d ? }L ':,/é Interdisciplinary Investigation

Tsinghua University

“Complex (soft) hydrodynamics”

From single paradigms to X-paradigm

Yunfan Huang
2024.12.18




‘MORE IS DIFFERENT”

>  P.W. Anderson (1923-2020, USA; 1977 Nobel-Phys)

“for their fundamental theoretical investigations of the electronic structure
of magnetic and disordered systems” (shared with Mott, van Vleck)
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Emergence GBEILEE L) v.s. Reductionism (E/RiL)

P.W. Anderson. More is different: broken symmetry and the nature of the hierarchical structure of science, Science, 1972

B, SURME (BETRANE) , XRIHEL
Emergence ... of what? What can be actually observed and measured?
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When hydrodynamics meets “complex”

Dilute Entangled Transient  Flocculated Dilute Jammed/
polymer polymer network colloid emulsion glassy

>  What is Hydrodynamics? Why we need it? 5 GG @ ?‘;ﬁ 3,,,;5',3;-&,;
O quasi-particles as collective excitations - - " ‘
O long-wavelength (small wavevector) limit E_’ e 5 ) ,;;._"
O observables describing long-distance prop & e 13

° One way to develop a macroscopic theory with densities of physical quantities and the corresponding
currents, is to combine
— continuity equations (manifesting conservation laws), with
— thermodynamic arguments (“constitutive relations”), between the macroscopic currents and the

external bias to close the equations, to identify
* how the entropy of the system responds to |ocal density fluctuations of the conserved guantities

* which requires the total entropy production rate to be non-negative
° They are phenomenological since they provide no means of calculating the coefficients in the constitutive
relations, which is justified at distances that are much larger than any “microscopic” scattering
length scales, the condition that is very often satisfied in experiments.

1. Narozhny, Hydrodynamics approach to 2D electron systems, 2022
2. BRIE, @t REFHHFE. MEIIEF; HEX, EENRIF random

: short-range
3. Ewoldt, Designing complex fluids, Annal Rev Fluid Mech, 2022 walk =7

interaction

For “strongly-correlated” systems, does the hydrodynamic description still hold?
KFZ BIfFEKIEXIK [(BEIER . MFOKBTM. FEaZIK/ A EER] page3
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“Where to start ... with something new”

>

a

1.
2.

P.W. Anderson (1923-2020, USA; 1977 Nobel-Phys)

| think most people entering research find that by far the most difficult question

is where to start, especially when confronted with something that is actually

new. This, ..., is the kind of question a book like this should be designed to answer.

Many books are simply compendia of methods that have already been used or of techniques for calculating a little
better something that is already understood. | am writing this immediately after the experience of having been

confronted by the new phases of He; faced with such a genuinely novel problem it is far more important to have

some idea of what the relevant questions are than it is to do any one calculation with great accuracy or rigor.

This is one of the reasons why | suggest that the two most important principles of condensed matter physics for our

purposes are, first, broken symmetry, which tells us that what the order parameter is and what symmetry it

breaks are the most vital questions; and, second, the continuity principle, which tells us to search for the right

simple problem when confronted with a complicated one. To my way of thinking, detailed perturbation methods,

and even Green's function and fluctuation-dissipation ideas, are somewhat less important, because they emphasize

computation rather than understanding. "
B AMEFFREURFRENT? @ ; field convection? interface?
. . . s ; i | S i 2 i i ility? 7
Anderson. Basic notions of condensed matter physics, 1984. =N ﬁf?iifi?ff‘,’ﬁim”iﬁfgw dynar,mlcs instabiliy? pattern’?
1 I ?
Eﬂﬁ, 2}‘5-1—]—%i§$ (|, ”)\ %fgiﬂfﬂ$ e o b . particle VISCOSIty? vortex?

How to choose the order parameter and adiabatic approximation?
HENRT (RARHR) iz DIsH 2 (RS (RENE) ] NABNRSGIE [RRIBELME]  pages
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_ ‘
Challenge |: Two typical correlated systems @20

Electrolytes in solutions Electrons in solids
> Nature > Correlation > Nature > Correlation
v' dissolved v steric v' fermion statistics v' coherent
« hydrodynamic v electrostatic v latticeregulation v electro- (e,l)?
e chemical v flow-induced v/ wave nature v magneto- (1,])

B atom

random
walk

G\c’> short-range
interaction

WHY diffusion decomposition of WHY particle kinetic description of
ion transport in solution still stands? electron transport still stands?
O Advection O Excitation
O Diffusion O Propagation
O Electro-migration O Scattering

page7



Two figures: Onsager & Landau

> L. Onsager (1903-1976, USA; 1968 Nobel-Chem)  cy.. Ning Yanc  Lars Ovsacer TR EJIENT ?

