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e Stanford:

Courses
Core Courses!

MATSCI 211 » : Thermodynamics and Phase Equilibria
MATSCI 212 » : Rate Processes in Materials

MATSCI 213 » : Defects and Disorder in Materials

MATSCI 214 » : Structure and Symmetry

MATSCI 215 ~ : Quantum Mechanics for Materials Science

W i i % & 2reviews®

ENGINEERING SCHOOL

TUITION AND FEES (MASTER'S)

$61,990 per year (full-time)

ENROLLMENT (FULL-TIME)}

3,380

AVERAGE QUANTITATIVE GRE

The application fee is $90 for U.S. residents and $90 for intemational students. its & Unlock with
tuition is full-time: $61,990 per... READ MORE » Compass
* NWU: * MIT: s
[ ] [ ]
- -
First Year Core Courses Program Requirements
Required Seminars
Fall Quarter a
3.201 Introduction to DMSE 3
- 401 Chemical and Statistical Thermodynamics of Materials 3.202 Essential Research Skills 3
. 402 Structure of Crystalline and Noncrystalline Materials Core Curriculum '
3.20 Materials at Equilibrium 15
) 3.21 Kinetic Processes in Materials 15
Winter Quarter
3.22 Structure and Mechanics of Materials 12
. 404 Imperfections in Materials 3.23 Electrical, Optical, and Magnetic Properties of Materials 12
2 E
+ 408 Phase Transformations in Materials Electives Z7-36
Minor 3 18-33

Spring Quarter

» 405 Physics of Solids

» 406 Symmetry and Mechanical Properties of Materials
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Various “Imperfection”, various space to I
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optimize & engineering!
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lattices." Nature 446.7131 (2007): 52-55.
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Complexity in reality Complexity in theory

Translate
Observe Observe
Resolve Optimiz&& design Resolve
Experimental .
realizai)ion/characteri Supplement TngereiizalCetmpiz
Comparison ional observation

zation/observation
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7.1 Crash course in modern experimental techniques e
7.1.1 Basic concepts
.4 e 0.6 08 1
Crudely speaking, experimental condensed matter physics can be subdivided into three!
broad categories of analytical technique:
LIy
> experiments probing thermodynamic coefficients; = = =
> transport experiments; = =¢
p p : g&fimﬁf — ] Ll
> Spectroscopy.
%
N
* Mechanical experiments, EIS, synthesis, cold atom... \¢

Altland, Alexander, and Ben D. Simons. Condensed matter field theory. Cambridge university press, 2010.
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Outline:

* Thermodynamics: High entropy alloy, combinatorial disorder
* Cluster based thermodynamics modeling

* Transport: Measuring in-plane thermal transport with wrinkle
* Modified conduction equation

e Spectroscopy: electron-phonon coupling
 Anomalous Neutron Nuclear-Magnetic Interference Spectroscopy



QOutline:

* High entropy alloy, combinatorial disorder
* Cluster based thermodynamics modeling

* Measuring in-plane thermal transport with wrinkle
* Modified conduction equation

e electron-phonon coupling within localized state, interplay between
disorder and the electron-phonon interaction

 Anomalous Neutron Nuclear-Magnetic Interference Spectroscopy



Solid solution, a platform with more
configuration “Disorder”

Introduce more

® Aatoms disorder!
@ Batoms
Disordered Ordered
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Jiang, Binbin, et al. "High-entropy-stabilized chalcogenides with high  thermodynamic modeling." Scripta Materialia 146

high entropy alloys." Acta Materialia 118 (2016): 164-176. thermoelectric performance." Science 371.6531 (2021): 830-834. 2018): 5-8.
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Thermodynamic stability of solid solutionS:

first-principles-based or data-based?

First-principles Thermodynamic Calculations Thermodynamic databases by the
' 9 CALPHAD (CALculation of PHAse Diagram) method
-Large number of_atoms
< “Many configurations Good for first-principles Good for experiments
[ i J Thermochemical data Phase equilibrium data
enthalpy, entropy, heat capacity, activity phase boundary, phase fraction and composition
—_[ Lattice model & }71 kli gi
Monte Carlo Simulations bearssic M_solit
Gibbs energy of individual phases
Gm (T, P, %;) = °Gp, + A9G,, + A*SG,, + P"°G,,

Configurational disorder Lattice vibrations Electronic excitations

Databases
Pure elements - Binary - Ternary - Multicomponent

» e
~ PRI e :
# A Poy-? Quantum Mechanical Calculations
k)

AL
: ; L *Small number of atoms
«Few configurations

Applications




However, for fully first-principles based
method, accuracy matters
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* Typical DFT chemical accurac?/: >10 meV/atom.
It is challenging to use DFT alone to get the
correct phase boundary.

