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Thermoelectricity

SEEBECK (1823)
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Alessandro Volta Thomas Johann Seebeck Jean Charles Athanase Peltier
18 February 1745 5 March 1827) (9 April 1770 - 10 December 1831) (February 22, 1785- October 27, 1845)

Herbert B. Callen

1July 1919 - 22 March 1993 AL Ao

1880 - 1960

William Thomson, 1st Baron Kelvin
26 June 1824 - 17 December 1907
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Seebeck and Volta

@ 1794 — 1795: Letter to professor Antonio Maria Vassalli (accademia delle
scienze di torino )
"... I immersed for a mere 30 seconds the end of such arc into boiling water, removed it
and allowing no time for it to cool down, resumed the experiment with two glasses of
cold water. It was then that the frog in the water started contracting, and it happened
even two, three, four times on repeating the experiment till one end of the iron
previously immersed into hot water did not cool down”.
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A fluid and a machine

T,

Q,

.
W

T, T,

°P=V.V=(.?1—(.?2

@ Reversible case : 51:52:%:%:>W:Ql< —%)

L] L] L] L] L]
Irreversible case: Q1 = Q2 = W = Q1 — Q2 = 0.
Real system: Non conservation of heat and entropies.

°
= Good thermodynamic system = perfect transport of the entropy (no

scattering, Strong coupling limit)
= A good working fluid is a fluid that carries a huge amount of entropy.
(cf phase transition required)
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Corresponding thermodynamics

Classical gas  Ppartiar T
Fermi gas ‘u(T) T

ptype Semiconductors pellets

Ceramic
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Boundaries
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Basic Thermoelectric Cell

e AT =T1— Ts.
e dU = TdS + udN + VedN = TdS + jidN
o Al =f(AT)
e AV _ 1 (A
@ Seebeck coefficient: &« = — (ﬁ)I:O =z (AT>I:0

o Ideal processes: Isothermal for 2 et 4, and Isentropic for 1 and 3.

o =The goal is clearly to optimize the transport of the entropy
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Zoology of the effects!

Name of the coefficient  Symbol Definition Conditions
Electrical conductivity o %
Thermal conductivity K —4zf 4T

Longitudinal
q, o By /dT dr _ 4T _ Electrical
Seebeck coefficient a /41 L=f=0 il
Peltier coefficient I de Jy=4:=0, VT =0

Seebeck Effect

Hall coefficient Ry jy=3.=0, VT =0 Transverse Transverse
Temperature Potential
- Difference Difference

Nernst coefficient N £=%=0 Peltier Effect

>

Ettingshausen coefficient ﬁ, % jy=3.=0, VT =0

Righi-Leduc coefficient Sk, wa/e j=0, L=o0

a

IContinuum Theory and modeling of Thermoelectric Elements, Edited by C. Goupil, Wiley
2016
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Electrochemical potential

Ec

Material A, Material B

£}
eV ‘3

"&\w\\\\\\

—l—— E=0 &%““\\“ﬁ\\\&mm\\\
-

H=pu+eVv

u : Chemical potential. (Fermi energy measured from the bottom of BC)
Electrochemical? driving force: Vi
Not important for metals but VERY important fro semiconductors or liquids!

Insulating Gate polarization for motion of the Fermi level inside the Gap.
see Apertet et al. (EPJ 2016)
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Thermal Biasing: open circuit

Energy

Energy
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Thermal Biasing: active load, non zero current

pol

ev,

Energy
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Entropy per carrier *

o a
dS = kin (Q) = kpln (c2>

Sy = kin (C1>
o))
=Entropy per carrier,(%) = (%)N
If hopping process then3Sy = kIn (1)

3See Chaikin P. M. and Beni G. (1976) in: Kamran Behnia, Fundamentals of
Thermoelectricity, (Oxford 2015).
4See presentation by V. P. Gusynin
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Example: Organic Thermoelectricity®

-150 . :
= Quin(TCNQ),
) TEA(TCNQ),
-1204 * Er,T,CC(TCNQ), il
Actid{TCNQ),
3 « TMPD(TCNQ);
L + NMP 5,Phen s TCNQ
o0 % x, % B
g
2
—60 — -
304
N
-
o
o T T T
0 100 200 300 100

a = SN = —Eln2 ~ —59.8uV
e e

5Chaikin P. M., Kwak J. F., and Epstein A. J., Phys. Rev. Lett. 42, 117182 (1979). H.
Conwell E. M. (1978), Phys. Rev. B 18, 18181823
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Seebeck for metal

