseuille Regime

Poiseuille-Stromung -
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- \Q/%QP\)O\O e O } Vd rift
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FIG. 3. Calculated dependence of the effective mean free
path l.g on the electron-electron-scattering length l.. (both
in units of wire width W), for fixed bulk mean free path
l, = 5.5 W. Boundary scattering is modeled by Eq. (5), with
a = 0.7. The dashed line indicates the asymptote that les
approaches for large l... Note that for l.. — 0, lg — ls.
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Hydrodynamic Electron Flow
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B A
i thermal heating T
ol FIG. 8. Velocity profiles inside the wire show how the flow
-30 25 -20 15 10 5 0 5 10 1E changes from the Knudsen upto the Gurzhi regime. Depicted

are the (normalized) drift velocity l.s(y), as a function of the
I (“A) transverse coordinate y for l../W = 100 (x), 1 (4A), 0.1 (+),
0.01 (d), and 0.001 (). The inset shows the conductivity Les
as a function of the e-e scattering length l.. and the symbols
that indicate to which value each flow profile corresponds.
Results are for the bulk mean free path I, = 5.5W and for
angle-dependent boundary scattering with a = 0.7.
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1. small angle scattering 2. ee-scattering for p~—p
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Due to the different scattering processes there exist two
different relaxation times for symmetric and asymmetric

Processes.

Momentum-Relaxation: ‘CT ‘ = KgT / Ve

Energy-Relaxation: (%) (—) < kel

Gurzhi et al., Adv. Phys. 1987

2
& 4
Teae ~ Tee . oC T

S -2
Tee = Tee oc T
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R.N. Gurzhi et al., Phys. Rev B 74, 3872 (1995)

Three transport regimes:

1. Knudsen: d? /I <<I,
2. 1d-Diffusion: lKkgl /e <<d? /I, <<,
3. Poiseuille: |, <<d?/I,
| |
St =
LIk
|
< ] N

Not so easy to observe in heating experiment....
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PHYSICAL REVIEW B VOLUME 41, NUMBER 2 15 JANUARY 1990-1

Electron-beam collimation with a quantum point contact (a)

NN

R K2
L. W. Molenkamp, A. A. M. Staring,* C. W. J. Beenakker, R. Eppenga, C. E. Timmering, and J. G. Williamson
Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands

C. J. P. M. Harmans @ 6
Delft University of Technology, 2600 GA Delft, The Netherlands

C. T. Foxon
Philips Research Laboratories, Redhill, Surrey, RHI 5HA, England
(Received 12 July 1989)

LI

NN

%

6 4

Collimation of the electron beam injected by a point contact in a two-dimensional electron gas E E 7

is demonstrated using a geometry with two opposite point contacts as injector and collector. The )

collimation is maintained over a distance of at least 4 um, and is destroyed by a small magnetic

field. The inferred collimation factor scales linearly with the point-contact resistance, as predicted
by the semiclassical theory.

o W e
Aa =2 arcsin(1/f). Wmin Kpe
2 -
1 ;
o L=1 um
)/ * —
054 - =+ L=4 um g’/+ c
6 o _:_"'
0.6 Kol / \u
3 S 15- / >
i
0.4_‘ é X O/I o
0.2_' "l : _'L A +' Q/
/l o s \‘\ o’tl
s N P 20 o
0 b 1o ; -010 -005 000 005 O.
-90° -60° -30° 0° 30° 60° 90° 1 3

2
Injection angle a Rpc (kQ) Magnetic Field (T)
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@ (b) — X

Y A
- 7(17 = — | oL 4 min
Er S Er-Ec v

Abbildung 3.8: Schematische Darstellung der Kollimationsmechanismen. (a)
Stufen-Effekt, (b) Horn-Effekt.

A = hk, W (Semi-classical) action is constant of the motion.
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An anisotropic electron momentum distribution remains present
over a long time, while the energy relaxation is fast.

e-beam injection
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Kinetic equation: ‘ I

I: Integral of electron-electron scattering

S

ff — / dp;pp"pfp_l_ /iip;}.fppffpf — —L—’f—l— f{rf
RIFA Feechack

Considers all electron that scattered, but
still preserve the momentum due to
small angle scattering events.