* Experimental data also has the “noise” with
defects, but still very valuable in actual world.

* Multicomponent case requires large
computational cost.
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Data-based Computational thermodynami Jl QM
CALculation of PHAse Diagram(CALPHAD) (1970)

Data capture
| Mixing enthapy| Mixing entropy
Inx | Phase | T
(K| XAD ™ (ohase) | (phase)
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Combine two paths?

_ First-principles Thermodynamic Calculations

kso “'l’”“f:\'\ G «Large number of atoms
w *Many configurations

00 :ﬁac]
Thermodynamic data I

bso ," ||

[

0 0 20 0 40 A
At % Au

Configurational disorder Lattice vibrations Electronic excitations

Quantum Mechanical Calculations

+Small number of atoms
«Few configurations

1T Qv

Thermodynamic databases by the CALPHAD

(CALculation of PHAse Diagram) method
Good for first-principles

Thermochemical data Phase equilibrium data
enthalpy, entropy, heat capacity, activity phase boundary, phase fraction and composition

Gibbs energy of individual phases
G G5 By 2y )1 = Sy A A R BEFS

Databases
Pure elements = Binary = Ternary = Multicomponent

Applications




H
Thermodynamic databases by the CALPHAD I I ‘.

First-principles Thermodynamic Calculations
T oun p p Y (CALculation of PHAse Diagram) method

] mmﬁ\\ (s +Large number of atoms _ _ _
- |/ Y e Many configurations Good for first-principles
" [ Thermodynamic data ] Thermochemical data Phase equilibrium data
[Mezo e T enthalpy, entropy, heat capacity, activity phase boundary, phase fraction and composition
A‘M ﬁ
retie oolkit

Gibbs energy of individual phases
G"I (T’ P’ Xi) = on. + AidGln + Astm + physG]n

Configurational disorder Lattice vibrations Electronic excitations

Databases
Pure elements > Binary > Ternary > Multicomponent

Quantum Mechanical Calculations

Applications

+Small number of atoms
~Few configurations
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0:00 1000 ° N 4
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£ g 1000 3 900 2\, ys 8 E o \
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8010 g <3 Ca(bec) S
2 £ 600 g 700 W S
[im} 7] ) e oe o oo efty =
[ - é
—0.15 200 600 g
L1y MgSn 500 Ca(fcc) . 1.
-0.20 o Mgysn 200 5§ 0§ g & 3§ sis
3 3 3 S 8 8 3|8
0.0 0.2 0.4 0.6 0.8 1.0 400
Xsn %o 0.2 0.4 0.6 0.8 1.0
Xsn 300 —— 1
Wang, K., Cheng, D., Fu, C. L., & Zhou, B. C. (2020). First-principles investigation of the phase stability A 0001020304 050607080910
Ca Mole Fraction, Zn Zn

and early stages of precipitation in Mg-Sn alloys. Physical Review Materials, 4(1), 013606.

Strategy: More Physics + Data-based, Better Alignment!




Physical Phenomenon in Solid Solution: Chemical Short- Ral!l ON\"
Order(SRO) but is overlooked in current CALPHAD

Low T Medium T

SRO

oazo \ =0 N
Magnetic moments Local cohe3|on T \
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Warren-Cowley SRO parameter: a =
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/ \ 0000
MENNERE (0]
e Dislocation nucleation rate 0000
00X lon transport
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How to introduce chemical short-range order?

Randomly mix the different Cluster(with SRO) but not
the atom!

S-S )




Clarification: Cluster Variation Method (CVM) [l Q/M\.
in a nutshell (1951) '

CVM is a systematic recursive correction algorithm to calculate the configurational entropy of a lattice:

am
Scvm = —kp z An 2 Paln py
a

o(a)

- 254 - 652 + 551

J
Kikuchi-Barker coefficients a, depends on the geometry of the lattice.

 Basis cluster: Tetrahedrorﬂ Pijki ? 2

Pair: o—0 pjj

Py Overlapping

e Subclusters:
pairs

Point: ® Xi




CVM vs. Cluster Expansion ir Qv

Scym €an also be expanded in terms of correlation function €.