. ES: electrolyte solution —» & IR: irreversible process . & IS: 2D Ising model

* ES;: liquid crystal theory —» & MF: Mathew / * IS;: electron theory in metal
. ES,: dielectric theory . 1. fluctuation theory / * IS,: vortex in superfluid He Il
. ES;: reaction-rate theory & IR,: turbulence statistics /1 IS;: superconducting in He II

Extra topics: ice’s electrical theory, radiochemistry,
molecular biology (life in the early days)

> L.D. Landau (1908-1968, Russia; 1962 Nobel-Phys)

1937, R T #% M JLEER (PP)

1 1940-1941, SIFEFE M EFIEP (CM)
1954, EAK FHIBFTARER (PP)

(QV) EFHFERBEIEERSEITYIES, 1927

mvagcans o I

e e E S

(Mag) B HE FHiiE IR, 1930

(srmame) HESHN e M
Mo BRNISZASR Lt
aeos ESHE! 0B N B ST

58 DINAATRES z
S R S SR e R [

(Mag) — BT HIFR3T, 1936-1937

o | SR

(Mag) Sk 14 FERETR IO F 2 BRAE S MR FE, 1035 1956, FAKiRIARIE TIEIL (CM)

(CM) BEFRE AR, 1934 1957, S5t E{ER M CP A% (PP)

The “Ten Commandments” (EB&E+i) IBPYNEEHIZE (BlE+E)

Contributions: Symmetry (ES-IR) & its breaking (IS; Mag-PP), correlation function (ES) & quasi-particle (CM-QM)
[ EER (R0 M OITHIE (IR (TEBRH) 1] [ARENRGTE RRELMiZ] ]  rages



Onsager’s theory on electrolyte in solution

253

Zur Theorie der Elektrolyte. I
Von Lars Onsager.

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

Die Theorie der thermodynamischen Eigen-
schaften leistet nun gewissermaBen mehr als

diejenige der Leitfahigkeit. Es Wird nimlich
z. B. fiir die Abhingigkeit der osmotischen Koeffi-

Her Elektrolyte. L

Physik.Zeitschr. XXVII,1926.

Die Gleichungen von Stokes lauten nun,
wenn b == Geschwindigkeit, »== Druck, 7 ==Vis-
kositit der Fliissigkeit:

frotrotd = —gradp + §F | @
divo=o J +

Wir diirfen immer das Stromsystem in zwei
Teile zerlegen:

12 December 1969, Volume 166, Number 3911

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

i
i
. . zienten von der Konzentration der fiir hin. E b=, o, The Motion of Ions: allow for combination to form mole-
W H Y d I ff u S I O n reichend verdiinnte Lésungen giiltige Ausdruck: ¢ 2 cules or compound fons according 1o
g=1—aVs (1) | Goret Gabiv, dom il Principles and Concepts the mass-action law, as suggested by
abgeleitet, wobei im Koeffizienten ¢ auBer Tem- &/ =8 Osllwald. @. Nems.t developed appro-
» Py B “Anomalies” of strong e e
5 o *? vl
decomposition of s A=Ayl —avo) ;i f=o piper it i ottt i e conen
: L i Such the simple pict
langst vekanuie r Ui E . VISCOUS fOrCeS ) y - . - §em‘::l wvmx;z\e ; zmge:h:;cnu;‘;{’:
' i EE: s e w ideal additive behavior: i i1 ja pis o e deiien
lon transport in rereed [ on the ion with < Electrical conductivity, S e e e ot
.. N y 3 were eternally grateful 4for that. How-
o ) ) superpos|t|on - . . soon the journals rather
. in einem gewisser Abstand vom Ion; wir be. C FreeZl n Olnt ‘a“{:‘ Nd s‘?‘
zeichnes i o d B = or g - A, |
solution stands? st o) kg it s principle: i %b e

en- SCMI° W yive explanations for the discrepanciess

depression, . &

ap p arent mi g ration ?(j EI ectrom otlve fo rce P ::::‘:l::jl ‘finﬁxuﬁfﬂfﬁiflff ;}::dgqiu‘ilt‘é