1 .
Vpp — ;:) d'pld'pQ(z \‘I';p’plppj — w]:n’pplpg)

T

Integration over all v, results in the scattering angle

distribution function: g(¢)
H. Buhmann et al., Fiz.Nizk. Temp. 24, 978 (1998)
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I ”"J\.{E'éﬁ',{%nergy Dependent Scattering Fp3

4y

X
—

i

@) ., @) p(p): angle dependent detection

0.3} .
modified OCA |

Model Calculation: RTA (3D)
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""" N lBum3B81lkV BBSE3 3481-80 -7?7M8-

L =34 um

ne =2.45x 10 cm™2 = Ep =9 meV
pa~lx10% cm?(Vvs) 1 = limp ~ 20 pm
Gqpc = 2¢2/h (N = 1)

T'=16 K
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0.3t iv .

i I >l Vg~V

V, (mV)

I. I, =L: electron with
e > g, before reaching d

_ ii. I, <L: Increased
8 10 ee-scattering causes
heating of the 2DEG

lii. increasing heating
results in a
thermovoltage
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0.3F .
modified OCA
< 02} CeemTTTIITTITITT -
:E - ballistic group of
;'; _____ — electrons

0.1F T |

0_0 M | M | L 1 L 1

V, (mV)

H. Predel et al., Phys. Rev. B 62, 2057 (2000)
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-
BRI

Furophys. Lett., 56 (5), pp. 709-715 (2001)

4
(1)
- N @
on
0
0

o [rad]

Fig. 1 — ee-scattering angular distribution funetion g(e) in a 2D system, 2DEG temperature T' = 0,
(1) & = 0.122r, (2) ¢ = 0.4er, dashed line: 3D case (Callaway's Ansatz). Here angle a is measured
with respect to the momentum of scattering electron, p [8]. By definition, |g(a)|da characterizes the
probability that a non-equilibrium electron, g(a) > 0 (or hole for g{a) < 0), emerges in an interval
da after scattering. The function g(a) is normalized to the unity (this corresponds to the scattering
of one electron).
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N , Measurement
=
- 2
=
< 1
0
4}
S, ballistic
=
o 5 2
=
<
?;_ 2| scattered | -
o electrons 4
> 1 ]
<

corrected for |,

Al '(;’('1'(.. Vi) =exp (—

lee(€V7)

arcsin

L

2r,

S

4 From experiment at zero excess energy,

) Avie

Simply by subtracting the ballistic part
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1.0 I I I I I
e
0.8 3D <
2D
= 0.6} \ -
@
=S
O 04+ —
0.2+ _
OO ] ] | | |
0 1 2 3 4 5 §)
V. (mV)

Model allows for extraction of opening angle from experiment
(Note: ,3D“ Model does not include collimation effects)

H. Predel, PhD Thesis 2001
Yanovski et al., Europhys. Lett., 56, 709 (2001)



unversiar  Negative beam Signal —
L Vortices? Uuumh...

PHYSICAL REVIEW B VOLUME 57, NUMBER 7 15 FEBRUARY 1998-1

Classical rebound trajectories in nonlocal ballistic electron transport 3 T T T

A. S. D. Heindrichs, H. Buhmann, S. F. Godijn, and L. W. Molenkamp
2. Physikalisches Institut, RWTH-Aachen, D-32056 Aachen, Germany
(Received 15 August 1997)

We demonstrate experimentally and by Monte Carlo simulation that the negative dips which occur at low
magnetic fields on both sides of the main signal in nonlocal electron-beam measurements in semiconductor

nanostructures result from electrons following classical rebound trajectories. We propose an alternative mea- 1
surement geometry that eliminates these effects. E
12 T L] L) L) L) L) i
<
3 — 1.0, T T T T [r 0
j 2 £19 / | cal-
c a
10} 2 *J ' -
K |t 'w @1 5 0.6 )
| -
M I 0 ) 0.4 (1)
8 Py C 2 3 g 02
— Peak (kQ2) ;
0'0 ., 1 1 'l
g T %4 02 00 02 04
o - . .
3 04 Magnetic Field (T)
o -0.4
-0.6
-0.8
A, PR T
-1.0 -0.8 -06 04 -0.2 0.0 0.2 04 06 0.8 1.0
LX I Wmax