CVM - Cluster Expansion
» Adirect approximation of free energy :._;f -y * Expands a lattice model scalar property
using interrelated cluster probability p . ¢ ) using multisite correlation functions ¢
within a basis cluster ' as the orthonormal basis function
Natural iteration method to minimize the Didier de Juan » Coupled with Monte Carlo to calculate
Ryoichi Kikuchi - C\/M free energy with constraints Fontaine  Sanchez phase diagrams
The ener AF be
linearly e
E
5(12
s ], Effe
* oo tion, the
averag “each site

g ap. i in the cluster, reﬁresents the averaﬁe or atomic occuganci

Sanchez et al., Physica A 128, 334 (1984), Chang et al., J. Phys.: Condens. Matter 31 (2019) 325901

Kadkhodaei and Mufoz. JOM 73.11 (2021



Mhir
Some historical connections B

chains. These chains may order into one-dimensional superstructures under the influence 1

of the non-zero long range interaction between them. A phase diagram that includes the

° R. Ki kuchi _____ frie nd _____ Did ie r d e FO nta i ne regular orthorhombic phase (OI), the cell doubled OII phase and the cell wripled oxygen

| with permission of the copyright owner. Further reproduction prohibited without permission.

e Didier de Fontaine’s advisor is John Hilliard, the
Hilliard in “Cahn-Hilliard equation”. .

2 £

e Didier de Fontaine is the advisor of:

superstructure (OIN) is presented. It is possible to explain many experimental observations o

* Juan Sanchez(UTAustin), Chris Wolverton(co-advised, as sats of panially relized one-imensional chain rder
NWU) Mark Asta(UCB) G Ceder(MIT_)UCB) Dane | :Ihccoirectdescriptionofalloyequilibriasomctimerequiresmeincorpo:alionof gated
Morgan(co adVISed UW Madlson) interactions of intermediate and long range. However, the CVM free energy becomes the

e G.Ced the ad f increasingly complex for large clusters and/or structures with large unit cells. Therefore, an
eaer I > €4 VI S0r 0 algebraic description of symmetry groups is used to construct the CVM free energy formula

* Axel van de Walle(Brown), Anton Van Der Ven(UCSB), G VI
Stefano CurtaroloEDuke) Tim Mueller(JHU), Shyue Ping ooy e e T cofeslom o e

numerical convergence of the CVM toward exact results.

Ong(UCSD), SR
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Number of variables during minimization is nn°...

CVM is a systematic recursive correction algorithm to calculate the configurational entropy of a lattice:

am
Scvm = —kp z An 2 Paln py
a

o(a)

- 254 - 652 + 551

Kikuchi-Barker coefficients a, depends on the geometry of the lattice.

 Basis cluster: Tetrahedrorﬂ Pijki ? 2

Pair: o—0 pjj

Py Overlapping

e Subclusters:
pairs

Point: L Xi
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Fowler-Yang-Li(FYL)-transform:

n->nxs
for number of minimizing variables.

5 component tetrahedron approximation:
625 - 20
Disorder — 4



History of FYL-transfor

Chen-NIing Yang
|

E Master thesis of Yang
|

v

------------------------------------------------------- 1
: THE JOURNAL OF CHEMICAL PHYSICS VOLUME 13, NUMBER 2 FEBRUARY, 1945:
I ' - . . . . I
1 A Generalization of the Quasi~Chemical Method in the Statistical 1
PhD Master : Theory of Superlattices :
I I
. . I C. N. Yanc* |
Advisor Advisor | National Tsing Hua University, Kunming, China :

I
1

r I‘( { ’ L (Received November 17, 1944)

Ralph Fowler Jwu-Shi Wang

Yin-Yuan Li

Two most important students of Fowler in physics is Dirac and Mott.




Main idea of FYL-transform Illll

FYL transform is analogous to the mass action in gaseous
chemical equilibria:

7 € “Fictitious atomic gas” L ,1(;)(1 e
1 ijkl™€ijkl o @ @) @ B \\ /1(3)
p..kl = —e kBT ’1A AA AA AA \
Y Z ® o o o 0 2
® o o o 27 A(A() % e M
/1(31) /1532) AéS) /1(34)
.ua(pukl) Z Z .U(S)
Number of variables: n® - nxs s=1n=45

* Yang’s generalized quasi-chemical method (Cluster Site Approximation):
Two key approximations (ansatzes) to enable analytical calculation of thermodynamics:
1. FYL transform to simplify the minimization of free energy