= rjum properties like freezing point deg
ss-

start from i
. Debye’s work b

1

O Advection p

® pressions and electromotive forces, sigm

& e
r B . i i - . s .
progress in our understanding of elec- action law and supported it by experi- % nificant deviations from the idesl ad¥

trolytes since the days of Arrhenius, ments. After a while (1885) van't Hoff

on,
und es wird nach Debye und Hiickel die

i u ditive behavior persisted to much lowe|
D D | ff us | on von ihnen eingefiihrte, der Wurzel aus der Ver- el ectro p h oretic . . . - ::g;f:.:zlﬁni ]:;;;}::Cnﬁ: ﬁr;d;zo 4
dinnung proportonale mitdere Dicke der Ioneh | 0y gag Siromsystem do, das von den awi- 1 This article is the lecture he = = nesuemens periormed on morz
atmosphire gleich - gesetzt. Wit erhalten dann, | schen den Absanden 7 und 7+ dr vom Ton o ok &
bei b S ST . | angreifenden Kriften herrilhrt. Wir gelangen - . 1" ena became known as the “anomalies”
pel der uBeren Feldstirke G, fir die Volum- | sofore sum Ziel, wenn wir die Resultate von delivered in Swed en, /& of strong clectrolytes. In many ways
E eCt r 0 - o Stokes iiber die Bewegung der Kugel heran- the anomalics displayed conspicuous
u_ehe; N]ach S!Rok;s bewegt s;_ih bekanntlich & regularities; if one compared salts of
ine Kugel inwi) ] il
Total forCe DAlANCE,,, | iy s s S é= when he received the T ane v o ine vt s
5
. . . . P . . o €0 small even at concentrations as high
gy ed N oy
migration including e Novel Prize in chemistry. 5 o mii Suon cnered
Y on the longrange electrostatic forces

electromigration &
Stokes (viscous)

des Tons b;

durch die Flissigkeit. Die pro Flicheneinheit
von der Fliissigkeit auf die Kugel iibertragene
Kraft, die sich aus Druck und Reibungskraft

ist dabei gleichmiBig iiber die
Kugeloberfliche verteilt, und fiir alle Teile der-
selben der Bewegungsrichtung parallel und ent-

PR TR sollen
dieselbe Geschwindigkeit haben. Die totale Kraft
auf das Ion soll gleich ® sein.

gerichtet?).

1) Vgl. Lamb, Hydrodynamics, Dritte Ausgabe S. s2.

ment at the first international congress
in Karlsruhe, and within a few years the van’t Hoff “anomalies’
Avogadro’s principle gained wide ac- grees of ionizati

ceptance.

‘We may at least speculate that con-
temporary developments in the Kinetic
theory of gases encouraged the chem-

electrical conductivity (1).

ists* change of attitude, although they solutions of readily dissociating
rarely if ever admitted that; they pre- pounds like hydrochloric acid,

ferred to maintain an inductive point

D va
ice between

inferred from the m!

sium hydroxide, and a great many salts  Nobel en 1968 as e

of view in their publications. In 1860, like sodium chloride would be

between the ion:

W Copyright @ 1969 by the Nobel Foundation. ™
The author is J. Willard Gibbs Professor ol

A greatly simplificd picture of elec- 1§ tycoreical Chemiciry at Yale Universits, New
trolyte solutions loomed. At fairly low Wiy Sm@EE TS mucs &8s bas
but readily attainable concentrations 1969,

ivered in Stockholm, Sweden, January

when he received the Nobel Prize in
com. chemistry, It is published here with the per

sion of ‘the Nobel Foundation and will alo be

POtas- included in

as in the

wres (inEnglish) published by the Elsevier

com-  Publishing Company, Amsterdam and New York.

12 DECEMBER 1969 1359

1. L. Onsager, Physikalische Zeitschrift, 1926.
2. L. Onsager, J Chem Phys, 1931; Science, 1969. |

“for the discovery of the reciprocal relations bearing his name, which are fundamental for the
thermodynamics of irreversible processes”

[ Characteristic length: Debye length, Bjerrum length, ion radius; relaxation time] [ Familiar one: independent motiondage9



Landau’s theory on electron evolution in solid

Landau Fermi-liquid From Fermi gas to Fermi liquid
AV~Em A (a) || 4Ho)~Em | 4x (b)
/ T_Z \ T_Z
/] N . N Fermi liquid
WHY y Fermi gas
y N R n=0)'c, /4
particle kinetic y TEs N N TE N
e LA -v;.'> V
ipti ] '1)( R 1 ~T \ -
description of 1 VR e NI
A electrons [\ quasiparticles |\ Teco lnz(ﬁ_l-‘lf T)
electron transport Sereened 1 Cooperom- 1
Coulomb W @~ | \renormalized ~—
still stands? i interaction: 2= [1+ L /(r, |p=ni|)]? | |imteraction: "= In2(1/| g-ni])
o In .1956, La.ndau.developed a theory () PARPAR, | atestte
O  Excitation of interacting spin-1/2 fermions! Y
O Propagation The Landau-Fermi liquid theory /J’ .
1