0 " . : 1

-0.3 -0.2 -0.1 0.0 0.1 0.2 03
Magnetic Field (T)

FIG. 1. Measured signal V,./I,=R,3;, vs magnetic field for
different point-contact resistances Rpe. The channel width is L
=0.5 um. All curves are plotted with a constant offset. The left
inset displays the contact geometry of the device, and the right inset
shows the dependence of the dip value on the collimation peak,
only for those measurements where dips are clearly resolved, 1.e.,
Rpc>1k().
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* GaAs/AlGaAs - 2DEG
*n=2.310"cm>2, y=10°%cm?/Vs
* Ti/Au-surface electrodes

* (opt. and e-beam lithography)

» Au/AuGe - ohmic contacts

contacts
QD

Au-gates

2DEG

I
surface
17 nm GaAs
Al 3,Ga, 6 As
38 nm
1.33x 10%cm® Si
_§ 20 nm Al ;,Ga, 5,As
®
£
£
3 0.4 pm GaAs
(o))
) - lence conduction
semiconducting GaAs va
substrate band band

quantum dot
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 Constant Interaction model:

— QD = small capacitor 1 = - -
— energies depend linearly on V oz
— coefficients do not depend U H(N+1) I’

on N (number of electrons)

 Energy needed to add one electron:
— gm. Energy E,;, ~ 100 peV
— Coulomb Interaction E; = %2 e?/C

~ 2 meV
— E~=E__+E OD
o — ) =S
« Parameters accessible in V.. = |~ — =¥e
conventional transport experiments Y SD-~ = gate
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G
linear transport j\ ]\
Ne

(N-1)e (N+1)e

075
d//dV,
(e%h)
070 0.250
0.188
S 065
>UJ

0.127

- 0.0648

055 0.00300

4.0-30-20-1.00.0 10 20 3.0 40

s e

N
non-linear transport: —/_j

- capacitive coupling of leads and QD

- strong influence on hybridization of leads and QD
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e - like

sequential tunneling

zero
thermovoltage

positive contribution
to the thermovoltage
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e - like

positive contribution
to the thermovoltage

sequential tunneling

-

EP

zero
thermovoltage

N+e T Vg

1L

\ i i Vgate

negative contribution
to the thermovoltage

N-1 N NF+T

h - like

(N#)
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e - like

Thermopower of a QD

positive contribution
to the thermovoltage

sequential tunneling

-

EP

K H(N+1)

1L

zero
thermovoltage
N+e | T Vg
rF 9
E
Vgate

zero
thermovoltage

negative contribution
to the thermovoltage

IN-1 N

N+

h - like

(N#)
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sequential tunneling

E
V, oc —%P

T

vy

AN
1
1

s G160
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Thermopower of a QD EP3

sequential tunneling

¢ ! D

__ K’l B
|
| 'ﬁ
P
|
B T A V,
10 0.10
5- . 0.05&3
N s
290 0.00 =»
7 E
-5 -—0.05 5
-10 -0.10

-09156 -0910 -0.805 -0.900

Vg (V)

S/ikgle)

Large, metallic-like QD
N~ 300

T~ 230 mK

E-~0.3 meV

E./ kgT ~15

5.0
- 3.0

b . . .
) % iy 1y
LY Y L 1
oy [ [
[ [ [t
25— h 4 I [ i [
' f fo RV ¥
1 v i i r
i ! 1 A \ .
g r‘ ]
\ 1 s )
’ \ ] \ i 4
- Y L4 - , A
- = - = P

o
0 0 ]
150
-2.51 \/ \/ \/ 1.5
3.0
5.0 l l [
71.5 73.5 75.5 77.5

Eg/(e*2C)

A.A.M. Staring et al., Europhys. Lett. 22, 57 (1993).
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sequential tunneling

__0.04
< -
@ 0.02
0]
0.00
3.0
2.0
’>; 1.0
o S ;1 00}

' -1.0 I small QD
20 & N~15
30[ 2 T~15K

V. . E-~2meV
1.0 . . . . . Ec/ kgT ~15
Sample:

Bo_113C
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cotunneling contribution

(N+1)

suppression of
thermovoltage
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-

cotunneling contribution

[M. Turek and K.A. Matveev, PRB, 65, 115332 (2001)]

