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The Delicacy of “Imperfection”: 
Thermodynamics, Transport, and 

Spectroscopy as Lenses
在不完美中窥见精微：热力学、输运与光谱的三重视角
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材料科学是什么？
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Canyon Bridge, Los Alamos, NM

• Science for…… ?



美国部分大学博士核心课程

• Stanford：
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• NWU: • MIT:



跟物理学的对应关系？

• 热力学    统计力学

• 第一组对偶：平衡/含时演化

• 动力学 输运/扩散/BTE

5

• 晶体结构 固体物理

• 第二组对偶：对称/破缺

• 缺陷 X



Various “Imperfection”, various space to
optimize & engineering!
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High Entropy Alloy:
Combinatorial Disorder

Jiang, Binbin, et al. "High-entropy-stabilized chalcogenides with high 

thermoelectric performance." Science 371.6531 (2021): 830-834.

Wrinkle in semiconductor device

Schwartz, Tal, et al. "Transport and Anderson 

localization in disordered two-dimensional photonic 

lattices." Nature 446.7131 (2007): 52-55.

Doping to adjust semiconductor properties



材料科学几千年了, 我来干什么?

• 应用数学：
• 把实际问题的复杂性转化为数学
问题处理

• 用数学搭建框架

• 材料科学：
• 手段：理论 & 计算 对材料做观
察

• 目标：材料的设计与优化
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Complexity in reality Complexity in theory

Experimental 
realization/characteri

zation/observation

Theoretical/Computat
ional observation

Translate

Supplement
Comparison

Optimize & design
Observe
Resolve

Observe
Resolve



理解材料复杂性的实验表征手段

• Mechanical experiments, EIS, synthesis, cold atom…

9Altland, Alexander, and Ben D. Simons. Condensed matter field theory. Cambridge university press, 2010.



Outline:
• Thermodynamics: High entropy alloy, combinatorial disorder

• Cluster based thermodynamics modeling

• Transport: Measuring in-plane thermal transport with wrinkle

• Modified conduction equation

• Spectroscopy: electron-phonon coupling

• Anomalous Neutron Nuclear-Magnetic Interference Spectroscopy
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Outline:
• High entropy alloy, combinatorial disorder

• Cluster based thermodynamics modeling

• Measuring in-plane thermal transport with wrinkle

• Modified conduction equation

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

• Anomalous Neutron Nuclear-Magnetic Interference Spectroscopy
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Solid solution, a platform with more 
configuration “Disorder” 
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Varvenne, Céline, Aitor Luque, and William A. Curtin. "Theory of strengthening in fcc 

high entropy alloys." Acta Materialia 118 (2016): 164-176.
Jiang, Binbin, et al. "High-entropy-stabilized chalcogenides with high 

thermoelectric performance." Science 371.6531 (2021): 830-834.

Saal, James E., et al. "Equilibrium high entropy 

alloy phase stability from experiments and 

thermodynamic modeling." Scripta Materialia 146 

(2018): 5-8.

Introduce more 
disorder!

High Entropy Alloy



Thermodynamic databases by the 
CALPHAD (CALculation of PHAse Diagram) method
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Thermodynamic stability of solid solutions: 
first-principles-based or data-based?

Thermochemical data 
enthalpy, entropy, heat capacity, activity

Phase equilibrium data 
phase boundary, phase fraction and composition

Good for first-principles Good for experiments

Gibbs energy of individual phases

Applications

Databases

𝐺𝑚 (𝑇, 𝑃, 𝑥𝑖) = °𝐺𝑚 + ∆𝑖𝑑𝐺𝑚 + ∆𝑥𝑠𝐺𝑚 +
𝑝ℎ𝑦𝑠

𝐺𝑚

Pure elements → Binary → Ternary → Multicomponent



However, for fully first-principles based 
method, accuracy matters

• Typical DFT chemical accuracy: >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 thermodynamics: 
CALculation of PHAse Diagram(CALPHAD) (1970)
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Combine two paths?
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Strategy: More Physics + Data-based, Better Alignment!
Wang, K., Cheng, D., Fu, C. L., & Zhou, B. C. (2020). First-principles investigation of the phase stability 
and early stages of precipitation in Mg-Sn alloys. Physical Review Materials, 4(1), 013606.



