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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)
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Measurement
of the
Thermopower

: AV
S=-1lim — =
AT >0 | =0

reservoir 1 reservoir 2

cold hot
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Vth :V1 _VZ — (Sdot B quc)(Te _TL)

fF T<1 f

* energy dissipation at the channel entrance

« only hot electron gas within channel
(1 PS = Tee << Tpn= 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 - [l Sin(mt)]2
~ sin(2wt) (/27 =13 Hz)
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First Experiments:
Thermopower of a OPC
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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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S

E

E sz—k—eB(1+gl) if N<1

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

2
; 2
3 f

:
[ fdE = kg T InfL+exp(E, /kyT)] E
%)

ZZT?BZ.O:[ (1+e ) In(1+eg")1] 0

guantized thermopower
k., In2 . :
S=—-2F if E. =E,; N>1 S=0 if E,2E; N>1
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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 one method of
temperature calibration

o o

% +
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.

()

vthlerrﬁl{:!’fI

L.W. Molenkamp et al., Phys. Rev. Lett. 68, 3765 (1992).
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(c)
Hﬂ%wx E//// — % Wiedemann- Franz relation,
+ 6T «--——-- + AT ——E k ~ LoTG,
5 - + ;% Lo = k%,n?/3€? is the Lorenz number.
° i3

The Wiedemann-Franz relation (5), using G = N(2e2/h),
implies Kk = 1.7 x 107! 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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surface

» GaAs/AlGaAs - 2DEG 17 nm Gats
*n=2.310"cm2, y =108 cm?/Vs ] s
I 33x10%cm® Si
 Ti/Au-surface electrodes 1:33x10
* (opt. and e-beam lithography) g 20nm  AlbuGagAs
* Au/AuGe - ohmic contacts :
s 04 um GaAs
i semiconduct.ing GaAs valence conduction
0 h mi C substrate band band
contacts

QD

Au-gates

2DEG

quantum dot



Julius-Maximilians-

UNIVERSITAT

WURZBURG Quantum Dot (QD) %

e 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 b= = e
« Parameters accessible in Vi L — = C
conventional transport experiments ¥ SD-~ = gate
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Transport Properties

G
linear transport A ]\
1 Nle 1

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

0.75

-0.55

4.0-30-20-1.00.0 1.0 2.0 30 4.0

s e

d//dV,
(e%h)

0.250

0.188

0.127

- 0.0648

0.00300

~

non-linear transport: J_j

V]

- capacitive coupling of leads and QD

- strong influence on hybridization of leads and Q

D



Julius-Maximilians-
UNIVERSITAT
I WURZBURG Thermopower of a OD 5-5\7

e - like

sequential tunneling

zero
thermovoltage

positive contribution
to the thermovoltage
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e - like

positive contribution
to the thermovoltage

sequential tunneling

B

EP

zero
thermovoltage

N+e T Vg

11

\ 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 OD

positive contribution
to the thermovoltage

sequential tunneling

B

EP

K H(N+1)

11

zero
thermovoltage
(N+1e | T Vi
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

o (N+1)e
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Thermopower of a OD =

B

3

sequential tunneling

¢ ! D
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s 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

Ec~ 0.3 meV

Eco/ 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

.
0 0 I
150
-2.54 \/ \/ \/ 15
3.0
-5.0 l l [
715 785 755 775

Eg/(e*2C)

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



Julius-Maximilians-

UNIVERSITAT E
WURZBURG Thermopower of a OD =

sequential tunneling

004
< |
© 0.02
0]
0.00
3.0
2.0
210
o S giao_
' -1.0- small QD
20F £ N~ 15
30L 2 T~-15K
| & | | | . = . Ec~ 2 meV
1.0 . . . . _ Ec/ kgT ~15
Sample:

Bo_113C
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cotunneling contribution

(N+1)

suppression of
thermovoltage
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B

cotunneling contribution

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

-8.0 . T g T
60l T~ 100 mK
ol N~ 15
o Ec~2 meV
20T T~15K Ec/ kgT ~230
0.0

AYY)

2.0

:

4.0

6.0

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

Ve (V)

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



Julius-Maximilians-

UNIVERSITAT E
WURZBURG Thermopower of a OD FP 3

cotunneling contribution

no signatures of
cotunneling processes
in the CB regime

5.0
-5.0
! ! . ! !
-0.8 -0.7 -0.6 -0.5

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



S

E

Julius-Maximilians-
UNIVERSITAT :
I WURZBURG Chaotic Quantum Dot

800 nm
dot gate

Gy =462/ h

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

u=1x108cm?/ (V sec)
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T=20 mK
4.
> 2] |
ISt S| AV A Wash VA WSV
statistical ensemble * 0
_2- -
AV.. =10 mV “
—_ m ' N .
-750 . gate 5.5V -1008/0 100
— mT
700 =
>
E -650 L §<
~ — | =
. -600 b = o S
> 550 — NN >
— :
-500 = .S:< 4r Ve = 550 mV T=20mK
= [ L L L L 1 1 1 1 n L n
-450 . 150 100  -50 0 50 100 150
100  -50 0 50 100 — B/mT
B/mT . 5.5 1V
V. .. =-550mV
- gate
Iheating =40 nA