2. Non-interference assumption to simplify the treatment of atomic correlation

e Our contribution: combine FYL transform with Kikuchi’'s CVM
Generalized quasi-chemical method = FYL transform +

non-interference assumption| Clusters/pairs are independent

\ 4

FYL-CVM = FYL transform +‘CVM recursive relation‘ Clusters are interrelated




FCC binary prototype phase diagrams for i Qv
FYL-CVM A

: NS
Nearest-neighbor bond energy: J "\
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Cu-Au phase diagram

Gnix = Gconf

wt % Cu
800 I I l I 1100 0 10 20 30 40 50 60 708090100
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o \ ,
700 | - 31Gru 900 | 20
® 32Leb 800
) 540ri
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© 600F 1  55Rn 5
= * 57Bat > st
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Q 59Wri -
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200} l \ \
300 l ! 1 R [ 1 l 1 TR 1
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x(Cu)
Fedorov, P. P. & S. N. Volkov. "Au-Cu phase diagram." Russ. J.
Inorg. Chem. 61 (2016) 772

Okamoto, H., Chakrabarti, D. J., Laughlin, D. E., & Massalski, T. B.
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Adding More Physics:
Gt"t — Gconf T Gvib + Gelastic T Gele T




Observation of Vibrational Contributions:
two main effects to be considered

Gmix = Gconfi + Gnon—config - Gconfig + Gyip + Gerastic T Gele
A

g
The “Bond Proportion” Mechanism Size mismatch effect




Strategy for Elastic Contributions: Separate it

Gmix = Gconfig + Gnon—config — Gconfig + Gyip + Getastic T Gele

e .
- Alex Zunger
* &-G approach based on Zunger’s work — T
--- Vvegar
(1988) «+sConst.QQ
P=0 —
P=0 - Q(x)
5.0+ y - \\.\ n
elastic / N
P<0 = / \
(=} — \ _
<j <j E 4-0 "l \\\
i -a () > \
emical g 3.0l "I . \\\ |
=< ! \
G 20 /y AU
Molar volume changes on alloying . \\
1.0/ \
1o
G=Nz..¢.ﬂljxlxj 00 L 1 1 1 | 1 1 i I
UAF "0.0 0.5 1.0
Au Composition x Cu
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Gnix = Gconf + Gelastic
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Gnix = Gconf + Geastic + Gib
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Gmix — Gconf T Gelastic T Gvib T Gelec

800 ' ' ' ' # of fitting Source of
parameters fitting data
. DFT
700 ) 7 el 0 formation
cluster energy )
energies
3 Elasti 1 E
o 600 astic 0=56.1kJ/mol xP-
>
© ?06
i i r=1.
8500 Vibrational 1o (CUsAU)=1.05 Exp.
CIEJ pic(CuAu;)=0.98
= . DFT
Electronic 0 EDOS
400
CVM-CALPHAD 4 DFT+EXxp.
Bragg-Williams
300 CALPHAD 10 Exp.

1 Sundman, Bo, et al. CALPHAD 22.3 (1998) 335

N : : : : o




o Ui QM.
Warren-Cowley SRO parameter a,, ., in Cu-Au

1908 Xcuau
1100 0 - . .
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< 900 v 64Moss, X-Ray
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— 600 I
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400 600 800 1000 1200
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Warren-Cowley SRO parameters in Cu-Au-Ag at Illll-OM
T=800K

Xcua g Taua g
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Take-Home Message

Conventional CALPHAD: G,,;, = AG,, + A*SG,,

Inject physics @ Balance accuracy and cost

CVM-CALPHAD framework

Gnix = Gconfig + Gnon—config = Gchem + Gelastic T Goip + Gele

— I

Tranzél;r},cmsfter p Se;;rgt;“::";‘;ﬂ:cal Extended bond Fixed DOS
: | e
in CVM to site u and elastic energies proportion mode approximation

\ 4

(Stochastic) gradient
descent algorithm to
minimize G,y

- —— - -
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Push to kinetics with the duality consideration

0Q
e CALPHAD4Phase Field: pitt =i — o Oeu = —a'V, Q0 Cahn-Hilliard/time-dependent G-L
l

1 T T T
— CUCUAUAU
L m— CUAUAUAU i
0.9 s CUCUCUAU
e CuCuCuCu Or AuAuAuAu
0.8r -
D7 -

&
(o)}
T
1

Cluster Probability
o o
£ [9)]