0 Scatteri successfully describes metals, nuclear
cattering matter,lliquid He-3|... /\(OL 0}
3

At low temperatures, the average o
excitation energy is ~ kgT 2

1. L. D. Landau, The theory of Fermi liquids, Zh Eskp Teor Fiz, 1956
2. P.S. Alekseev & A.P. Dmitriev, Viscosity of two-dimensional electrons, Phys Rev B, 2020

“for his pioneering theories for condensed matter, especially liquid helium”

[ Characteristic length: Debye length, Fermi velocity; mean free path] [ Familiar one: nearly free electrons] Pagel0
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. . ¥
Challenge Il: From familiar to unfamiliar ones O =

Electrolytes around interfaces Quantums in solids
From bulk, solid to liquid interface From phonon to electron
> Nature > Correlation > Nature > Correlation
v' dissolved v’ steric v' boson/fermion v' coherent
* hydrodynamic v electrostatic v lattice regulation v' electro- (e,l)?
* chemical v' flow-induced v/ wave nature v magneto- (1,])
Slopbnien Familiar ones — | : nature and transport behavior of | {22 "f 15 ()
electrolytes in solution and electrons in solid m Fermi liguid
Like-lon . 8 atom :
" Correlations TE n=0) .4
P g?ﬁ
correlation —@ @5 Cooperon- 1 quasi-particle
function Sl o> "W eAD|  picture
Familiar ones — |l : transport of electrolyte transport at
solid interface & phonon transport in solid
WHETHER kinetic description of ion WHETHER kinetic description of
transport at solid interface still stands? phonon transport still stands?
O Nature of interface/phases O Total no. conservation
O Adsorption kinetics O Frequency domain width

O lon transport dynamics O Inter-quasi-particle scattering pagel2




Problem A: Electrolyte transport at interface (S)

© © Cation | Anion

====xud  Polarization field

© ©0 000 ©

© 00 00 00
Prof (50,) [2010], (&) o O

Amer (8o, / T) [2019]

Physical specific o 0 0 0 o

adsorption attraction

OR

Chemical reaction

Formation of electric double layer

—Vp.,
e oncomecion) (@)
80 o SR, o O OO
©,00% © o0

OO

)

\ *
¥ *
Ya, T Ll *
Backward conduction backward diffusion

induced by local Vg induced by local Ve,

Pressure gradient upon an enclosure

B (B REHNFE

I:I:l Solid|liquid region

) Dominant mechanism

electrostatic

© 00~

' potential-determiningion
/

: wERERAE - WEE - NSRRI ER - BORERIL

I:l Diffuse layer region

£ N\ Secondary mechanism
Tian, Liu (66(o,) / c) [2017/20]

o © Amer (50, /T) [2014) (& © Amer (V.a, / c) [2017-18]
(4) Amer (Vi0,/T) [2021] () (4] Liu (V,6(0,) / c) [2021-22]

© ©%um=r® o © © 0o Suign™

Zhang()sas,jn/c)(2016-18] OOO‘._". o OU\%\@\

ity ‘o © O [
O © 00 00 0O

s lon exclusion

Surface modification

o = e——0U——0o——©——0—=O

Chemical inhomogeneity Confinement inhomogeneity

_V(Pou

Ve
—_— Diffuse layer diffusio-osmosis (D, > D_)

Diffuse layer electroosmosis

ﬁ (ion electromigration)
%0 oBp 6o %o
© O‘.P'ro_f (¥,0) [2004-2 20083 (E)e) © en
Amer (V0. /c) [2017 180 (3] O o © TYang(
(&) O
O ouu (50, / E) [2024] o OO QO ©
O Oy W . © o ©

. \
. .
L} uy AE000 .'
3 backward diffusion backward conduction

induced by local Ve, induced by local Vg

(ion diffusion & possible
electromigration)

Electric field upon an enclosure Concentration gradient upon an enclosure

pagel3
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Challenge: Electrolyte transport at interface (L)