2
Sommerfeld expansion: Egg = pi: Ep(T) = 2Ero(T) [1 + % (,’:f—z;) }

—A—>—)—

ST T H C
Lﬂ’i :> o—
Hot L’H Cold > Xam|
2,2
ke T
eV = Emoy (T +0T) — Emoy (T) = ﬁ(ST
Lo OV k2T
- oT - 2eE,:0
1 nH/\H nc/\c
J=1J —J = -
H—C C—H 2 [ H Tc
@ Mott et Jones correction: a ~ — gZ’E;Tg
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Coupling matrix

( dN ) _ (%%/)T (g#>ﬁ ( dji )
=)\, ) Lo
o Symetry due to Maxwell relation: (317 . (g#)ﬁ
0
(),
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State Equation and coupling terms

o Internal energy®: U = %NkT

o State equation:N = 2V(%)% T3/2

1
h eXp T

o(a
9 3 ' S k (1 3
_ _ _
°(aT,\, F—sk=-Sy=a=0=3(4-3)
1 (U (SN);_ N 2 [3 3_ 12
°T TNJF(%AJ) =k 2+ (2= %7)
)T

So,

v\ N 1 k(34 dji
(d5>_kT K(3-4) k2<3+(3_u>2) (dT)

6See also D. K. C. MacDonald, Thermoelectricity, An introduction to the principles. (Dover
1962)
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Onsager in a nutshell

_v E
1
Fe= V(7)
S0, B
( Iy ) _ ( Ly Lne ) V(-§)
Je Ley Lee V(i)
Juy :JQ+ﬁJN

with Lo = Lo

() =(i =) (8
L1 = Lyn

L1 = Lye — plnn
Lyp = Leg — 2ulen + p2Lyn
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Thermoelectricity in a nutshell

. . , 2
@ Isothermal electrical conduction (Ohm's law): o1 = S L1

Thermal conductivity (Fourier's law): x; = % [L“L”L;HL”LH]

Thermal convection (kg = %

Seebeck coefficient: a = %

2

Figure of Merit: ZT = 27T

Ky

~
N

1
11

™~

2
KE = Ky |:1+“0—TT:|

Ky

And’

‘32
C,=Cy |1+ T}
: N{ XTCn

"See Cronin B. Vining. The thermoelectric process, Materials Research Society Symposium
32, pages 3-13. Mater. Res. Soc., 1997.
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onic phase transition

or :/El

v
PP
-

TP Conference on Modern Conc:

Freon-12

PbTe

400 600 800 1000 1200

Temperature (K)

Cronin B. Vining. The thermoelectric process
MRS Symposium 32, pages 3-13 (1997)

nd New Matel Thermoelectric systems under various boundary condi

— 2D fluctuation Cooper pairs
10 — 2D Fermi gas T 0.5
— 2D Bose gas

3D Bose gas

H. Ouerdane et al., Phys. Rev. B 91, 100501(R) (2015)
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Electronic phase transition: Superconducting transition®

150 T
ERAR)
¢H=1T
4 H=2T
g 100 yhiir
9 O H=6T
a oH=8 4
501 T T T T T s 2 s5len J YBa,Cu,0,., |
Ba(Feg,00C0p,10),AS; i
Sample: J. Engelmann, F. Kurth, R. Hiihne (IFW)
E a T Miseer E VA (O Ho G .
T _ < 70 80 90 100 110
2 504 | 15 %
5 F s o
S 100 410 % &
£ a =
8 2 >
S 2 &
x 150 {15 & ¥
5 ..
g 2 &
& 200 {20 =
T,=25K
-250 T T T T : — -26 T X
0 50 100 150 200 250 300

Ri H.-C,, Gross R., GolInik F., Beck A., and Huebener R. P.
T t K (1994). Phys. Rev. B 50, 3312-3330. (after Behnia, Kamran.
emperature Fundamentals of Thermoelectricity (2015 Oxford)

Observed for both Seebeck and Nernst signals.