Physical Phenomenon in Solid Solution: Chemical Short-Range 
Order(SRO) but is overlooked in current CALPHAD
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Warren-Cowley SRO parameter: 𝛼𝑖𝑗
𝑚 = 1 −

𝑝𝑖𝑗
𝑚

𝑐𝑖𝑐𝑗

Low T Medium T High T



How to introduce chemical short-range order?

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

19



Clarification: Cluster Variation Method (CVM) 
in a nutshell (1951)
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Tetrahedron Pair Point

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

Overlapping 

pairs

• Basis cluster: Tetrahedron

• Subclusters: 

Superposition relation:෍
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CVM
• A direct approximation of free energy 

using interrelated cluster probability 𝝆 
within a basis cluster

• Natural iteration method to minimize the 

CVM free energy with constraintsRyoichi Kikuchi
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CVM vs. Cluster Expansion

The energy of any configuration 𝐸 Ԧ𝜎  on a given lattice can be 

linearly expanded in terms of correlation function 𝜉:

𝐸 Ԧ𝜎 = ෍

𝛼

𝑚𝛼𝐽𝛼𝜉𝛼 Ԧ𝜎 = ෍

𝛼
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1

2
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3!
෍
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𝐽𝑖𝑗𝑘𝜎𝑖𝜎𝑗𝜎𝑘 + ⋯

• 𝐽𝛼: Effective Cluster Interaction

• 𝜉𝛼 Ԧ𝜎 = Φ𝛼 Ԧ𝜎 = 𝜎𝑖𝜎𝑗𝜎𝑘 ⋯ 𝜎𝑛 : multisite correlation function, the 

average of the product of the spin variables 𝜎𝑖, defined for each site 

𝑖 in the cluster, represents the average of atomic occupancy

𝑆𝐶𝑉𝑀 can also be expanded in terms of correlation function 𝜉.

Cluster Expansion
• Expands a lattice model scalar property 

using multisite correlation functions 𝝃 

as the orthonormal basis function

• Coupled with Monte Carlo to calculate 

phase diagrams
Didier de 
Fontaine

Juan 
Sanchez

constraints

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

Kadkhodaei and Muñoz. JOM 73.11 (2021) 3326



Some historical connections

• R. Kikuchi -----friend-----Didier de Fontaine

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

• Didier de Fontaine is the advisor of:
• Juan Sanchez(UTAustin), Chris Wolverton(co-advised, 

NWU), Mark Asta(UCB), G. Ceder(MIT→UCB), Dane 
Morgan(co-advised, UW Madison), …

• G. Ceder is the advisor of
• Axel van de Walle(Brown), Anton Van Der Ven(UCSB), 

Stefano Curtarolo(Duke), Tim Mueller(JHU), Shyue Ping 
Ong(UCSD), …
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Tetrahedron Pair Point

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

Overlapping 

pairs

• Basis cluster: Tetrahedron

• Subclusters: 

Superposition relation:෍
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Kikuchi-Barker coefficients 𝑎𝛼  depends on the geometry of the lattice. 
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Number of variables during minimization is 𝒏𝑺…



Fowler-Yang-Li(FYL)-transform:
𝒏𝑺 → 𝒏 × 𝑺

for number of minimizing variables.

5 component tetrahedron approximation:
𝟔𝟐𝟓 → 𝟐𝟎
𝑫𝒊𝒔𝒐𝒓𝒅𝒆𝒓 → 𝟒

24



History of FYL-transform

25

PhD

Advisor

Ralph Fowler Jwu-Shi Wang

Master

Advisor

Chen-Ning Yang

Yin-Yuan Li

Master thesis of Yang

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



Main idea of FYL-transform

26

• 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

𝜇𝛼 𝜌𝑖𝑗𝑘𝑙 = ෍

𝑠=1

4

෍

𝑛=𝐴,𝐵

𝜇𝑛
𝑠

FYL transform is analogous to the mass action in gaseous 

chemical equilibria:

𝜆𝐴
1

𝜆𝐴
2

𝜆𝐴
3

𝜆𝐴
4

𝜆𝐵
1

𝜆𝐵
2

𝜆𝐵
3

𝜆𝐵
4

“Fictitious atomic gas”
𝜆𝑖

1

𝜆𝑗
2 𝜆𝑙

4

𝜆𝑘
3

𝜆𝐴
1

𝜆𝐵
1

𝜆𝐴
2

𝜆𝐵
2

𝜆𝐴
3

𝜆𝐵
3

𝜆𝐴
4

𝜆𝐵
4

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

• Our contribution: combine FYL transform with Kikuchi’s CVM

Generalized quasi-chemical method = FYL transform + non-interference assumption   Clusters/pairs are independent