-8.0 T T T T
60L T ~ 100 mK
ol 1 N~15

_ | Ec~2meV
20r T~15K | Ec/ kgT ~230
0.0

V. (V)

2.0

:

4.0

6.0

8.0l : ' : '
-1.0 -0.8 -0.6

Ve (V)

R. Scheibner et al., PRB 75, 041301 (2007)
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cotunneling contribution

no signatures of
cotunneling processes
in the CB regime

5.0
5.0
1 1 I 1 1
0.8 -0.7 -0.6 -0.5
Ve (V)

R. Scheibner et al., PRB 75, 041301 (2007)
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800 nm
dot gate

Gy =4 €2/h

n,= 3.4 x 10" cm=?
(quc =2 )

u=1x108cm?/ (V sec)
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T=20 mK

statistical ensemble
e?/h

gate

-750 1o

=10 mV - Voa = - 600 mV

B s 20T
18
17

-700

-650

/ (€%/h)

-600 b S 1ok

0.8
-550 i

0.6 |-
-500 0.4 |

1 2 1 L
-200 -100 0
-450 ! B/ (mT)
-200 -100 0 100 200
B/mT

1
100

= weak localization and short trajectories

1
200
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Conductance Fluctuation TR
Distribution E

transmission probability distribution:

p(t);jz_ﬁt‘”ﬂ/z, O<t<l

only for N,=N, >> 1: gaussian distribution

here: N;=1,N,=2

Problems:

* current transport in a QD is
accompanied by dephasing

» weak localisation and short
trajectories obscure effects of chaotic
transport

. A A N R o0,
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

5G / (e%h)
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Weak Localization

5

= (G(B)) = <G>ﬂ:2 -

5<G> B=1

1+(®/D,)| with ®=BA

averaged conductance

1.8 /
1.6F
1.4F .
1.2F .
-40...50...6...2.0...40
B/mT
T h/e
= —duel =£ 53>1
z-ergodic CDc

Fit;

h - 1/2
and (DC — _[ ergodic)

€\ Tawen

(G)p,=13¢€%h
0(G)z, = 0.3 e¥/h
D A=6mT
A=0.3 um?

(= Ax=1.15A)

i.e. the QD is chaotic!
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T=20mK
4.
> 27 1
statistical ensemble * 0
2t ]
AV, = 10 mV “
- m s L L
750 | gate =55V 100 0 100
- B/mT
-700 =
>
E -650 <
= >
, -600 i T >
g o) ~
S5 — NN >
-550
m & :
-500 — .5:< AL\, =-550 mv T=20mK
= [ 1 1 " 1 " 1 I 1 n 1 n
-450 - 150 -100 50 0 50 100 150
100 -50 0 50 100 — B/mT
B/mT . 5.5 1V

Iheating =40 nA Vga_te = - 550 mV

AT =235 mK
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P(S)

WURZBURG : ; _
Distribution E
oG
a—E:C(Tl_Tz)\/m
RMT:
analytic form for N,=N,=1  [°
here: N;=N,=2 0
4'l N | 6"40ImTl<|;3|;1:r>o}nT B=2
3l |B| <4O mT B:'] | 5'_
4k
5 of
al
1

60 -40 20 00 20 40 60
S/(uV/K)

S. Godijn et al., PRL 82, 2927 (1999)
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2DEG X/
/\
2DEG
characteristic time scale: Terg = AE /h
Tawen =4 /h
Luttinger liquid theory: U'=U 0 (1 — t)N (Flensberg, 1993, 1994)

chaotic QD: t 51> (1 —t) N Elnz(ﬁj

(Aleiner and Glazman, 1998) 0 AE
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Coulomb-Blockade Regime EP

AE << k,T <<e’/C (classical limit)

G (arb.units)