8See presentation by A. Glatz
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T Karenity

ool

»[ Garrentin

Thermoelectric figure of merit

Thermomagnetic figure of merit

conductivity (k)

Zmp = ﬁ Iy = ;.4:1
Effect Requirements No. | Effect Requirements
Thermoelectric Large Seebeck 1 | Thermomagnetic | Large thermo-
cooling coefficient () cooling magnetic
(Peltier effect) (Ettingshausen coefficients (N}
effect) Large magnetic
field (B)
Joule heating Low 2 | Joule heating Low longitudinal
(e)
resistivity (of,)
Heat conduction Low thermal 3 | Heat conduction Low transverse

thermal  condue-

tivity (sr)

9Continuum Theory and modeling of Thermoelectric Elements,

2016
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Wiedemann-Franz law

Lilop—13, 5
Ky _ T 7Ly Llw Li, | L [ Lo

= = - = 1- —=2TS
TO’T 62L11 e2 L11 T2 L11 L22 62L11 T2 L22 N]

If I[—;TSN small then,

Ky - K
TU’T 0 TU’T

Note that this correspond to a zero figure of merit!

Lorentz factor: Ly = ﬁ = %T

Metal approximation: Lo = 7;252 =2,451078(V/K)?

. . 2
Lorentz gas10 approximation: Lg =~ (% + s) %

O7(E) x E®
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Efficiency of of thermogenerator

Efficacité

ZT=1

ZT=0.5 +
ZT7=0.1
00 y f ¥ ¥ ¥ ¥ t t + t +
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Tcluud (K,
Tyvuid™300K
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Operating modes

I I ! ! ! i ! I I I ' ! ' |

T T T T T T T E] T T T T T 1
-1.0 -0.8 -0.6 -04 - L 02 04 06 08 10 w2 14 16 18 20
-10 T ey e
g4 \_“ ! =y
= '\.‘Q o
=20 T g1 e
gu ¥ S LaY 3
N I va - R N
QQ BIEEl 2 &, T
|Electrical current density, Jj (mAJm?)
eceptor (Heater) Generator (TEG) Receptor (Cooler)
-40 -

1) Goupil et al., Renault-Valeo Renoter project, 2012
2) Salez et al., Phys. Chem. Chem. Phys., 2017, 19,9409

KE:KJ[1+ZT]
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Power and ZT

I’/// 40 T
30
KO
10 +
| KE
-1.0 -0.8 -06 -04 - | 02 04 06 08 1.0 w2 _14 16 18 20
-10 T
KE
-20 T
Q® -30 T
eceptor (Heater) | Generator (TEG) Receptor (Cooler)
40 +

KEZKJ[1+ZT]
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Impedance spectroscopy 1!

. . . PA?2
Historical Ruchardt experiment: w=1/17
e SN we
Hon hsariniead P h dectil AN “\/\/\/_".,,._g
characterization: Beyond the 2T estimation V'V
[T —— ' - s
First harmonic
0.05
. X -¥1 adiabatic >.< ;i i):{p » bt 2 - X
14 -Y1 fixed temperature 0.04 . &
12 X ® boundary x
~10 5 0.03 KX
-;o.s f o
T 06 v 0.02
x
o 0.01
0.2
0.0 0.00
10°? 107! 10° 10 0.00 001 002 0.03 004 0.05 006
Frequency (Hz) X (Q)

Hsee presentation by J. Garcia Canadas
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Kinetic Integrals

@ Electrical current: J = fgo eve(E) [f(E) — fo(E)] g(E)dE
o Total energy: Jp = [y ev(E) [f(E) — fo(E)] g(E)dE
o Heat: Jg = Jgp — U= [°(E— Ep)v(E) [f(E) — fo(E)| g(E)dE

oy

F(E) = h(E) = T(E)v(E) 5 {vwE Elgr

Ly =T [CS(E) ( afO) dE

Lio = Loy = T J§7(E - Eo)=(E) (—32 ) dE
Lo = T [5°(E — E)?Z(E) (~5% ) dE
Y(E) = t(E)v?(E)(E).
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General expressions

JoE
2
€ L]_]_ 2
o = — = e°K|
T T 0
1Ly 1K
SN = — = — —
T Ly T Ko
e eT Ko
2
et 1 (o K
T2Ly T Ko
Los K>
K = — = 1
E T2 T ( )
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Simple metals