𝝆𝒊𝒋𝒌𝒍 =
𝟏

𝒛
𝒆

𝝁𝒊𝒋𝒌𝒍−𝝐𝒊𝒋𝒌𝒍

𝒌𝑩𝑻

Number of variables:         𝒏𝒔                   →         𝒏 × 𝒔



FCC binary prototype phase diagrams for 
FYL-CVM
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Nearest-neighbor bond energy: J

A

B

A

A

A B A B
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𝑮𝒎𝒊𝒙 = 𝑮𝒄𝒐𝒏𝒇

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. 

“The Au−Cu (gold-copper) system.” J. Phase Equil. 8 (1987) 454

Cu-Au phase diagram



Adding More Physics: 
𝑮𝒕𝒐𝒕 = 𝑮𝒄𝒐𝒏𝒇 + 𝑮𝒗𝒊𝒃 + 𝑮𝒆𝒍𝒂𝒔𝒕𝒊𝒄 + 𝑮𝒆𝒍𝒆 + ⋯
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Observation of Vibrational Contributions:
two main effects to be considered

Size mismatch effectThe “Bond Proportion” Mechanism

30

𝑮𝒎𝒊𝒙 = 𝑮𝒄𝒐𝒏𝒇𝒊 + 𝑮𝒏𝒐𝒏−𝒄𝒐𝒏𝒇𝒊𝒈 = 𝑮𝒄𝒐𝒏𝒇𝒊𝒈 + 𝑮𝒗𝒊𝒃 + 𝑮𝒆𝒍𝒂𝒔𝒕𝒊𝒄 + 𝑮𝒆𝒍𝒆 Axel van 
de Walle

Gerbrand 
Ceder



Strategy for Elastic Contributions: Separate it

• ε-G approach based on Zunger’s work 
(1988) 

31

𝐺 = 𝑁 ෍
𝑖𝑗,𝑖≠𝑗

𝛺𝑖𝑗𝑥𝑖𝑥𝑗

Molar volume changes on alloying

A
B

A B

AxB1-x

P=0
P=0

P<0

P=0

P>0
elastic

chemical

𝑮𝒎𝒊𝒙 = 𝑮𝒄𝒐𝒏𝒇𝒊𝒈 + 𝑮𝒏𝒐𝒏−𝒄𝒐𝒏𝒇𝒊𝒈 = 𝑮𝒄𝒐𝒏𝒇𝒊𝒈 + 𝑮𝒗𝒊𝒃 + 𝑮𝒆𝒍𝒂𝒔𝒕𝒊𝒄 + 𝑮𝒆𝒍𝒆

Alex Zunger
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𝑮𝒎𝒊𝒙 = 𝑮𝒄𝒐𝒏𝒇
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Au Cu

𝑮𝒎𝒊𝒙 = 𝑮𝒄𝒐𝒏𝒇 + 𝑮𝒆𝒍𝒂𝒔𝒕𝒊𝒄
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𝑮𝒎𝒊𝒙 = 𝑮𝒄𝒐𝒏𝒇 + 𝑮𝒆𝒍𝒂𝒔𝒕𝒊𝒄 + 𝑮𝒗𝒊𝒃

Au Cu
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𝑮𝒎𝒊𝒙 = 𝑮𝒄𝒐𝒏𝒇 + 𝑮𝒆𝒍𝒂𝒔𝒕𝒊𝒄 + 𝑮𝒗𝒊𝒃 + 𝑮𝒆𝒍𝒆𝒄

# of fitting 

parameters

Source of 

fitting data

Chemical 

cluster energy
0

DFT 

formation 

energies

Elastic 1
Ω=56.1kJ/mol

Exp.

Vibrational

3
𝑟=1.06

𝑝𝑙𝑐(Cu3Au)=1.05

𝑝𝑙𝑐(CuAu3)=0.98

Exp.

Electronic 0
DFT 

EDOS

CVM-CALPHAD 4 DFT+Exp.

Bragg-Williams 

CALPHAD
10 Exp.