© © Cation | Anion

====xud  Polarization field

© ©0 000 ©

© 00 06 © ©
@ O OQOOO

Physical specific o 0 0 0 o

electrostatic

adsorption attraction
OR l o
potential-determiningion
Chemical reaction ' /
o W o WY . W 0 W .\
L S i W e

Formation of electric double layer

_me
Diffuse layer streaming
ﬁ (ion convection)
= Q

&)

(+) N
o 9, 4d

.
Ya, T Ll *
Backward conduction

backward diffusion
induced by local Vg induced by local Ve,

Pressure gradient upon an enclosure

BRZERENE:

I:I:I:l Solid|liquid|liquid regions I:I:l Diffuse layer regions

== Dominant mechanism & "\ Secondary mechanism

4 000000

electrostatic
attraction &
diffusion

© o

diffusion & migration

©© © o
”moooooJ

aw':t“’"_\_o_o_o_o_oo O S

potential-d etermlnlng ion

potential-
determiningions
. / (both)
[ ] electrostaticattraction
& diffusion

diffusion & migration

Feature 1: Complex charging mechanisms Huang (50.) [2023-24]

- me

ﬁ

Enhanced distribution potential

Enhanced charge adsorption
across liquid-liquid interface

through interface slip

Diffuse layer streaming Diffuse layer streaming

ba ckwa rd diffusion

bac}ward dif‘fu_sion o Oo 0 /
o o %
0 H ‘IIIIIIIII o o o 0 o w IIIIIIIII’ O OOO 0
——TOO=P e Pp- OO 00O
H\‘......... o 0 H\‘_......_‘;o-o
oO bac_k_warddif'—f_u_s.{é 0 00 ba;k_warddif_f-usion O 0
Feature 2: Slip-induced inhomogeneous charging (O':Léi?gg)
THEIREAE - WIUMEE - S FRIERER - WMRLiES  pageld
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Electrokinetic multiphase flow: interface charging

a - lonic surfactants b .\ ’\
- . Low High slowly ! s
© o, > o o0 | S Temp viscous  relaxing  elastic
; Self-ionization of water 4 ¢ i J pH diuton
| | — I g =
g | | ~
1 tically
! | | tunable rheology o robust .
i | | transparent stabilty Lot
| | | time temperature
| |
| |
[
g 3 | g . nanoemulsions p .
Mobility of ions & 'S —  drug delivery ’. "

building blocks
for synthesis

¢ ¢ < < / \ Sas
Qsa < Qsy Qsa = Qua ood l

com oi nancemulsion pharmaceutical
stabilized by whey protein

el (/ A 0
N\ \\_// E—‘w .
+ (LLELLEL
0 80 100

2 4 &
% othyl acetate in of phase

d Synapse

o) —

W
£ 2

lonic Liquid KCI

*35 Bmim® % PF,; 0 K* @ CI

11 Mass transport = Cation & Anionic

a) Lietal, JCIS, 2021; Ma et al., JCIS, 2022 / 2024.

b) Gupta et al., Soft Matter, 2016.

c) Torbati et al., Rev Mod Phys, 2022; Suma et al., PRX Life, 2024.

d) Lietal., Nano Lett, 2024. pagel5



Electrokinetic multiphase flow: field-driven flow

Non-zero injecting electric current

Uy

a)
b)
©)
d)

_

Trojanek et al., Electrochem Comm, 2017.

b v i I o = *

. &
0031 . ¢, . 1003
700214470 S o2
\ / 1001] 35w FoOI
SN %] 0.00 A\ /1000

Ty N 20 @ 29
t=0 2.33 ms | [|40.67 ms

o

Hydrophobic
NCS-85

15-20 mm

Bashkatov et al., Phys Rev Lett / Phys Chem Chem Phys / Journal of Fluid Mech, 2019/2022/2023/2024.

Mirzadeh et al., Phys Rev Lett, 2017.
Pan et al., 2023.

1 2 3
100 pm 4 5

Hg,

Meniscus
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Electrokinetic multiphase flow: ion-mediated transport

€.
- @ ¥

100 < R < 200 um

200 < R <400 um

glass substrate

negatively charged nanochannel
lon solution environment cimm

LA T T

e) Dehe et al, Phys Rev Fluids, 2020.

f) Suda et al, Phys Rev Lett,2021; Michelin, Annal Rev Fluid Mech, 2023.

g) Anetal, Fuel, 2022.

h) Fan et al, Nat Comm, 2018.

i) Lietal, Nano Energy, 2021. page:]-7
j)  Ma et al, Nat Comm, 2020.