2K 2 _ 2
o7 = e“Ko = e“X(EF) = "7

(]

_ 1K _ 2T | 1 d _ m?k2T dIn(X(E)) _ KT
CA=CTK — " 3e ( )dEZ(E) E—E. 3¢ gt |E=Er = "xeE;

2,2 2,2
@ K = % =0l g TZ(E[:) = 7'[3/;27'0-7_
2

_ Kl K _ K272 (dIn(S(E))

e K= {1 Koko | = KE=0 |1 3 aE— |E=Ef
_ 1

o T = -1

2,272 n 2
[l_n 272 (dnEEN ) }

@ The metal case gives Ef >> kT so o becomes negligible.
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Semiconductors: Lorentz gas

Firstly proposed by Lorentz for the metals, which is not adequate, but suitable for
non-degenerated semiconductors with scattering by impurities.

@ 01T = £ Mo :,TO
_ 1 Ly 5, H
® &= el ely1 — 2ek eT
@ Kg = L7222 = ;T% [%k2T2 —5‘lekT+]/l2
Ly [1_ L 5nTo 2T
e Ky=72 [ L1l kT
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Example of optimization: DOS engineering in Zintl phase

Snyder, Mature Materials 7, 105 (2008)

Toberer et. al. Adv. Functional Mater., (2008)
.15

YbMnSb,
L]

20

carrier conc. (x10™ ¢cm
o ]

18

10% . 107 18° 19"
Arrier concentration \

I
a

— . SaYb, Alsb,,
20 40 60 80 100

0
i~ o
Yb,AlSh,, Yb,,MnSb,, atomic % Al
1.5
E E E © 0% Al
o 20%
1 215 40%
E, . 4 60%
E £ v 80%
F 0.5 » 95%
EF
@ 400 600 800 1000 1200
BELDOS g(E) DOS &8 .DOS Temperature (K)
Yb, AlSb,, Yb,Mn, ALSb,, Yb, MnSb,

Next generation RTG
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Tuning the Thermoelectric Properties: Organic example!?

3
>
>

400+

N
@
o

3004

N
=]
=

2004

-
e
=]

1004

o
=3

o

O1/AT) JusId1ya092 Ho8qass
Seebeck coefficient (uV/K)

Electrical conductivity (S/cm)
@
3

03 00 03 06 09 12 15 00 o1 0z 03 o4 05
Gate voltage Carrier concentration (n/N)

120, Bubnova, M. Berggren, and Xavier Crispin, J. Am. Chem. Soc:52012; 134 (40)
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Organic thermoelectricity!3

-
-
-—
0] & 600 1. a
LETTERS ? ] £ =
Z;, 014 a oo = liso 3
Optimization of the thermoelectric figure 0.01] : -, "\ / 200 100
s . 2 i
of merit in the cond.uctmg.polymer — - -
poly(3,4-ethylenedioxythiophene) O e, 5 i
x 107+ 1% , , .
OlgaBubnova', Zia Ullah Khan', Abdellah Malti", Slawomir Braun?, Mats Fahlman?, 15 20 25 30 35 40
Magnus Berggren' and Xavier Crispin'* Oxidation level (%)
50
AT T
2 El 0.30
e 404 & . .30 4
o ™ P
2 g 0.25
] 2 i \
0.20 17\
% %"
5 K oas] T
3 0.10 { I E
z 0.05
04
15 20 25 30 35 40
AT (K) Oxidation level (%)

13See the presentations by X. Crispin,
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lonic liquids** and colloids®®

" (nm)
10 3
06— T T
b - 0} After Thomas Salez PhD thesis
"o oo ) g
|3
5
L o
Q2 s }
o »
& o
Py Bt L s
1 10 100 - .
e (MM) +— Cold Region Hot Region —

5. A Putnam and David G. Cahill, Langmuir, 2005, 21 (12), pp 5317-5323

e J;=-D; (Vn,- + l%ll' [%VT— q,-EO])
o Syi= % =2ka; and a = Y it
i

@ Stationary state:vn—g0 = —thTT
o Then, Eg = —f = /AT S = —arkVT = Sy =2 ¢f

14after Alois Wiirger 2010 Rep. Prog. Phys. 73 126601
15See the presentations by A. Wiirger, S. Wiegand, R. Perzynski, H. Keppner, V. Shikin, M.
Bobrowski, K. Battacharya and M. Vasilakaki
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Mesoscopic thermoelectricity *°