Theory Experiment
T=45mK
1.0 . 0.2 .
<« P P 2 1.0
o5 G P P ~0.1}
; /\ /\ /\ "» E /_\ /\ /\ 05 <
g ; K - & =
00 R4 S R4 .~ . S 0 m/'x\ (D 0 0 ___________ O 0 —f</
VALVARVAR % 2N \ Ve van van &
4 -1
-0.5} -
_0.1 _0.5
42
71 73 115 -938 932 -926
EF / (62/2C) Vgate (mV)
Beenakker et al., PRB 46, 9667 (92) Staring et al., Europhys. Lett. 22, 57 (93)
Molenkamp et al., Semicond. Sci. Technol. 9, 903 (94)
2 *
1 ne — U
S=———|(N-1)=—+pmg-ed  —E |[=———
2 ext F
2eT C 2eT
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tunneling regime
(G << 2e?/h)

scanned
I V, G =0.06...0.82 G,
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-

Thermovoltage Thermopower

t= 006 _ —— Theory ksT/U* = 0.22

05F 1k d o5

0.19 I 0.25 \]

0.5 -1 -0.5
0.29 \- C 0.30

- 0.38 \] /\/w

_/\\//‘w w

'Vth [ pv
S/ (k/e)
A A

- [ P ] i 1
-936 -934 -932 -930 -928 -926 172 174 176

Vgate / mV E: / (€%/2C)
Iheating =40 nA

T.=255mK, T, =40 mK
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1.0

08

06

Scaling

chaotic
behaviour

S

f _____________________ -
_ Luttinger liquid | theory
02 behaviour AE =23 peVv
extrapolation o) . - . - - U, =100 peV
t—1 b
AE U
U.,t—>1)~045U, U'=U,—In’ =0.49U,
‘U 0 AE

S. Mdller et al., PRL 81, 5197 (1998)
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existence of a magnetic moment Kondo Resonance
on the QD can lift the CB

transport mechanism: spin scattering

hybridization of free electrons in the

leads with localized magnetic moment i) i
leads to resonance at the Fermi edge L o6t =
s -
- Eq > EF & e
A 0L E%
AU 1 e

lkBTK

I

=
Z

W
didV, (eh)

L L 1 1 1 L L
-1.0 08 -06 -04 02 00 02 04
Vi (V)
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-

strong coupling

A

2.0 T T T T T T T T T T T T 20.0
Conductance dIIdVBias
— Thermovoltage V
1.5 - 15.0
-1 10.0
= <
N; a
= 4 5.03
S =
3 =
) 0.0
|
|
I
! 4 5.0
|
I
I
_1.0 1 2 1 2 1 2 1 L 1 2 1 2 _10.0
04 0.6 0.8 1.0 : 1.2 1.4 1.6
-V___/Volt |
gate E |
|
I
I
|

Kondo Regime
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(dI/dV) / (€*/h)

Spin-Correlated QD

HUN+T)

0.0 {\ 0.0 2
N > B f
0.2 - Z U ——
I 2
Conductance dj/dV___ ] -
— ThermovoltaggV,
-0.4 od 4 -4.0
—— Mott - Thermopower (scaled to fit)
[ 1 N 1 .l N 1 N 1 N 1
0.8 0.9' 1.0 1.1 1.2
I

Asymmetry between
electron- and hole-like transport:
Mixed-valence regime

5

e - like

h - like

Scheibner et al. PRL 95, 176602 (2005)
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Entropy change AS
adding one electron to an empty site: AS =kg(lng;-Ing;) =kg(ln2-In1) =kzIn 2
< -V,

e-like transport from the hot to the cold reservoir
AS =kg(lng;-Ing;)=kg(lIn2-In1)=kgIn 2

h-like transport from the cold to the hot reservoir
AS =kg(lng;-Ing;)) =kg(In1-1In2)=-kg In 2

e-like transport from the hot to the cold reservoir
AS =kg(lng;-Ing;)) =kg(In 1 -1In2)=-kg In 2

= Sge=kg/e In 2

h-like transport from the cold to the hot reservoir
AS =kg(Ing;-Ing;)=kg(ln2-In1)=kgIn 2

N-TW N N+l = Sge=kg/e In 2

9;=19:=2 g;=1 R. Scheibner et al., PRL 95, 176602 (2005)
R. Scheibner, PhD-Thesis, Wiirzburg 2007
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0.0 05 1.0
ot 17T [ 13T
L

'\/"

I 14 ]
TP ]

10 0 10 -0 0 10
Vi (V)

R. Scheibner et al., NJP 10, 083016 (2008)
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SE, (meV)

R. Scheibner et al., NJP 10, 083016 (2008)
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asymmetrically coupled states