03r 7

FIG.4. L1, ordered clusters of Cu;Au in the supercooled liquid (a) and in a configuration containing a critical nucleus (b). For clarity,
a0 | only the central Cu atom (ochre) and the four closest Au (tan) are shown as large spheres and liquidlike atoms are translucent. In (a),
3 atoms in icosahedra are shown as small yellow spheres. In (b), atoms from the critical nucleus are shown as small blue spheres (Au) and
small green spheres (Cu).
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QOutline:

* High entropy alloy, combinatorial disorder
* Cluster based thermodynamics modeling

* Measuring in-plane thermal transport with wrinkle
* Modified conduction equation

e electron-phonon coupling within localized state, interplay between
disorder and the electron-phonon interaction

 Anomalous Neutron Nuclear-Magnetic Interference Spectroscopy



Energy challenge in computing
system and thermal management

1.00E+22

World's energy production /
Estimated U.S. Energy Consumption in 2023: 93.6 Quads M Lawrence Livermore
» g - LLE National Laboratory 1.00E+20
Net Electricity
Solar 056 Impc)rtso o
o8 ' 1.00E+18
Nuclear
- S 1.00E+16
s ]
>
e
9 1.00E+14
- =,
V\1I|>r;d 2
1.00E+12
Geo:)hgmal
: 73\
L7 AR
1.00E410 P \3&5
Natural Gas / s _o*"
o 1.00E+08 e

10.9 Industrial

261 Energy
Services

321

2010 2015 2020 2025 2030 2035 2040 2045

Fig. A8. Total energy of computing.

(SIA Report 2015)

Petroleum
354



Energy transport within multllayered
semiconductor device

* Heterogeneity and multilayered structure in
the device level for functionality and the
protection(dielectric, thermal dissipation,
strain, degradation...).

 Thermal management is even more
important for semiconductor device for its
performance and sustainability.

Metal Oxide Semiconductor Field Effect Transistor




Thermal management of gallium nitride III" QMW
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Pump-probe X-ray diffraction Iir Qv
experimental setup: spatial resolved for
in-plane measurement?

Waveplate

X-ray probe Laser \
pump

500 nm GaN

500 pum Si
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Measurement of (002) Bragg peak 20 variation




With spatial resolution of the relaxation
Several measurements — sections of process
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With wrinkle, unsymmetric signal
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How to extract the information? How to Illll m
simulate the process?

@) l' | | I l (®) llaselr pluls.e
aser pulse
i : ) :

AR

BAS

-

Fig. 6 Schematic representation of the laser energy deposition and redistribution in a strongly
absorbing bulk target (a) and a film deposited on a substrate (b)

1D to 3D to have the in-plane resolution

Shugaev, Maxim V., et al. "Laser-induced thermal processes: heat transfer, generation of stresses, melting and solidification, vaporization, and phase explosion." Handbook of Laser Micro-and Nano-Engineering. Cham:

Springer International Publishing, 2021. 83-163.



Adding Thermal Boundary Conductance (TBC)
into the diffusion mechanism:

a b C d
Materials science Single heat carrier Continuum Thermal boundary
of interfaces interaction irradiance conductance q } A 8 } q
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Monachon, Christian, Ludger Weber, and Chris Dames. "Thermal boundary conductance: A materials science perspective." Annual Review of Materials Research 46 (2016): 433-463.
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Variable Neumann boundary condition

g2 = Gr2(To — T1)
¢ = Gi2(Th — T3)

aT
q = —kH;
oT.
cp 3; 2?-{@?’1}),11591- Q=73 ~~
T P 01,8 with multi-value
kD Gy (T T), T Ty € 90, Ty € 0 P M0 Temperature
i .




. | - ITlir Q™
Partial Different Equations-driven inverse
problem Solver (Optimization)

-i. —
Eﬂ_ﬂt — v - (kivﬂ), Ti - ﬂi 0 = Zi Qi
aT; AN = N0,
—kg—i == Ej Gij(ﬂ — Tj},Ti,ﬂ - &gﬂ,i} - (?jﬁ 7

Initial/Optimize . o o
ki, Gij el Texp, L = |Texp — Tsim| + first derivative deviation +...
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The General Computational Framework 'l
(for multi-layer, defected)

PDE Simulation Part Assistant Pre/Post Process

Local Temperature

algorithm, AutoDiff-opt...