AT = 235 mK
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P(S)

mOURC Distribution E
0G
5—E:C(T1_T2)\/m
RMT:
analytic form for N,=N,=1 [°
here: N;=N,=2 S/au
4.- T T T T T T _ 6-'4olmTl<|;3|;1tl'>0}nT =2
| 1Bl<40mT B=1 | 4
Al
o ot
=
nl
1

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

S. Godijn et al., PRL 82, 2927 (1999)



I UNIVERSITAT . . =
wURzBURG  Residual Charging Energy Fp3

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)_)£|n2($j

(Aleiner and Glazman, 1998) 0 AE
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tunneling regime
(G << 2€e?/h)

scanned
| V, G = 0.06...0.82 G,
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B

Thermovoltage Thermopower

t= 006 _ —— Theory ksT/U* = 0.22
1F 4 05

0.19 I 0.25

0.5 -1 -0.5
0.29 \- C 0.30

- 0.38 \] /\/\\A

_/\\//‘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, =255 mK, T, =40 mK
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1.0

chaotic
behaviour

08

06

S S i
_ Luttinger liquid theory
o behaviour AE =23 neVv
extrapolation ) U, = 100 peV
0 0.2 0.4 0.6 0.8 1.0
t—1 ™
* * AE U
U, (t—1) ~0.450, U =U0—In2(—° = 0.49U,
U, \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 =
£l =
Ener . Ea > B i
A 10+ E%
AU 1. e

| keTk

hr

=
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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B

strong coupling

A

2-0 ' 1) ' L) ' L) ' L) ' ' 200
Conductance dI/dVBias
~— Thermovoltage V,_
1.5 ! 4 15.0
- 10.0
a <
= 4 5.03
S =
O <
< 0.0
I
| -4 -5.0
|
|
I
_1.0 | N | N | N | ] | N | N _100
0.4 0.6 0.8 1.0 : 1.2 1.4 1.6
- /Volt |
gate E |
|
|
I
|

Kondo Regime
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53

E Ou(N+TY

e - like

=
“o
= 00 . 0.0 g
S V
E - \ j L R\- >
= o2} Y T

Conductance dj/dv,_ .

——— ThermovoltagqV
04 odV,, _ 440
Mott - Thermopower (scaled to fit)
[ 1 N 1 .l N 1 N 1 N 1
0.8 0.9' 1.0 1.1 12
I

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

Scheibner et al. PRL 95, 176602 (2005)
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Entropy change AS
adding one electron to an empty site: AS=Kkg(Ing;-Ing;) =kg(ln2-In1)=kgzIn 2
< -V,
G | 123 4 "~ [[*,1. e-like transport from the hot to the cold reservoir
K3 AS=Kg(Ing;-Ing)=kg(IN2-In 1) =kgIn 2
\/ ;
/\ \ j\{ . 2> Sge=-kg/e In 2
SO h-like transport from the cold to the hot reservoir
:\]{\ \[\ \[\ \J[\: B AS =kg(Ing;-Ing;) =kg(In1-1In2)=-kg In 2
S A
SE j\ /\ 3. e-like transport from the hot to the cold reservoir
' \/ \/ —> AS =kg(Ing;-Ing;) =kg(In1-1In2)=-kg In 2
= Sge=kg/e In 2
S ¥
m s 4. h-like transport from the cold to the hot reservoir
~ f — AS =kg(Ing;-Ing) =kg(IN2-1n 1) =kg In 2
N-T N  N+1 = Sge=kg/e In 2
9s=19,=2 g;=1 R. Scheibner et al., PRL 95, 176602 (2005)

R. Scheibner, PhD-Thesis, Wiirzburg 2007
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10 T v 1 v 1 v T v T v T ' T

8
—B,=12T
6 lﬁ ——B,=14T -
L | -
|I |
4 _||| |||~,| ||||| ||| || '-
= 2 i '\n |'.~.|| |'.{r|;|| L | fﬂ'h /k /\ :
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b 0.0 0.5 1.0
( ) 2 t t t t 1 L +—— T T
G (e PN+ OT | 7T 13T
1.0E0 - T T T 5 T ]
2,561 >, T
6.36-2 | 1
1,662 1 1 :_:__p
4063 = 1
1.0E-3 1 .
0.00.51.0 , 0.0 0.1 0.2
G (e“/h)
C -10 0 10
(©) ALY -
10.00 T
6.67 Tl T
]
3.33 - 2
: @ _
3.33 - 1/ F
567 1 ]
-10,00 ]