B=0T B=13T

'y
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(c)  B=0T =13 7T
fag‘ 011 E =t -
08
0.01|
1E=31|— t } 1 . 7 T
’ (d)
_ i A
) ] g al '\ ‘H \/
E % \Il |
Cog - é 21 |\ !
-3 ‘I |I
Y
35 2.5 2.10 2.05 By T 211 2.10
V, (V) V. (V)

Figure 4. Calculated conductance G (a) and thermopower § (b) for 7, =
80 mK, AT = 30 mK and various energy separations between the symmetric and
asymmetric (blocking) states: (1) without blocking state, (2) 6 E; = —250 pueV
(3) 0 zeV and (4) 400 peV. The crosses represent the measurement at B, = 13 T.
(c) presents a schematic energy diagram of the QD close to the N+1 < N +2
SET resonance at B; = 0 and 13 T. The blocking state is symbolized by the thick

broken line. (d) displays the difference of the thermal conductances Ak for a
reversal of the temperature difference.
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oE, =-250, 0, 400 ueV

N
1 Jtot = deE(Fj[fL(EaT)_ fR(EaT)]t(E)
< - Ao —e (electron)
R E—u (energy)
(98 I
al: (1)_(LH le) (llL/ellR/é‘)
0] \La Lp I — T
=
; | Ly CREE-aEE)
o ] L G )
< | i
a) Ty 2
e 1_- “M\ [ {(E)= A (F/ZZ) y f(E—éEZ,T)
I (r/2) +E?
0 T e
220 215 210 208
V. (V)

R. Scheibner et al., NJP 10, 083016 (2008)
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-

3

thermal conductance, L,,, for a temp. reversal

08 T T T T T 15 30 T T
_ _ 20}
£ 06 2. g7 A
© 04! % % A
a o osf o Y,
o 0.2 I =
0.0 < 201
0.0 . . . . . . 30 . . .
212 211 210 209 208 207 2120 2415 2110 2105 2100
f 250! Vv, (V) Vv, (V)
m
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o, thermal conductivity
2 w Ak =k K
< x=L,—-(L,L,/L,) = Kyr, ~ Ko
250, | 22 12217 b e 2l
Ax/ Kk =0.1
. 2; 60 1
Q2 50| . 0
Ja]
ST o Y < T
g g 30 % 1
n < 20f S 2
2l
10
‘ ‘ ‘ . 3l
2.2 -2.1 -2.0
V (V) 1o 3125 2420 2115 2410 2105 2400 2,095
P v, (V)

R. Scheibner et al., NJP 10, 083016 (2008)
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» GaAs/AlGaAs - 2DEG
*n=2.1x10"cm>2, un=7x 10> cm?/Vs
* Ti/Au-surface electrodes

(opt. and e-beam lithography)
» Au/AuGe - ohmic contacts

UNIVERSITAT Double Quantum Dot:
WURZBURG towards multi-terminal thermoelectrics

17 nm GaAs

AIO.33GaO.67AS
38 nm
1.33x 10%cm” Si

20 nm Aly;,Gay iAs

0.4 pm GaAs

growth direction >

semiconducting GaAs
substrate

valence
band

conduction
band
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All reservoirs at T = 80 mK QDG

U: single QD charging energy

G /e*h

. -325¢ 0.6

S

~—

< 0.3

> 350}

0
375k ; : . !
450 425 -400
VPC / mV

Stability Diagram: Regions of high conductance delimit
regions with fixed charge configuration



Julius-Maximilians-

UNIVERSITAT

WURZBURG Characterization

All reservoirs at T = 80 mK

-370

7530 -525 2520
V. . /mV

PC

occupation numbers
QD M
QD4 N

G /e*/h
0.35
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0.0

-325F
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All reservoirs at T = 80 mK

-370
G /e*h
0.35 ] ' " '
> E-325 X _‘ _1
E -380F 0.17 ;52-350- w -
< 1 L 1
> 1 1
0.0 375k . W .
-390

2530 -525 2520
VPC / mV

occupation numbers
QD M=0
QDs:N=0
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-370
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/ e*h
0.35