(Molemkamp 1990, Van Houten 1992) (after Lundstrom et al)

-2 [ TEMENf- 1)

eVo= iy, =-a(Ty-T)

h(E

Energy

(i-5,)= [ af"]qAV ( g{g](ETE (E—E)
\" =V5+Vpur

L
app

16see presentations by M. Kiselev, P. Gehring and J. Pekola
i 11 03 2019 37 /58
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Mesoscopic thermoelectricity: levels

(after Lundstrom et al)

conduction band states conduction band states

contact 1 contact 1
contact 2

contact2

I= % j‘ T(EYM(E)(f, - f,)dE

Iy =2 [(E- u, TEYMEN f, - £, ME
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The best thermoelectric: a channel question

The best thermoelectric Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 7436-7439, July 1996
G. D. MaHAN*T AND J. O. SoFof Applied gﬂyﬁica' Sciences

2.5

T
Dirac shape

2t -
S e s Yo

15k, S=Cfm~cte=13.5 ]

L» Noisy background

'Y
1 \ \
3 ]
~ ]
0.5 [ \j;\ 8
R N
T il T
D - R i
0 I L 1 )
0 0.05 0.1 0.15 0.2
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Engineering of the channel

A, Abbout, H. Ouerdane, and C. Goupil
Physical Review B vol. 87, 155410(2013)

Source

P

Sink

Hypothesys

1. Monomode channel

2. Balistic channel T (E) = 1 in absence of cavity
3. Asymmetry of the coupling induced by phonons

T(E)
03

TP Conference on Modern Concepts and New Mater Thermoelectric systems under various boundary condi

Divergence of a: T(E) < o

- ﬂzsz(ﬁln(O'))
3e OE ),

11 03 2019
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Low dimensions

DO 10100dma 200600527

New Directions for Low-Dimensional
Thermoelectric Materials™*

By Mildred S. Dressclhaus,* Gang Chen, Ming Y. Tang,
Ronggui Yang, Hohyun Lee. Dezhi Wang,
Zhifeng Ren, Jean-Pierre Fleurial,

and Pawan Gogna

2007
50
@ 3D Aligned, 10nm Cubic Panicle
b 3D Aigned, 50nm Gubic Paricie
= ofh 43D Asgnsd, 200nm Cubic Paricie
<R © 3D Random, Both Sizes and Posiions are Random
E |4 3D Random, 10nm Paries Randomly Distrbuted
i % 3D Staggered fc, 10nm Cubic Paride
= 30, T 2D Aignad, 10nm Nanowia
3 9 A 2DAligned, 50nm Nanowire
B "
E]
2 .
520 .
2
g I
= . SiGe alloy minimum K
oy
B
° vo o o
. . A
000 005 010 015 020 025 030 035

Interface Area per Unit Volume, (nm™")

17See the presentation by B Fauqué
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n.os,

n.OS

g LN

N m £ mf o *
GuartumWire

D.0S

Bk Samicanducior Guantum Wel

Quantum Dot

states for 2) a bulk ) 2 20 quantum
wall, ) 3 1D nanowise or nanotube, and d) 0D quantum dot. Materials systems with low dimen.
sionality also exhibit physical phenomens, other than 4 high densiy of electronic states (00S),
that may be usefulfor enhancing thermosciic performance (see

Increase the power factor o’s
* Decrease K,

« Separate the mean free path

of phonons and electrons.

* Electron Energy filtering cf (E-1;)
Engineering of the DOS.

_ ”zﬁkﬁr d[Ino(E)]
3 dE

stems under various boundary condi
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Mesoscopic thermoelecticity: only a channel question?

One thermodynamic fluid, one ZT?
One engine?
Two heat exchangers?

Two reservoirs?

Strong coupling, or leakage coupling possible?