|
|
| | | |
, . |
| : | |
| Foundation Module: Profile Selective Transport Solver: | | ] " !
| " | | Construction and Initial '
l Class: the temperature Boundary condition solver, | | , : !
| : .. . , ) | , Profile Construction: |
| field/conductivity with spatial different transport | | Based on experimental data |
| resolution mechanism(diffusion, ...) | | |
| :
| | | Temperature Profile |
3 | | Plotting: |
_______________________________________________ | Position and time resolved Profile to I
I__——____——____——____——____——____——____——____——__i : comparewithEXP :
' | ' |
| Optimizer: quasi-Newton [ | |
| Main Process: Loss Function methods, evolutional | ittt !
| Optimizer Construction global optimization |
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Fix cross-plane transport to get in-

plane information (with FDTR) .
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Fix cross-plane transport, fit both local i Qv
K and TBC to track wrinkle’s effect
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Take-home Message

* Time-resolved X-ray diffraction(TR-XRD)
is employed to measure the in-plane
thermal conductivity.

* Wrinkle-induced thermal transport is
explored with TR-XRD.

* A general comprehensive numerical
framework is constructed to resolve the

experimental data and for future similar
study.
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Multi-modality time-resolved measurement

and Data-driven inverse problem

* One measurement only give you one perspective, not enough for
complex materials behavior.

* while we can manage huge amount of data now, as in the wave of data

science.

OO ® :
oS Si-Au Diffraction pattern
L L d heterostructure

MeV electron probe

Ultrafast electron scattering

Chen, Zhantao, et al. "Panoramic mapping of
phonon transport from ultrafast electron diffraction
and scientific machine learning." Advanced
Materials 35.2 (2023): 2206997 .
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Time-domain thermoreflectance

T Nguyen*t, C Fut, M Cheng, B Li, TE Espedal, Z Chen, K Qiao, K Neeraj, A Chotrattanapituk, D Cordova Carrizales, E Rha, T Liu, S Kajale, D Sarkar, DA Walko, H Wen, SV Boriskina, G
Chen, J Kim* and M Li*, “Spatiotemporal Mapping of Anisotropic Thermal Transport in GaN Thin Films via Ultrafast X-ray Diffraction,” arXiv:2507.02658. submitted.




QOutline:

* High entropy alloy, combinatorial disorder
* Cluster based thermodynamics modeling

* Measuring in-plane thermal transport with wrinkle
* Modified diffusion equation

* electron-phonon coupling within doped materials, interplay between
disorder and the electron-phonon interaction

* Anomalous Neutron Nuclear-Magnetic Interference Spectroscopy
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Electron-Phonon coupling: fundamental
interactions of quasiparticles in solids

H = He + Vel—el + th + Hel—ph-
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Electron-Phonon coupling: fundamental
interactions of quasiparticles in solids

H = He + Vel—el + th + Hel—ph-
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Liu, Sen, et al. "Phonon thermal transport properties of XB2 (X= Mg Uehlein, Markus, Sebastian T. Weber, and Baerbel Rethfeld. "Influence of Electronic
. ; ; : _ Non-Equilibrium on Energy Distribution and Dissipation in Aluminum Studied with an

and AI) 9ompou.nds,,' conS|der|ng quantum confinement and electron Extended Two-Temperature Model." Nanomaterials 12.10 (2022): 1655.

phonon interaction." Rare Metals 42.9 (2023): 3064-3074.
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Strong electron-phonon coupling and phonon-induced superconductivity
in tetragonal C;N4 with hole doping

Alexander N. Rudenko @, Danis I. Badrtdinov ®,' Igor A. Abrikosov ©,? and Mikhail I. Katsnelson ®'
'Radboud University, Institute for Molecules and Materials, Heijendaalseweg 135, 6525AJ Nijmegen, The Netherlands
*Department of Physics, Chemistry, and Biology (IFM), Linképing University, SE-581 83 Linképing, Sweden

Interface-enhanced electron-phonon coupling and high-temperature superconductivity
in potassium-coated ultrathin FeSe films on SrTiO;

Chenjia Tang,! Chong Liu,! Guanyu Zhou,' Fangsen Li,! Hao Ding,! Zhi Li,! Ding Zhang,' Zheng Li,! Canli Song,':*
Shuaihua Ji,"? Ke He,"? Lili Wang,"*>" Xucun Ma,'-? and Qi-Kun Xue'-?
IState Key Laboratory of Low-Dimensional Quantum Physics, Department of Physics,
Tsinghua University, Beijing 100084, People’s Republic of China
2Collaborative Innovation Center of Quantum Matter, Beijing 100084, People’s Republic of China
Ubiquitous strong electron-phonon coupling at the
interface of FeSe/SrTiO3

Jia, Slavko N. Rebec, Eric Yue Ma, Hao Yan, Makoto Hashimoto, Donghui Lu, Sung-Kwan Mo, Yasuyuki

Hikita, Robert G. Moore, Harold Y. Hwang, Dunghai Lee & Zhixun Shen®™

Nature Communications 8, Article number: 14468 (2017) | Cite this article
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How to measure electron-phonon interaction?