4110.17

0.0

Stability Vertex
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's r\ Hi
r

0, 1)
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I WRzsuRe.  Stability Vertex B
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/ €*/h ‘
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WURZBURG
(b) (©)

G (e*/h) Al (pA)
2330 2330
2345} 2345
< &
€ E
~-360F ~360-
- (N-1, =
3750 MO 3751 ok ST
450 -425  -400 450 -425  -400
Vp, (mV) Vp, (mV)

Figure 1. (a) Schematic design of the gate structure (black). Gates are labeled with numbers 1-7, P1 and P2. Electronic reservoirs are
denoted S, D (both blue) and H (red). (b) Stability diagram of the QD-system showing the conductance of QD2. The characteristic
honeycombs are indicated with red lines. QD occupation numbers are denoted with N, M. AV, indicates the capacitive inter-dot
coupling energy. (c) Current signal Al in reservoir D with V5 gnp &~ —30 oV for Ty = Tsp + 100 mK.

New . Phys. 17 (2015) 113003 doi:10.1088/13¢ 0/17/11/11
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Thermal gating of charge currents with Coulomb coupled
quantum dots

H Thierschmann"', F Arnold', M Mittermiiller', L Maier', C Heyn', W Hansen ', H Buhmann' and
L W Molenkamp
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Allowing charge fluctuations on dot 1
enables (disables) charge transport
through dot 2
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What we really wanted is slightly different:

(N, Ng) (Nc+1,Ng)
T+AT QDg Iy
° P -
ol
c > L
n T'm Qo T
To | [----
. T ‘
- -
[4 G (e*/h)
-520 o
s L (N N+ (Ne+1,Ng+1)
(Ne Ng + 1) (Nc+1,Ng+ 1 E 1. “omeeae. S
) > -540 (Ne, Ng) (Nc+1,Ng)
!HO caes —O0— ) { — 00
» . -220 -200 -180
i n Var (MV)
T — T
Figure 1| Operating principle of the energy harvester. Two quantum dots Orlglnal proposal:

are capacitively coupled, exchanging energy in packages of U, but not R. SanCheZ, MButt|ker, Phys Rev. B 83, 085428 (201'] )

particles. One quantum dot (QD¢) is connected to two terminals, L and R.
The other (QDg) is coupled to a third terminal, H, which is at a higher
temperature. When charge fluctuations occur according to the depicted
four-stage sequence, an energy package is extracted from reservoir H and is
delivered to the cold subsystem. There, these fluctuations are rectified and
converted into a charge current when the product of tunnelling coefficients
[N ol g differs from that of the opposite process I'kol; (not shown), that is,
when both particle-hole symmetry and left-right symmetry are broken.
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and it actually occurs in between the triple points,
where thermal gating is not dominant — but only for asymmetric barriers:
LETTERS

NATURE NANOTECHNOLOGY 0po: 10.1038/NNANO.2015.176

Experiment b <
-0.6
% -536 % -536 _
£ 4 S 03 M ¢
> > &= : M)
-538 -538 | { !
0 5x1035x104
-204 -202 -204 -202 12 (Ad)
Vpe (mV) Vpoc (mV)
’R (pA)
-0.8 0 0.8
| —
Modelling
d e f
2 2
s S S
E = £ E
4 g 4
> > >
4 o a a
O - 0 ‘
0 2 0 2 0 2
AVpe (MV) AVpe (MV) AVpe (MV)

Figure 3 | 2f current in reservoir R (lg) for configuration A in the vicinity of a TP pair. Black lines denote the stability region borders as obtained from the
conductance data. a, Experimental data for O < Aur <10 pV. The signal around the TP pair is a result of thermal gating (regions I-IV). b, The signal becomes
reversed if Ay g is inverted (<10 pV < Apyr < 0). The signal between the TPs is due to the proposed mechanism of energy harvesting. It stays negative,
irrespective of the sign of the voltage bias Apy. €, Iz as a function of squared heating current 2 between two TPs for slightly different A. d, Model calculation
for energy-dependent tunnelling barriers of QD¢, symmetric with respect to L and R. The signal between the TPs is zero, and only the effect of thermal

gating is present. e, Calculation using asymmetric and energy-dependent tunnel barriers as obtained for configuration A with O < Agg <10 pV. f, Model
calculations for =10 pV < Apr < 0.