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

Au Cu



Warren-Cowley SRO parameter 𝜶𝑪𝒖𝑨𝒖 in Cu-Au

36

Au Cu

𝛼𝐶𝑢𝐴𝑢

Cu3Au



Warren-Cowley SRO parameters in Cu-Au-Ag at 
T=800K
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𝛼𝐶𝑢𝐴𝑢

Au Cu

Ag

Au Cu

Ag

Au Cu

Ag

𝛼𝐶𝑢𝐴𝑔 𝛼𝐴𝑢𝐴𝑔



Take-Home Message
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Conventional CALPHAD: 𝐺𝑚𝑖𝑥 = Δ𝑖𝑑𝐺𝑚 + Δ𝑥𝑠𝐺𝑚

𝝐 − 𝑮 method:

Separate chemical 

and elastic energies

FYL-CVM:

Transform cluster 𝜇 

in CVM to site 𝜇

Extended bond 

proportion model

CVM-CALPHAD framework

(Stochastic) gradient 

descent algorithm to 

minimize 𝐺𝑚𝑖𝑥

𝑮𝒎𝒊𝒙 = 𝑮𝒄𝒐𝒏𝒇𝒊𝒈 + 𝑮𝒏𝒐𝒏−𝒄𝒐𝒏𝒇𝒊𝒈 = 𝑮𝒄𝒉𝒆𝒎 + 𝑮𝒆𝒍𝒂𝒔𝒕𝒊𝒄 + 𝑮𝒗𝒊𝒃 + 𝑮𝒆𝒍𝒆

Inject physics Balance accuracy and cost

Fixed DOS 

approximation



Push to kinetics with the duality consideration

• CALPHAD4Phase Field:

39

𝜇𝑖
𝑡+1 = 𝜇𝑖

𝑡 − 𝛼
𝜕Ω

𝜕𝜇𝑖
𝑡

CuCuAuAu
CuAuAuAu
CuCuCuAu
CuCuCuCu Or AuAuAuAu

𝜕𝑡𝜇 = −𝛼′∇𝜇Ω Cahn-Hilliard/time-dependent G-L 



Outline:
• High entropy alloy, combinatorial disorder

• Cluster based thermodynamics modeling

• Measuring in-plane thermal transport with wrinkle

• Modified conduction equation

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

• Anomalous Neutron Nuclear-Magnetic Interference Spectroscopy

40



Energy challenge in computing 
system and thermal management

41

(SIA Report 2015)



Energy transport within multilayered 
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 42
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Thermal management of gallium nitride

Medjdoub, F. Gallium Nitride (GaN) - Physics, Devices, and 
Technology (2017)

Qiao, K. Gallium Nitride Remote Epitaxy (2022)

Time-domain thermoreflectance

ACS Nano 17, 21240–21250 (2023)



44

Pump-probe X-ray diffraction 
experimental setup: spatial resolved for 
in-plane measurement?
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Measurement of (002) Bragg peak 2θ variation



46Collect & integrate all the signal  to a profile 46

With spatial resolution of the relaxation
Several measurements → sections of process 



47 47

With wrinkle, unsymmetric signal



How to extract the information? How to 
simulate the process? 

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.
48

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



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

Monachon, Christian, Ludger Weber, and Chris Dames. "Thermal boundary conductance: A materials science perspective." Annual Review of Materials Research 46 (2016): 433-463. 49



Variable Neumann boundary condition

Ω1

Ω2 𝜕12Ω with multi-value 
Temperature

50



Partial Different Equations-driven inverse 
problem Solver (Optimization)

51

Solving PDE

Cost function 
to compare 
observable

Initial/Optimize 
𝑘𝑖, 𝐺𝑖𝑗 𝑇𝑒𝑥𝑝, 𝐿 = 𝑇𝑒𝑥𝑝 − 𝑇𝑠𝑖𝑚 + first derivative deviation +…



The General Computational Framework 
(for multi-layer, defected)

Foundation Module: Profile 
Class:  the temperature 

field/conductivity with spatial 
resolution

Selective Transport Solver: 
Boundary condition solver, 

different transport 
mechanism(diffusion, …)

Assistant Pre/Post Process

Local Temperature 
Construction and Initial 

Profile Construction:
Based on experimental data

PDE Simulation Part

Main Process:
Optimizer

Loss Function 
Construction

Optimizer: quasi-Newton 
methods, evolutional 
global optimization 

algorithm, AutoDiff-opt…

Temperature Profile 
Plotting:

Position and time resolved Profile to 
compare with EXP

52



53 53

Fix cross-plane transport to get in-
plane information (with FDTR)

𝜅 = 106.22W/mK  While 𝜅𝑐𝑟𝑜𝑠𝑠 = 65W/mK , 𝑇𝐵𝐶 = 2.82 × 107W/m2K 



54 54

Fix cross-plane transport, fit both local 
𝜿 and TBC to track wrinkle’s effect

𝜅 = 106.22W/mK  While 𝜅𝑐𝑟𝑜𝑠𝑠 = 65 W/mK , 
𝑇𝐵𝐶 = 2.15 × 107W/m2K  𝜅𝑤 = 21.5W/mK
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• 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.

Take-home Message



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.

T Nguyen*†, C Fu†, 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.

56

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.

Time-resolved X-ray scattering
Time-domain thermoreflectance



Outline:
• 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

57



Electron-Phonon coupling:  fundamental
interactions of quasiparticles in solids

58



Electron-Phonon coupling:  fundamental
interactions of quasiparticles in solids

59

Liu, Sen, et al. "Phonon thermal transport properties of XB2 (X= Mg 

and Al) compounds: considering quantum confinement and electron–

phonon interaction." Rare Metals 42.9 (2023): 3064-3074.

Uehlein, Markus, Sebastian T. Weber, and Baerbel Rethfeld. "Influence of Electronic 

Non-Equilibrium on Energy Distribution and Dissipation in Aluminum Studied with an 
Extended Two-Temperature Model." Nanomaterials 12.10 (2022): 1655.
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How to measure electron-phonon interaction?

61



The way to measure electron-phonon 
interaction

62

inelastic spin-echo spectroscopy(phonon linewidth)
Difficult to set up; quadratic

Angle-resolved photoemission spectroscopy(electron 
wavevector resolved)



Any other method?

• Could be linear dependence?

• Could be phonon wavevector resolved? 

63



Neutron Scattering: Probe Phonon structure 
and Magnetic structure
• Nuclear Scattering

• Magnetic Scattering

https://neutrons.ornl.gov/sites/default/files/intro_to_neutron_scattering.pdf
http://large.stanford.edu/courses/2013/ph241/jiang2/
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https://neutrons.ornl.gov/sites/default/files/intro_to_neutron_scattering.pdf


Construction of many-body theory of the 
neutron scattering

65



Write them together, when they 
coexist…interference term emerged from the 
Quadratic Form

66
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𝝆𝟐 𝑴𝟐

𝝆𝑴

𝝆 + 𝑴 𝟐
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interference term exists somewhere before…

69

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

Xin, T. O. N. G. "Polarized neutron techniques." Physics 49.11 (2020): 765-773.Boothroyd, Andrew T. Principles of neutron scattering from condensed matter. 
Oxford University Press, 2020.



Mathematical observation: the electron-phonon 
coupling emerged from the interference term

70



electron spin degrees of freedom

71

Linear!

Phonon q!



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

73

𝐼𝐴𝑁𝑈𝐵𝐼𝑆

𝐼𝑝ℎ𝑜𝑛𝑜𝑛
=

2𝛾𝑟𝑒𝑆𝜌𝑀
𝑗

𝑆𝜌𝜌



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.
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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.

• 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 
experiments and theory

• Thickness-dependent Polaron crossover, Raman 
spectroscopy

77

• Embedded Quantum dots, Photoluminescence Spectroscopy

K Zhang†, C Fu†, S Kelly, L Liang, SH Kang, J 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).

https://www.science.org/doi/10.1126/sciadv.ads4763
https://www.science.org/doi/10.1126/sciadv.ads4763
https://www.science.org/doi/10.1126/sciadv.ads4763
https://www.science.org/doi/10.1126/sciadv.ads4763
https://link.springer.com/article/10.1007/s42114-025-01358-2
https://link.springer.com/article/10.1007/s42114-025-01358-2
https://link.springer.com/article/10.1007/s42114-025-01358-2


Similar theoretical characterization design
• Quantum Theory of X-ray Photon Correlation Spectroscopy:

78



M Cheng*†, C Fu†, B Yu†, 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.