The way to measure electron-phonon
iInteraction
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inelastic spin-echo spectroscopy(phonon linewidth)
Difficult to set up; quadratic

Angle-resolved photoemission spectroscopy(electron
wavevector resolved)




IMir Q.
Any other method?

* Could be linear dependence?

* Could be phonon wavevector resolved?
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Neutron Scattering: Probe Phonon struc!u
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https://neutrons.ornl.gov/sites/default/files/intro_to_neutron_scattering.pdf

I N . A
Construction of many-body theory of th! lir QM
neutron scattering
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Write them together, when they Illll-m

coexist...interference term emerged from the
Quadratic Form

When both neutron nuclear interaction £, and neutron magnetic interaction

Tmeg CO-€XI5t, the

total neutron-matter interaction Hamiltonian can be written as

"c;tﬂt (q, E) — Slﬂﬂ(q'.' E) —l_ (Trﬂ)g*c‘;MM (qn E) o ZFTTI‘?SH-HU (q'J E)

_{ Sep1(q, E) 0 +(yre)? Snem=(q, E) Syt (g, E)
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anomalous scattering
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a) We will need polarized neutrons.
b) For spin-non-flip anomalous scattering, it will only detect the g-projected magnetization

parallel to the neutron spin direction (z direction, M (Q)).
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a) We will need polarized neutrons.
b) For spin-non-flip anomalous scattering, it will only detect the q-projected magnetization

parallel to the neutron spin direction (z direction, M (q)).




interference term exists somewhere before...

9. Nuclear — magnetic interference
in elastic scattering

We discuss here some of the results from magnetic studies
using the interference of nuclear and magnetic scattering (see
also Section 10). Since the magnetic scattering amplitude is
proportional to the neutron spin, the cross section of
polarized neutrons has an interference contribution, which
can lead to a scattering-induced polarization and its rotation.

Maleev, Sergei V. "Polarized neutron scattering in magnets." Physics-Uspekhi 45.6 (2002): 569.

Finally, let us mention the possibility that magnetic and nuclear scat-
tering occurs in the same Bragg reflection. Examples of this are q = 0
magnetic structures, and structures with q # 0 in which magnetic order
is coupled to a structural distortion with the same q. In such cases,
nuclear-magnetic interference can occur, and SNP can determine the
relationship between the amplitudes and phases of the magnetic and
nuclear scattering. If a model for the nuclear structure factors is avail-
able then it is possible to determine the size of the ordered moments by
SNP, without the need for additional intensity measurements.

Boothroyd, Andrew T. Principles of neutron scattering from condensed matter.
Oxford University Press, 2020.
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Xin, T. O. N. G. "Polarized neutron techniques." Physics 49.11 (2020): 765-773.
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Mathematical observation: the electron-pholu!AI '

coupling emerged from the interference term
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electron spin degrees of freedom

: o N n .
ZpM(q: i0,)= F (_Iq ' Eq)




Numerical results
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If we consider the Thomas-Fermi dielectric
function, to estimate signal strength estimation

| Materials I Parameters || Signal strength||
Cu(fec) 4 =29 gp =TeV, 2.585 x 10 *
b= T.TI8fm
Ag(fec) Z =47, ep = 5.49eV, || 7.405 x 10 *
. b~ 5.922fm
LinuBis Zy’reSp]M Au(bec) Z =19, er =5.53eV,|| 9.574 x 10 °
= b= T7.63fm
Iphonon Spp Nb(bcc) Z =41, ep = 5.32eV, || 5.639 x 10 *
b~ T7.054fm
Mg(hep) Z =12, ep =T7.08V,|| 1.514 x 10 *
5 b~ 5.375fm
[ 11 ]: Ara,q ke iz B. Tl(hcp) 7 =81, er —8.15eV,|| 5233 x 10 °
» » 2 2 b~ 8.776 fm
&(e,) £,(q.i,) (”“0‘5" +4kF) €F Sn(bet) Z =50, e — 10.2eV,|| 3411 x 10 2
b~ 6.225 fm
Ga(orthorhombic) || Z = 31, ep = 10.4eV || 1.762 x 10 *
b~ T7.288 fm
Sb(thombohedral) || Z = 51, ep = 10.9eV,|| 3.567 x 10 *
b~ 5.57fm

TABLE I. The table of order-of-magnitude w.r.t. phonon

scattering for several common metal systems.



