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Overview of Lars Onsager (1903-1976)

v Plenty of awards and prizes

1953 Rumford Gold, AAAS 1965 P. W. Debye Award, ACS

1958 Lorentz Medal, RNAS 1966 Belfer Award in Pure Science, UYeshiva

1962 Lewis/Kirkwood/Gibbs Medal, ACS 1968 Nobel Prize in Chemistry

1964 T. W. Richard Medal, ACS 1968 President’s Na\hg[ual Medal Science

1964 J. W. Gibbs Lecturer, AMS “for the discovery of the reciprocal relations

bearing his name, which are fundamental for the

v P|enty Of honorary degrees thermodynamics of irreversible processes ”

1934-1940 Assistant Professor, Yale University 1962 Dr. Naturwissenschaften, RWTH, Aachen

1935 Ph.D., Yale University 1968 D.Sc., The University of Chicago

1954 D.Sc., Harvard University 1969 D.Cs., Ohio State University

1960 Dr. technicae, Norges Tekniske Hogskole 1970 Sc.D., Cambridge University

1962 D.Sc., Brown University 1971 D.Cs., Oxford University Why & how?

penetrating insights, jE%277
At scientific meetings and conferences,

: hints of some new result, ZtZ
he could always be counted on to give: AR

incisive critiques. i 1T

[1] H. Longuet-Higgins and M. E. Fisher, Journal of Statistical Physics 78, 605 (1995).
[2] P. J. Wojtowicz, Ferroelectrics 15, 1 (1977).

[3]J. G. Kirkwood, Proceedings of the American Academy of Arts and Sciences 82,298 (1953). page2
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Seebeck effect (1821). AT - AE

E _E S: Seebeck coefficient

-1 A, E: electromotive force

»,—¢,=E,—E,  A_¢: electric potential
difference (voltage)

Peltier effect (1834): I, - qp

.. = q_P
AB | I1,,: Peltier coefficient
AT=0 AB

e

Jp = 'JQ,A _‘]Q,B = Ie(SA _SB)T = IeSA—BT

Joi /T Used for
= prediction and
AT=0

I e measurement

[ BRET. BFLEADZ (LR, FEXFHARAL, 2000)

[2] N. W. Ashcroft, N. D. Mermin. Solid State Physics. (Harcourt, New York, 1976) paged



Astonishing multi-phys convergence (ll)

> Thermal effect of mass transfer (chemk “3 trans + 1 react”)

Type Heat transfer Mass transfer
Potential T XA To= J1X1 + JZXZ + Jun
Flow rate J _ M.

9 A X =F —TV(?j,l_l,Z
Requiring : :
. temperature concentration fraction
gradient of vT
* X e —
ES _kVT = — l

Constitutive q J A C DABVXA T

equation -

; Fourier’s law Fick’s law J =L, (X, = X,)+L,X,
Transport . : e jq — I—u1 (Xl — Xz) + Luu Xu
coefficient thermal conductivity k binary diffusivity D,g

|_1 — L Used for
Soret effect (1893): AT — Axp Dufuor effect (1872): Axy — AT u — "ul|l measurement

[1]R. B. Bird, et al, Transport Phenomena, 2nd ed. (Wiley, New York, 2002)

[2] J. A. Wesselingh, R. Krishna. Mass Transfer in Multicomponent Mixtures. (Delft University Press, Delft, 2006)
8] F. S&FH L17E/RE. (AL, B HAR4t, 2020)

[ BREF. SFLEANE (LR, FERFHRR4t, 2000)



Milestone: “Triumph of atomism”

> Microscopic picture of diffusion and electrolyte >\
H. van’'t Hoff ~ S. Arrhenius

Nobel Prize in Nobel Prize in

« van't Hoff, 1880s: Principle of mobile equilibrium Chemistry (1901) Chemistry (1903)

Theory of osmotic pressure in dilute solution
« Arrhenius, 1884: Electrolytic theory of electrolyte dissociation

« Einstein, 1905: Atomic theory of Brownian motion (1827)

v Macroscopic measurable quantities (€ microscopic modelling parameters

: : 1 D “ -Einstei
Particle suspension x? (t) = 2Dt ——> = Siishes !Em”stem
6znr, RT /N, relation
Nobel Prize in Physics (1926) Molecular solution 77_ =1+ IONA ﬂﬂ'r Se—e 1 — D Nobel Prize in Physics (1921)
m
Jean Perrin (1908) n M 3 67777rm RT/ NA Albert Einstein (1904)

« Perrin, 1908: Experimental verification of N,

“for his work on the discontinuous structure of matter, and
especially for his discovery of sedimentation equilibrium. ”

[1] Einstein, Albert (1905). Annalen der Physik. 322 (8): 549-560 (2006). (Translated)

[2] Penrose, R. (2005). Einstein’s Miraculous Year: Five Papers That Changed the Face of Physics (J.
Stachel, T. Lipscombe, A. Calaprice, & S. Elworthy, Eds.).