I = %/(f”—f(;)T(ﬁ)dlu‘
lo = % [(E= ) (= fo)T(EYE

— 2e T172
hyi+7,

(fu — fc)  Okif one isolated level

T(E)

r

ICTP Conference on Modern Concepts and New Matel Thermoelectric systems under various boundary condi

11 03 2019
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Macro versus Meso: The boundary conditions question

12 T T T T T T =
.5
10 s
g - 04
B 1 z 2
£ = 03
& 6 B i} o
= z
5 5 028
g 4 i o 20
o
4 0.1
-~ T
K 005 0.1 015 02 0.35 10
Efficiency
Thol chld
¥ Apertet et al. EPL 97 {2012} N_Nakpathomkun et al. PRB 82 (2010)

ICTP Conference on Modern Concepts and New Matel Thermoelectric systems under various boundary condi 11 03 2019 43



A fluid in a machine: boundary conditions: Curzon-Ahlborn

Thot Thot
Finite Time
Thermodynamics
Work FTT
Power
Endoreversible
Teold Toold

ot

e Acamer M Qin

« 1. Yvon, The saclay Reactor: Two Years of Experience in the Use of a Compresed gas as a Heat Transfer Agent,
Proceedings of the International Conference on the Peaceful Uses of Atomic Energy (1955)

« P. chambadal Les centrales nucléaires. Armand Colin, Paris, France, 4 1-58, (1957)

1. Novikov, Efficiency of an Atomic Power Generation Installation, Atomic Energy 3 (1957)

* F.L. Curzon & B. Ahlborn, Efficiency of a Carnot Engine at Maximum Power Qutput, Am. . Phys. 43 (1975)

11 03 2019 44 /
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Boundary conditions: Beyond endoreversible

Kpo(D=K, {1 = Ii ZT}

cc
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Boundary conditions: Onsager approach

Y.Apertet, H. Ouerdane, O. Glavatskaya, C.Goupil, and Ph. Lecoeur, EPL 97 (2012)
H. Ouerdane, Y.Apertet, C.Goupil, and Ph. Lecoeur, Eur. Phys. J. Special Topics224, 839-864 (2015)

1 a
I R R AV
Force-Flux : |: :|= R . R |: :|
I al a«T +K, LTy
R R

Iy= 8L+ R, )

Convection ;
Conduction
a’T
o= ———+K, [T —T)
~ RitR
Effective thermal
conductance !  Convection Ko
KTE G

Conduction
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Boundary conditions: Feedback effect

b =

Thevenin model:

Is a function 2
K a T
Oleoad! I{Jc = CZAT cciuact =
Vo=0(Tor Ty )| ooy Koortaer T Ky Koy + Ko
Vv ! R'
ac
............ -,

i
Kpe(D)= KQ{HI—ZT} |
« ! Y. Apertet, at al. EPL 97 {2012)
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Boundary conditions: Impedance matching

Electrical Thermal
matching matching
Rioaa = RrEc Keontact = KTEG. e For given :
% o5 Thermal contacts '
3 : ZT=10
§
Sos N
3 N\ zre
= .
g 0.3
s H E
= Eo3 . vt
Kcomacr / KU ZT +1 g 3
5 '
_ 2o 1
R, /R="ZT +1 |
ol -l
10 w0* 0" 10" 0 10"
KQ r KCWH
See also: .
M. Freunek et al., J. Elec. Mat. 38 (2009 III]pOftﬂIlCC of the thermal matchmg!
K. Yazawa et A. Shakouri, JAP 111 (2012)

Y. Apertet, et al. EPL97 (2012
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Boundary conditions: Universality of the Efficiency at Max

Power

= 3 7 D& week ending
PRL 95, 190602 (2005) PHYSICAL REVIEW LETTERS 4 NOVEMBER 2005

Thermodynamic Efficiency at Maximum Power

C. Van den Broeck
Husselt University, B-3590 Diepenbeek, Belginm
(Received 14 July 2005: published 2 November 2005)

We show by general arguments from linear irreversible thermodynamics that for a heat engine,
operating between reservoirs at temperatures 7y and 7y, Ty = T, the efficiency at maximum power is

bounded from above by | — /T, /T,.