Initial experimental data, Nb
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Future Benefits:

* Make electron-phonon coupling
accessible through the future
neutron facility.

* Combine with the advanced in-
situ technique and time-resolved
technique. https://neutrons.ornl.gov/sts




Take-home message

* Deeply observe the interference term between neutron nuclear-
nuclear scattering and magnetic-magnetic scattering, which is usually

ignored. S (.E)= (s;m(q,E) 0 )
0 "{J!\-':rl_[q-'- E}

z o .F".-'L I
Sonrry1 (@ E) = [ (gt (E)M* a1 (0)), € Mt

* Propose the configuration to measure the electron-phonon coupling
through the polarized neutron scattering.
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Similar work in filling the gap between Hir @
experiments and theory

* Thickness-dependent Polaron crossover, Raman * Embedded Quantum dots, Photoluminescence Spectroscopy
spectroscopy

relaxation time for PMMA
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K Zhang', C Fu®, S Kelly, L Liang, SH Kang, ] Jiang, R Zhang, Y Wang, G Wan, P
Siriviboon, M Yoon, P Ye, W Wu, M Li*, S Huang", “Thickness-Dependent
Polaron Crossover in Tellurene,” Science Advances 11, eads4763 (2025).

M-C Wu*, K-C Hsiao, C Fu, T-H Lin, Y-H Chang, Y-C Huang, M-P Nieh, W-F Su and M Li*, “Giant, non-
perturbative tuning of light-matter interaction of embedded quantum dots in semiconducting
matrices,” Advanced Composites and Hybrid Materials 8, 281 (2025).
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Similar theoretical characterization design

* Quantum Theory of X-ray Photon Correlation Spectroscopy:
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Combined Machine learning into resolving i Q
spectroscopy measurements with defects

detector array

Data generation Input for DefectNet DefectNet Impurity-averaged
configuration (IAC)
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M Cheng*T, C Fut, B Yut, E Rha, A Chotrattanapituk, DL Abernathy, YQ Cheng and M Li*, “A Foundation Model for Non-Destructive Defect Identification from Vibrational Spectra,”
arXiv:2506.00725, submitted.
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Al-Accelerated Design of Defect-Tuned
Thermoelectrics
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Advanced Materials 37, 2505642 (2025).




cluster-based
model for fitting
data in CALPHAD

Configurational
disorder

Statistical method
with FYL-transform
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Singularity and TBC
in conduction Eq.
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Summary: three-level expansion to characterize
delicacy with the “imperfection”
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Measurement of
the electron-
phonon coupling
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F<3k&? Push to the extreme?

High Heat Flux /
(Heat Pipes)

Low Heat Flux
" (Thermal Insulation)



High Heat Flux 4
(Heat Pipes)
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J/ \Q
\ , ? ? Low Temperature v High Temperature
° ® Cryogenics 8 . (Combustion)
RS

| Low Heat Flux
v (Thermal Insulation)

* Push equilibrium thermodynamics to the « Push transport onto real interface
case with (Charge) defects/lonlc system * Thermal/electrical transport on real interface with
* nanoscale phase stability or highly defected various structure.
structure. . N * Will interface related energy (stability) play a role?
) Interface/graln boundary (phase) stability and * Liquid as thermal interface materials? Is water the
the condition. best?

* lonic system’s thermodynamics modeling.

* Understand or design new experimental

* Extend to the long-time scale simulation characterization techniques for extreme
° Any new method can be developed in |Ong_ Observatlon While FESOIVlng the data
time scale? Rare event? Revive PPM in some * Deeper understanding of electrochemical
way(add spatial information?)? impedance spectroscopy? Or replace it?

» Real space characterization (r x k/E) for
heterogeneity at large scale such as device level.
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Chen, Gang. "Reflections on My Research in Heat and Energy." ASME Journal of Heat and Mass Transfer 147.3 (2025). Another slogan is “pushing to extremes”.
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