[3] G, D. Patterson. Les Atomes: a landmark book in chemistry. Foundations of Chemistry 12, 223-233 (2010)




Onsager’s Reciprocal Relations (1931)

> lrreversible processes in electrolyte solutions (1931, 28 yrs old)

X =F -Vu,i=123

XI:F|_V I’i:1’2 . Ll(x X) Ll(x X)
. g I = LG =X)L (X, =Xa)
=L, X +L,X, —L,=L : 5
b= L X + L, X, 2 ot Jo = Li(X, = X3) + L, (X, - X,) 2 -

)2 = Llel i L22X2 Ifslzlt?(;(r)l(szil Js="h—) pgsgi(itfigrn
L :
L= pVa =V ) A datia=0 e DEVVM, = DRIV
| e A B S—

i Js = PsVs = pg (Vg — V) >' joa =—pDEMYVm, m, +m, =1 i
L vemwaemg, B
i {0 e G,y 088, =D <2 DI =D

o A \Y% R
Maxwell-Stefan eqn. Ja = —CDggX, L_If S X\ Xg (Vo —Vg) =—DpeX,Vina,

[1] L. Onsager and R. M. Fuoss, The Journal of Physical Chemistry 36, 2689 (1931).
[2] L. Onsager, Physical Review 37, 405 (1931); L. Onsager, Physical Review 38, 2265 (1931).

[3] V. G. Levich. Physico-chemical Hydrodynamics. (Wiley, Russia, 1959) page?



Extension: entropy production rate

a—_— ra— Ay IEEER-BES EELER-ZHD IEH94]
I3 }'")(jj'_.ﬁ}:ﬁ]f-'-i | #5593 — Discrete-single- - zéﬂﬁ > Discrete-multi- — hetero- ™
General basis homogeneous component multi-component component (react) o
Iy a;S
S =:d,S + d;S > 0, do§ = LU AV LUrondyy, 0 =G = Juut LiJickie
1 p Ki
= = = — ,— 5. u 1 - _ &
95 = AU RV B g () g () = e K= (). K= (%)
ds dm’ dm'’ o i) = Loy i cu Xy i)
_T _ Z]ka Jm = == —Ly X + Lio Xy (]u ]m,t) (w,i),(w,i) (u,i)
k da;ur a;u" 00‘) = 0, ( 99 ) = 0.
Jie = XiLiXi ) Lyi = Lix. Ju= =" T T T Tlarkm ¥ L2 X 0Xi) x, At/ Ap,aT
4 2=
Py R4 B E AR pry— —»T;!J;ﬂ’ﬁa?gi T——
>  Continuum-multi- ZEMIEL > b — P - oy
grad component o Non-eq stationary state W ZRZHEE Non-linear problems
assumptions _ _
g = Z ]lX 21 L X X Irreversible thermodynamics >
J non-equilibrium statisticalamechanics

To = ]un + Zk]m,ka-

Xy=—2, X = F - TV (%),

(]q:]m,i)

s

= Lw,i), i) X (ui)-
dug = —sgdT + vidp + O, uxdc;.

&5 _ e 4 25 _ o (steady-state)
dt dt dt

60)
=0= (J;)i= = 0.
(GXL =1k i/i=k+1,...,n

e.g.To = (VT)Z{ 1

: [1 — exp (— f—;)]}

_ (112)
Ly,

(Boltzmann transport equation /
scattering term modeling)

f=fO4+fO) 4@ 4.