79

Combined Machine learning into resolving 
spectroscopy measurements with defects



Learning Defect Engineering

C Fu*†, M Cheng†, NT Hung†, E Rha, Z Chen, R Okabe, D Cordova Carrizales, M Mandal, YQ Cheng and M Li*, “AI-driven defect engineering in advanced thermoelectric materials,” 
Advanced Materials 37, 2505642 (2025).
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Summary: three-level expansion to characterize 
delicacy with the “imperfection”

81

cluster-based 
model for fitting 
data in CALPHAD

Configurational 
disorder

Statistical method 
with FYL-transform

In-plane thermal 
conductivity 

measurement 

Wrinkle

Simulate 
Singularity and TBC 
in conduction Eq.

Measurement of 
the electron-

phonon coupling

Electron-phonon 
coupling

Interference term 
in N-B

杨振宁. "美与物理学." 物理 31.04 (2002): 0-0.



One More Thing……

82



未来? Push to the extreme?

83



未来? Push to the extreme?

84

• Push equilibrium thermodynamics to the 
case with (charge) defects/ionic system

• nanoscale phase stability or highly defected 
structure.

• Interface/grain boundary (phase) stability and 
the condition.

• Ionic system’s thermodynamics modeling.

• Extend to the long-time scale simulation
• Any new method can be developed in long-

time scale? Rare event? Revive PPM in some 
way(add spatial information?)?

• Push transport onto real interface
• Thermal/electrical transport on real interface with 

various structure.

• Will interface related energy (stability) play a role?

• Liquid as thermal interface materials? Is water the 
best?

• Understand or design new experimental 
characterization techniques for extreme 
observation while resolving the data

• Deeper understanding of electrochemical 
impedance spectroscopy? Or replace it?

• Real space characterization (r x k/E) for 
heterogeneity at large scale such as device level.



未来? 越过山丘！

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”. 85

• 跨越壁垒，不同学科之间做翻译和转移

• 建立深度的洞察，从实验到理论或者从理论到
实验，从小但具体的问题开始 “要有自由的眼光 (free perception)，必须能够同时近观和

远看同一课题。”——《爱因斯坦：机遇与眼光 | 杨振宁》
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Thank you for your attention!