Problem B: Transport in quantum systems (ph)

Room temperature —> Low temperature

U-Process N-Process V

— ;
K, L. boundary plate
S ’ (2D, moving) | velocity,u

fluid

boundary plate (2D, stationary)

Classical model Hydrodynamic model Viscous fluid model
Phonon <—> Phonon (U) Phonon <— Phonon (N) <€=>» Molecular<—>Molecular
Umklapp-induced resistance Boundary-induced resistance P“’[gg?zi'}”c)

(Fourier law) (Hydrodynamic flow)
Guo (Meso & Macro) [2013-18]; Miao, Ran (Meso) [2016-22]; Liu (Macro/Micro) [2023-24]

Phonon hydrodynamics!

FETKENNE: FEHHEE - ETELES - FFEREE) - F bt page18
GGt R + FEMSER)



Challenge: Transport in guantum systems (e)

Low temperature & low <+ Metal, Si|Ga[Al]As, Doped-S|BLG, Pt|PdCoO,
dimension & ultrapure « SLG, semi-metal (MoP, WP,), topo-insulator

1., &

.
boundary plate
&

/ (2D, moving) | velocity, u

. I :

X . : fluid '
‘ Y ()

Room/ultralow temperature —>

ity

boundary plate (2D, stationary)

Nearly Free electron model Viscous electron model Viscous fluid model
Electron<— Lattice* Electron<—Electron** ¢l 5 Molecular<—>Molecular
Lattice-induced resistance Boundary-induced resistance
(Ohmic flow) (Hydrodynamic flow)
Miao (Meso) [2017-22] Huang (Meso & Macro) [2017-21]; Meng (Macro) [2019]

Electron hydrodynamics!

BF/KNEF: FIEBHEE - shETEFETS - BFEFESs) - BT page19
GRS R + TEMSER)



Electron hydrodynamics: transit — o,

400

350

PC resistance ()

150

300 -

250 1

200 -

q
w=0.5um .
o 4
e é
. x4
.'o.. /.:°.
*oese®
n (102 cm™2)
0.5
—_— A
1 &°
o —_—2 _ 2
". /....
."‘nnﬁ.:'.
q
.
(3
s
.a..‘
IRia T TIPSRyl of
T
0 100 200

Temperature (K)

Super-ballistic flow in confined graphene

High electron conductivity

Low heat generation >

High current transport capability

/\

High cutoff frequency -

Low switching time of the transistor

v' System: 2D materials, ultra-pure, microscale and low-T
v" Phenomena: high mobility, may improve performance of semiconductors

Kumar K.R. et al. Nat Phys, 13(12): 1182-5, 2017.

page20



Electron hydrodynamics: energy — ZT,

Tbath (K)

100
90
80
70
60
50
40
30
20

10
-15

-10

-5 0 5
n (10° cm?)

K (WK'm™)

LiL,

T(K)

0.0
0 50 100 150 200 250 300

T(K)

p (uQm)

300

= 53
+ 54

51
S2

5

10

15

T (K)

20

25

Breakdown of W-F law in graphene (left) & WP, (mid) & MoP (r-top) & Sb (r-bot)

ZT=8%/L L= "e:”2<kB)2
- oT 3 \e

Ly, v System: 2D material, ultrapure, low T

v" Phenomena: Anomalous transport of 2D electrons

higher/lower k. than W-F law v Impact: low heat loss in thermoelectric materials

Crossno J. et al. Science, 351: 1058-1061, 2016.

Gooth, J., et al., Nat Comm. 9(1): 4093, 2018.

Jaoui, A., et al., npj Quantum Materials, 3(1): 64, 2018.

Kumar, N., et al., Nat Comm, 10(1): 2475, 2019.

Jaoui, A., B. Fauqué, and K. Behnia, Nat Comm, 12(1): 195, 2021.
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Electron hydrodynamics: info - o.(B,T)

I
2.0 .
Ballistic
150 : -
e _ I-'I \I". 1
& g |
=1 i
104+ | I'. ot I
L RN
: 3=0° |
S N il
Sample C iT=03K
102 107 100 10! 102 o
I W 2 -1 0 | 2
o B (kG)
Conduction regime with different mechanisms Giant negative magneto-resistance in GaAs/AlGaAs
(magnetic field)

(confinement)
Magnetic field will dramatically impact the electric resistance in confined materials.