Higher order: strong non-eq

[ BRETR. SF LEAIF. (LR, FEXFHML, 2000)
[2] 1. Prigogine. Introduction to Thermodynamics of Irreversible Processes (Third Edition). (Wiley, New York, 1967)

[3] L. Prigogine. Non-equilibrium Statistical Mechanics. (Dover, New York, 1962)

: f = f©: eq thermodynamics :
: f = O + rM: differential rel. :
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Academic CV & achievements

» Academic CV: from Zurich/Brown to Yale

Norway — Zurich — John Hopkins — Brown - Yale — Coral Gables
| | | | | | R
] ] ] ] ] ] =
1903-1925 1926-1928 1928 1928-1933 1933-1972 1972-1976 year
Whitaker & C.A. Kraus E. Hille  G. Wannier, A. Pippard, P. Anderson,
Watson 7 RE9fE R. Fuoss Ml Eliet B. Kaufman  W. Pauli, H. Casimir, C. N. Yang,

L. Landau, R. Feynmann ...
J. Kirkwood, J. Hubbard, M. Perut

> Achievements: symmetry & structure

ES - IR — ES; - MF — ES,3 — IS - IR, — IS; — IR, — IS, — Extra
L l l l L1 l l l l

n
] ] ] ] ] ] ] ] ] ] ] v

23 26 29 32 3335 39 42 45 50 50/53 57/64+  9°
2 ES: electrolyte solution 2 IR: irreversible process . IS: 2D Ising model
* ES;: liquid crystal theory * MF: Mathew function * IS;: electron theory in metal
2 ES,: dielectric theory 2 IR,: fluctuation theory 2 IS,: vortex in superfluid He I
4 ES;: reaction-rate theory & IR,: turbulence statistics & IS;: superconducting in He
* Extra: ice’s electrical theory, radiochemistry, molecular biology (life in the early days)

pagel0



Example: Zur Theorie

253

390 Onsager, Zur Theorie der Elektrolyte. L

Physik.Zeitschr XXVII,1926.

lonic atmosphere
around an ion with
effective radius of b

Ions berech Die hi

Fig. 1.

in einem gewissen Abstand vom lon; wir be-

zeichnen denselben mit @, und nehmen ent- *

sprechend der zweiten Niherung von Debye
und Hiickel, indem wir den endlichen Ionen-
durchmesser beriicksichtigen, fiir die Ladungs-
dichte den Wert
&p

ex e
A 1
1+ xa
.

Zur Theorie der Elektrolyte. I
Von Lars Onsager.

§ 1. Einleitung. Debye und Hiickel
haben vor einiger Zeit den Einflup der inter-
ionischen Krifte auf die thermodynamischen
Eigenschaften sowie auf die Leitfihigkeit von
Elektrolyten theoretisch berechnet!),

Die Theorie der thermodynamischen Eigen-
schaften leistet nun gewissermafien mehr als
diejenige der Leitfihigkeit. Es wird nimlich
2. B. fiir die Abhingigkeit der osmotischen Koeffi-
zienten von der Konzentration der fiir hin-
reichend verdiinnte Lésungen giiltige Ausdruck:

g=1—cVc (1)

abgeleitet, wobei im Koeffizienten « auBer Tem-

beginnt

Die Gleichungen von Stokes lauten nun,
nn b == Geschwindigkeit, == Druck, 7 ==Vis-
itit der Fliissigkeit:

nrotroty = — gradp + §F | )
divb=o | “

ir dirfen immer das Stromsy

CEZ NN Sup_erposition

derart, daB b, dem Fall prlnClple Of
R, =R 2

emra B0 different types_ of
+—o1 | forces on theion:
02 = 0

electrostatic &
electrophoretic

entsprechen. Eine solche Zerleg
dann zulissig, wenn die Gleichug
mehr mit hinreichender Genaui
sachen beschreiben, sofern nur

er Elektrolyte

254

Physik.Zeitschr XXV1I,1926.

Onsager, Zur Theorie der Elektrolyte. L

Gar

:
| Fig. 2.

Es ist eben eine solche Krifteverteilung, die uns
bei dem obigen Problem begegnet. Die Krifte

und betragen pro Flicheneinheit

N s
Fdr=—A - dr.

Gesetz gilt.