87


	Default Section
	幻灯片 1
	幻灯片 2: The Delicacy of “Imperfection”: Thermodynamics, Transport, and Spectroscopy as Lenses 在不完美中窥见精微：热力学、输运与光谱的三重视角
	幻灯片 3: 材料科学是什么？
	幻灯片 4: 美国部分大学博士核心课程
	幻灯片 5: 跟物理学的对应关系？
	幻灯片 6: Various “Imperfection”, various space to optimize & engineering!
	幻灯片 7: 材料科学几千年了, 我来干什么?
	幻灯片 8
	幻灯片 9: 理解材料复杂性的实验表征手段
	幻灯片 10: Outline:
	幻灯片 11: Outline:
	幻灯片 12: Solid solution, a platform with more configuration “Disorder” 
	幻灯片 13: Thermodynamic databases by the CALPHAD (CALculation of PHAse Diagram) method
	幻灯片 14: However, for fully first-principles based method, accuracy matters
	幻灯片 15: Data-based Computational thermodynamics: CALculation of PHAse Diagram(CALPHAD) (1970)
	幻灯片 16: Combine two paths?
	幻灯片 17
	幻灯片 18: Physical Phenomenon in Solid Solution: Chemical Short-Range Order(SRO) but is overlooked in current CALPHAD
	幻灯片 19: How to introduce chemical short-range order?  Randomly mix the different Cluster(with SRO) but not the atom!
	幻灯片 20: Clarification: Cluster Variation Method (CVM) in a nutshell (1951)
	幻灯片 21: CVM vs. Cluster Expansion
	幻灯片 22: Some historical connections
	幻灯片 23
	幻灯片 24: Fowler-Yang-Li(FYL)-transform: 加粗斜体 n ...次方 加粗斜体 大写 S 渐近于 加粗斜体 n 叉乘 加粗斜体 大写 S  for number of minimizing variables.   5 component tetrahedron approximation: 粗体 6 粗体 2 粗体 5 渐近于 粗体 2 粗体 0  加粗斜体 大写 D 加粗斜体 i. 加粗斜体 s 加粗斜体 o 加粗斜体 r 加粗斜体 d 加粗斜体 e 加粗斜体 r 渐
	幻灯片 25: History of FYL-transform
	幻灯片 26: Main idea of FYL-transform
	幻灯片 27: FCC binary prototype phase diagrams for FYL-CVM
	幻灯片 28
	幻灯片 29: Adding More Physics:  加粗斜体 大写 G 下标 加粗斜体 t 加粗斜体 o 加粗斜体 t 等于 加粗斜体 大写 G 下标 加粗斜体 c 加粗斜体 o 加粗斜体 n 加粗斜体 f 加 加粗斜体 大写 G 下标 加粗斜体 v 加粗斜体 i. 加粗斜体 b 加 加粗斜体 大写 G 下标 加粗斜体 e 加粗斜体 l 加粗斜体 a. 加粗斜体 s 加粗斜体 t 加粗斜体 i. 加粗斜体 c 加 加粗斜体 大写 G 下标 加粗斜体 e 加粗斜体 l 加粗斜体 e 加 点点点 
	幻灯片 30: Observation of Vibrational Contributions: two main effects to be considered
	幻灯片 31: Strategy for Elastic Contributions: Separate it
	幻灯片 32
	幻灯片 33
	幻灯片 34
	幻灯片 35
	幻灯片 36: Warren-Cowley SRO parameter 加粗斜体 alpha 下标 加粗斜体 大写 C 加粗斜体 u 加粗斜体 大写 A. 加粗斜体 u  in Cu-Au
	幻灯片 37: Warren-Cowley SRO parameters in Cu-Au-Ag at T=800K
	幻灯片 38: Take-Home Message
	幻灯片 39: Push to kinetics with the duality consideration
	幻灯片 40: Outline:
	幻灯片 41: Energy challenge in computing system and thermal management
	幻灯片 42: Energy transport within multilayered semiconductor device
	幻灯片 43
	幻灯片 44
	幻灯片 45
	幻灯片 46
	幻灯片 47: With wrinkle, unsymmetric signal
	幻灯片 48: How to extract the information? How to simulate the process? 
	幻灯片 49: Adding Thermal Boundary Conductance (TBC) into the diffusion mechanism:
	幻灯片 50: Variable Neumann boundary condition
	幻灯片 51: Partial Different Equations-driven inverse problem Solver (Optimization)
	幻灯片 52: The General Computational Framework (for multi-layer, defected)
	幻灯片 53: Fix cross-plane transport to get in-plane information (with FDTR)
	幻灯片 54: Fix cross-plane transport, fit both local 加粗斜体 Kappa and TBC to track wrinkle’s effect
	幻灯片 55: Take-home Message
	幻灯片 56: Multi-modality time-resolved measurement and Data-driven inverse problem
	幻灯片 57: Outline:
	幻灯片 58: Electron-Phonon coupling:  fundamental interactions of quasiparticles in solids
	幻灯片 59: Electron-Phonon coupling:  fundamental interactions of quasiparticles in solids
	幻灯片 60
	幻灯片 61: How to measure electron-phonon interaction?
	幻灯片 62: The way to measure electron-phonon interaction
	幻灯片 63: Any other method?
	幻灯片 64: Neutron Scattering: Probe Phonon structure and Magnetic structure
	幻灯片 65: Construction of many-body theory of the neutron scattering
	幻灯片 66: Write them together, when they coexist…interference term emerged from the Quadratic Form
	幻灯片 67
	幻灯片 68
	幻灯片 69: interference term exists somewhere before…
	幻灯片 70: Mathematical observation: the electron-phonon coupling emerged from the interference term
	幻灯片 71: electron spin degrees of freedom
	幻灯片 72: Numerical results
	幻灯片 73: If we consider the Thomas-Fermi dielectric function, to estimate signal strength estimation
	幻灯片 74: Initial experimental data, Nb
	幻灯片 75: Future Benefits:
	幻灯片 76: Take-home message
	幻灯片 77: Similar work in filling the gap between experiments and theory
	幻灯片 78: Similar theoretical characterization design
	幻灯片 79: Combined Machine learning into resolving spectroscopy measurements with defects
	幻灯片 80: Learning Defect Engineering
	幻灯片 81: Summary: three-level expansion to characterize delicacy with the “imperfection”
	幻灯片 82: One More Thing……
	幻灯片 83: 未来? Push to the extreme?
	幻灯片 84: 未来? Push to the extreme?
	幻灯片 85: 未来? 越过山丘！
	幻灯片 86: Acknowledgement
	幻灯片 87: Thank you for your attention!