Hatke A.T. et al. Phys Rev B, 85: 081304, 2012.
Alekseev P. S. and Semina M. A. Phys Rev Lett, 98: 165412, 2018.
Chandra M, Kataria G, Sahdev D, et al. Phys Rev B, 99: 165409, 2019.
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>  From simple to complicated: find connections and differences
>  “Where to start ... with something new”
> “Decouple” charge correlation: learn from TWO figures
> Personal experience A: Electrolyte transport at interfaces
> Personal experience B: Transport in guantum systems
> Complex hydrodynamics as X-paradigm: What, Why, How, and Which?
> Example: Emergence of quantum hydrodynamics
> New physics: “More SCALES at INTERFACE is Different”

> Hallmark: Merging kinetic behaviors into hydrodynamics

page23



) W--..:. e e ..

R Classical fluid mechanics: Electro-hydrodynamics
[ Voo "2“"_}'"” P Hall field Hall field
12 "( 12 /'\ 6
1.0 fr=7sx 10 r=7kl 15
\ 5 08 N || Los 4T
\ ) ]) Sos | Los 3g
1) 7 04 : 0.4 23
D=1250 nm ¢ === PN 02 | 02 1
V-V )/Ip L 2 pm  e— 005 03 Sy 03 08 05 <3 9, 03 05 0

Novel phenomena in 2D materials: Electron backflow | From Ballistic to Viscous regime
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Note for top 2 figures. Van Gogh’s The Starry Night. Taylor pump and Taylor cone.



And another paradigm (physical kinetics)

« Boltzmann transport equation (BTE) — semi-classical description  collective

moving

velocity
d f d f of F Of Resistive scattering So(r,ep) /
a - az . O_r + m  ov =¢(f) Conservative scattering fo(r,e, —u - p)
Change of : Particle Different : Different (quasi-)
particle state scattering mechanisms equilibrium states

f: the non-equilibrium distribution function of the particle cluster around (r,v)

Solving BTE: Deterministic | Stochastic (particle nature)

N le E T i : i ipti i
: ggg‘gg&mg@ fanSPOﬂaﬂd Conversion- - Upscaling BTE: Hydrodynamic description (macroscopic)

Beyond BTE: wave nature, strong correlation, scattering rate
Coherence: Quantum transport in low-D system

(%] Gang Chen % Localization: Strong disordered/correlated system

Super/Magneto/Topo: Strong (spin/Coulomb) correlated system

Rammer. Quantum transport theory. Perseus, 1998.

Datta. Quantum transport — Atom to transistor. Cambridge University Press, 2005

Nazarov. Quantum transport — Introduction to nanoscience. Cambridge University Press. 2009.

G. Chen. Nanoscale energy transport and conversion, Tsinghua University Press, 2014 page25
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Into X-paradigm (quantum hydrodynamics) ...

« Boltzmann transport equation (BTE) - Chapman-Enskog expansion

df _9of of | F of _ _0) ) 2 (2)
i o TV o T o S CY) IS

+ Classical N-S equation

. : I

DP B l 1 : /9 \
E+V°G—Pg O'—ipli—!ﬂ(g(V'u)I—l—Vu—l-(Vu)rb

* Phonon N-S equation _— I |
5 Lt |
_q . :_i _ :_._ 2 . T,
V-2 o 0 3v:§eI! Even (V-1 +Vq+ (Vo))

« Electron N-S equation I | | :
P P ; | 1 :
%—t—I—V-T:—T——Fm Facro T:ZPI!—!ﬂC((V'u)I+Vu+ (Vu) ")l

MR

R T ]

1. Y.Y.Guo. EEMHSHANENSE FREEKEELIEFERANZE. HLFMRI, 2018,

2. Y.F. Huang. #ARERYER TSRS NFEMR. ABLEEILIZ, 2019. page26



“More SCALES at INTERFACE is Different”

General Nature

Transport/Evolution

(physics)

(Kinetics)

Electrolytes around interfaces

AD! Cs/ Os, [ah]

From solid to liquid
Apjs O, @u(1i,€), [a ]

T¢, [Be, Pe] > T, [Be: Pe;, Cayl

js’ Un! VSOS]

Isir [in V05, Vs @]
Mean distance (background)
- ndy2~1

Radius of ion (“coherence”)

— radius variation hydration
Debye length (screening)

- &(0@/Ap)? ~ (6n.) kgT

— concentration ratio

— solvent permittivity ratio
Bjerrum length (correlated)

—  kgT ~e?edyg

— solvent permittivity ratio
Relaxation time (“scattering”)
- Taiir ~ Ap?/ (KgT/Hy)

— frictional force [y, E, ...]

— viscosity ratio (gas/self?)

— dissociation constant (weak?)