EPL, 81 (2008) 20003 wuw. epljournal .org
doi: 10.1209/0295-5075/81/20003

Efficiency at maximum power: An analytically solvable model
for stochastic heat engines

7]53272?0@?“ 0<y<l

T. ScumiepL and U, SEIFERT Carnot

II. Institut fiir Theoretische Physik, Untversitat Stuttgart - 70550 Stuttgart, Germany
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From endoreversible to

%M

exoreversible

Khot Kcold
T T T T T
I T’}mm I
L o '
| (= v
| Iy le o Renarge
L Nss / Nc 1
14— Toam _R' o
B _ Heame 22— Aeper) R+ R 7 1
| T 2 |- Teme _ R Mo = —— 2ol |
' Do ;/
R+R 2 Tl carnor
| Y. Apertet et al., Phys. Rev. E 85, 031116 (2012) .
1 1 1 1 ]
- -2 0 2 4
10 10 10 10 10
R/R’
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Closed-loop: basics

General system: non endoreversible

AT

The system is mainly driven
by its thermal boundary
conditions which defines the
feedback factors.

- - C. Goupil et al.
AT = AT Ri/(Rin + Ro) PHYSICAL REVIEW E 94, 032136 (2016)
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Closed-loop

Feedback effects

Aox = AX/AT.
temperature-potential feedback i
g i \ Agr = Ix /AT.
AX = Aox AT B
AT . 1
AT ~ 1+ AB
‘\ A = 4
= Agp AT o /
] or 1+ 4,5
4ﬁ_&+&
| R
th
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Closed-loop: Application to Thermoelectricity

Ricad
Agy = AgrRigg =a——22
ov = Aot Riowg = oo —
P _ Re _ Rs R+t Riou

By =

T R AwRa Ry @Ry
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Closed-loop: Feedback resistance

Ry ia = Aez (current) The maximal
power is not
6 . ~
obtained for
5
‘«‘:_' 4 =
2 RLoad Rin
e (T TR~ i
=2 _ But for
' \ Rload = Ri11+ RTE
8o 0.2 0.4 0.6 1.0
/ Ry larb. units| \
Feedback
Aey (power) A, (voltage)

Y. Apertet et al. Physical Review B vol. 85, 033201 (2012)
Y. Apertet et al. Europhysics Letters vol. 97, 28001 (2012)
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Closed-loop: Feedback Impedance

T(—L/Z)G/GTMZJ RTE - L Extra dissipation
K.+K,

Flux de chaleur
C):

Q=> =Dka =
électrique (XZT

Courant CTE —

st +—— Trx = RpCrp — T-1 time constant
Contact Thermoélectrique il

Y2 et X2 with contac

6
g Experimental evidence
4 . of the Thermal to
= Electrochemical potential
5 A feedback coupling.
B2 RN (Etienne Thiebaut’s PhD)
o - "‘-_ G S TE—
o 107 100 10" 10 10°

Frequencies (Hz)
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Thermal ratchet:

principle

— torque

- T spring energy
escape __—

frequency « ot e -

effective « current »

Iy zlak a)fveﬁf
I, =&Ng

Yoota

Pl Ay p 5L 0N

Strong coupling configuration

Velasco at al. J. Phys. D: Appl. Phys.34 (2001) 1000-1008
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Thermoelectric ratchet

. o2
1, =| 2 | Ng-Falm y I, =al,I+KAT—RI?
o Tt:o]d v -
A I, =al.,I+KAT +(1-7)RI®
Qeotd T Id cold *Y <ff [P cold Y
dissipative
«————  resistance T :
<
P=Nl7 P =[aAT {11
cold

D

Entropy per
tooth

R|oad

Apertet et al. PRE 2014
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18

Thermal ratchet: beyond the linear output impedance

a. x
. - Rﬂ‘yﬂ X
Maximum power : Xyp =X 70— Linear system
Ra‘yn + Rdzsszp
He : T 1
Efficiency at maximum power: 73 = Ri b s
dissip (1 ) 1
R Ve )+ 5
dyn Supra-Linear
System
a b.
T cota T hot T coia T hot & T 1
[
i Sub-Linear
¢§ aTe System
E, N y e R e
Lo ¥ aarfe N "
En 53 \ Hn
Ta i

18 Apertet et al, PRE vol. 90, 012113 (2014)
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Thank you!

Special thanks to:

@ Eric Herbert
Henni Ouerdane
Yann Apertet
Philippe Lecoeur
Etienne Thiebaut
Jean-Louis Pichard®
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