Was wir letzten Endes suchen, ist nur die
Geschwindigkeit des Ions. Wir kiimmern uns
deshalb nicht um die Einzelhciten im Strom-
system v,, sondern stellen einf: = =

Kraft & dem lon die Geschwin|

N External force

V= .

i erteilt, und suchen weimf.lden (e 'g e el eCtrIC fo rc e)
das Krif T zur Geschwi -
liefert. r

Dafiir zerlegen wir die Ionenatmosphire in
diinne konzentrische Kugelschalen, und unter- K
suchen das Stromsystem dv,, das von den zwi- |;
schen den Abstinden 7 und 7 + dr vom Ion
angreifenden Kriften herriihrt. Wir gelangen I
sofort zum Ziel, wenn wir die Resultate von

Stokes iiber die Bewegung der
ziehen. Nach Stokes bewegt sic!
eine Kugel vom Radius 7 unter Ej
Kraft P mit der Geschwindigkeit

P

6xyr

Stokes force to
balance the
electrophoretic

die Flissigkeit. Die pro

auf die Kugel

sich das Innere der Kugel-
lem Einfluf des betrachteten
ie eine starre Kugel durch die
egen wird, Es ist dabei ganz

sich innerhalb der Schale ein
nimlich das Ton, befindet. Das

Solve the
velocity field
layer-by-layer P

d)'namichen Gesetze gelten.
Der Gesamtbetrag der Krifte, die in der
Kugelschale angreifen, ist gleich

sartydr.

schwindigkeit:
v qartydr  2rgdr ‘
y= — -

bmyr 3y
T . ®
— Aemrrdr

3

Integration
over radius

halb der Kugel-
ren uns wieder nicht; man kann
eiteres den Formeln von Stokes
n die durch das gesamte Kriifte-
rkte Geschwindigkeit des Ions

sind parallel gerichtet und gleichmiBig verteilr, !

juch bei der Annahme von einem

tehen. Es ist nur notwendig, daB .
lben die gewdhnlichen hydro- |

Diese Kraft erteilt der eingeschlossenen !
Fliissigkeitskugel, somit auch dem lon, die Ge- |
! tionen wenigstens ebenso schi

oder mit Riicksicht auf (3):

Vom— o 22| Discussion on
effect of
hydrodynamic

radius R

§ 4. Erweiterung der Vorauss
Wir lassen jetzt diec Annahme von
schrinkten Giiltigkeit der
setze fallen, und fordern nur, daB
auBerhalb des Abstandes R von der
streng gelten sollen. Der Anteil,
groBerer Entfernung angreifenden Kl
liefern, ist immer noch mit Hilfe

berechnen. Es ergibt sich sofort dafiir:

. 2 L
!’,Ede"=—-—§Tl‘A;e #

r=%

- (8)
6. 1+ za l

Fiir hinreichend kleine x konnen wir die

-—— G, PRLCED] P
zy

| Glieder hoherer Ordnung vernachlissigen, so daB

man erhile: Ge
Vie ——Lu. )
2= 6.7u,y ©
Fiir die innerhalb des Abstandes R angreifenden
Krifre I4Bt sich zeigen, daB ihr Gesamtbetrag bei

i kleinen Konzentrationen proportional #* ist, da:

I3 3
[‘4:;’2«1 Lr" dre I4:zr.{ cm*idy ==
W ki

; —r0 = Lo, 2. .
- gxde "==Z(Sn,'+m

Beim Cbergang von der §
digkeit tritt ein Proportional
dem wir nichts anderes wissel
endlich bleibt. Daraus schlij
von diesen Kriiften geliefer|
schwindigkeit des lons bei

Total velocity,
including
electrophoresis &
electromigration

betrag der Krifte abnimmt,
#% ist, Dann diirfen wir il
Konzentrationen neben V',
= verschwindet, vem:ch)iissi‘
nach bei kleinen K

a Ce;x
VieVim—go- (10)
Wir erhalten somit. fiir die Geschwindigkeit des
lons in erster Niherungl):
X  Gen

chen wir nur (5) zu integrieren. VeV + Vy=— (11)

Kraft, §je sich aus Druck und fO rce d I reCtI O n ) & ' e oxy
A= AO (1 \uto a\/E) ZusmmoNcl, Bt dabel glelchm 1) Die Formel (11) ist nicht neu; man erhalt dieselbe
Kugeloberf¥iche verteilt, und fiir T v av 2 Ae-*rdr = ohne weiteres aus derjenigen von Debye und Hiickel,
selben der egungsrichtung parallel und ent- 2= =) Et 1 oo mas dn‘: ,gl:k;mphomﬁ;che%:'nl]\_\l;‘?i_l:e; Aulmen
; K - t icheit der lonen
h=1—kVc (2) ] gegengeseuzt gichtet?). = = I O | o Semmmadine ld:;wi};:?me;(anv:élitheE.Hﬁckeel,
eve Zeitschri 5 ot =gt ,Exgebnisse der cxakten Naturwisseschafien® 11I, 267