Ueids I lre W, [lgis] —

Quantums in solids

From phonon to electron

[EF' Ucorr: :BE,B]

Lattice periodicity (background)

interaction energy uniformity

steric effect (entropy)

Energy wavepacket (coherence)

wave vector [volume] Fermi surface

frequency [life] Fermi energy

Debye length (screening)

£ (0@/A5)? ~ (6n,,) kgT
concentration prescribed

lattice permittivity

Bjerrum length (correlated)

lattice permittivity correlation

Relaxation time (scattering)

1/t~ Z, g |Av| |do/dQ] (ff,—f,'f,’)
scattering events: X-X (N/U), X-Y

[Ao] Ins Trs W, [gis]

®- -0

Yy
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“Interface” from the perspective of multiscale

LGCA: lattice gas cellular automaton /
LB: lattice Boltzmann model
CG: color gradient model

PP: pseudo-potential model .

MD: molecular dynamics

DPD: dissipative particle dynamics
MP: material pointmethod -
PIC: particle-in-cellmethod .
MC: Monte-Carlo method

SPH: smoothed particle hydrodynamics
FT: front-trackingmethod

ALE: arhitrary Lagrangian-Eulerian method
IB:immersed boundary method

VoF: volume-of-fluid model

LS: level-set model

FE/PF: free energy / phase field model
NSK: Navier-Stokes-Korteweg equation
BTE: Boltzmann transportequation

PBE: population balance equation

MFEM: multi-fluid model

MTE: momentum transport equation

HIEE MRS ERA): 5mEm > FRE > FHE > sk

N

Lattice-based

_+_

LGCA, LB
CG, PP

Meshless

MD, DPD

MP* PIC* . @

MC, SPH
I——

particle A

Qcéb

effective interaction

Evolution of phase interface

r-lr,

particle B

- . ) [ T IRTTLLLLLLL T .
formulation ."‘.. MFM *
i " BTE MTE .~

>—M—M»< Eetion <ol

Motion of representative particles

propagation— colllsmn

: PBE

0

Q

\

Interface tracking

F-r’ ALE ulrdt
IB -"'"‘*

Interface capturing

VOF, LS
NSK
FE/PF

()

component B O

Collective behavior of mixture

-~
-~

Q component C

component A

> Ak bage2s



X-paradigm: What, Why, How, and Which ?

AN (IME) HXREFER? - #FFERSER - SUEARIEAH

(REEameR) SeXRHIEH «  BEHRAEFEFE: complex (soft) hydrodynamics
GERARBE) HlIshEB/QIELIZEK © HIRXMR: SRIH GERXEK) 8 B ERREER
AINHFE: FEEM + RS + sz - SRNIERA. HRE, YR, Fen FEY
MR s TAEk + KREIKHE + RAMET O F4% % 1: multiphase electrokinetic hydrodynamics
ARG, YRR, HHERZR O F%3 2: quantum hydrodynamics

O T4 3: softflowing matter physics (micro-rheology)
FEZER5eX - HE /38 /L=
LZH[EB R SIZE: [electro-]hydrodynamics
v BE/EARE (BFWHMY): chemical kinetics © TR YIRS O IICIRE S BIERM(SE)
v 5, REAYIE THE: physical kinetics MATFR: CRN 5 WRILE MiaG

* 52E%& — merge kinetics into hydrodynamics

LA SRR BEIRHAE % RE RGN RS PR
a) WM “BE” : BepaRkd | FTEREHAT FERE: BREER-NESX, SHEKRS. BTH
b EME CRE . AwEiob | Fladiss ST FRIRE-REET, AR, BEA
0 CBEHERS  basEs | §FRKEd 2R AERE-HUIREE, AYERIBLNE, MERREE
o SN NI . REmA | SFm0 SRR RERRS-ERTER, RURES. ERAX
o BRI WA . ALK | k#hZ BORE PN e
h BB R . BHEF | ARAEF (emergence)  srmmpmmBrnR wH |
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Last but not at least ...

>  “Where to start ... with something new”

> PhD proposal : Electrolyte transport at two-liquid interfaces

> Undergrad thesis : Transport in weakly-correlated electron systems
> Complex hydrodynamics as X-paradigm

> Example: Birth of Huang’s Undergrad/PhD proposals

> New physics: more “insights beyond local consensus” is different

> Hallmark: The first paper (5 L£F - #%E#@4, MAR - HTHERLR)

> Positive feedback requiring: Rifzk, BEH8T, HUWLE, BEREL
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