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
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WURZBURG Thermal Rectifier =

‘Jtot = szE(%j[fL(E’T) - fR (E,T)][(E)

2
G, (€7h)

Ao —e (electron)
- |E-u (energy)

L, ) dE(E-mtE) (-4)

S=_ 12 _
Ly () dEt(E) (- %)

©
4
= | + ] 2
0w Ll A | t(E) = A (C/2) f(E-oE,,T

d s | (E) (r/z)2+sz( ,.T)

T+
-4 =
220 215 210 205
Vv, (V)

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

First (Ga,Mn)As data by Shi group (Pu et al., Phys. Rev. Lett. 97, 036601
(20006).

< i
2

| R o, (deg) 2
0 S

5 g 14.0{ Y 5 % 443l
N e)g m—’“
p mﬂ
5.7 § - (

5.54

—

o
(x10 uV/K)

—
xy

S

(X10° v / K)

S
xx
o
o
M
-
+ l'\
14
& -
+.

Sin2®d

(@) % 7 Hkoe | C
1 -VTII[110] -VTI[110]

s o Y

x n 907\,

? AN 1

i 2 0 2
(b)  Hkoe)  H(kOe)

\®]
o
\S]

Signal too large compared to band model
(claim Fermi level in impurity band)
Dependence on field direction mimics AMR, not band structure

Data dominated by phonon drag?
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EUN.\";ESR’“;‘.?}&"; Measure Diffusion

Apply current heating technique to (Ga,Mn)As

20 nm (Ga,Mn)As (3% Mn)

60 nm n-GaAs (2 x 109 cm-3)

ohmics 5nm Ti/ 30 nm Au

No counter point contact: T, inferred from weak localization peak in channel
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WURZBURG C. Gould et al., Phys. Rev. Lett. 93, 117203 (2004).
Device ﬁ Contact
AlOX Au
\ Au
GaMnAs
3000+
2980 - | - Contact
. 2960-
c _
o 2940
(&) J
S 29204
15 _
@ 2900- [100]
m 4
2880
28604—7 +— —
60 40 20 0 20 40 60 0°
B (mT)

A tunnel barrier between a non-magnetic metal (Au) and ferromagnetic
(Ga,Mn)As can exhibit a huge magnetoresistance that can show the signature of a
spin valve.
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hc1 th

0 deg.
g /L#_ 180 deg.’—"%

R(©Q L*‘""‘J\

R(Q) L"""r\
3700 "/j& 3700

3500 - Ty 3500 -

3400 - _ 3400 4 ,

3300 3300 -] .

3200 3200 /im L

3100 - 3100 -

3000—_ 170 deg. 3000'_ 350 deg.

2900||u|||-|||l|l|l|l|l| 2900'I'I'I'I'l'l'l'l'l'l
-100-80 60 40 20 O 20 40 60 80 100 100 80 60 40 20 0 -20 -40 -60 -80 -100

B(mT) B(mT)

Dependence of the magnetoresistance effect on the in-plane field angle (angle
with respect to [100]). Effect due to biaxial anisotropy and anisotropic d.o.s.

Now back to thermopower experiment....
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48.8

48.6

48.4

48.2
48.0
47.8
47.6

47.4

47.2 !
47.0 !
46.8 !

-200

Julius-Maximilians-

Tunnel Anisotropic Magneto

Thermopower

53

E

T. Naydenova et al., Phys. Rev. Lett. 107, 197201 (2011)

I=370pA (T=14K)

_ 0°
—60°

Signal at

1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1
-150 -100 -50 0 50 100 150

B (mT)

Signal with hysteresis, shows expected angle

dependence

N

o

o
Temperature (K)

90

216

135
212

N
o
[e3)

[
o
s

180 0

Thermo Voltage (uV)

[
o
©

225 315

I=730pA (T=20K) 270 | Sweep Angle (Degrees)

saturation (300 mT),

shows well-known
(Ga,Mn)As symmetry...

20

1 1 1
100 150 200

Thermo Voltage (uV)

1
0 50

...and is quadratic with current
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o
EP3

[ T T T ;716.| — T '_ T - — T 5o
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Model (originally for Fe/GaAs):

R. Cowburn, S. Gray, J. Ferré, J. Bland, and J. Miltat. J. Appl. Phys.,
Vol. 78, p. 7210, 1995.
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— Current heating is a flexible technique for thermoelectric measurements
on nanostructures. Avoids phonon drag, substrate effects.

— Many detailed investigations of quantum dot transport
— First observation of Kondo thermopower on a single impurity

— Discovered TAMT in a n-GaAs/(Ga,Mn)As junction
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