R e i TR S 1) Vgl Lamb, H)\godynamics, Dritte Ausgabe S. 552, EDE : {1924). Fubnote.
3 ;
start from P. Debye’s work J_

L. Onsager, Physikalische Zeitschrift 277, 388 (1926).

[ L. Onsager’s first published paper ]

Method: math & fluid mechanics, particle statistics & symmetry  pagell



Example: the Motion of lons

12 December 1969, Volume 166, Number 3911

The Motion of Ions:
Principles and Concepts

Lars Onsager

SCIENCE

pletely dissociated and the properties
of a solution would be additive, not
just over molecules, but even over the
constituent jons. At higher concentra-
tions, admittedly, one would have to
allow for combination to form mole-
cules or compound ions according to
the mass-action law, as suggested by
Ostwald (2). Nernst developed appro-
priate simple theories for the diffusion
of electrolytes and for the variation of
an de potential with the concen-

® g

th
prin
nigh|
not

Rathy
over|
rese:

T m
still

“Anomalies” of strong
electrolytes from the ideal '1
o additive behavior: por-
or Electrical conductivity,
Freezing point depression,
on Electromotive force

progress in our understanding of elec-
trolytes since the days of Arrhenius,
let . PR .

action law and supported it by experi-
ments. After a while (1885) van't Hoff

tration of the ion discharged.

Such was the simple picture pre-
sented to me as a freshman chemist
in 1920. In spite of some idealization
it sufficed for a great many purposes;
it eased many tasks no end and we
were eternally grateful for that. How-
ever, very soon the journals rather
n the textbooks taught me about
observations which did not
e picture and of tenta-
stiva sxplanaiian] ihe wli i
wWhether the experimenters studied Ihz:
selectrical conductivities or the equiliba
wrium properties like freezing point de:
:prz:ssiuns and electromotive forces, sigm
wnificant deviations from the ideal ads
aditive behavior persisted to much lowely

beff

) This article is the lecture pes

thal

pri when he received the pre

ot Novel Prize in chemistry.

re-

te-
28

e he delivered in Sweden, | :

ind
ce

ble
en

ely

- e
ment at the first international mngrzss
in Karlsruhe, and within a few years
Avogadro’s principle gained wide ac-
ceptance.

‘We may at least speculate that con-
temporary developments in the kinetic
theory of gases encouraged the chem-
ists’ change of attitude, although they
rarely if ever admitted that; they pre-
ferred to maintain an inductive point
of view in their publications. In 1860,

12 DECEMBER 1969

== a
spondence between
mmgd the de-

P
the van’t Hoff “an:
grees of ionization inferred
electrical conductivity (I).
A greatly simplified picture of elec-
trolyte solutions loomed. At fairly low
but readily attainable concentrations
solutions of readily dissociating com-
pounds like hydrochloric acid, potas-
sium hydroxide, and a great many salts
like sodium chloride would be com-

= ations than had been predicteds
maccording to the mass-action law fros
athe measurements performed on mora
mconcentrated solutions. These phenom®
=cna became known as the “anomalies’h
wOf strong electrolytes. In many ways
e ™ IobMAils" Bifplafdti® Sohshitdols
regularities; if one compared salts of
the same valence type like NaCl and
KNO;, the differences were typically
small even at concentrations as high
as 0.1 mole/liter. Suspicion centered
on the long-range electrostatic forces
between the ions.

Debye and Hiickel finally succeeded
in predicting the effects of the electro-

1969 by the Nobel Foundation.
The aul Gibbs Professor of
VRO A WA 18 WNverRy Sy,
gHaven, Connecticut, THis article is the lecturgy
he delivered in Stockholm, Sweden, Januarg
:wsa, when he received the Nobel Prize in
is js_published bere with U -
FEoF Aok Folbuloll fod Wi 4
included in the complete volume of Les Prix
Nobel en 1968 as well as in the series Nobel
Lectures (in English) published by the Elsevier
Publishing Company, Amsterdam and New York.

1359

L. Onsager, Science 166, 1359 (1969).

[L. Onsager’s Nobel prize lecture ]

3

Jj = XLjiki, k; = XR;iJ;

Rij ==

Ji

R{U.D) = XR;iljl;i

» Dilute dissociated species (l)
* Reciprocal relations

+ Undissociated species (I)

* Electrolytic conduction (s)

Chain of -OH

Chain of -CO,H

Positive bonding defect

Negative bonding defect

Positive ionic ("“onium') defect

Cation with one solvating chain

0535049

€66

% %6P 0% b

PP % %0

St s 2alfe Bulle,

PpPpe23%g

Fig. 9. H-bond chains and electrically active defects,

25°
400 4 HCI
3504
300
HIO3
2504
\.-"El.t
Ll T T T
0.2 0.4 0.6 0.8
115 A N W 115
A q
incorporate
= the existence
g \ of neutral
< R\ aggregates
A ~
105}~ A\ -
\
\
\
AY
\
AY
1 1 )
0.0 01 0.2 0.3 04
\'(
15E 100 AA/A
incorporate CH3CO2H
10 strong-field

TTr T T T [ TTTI]T

disturbance

CH,CICO,H

100 200 Kv/cm

Style: specific problem & generalized insight

pagel2
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Takeaway: direct — transit — encrypt

% immersion ¥5HB : “sharp cookie” JAZE : cryptogram
IR TFARMR “EETHIIT S [B1Y3 F-E - fn F RG BHX
55 BLIARY 510 “ERSTEE kRS 1B MR iE”
j - EmmeimsmmiEss 7] - wmrnas-smrkee W grmm
- HBERAE BETE - ERERUAE /3SR —  “screening effect”
- BEEXER, FfLETS -  REEEBY/KIZREL —  ‘“physical terms”

—  “talking in riddles”

B4 v ESECPREMT RSSO v AR TR ST HR S  psaT

- BEZXFR/Fit/ “RE-ZRX” -  BM&ZESH/ REENE
= 4 ) 6 s ” = N &h [T ®
—  {REIREB/ZERE/ “ER-RE —  EIMEIERIZE/ BB EER c} v OSAREER
\g
/ v M BRGF KRR — R v KU B E R G - mmgeit (JQ Lin/SJ Lu) Bl
- BEIZXRRQ/ SN -  JKBYEREFEMER (57) — fA5FESA! (Yang/Landau) ™
-  REEER/ SUEETE - HYIESKSF (64) - REHEE (Feynmann) 4l

[1] H. Longuet-Higgins and M. E. Fisher, Journal of Statistical Physics 78, 605 (1995); P. J. Wojtowicz, Ferroelectrics 15, 1 (1977).
[2] E. T. Jaynes, Annual Review of Physical Chemistry 31, 579 (1980); U. M. B. Marconi, et al., Physics reports 461, 111 (2008).
[3] G. L. Eyink and K. R. Sreenivasan, Reviews of Modern Physics 78, 87 (2006). 13

[4] ¥9RT, B2, 723 (1989); J. D. Reppy, Annual Review of Condensed Matter Physics, 1 (2022).
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Anecdotes: colorful personalities

> Teaching

O “Sadistical mechanics”, “Advanced Norwegian I/11”; “study for keeps”

H

> Communication

O AP before PhD, story of “spinor”; “drop the level on stage at a time”

>  “Duets”

O P. Debye; C. A. Kraus, New Boy, RA w Nobel Prize; J. Kirkwood, B Kaufman

> Critiques

O “need sterilizing”, blackboard “X” or erasing, 3D Ising problem

> Interests

O Norse mythology, gardening, encyclopedia; paleontology; swimming

[1] H. Longuet-Higgins and M. E. Fisher, Journal of Statistical Physics 78, 605 (1995).

[2] P. J. Wojtowicz, Ferroelectrics 15, 1 (1977). pagel5



Thank you
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e » Electrical energy

;%%‘V dissipates into heat

electron “friction”

Ohmic dissipation function W =R | c =UlI

(Refer to Prof. Wang’ slides)
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Appendix: dissipation in fluid flow

» Mechanical energy
JERLRY dissipates into heat

(Refer to Prof. Wang’ slides)



phonon “friction”

Material having
thermal conductivity k
| Area A

“Heat dissipation function” o Every spontaneous transport needs costs (no free lunch)
O Are there other candidates than the concept of entropy?

(Refer to Prof. Wang’ slides)
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