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Aligning states in a quantum 
well with fermi level

Achieving low-frequency 
phonons with surfaces 

Stress

Modulating electron-phonon interaction in metals

Interfacial el-ph interaction Optically driving the lattice

800 nm2 Pb 
islands on Cu

Phys. Rev. Lett. 114, 047002

Electron scattering from 
surfaces

ACS Photonics 2021, 8, 3, 752–757Phys. Rev. B 99, 064512

10 nm

Polycrystalline 
Au 
nanoparticles

50 nm Sn nanowires

THz spectroscopy 
in bilayer 
graphene

SrTiO3 on 
FeSe

Nat Commun 8, 214 (2017) Phys. Rev. B 95, 024304

Proc. Natl. Acad. Sci. 2014, 
111, 8712–
8716



Our approach

Dense network of nanoscale crystalline interfaces

Metal nanoparticles embedded inside a metallic matrix

Challenge

Nanoparticle
Surface Capping Agents-Ligands

Assembly of nanoparticles

Tunelling gap

Phys .Rev. B 89, 155117 (2014)

Not achieved: Bottom-up assembly of ‘Metal’  with nanoparticles

Electron tunneling effects: Coulomb blockade, Variable Range hopping, Activated transport

Au nanoparticles



Core-shell nanoparticlesA
gA

u

Cookie structure

Surface capping
/Ligands

Our approach: A bi-metallic nano-hybrid

 



Chemical route – The process flow
Ag(NP) – Au hybrid

Chemical
Reduction

5 nm

Ag

Au

10 μm

• Heat treatment
• Chemical treatment

Ag precursor Ag nanoparticles Ag@Au  nanohybrid

Ligand removal and cross-linkingFilm for transport measurements

2 nm2 nm

50 nm

5 nm

ACS Appl. Electron. Mater. 2023, 5, 5, 2893–2901

2 mm

Au 
precursor

Chemical 
aggregation

Chemical 
aggregation



Temperature-dependance of electrical resistivity

 

 

 

 

 

  
 

 



Resistivity – interface correlation

 Increasing residual resistivity with 
overall interface area of Ag
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Mott-Ioffe-Regel limit!



The Mott-Ioffe-Regel (MIR) Limit and ‘bad metals’

 

 

• Mean-free path approaching 
inter-atomic distance

• Ill-defined quasiparticles

Gunnarsson, Calandra, Han Rev Mod Phys 2003 75, 1085
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Resistivity saturation 
The Mott-Ioffe-Regel (MIR) Limit and ‘bad metals’ 

 

 



 

Resistivity saturation 
The Mott-Ioffe-Regel (MIR) Limit and ‘bad metals’ 

Two-channel transport

 

 

 

 

Electron-phonon 
coupling parameter

 

 

 



 

Point-contact spectroscopy – A primer
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Au film
8 K

 

 

Point-contact spectroscopy – A primer

Solid State Commun., 43, 765, 1982
V (meV)

 

 

 

 
  

e-

ph

 

 

e-

 

TipSample

 

Ballistic Diffusive 

 

 V,
dRpc/dV

 

l<<dpcl>>dpc

BackgroundMigdal-Eliashberg function
• Resembles Phonon DOS



Point contact spectroscopy of nanohybrid films

F= 0.3

V (meV) V (meV)

(ρ
/R

pc
)d

R pc
/d

V 
(μ

Ω
.m

.V
-1

)

 

 

Saturation of the spectra at ~18 meV 
Acoustic phonons of Au

Increasing background with F
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Electron-phonon coupling in metallic nanohybrid films 
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Significant increase in with F
 

• arXiv:2405.14684v1

https://arxiv.org/abs/2405.14684v1


Role of nanoscale interfaces

Charge doping from 
difference in onsite potential

Shift in Au 4f peak in XPS
Charge doping 

 

Variation of EPC with interfacial charge 
transfer
• Possible role of Coulomb 

interactions

 

 

 

Au-4f 5/2 Au-4f 7/2



Role of nanoscale interfaces: Theoretical insight

Charge doping from difference 
in onsite potential
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• Bottom-up metal-nanocomposite
• Unconventional metallic transport: Bad metals 
• Buried interfaces of Ag and Au significantly enhance the electron-phonon 

coupling in noble metals, which have intrinsically the weakest coupling

Questions? 

• Origin of high values of EPC
• Existence of metallic state in strong EPC regime
• No crossover to Anderson insulator even for strong disorder
• Possible coexistence of localized and itinerant electrons?

Summary

Thank you for your attention

Stay tuned for Arindam’s talk on 26th July for more details and results!



EXTRA SLIDES



Scaling of electron-phonon scattering rate

 

Disorder

Ignore any non-phonon temperature-dependent scattering

 

 

 

Planckian bound Point contact
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Bound in scattering rate at ultra-high coupling regimes
Universality of a two-channel transport  SK, TK Maji, .. A. Ghosh (arXiv:2405.14684v1)

https://arxiv.org/abs/2405.14684v1


Role of nanoscale interfaces
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Structure
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Motivation
Not achieved: Bottom-up assembly of ‘Metal’  with nanoparticles
Electron tunneling effects: Coulomb blockade, Variable Range 
hopping, Activated transport

Nanoparticle
Surface Capping Agents-Ligands

Assembly of nanoparticles

Tunelling gap



Motivation
Not achieved: Bottom-up assembly of ‘Metal’  with nanoparticles
Electron tunneling effects: Coulomb blockade, Variable Range 
hopping, Activated transport

Dunford et al. PRB 74, 115417 (2006)

Tran et al. PRB 78, 075437 (2008) Tie et al. PRB 89, 155117 (2014)

A bi-metallic nano-hybrid
Core-shell nanoparticlesA

gA
u

Cookie structure

Surface capping
/Ligands



Structure





Resistivity – interface correlation
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Resistivity approaching the
 Mott-Ioffe-Regel limit!

 

 



Resistivity saturation 
The Mott-Ioffe-Regel (MIR) Limit and ‘bad metals’ 

 

 

• Mean-free path approaching 
inter-atomic distance

• Ill-defined quasiparticles

Gunnarsson, Calandra, Han Rev Mod Phys 2003 75, 1085
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High Surface to 
volume ratio

Localized 
Surface 

Plasmon Band

Quantum 
confinement:

Electron 
tunnelling

❖ Sensing
❖ Imaging
❖ Surface enhanced
     Raman scattering
❖ Opto-electronic 

devices

❖ Catalysis
❖ Drug delivery

❖ Sensors
❖ Memristive 

Switching
❖ Chemoelectronics

Metal Nanoparticles-A primer:

Quantum 
confinement:

Electron 
tunneling Change in tunnelling current for 

sensing applications



The Mott-Ioffe-Regel (MIR) Limit and ‘bad metals’

 

 

• Mean-free path approaching 
inter-atomic distance

• Ill-defined quasiparticles

Gunnarsson, Calandra, Han Rev Mod Phys 2003 75, 1085
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Pure Au



Chemical route – The process flow
Ag(NP) – Au hybrid

Chemical
Reduction

5 nm

Ag

Au

10 μm

• Heat treatment
• Chemical treatment

Ag precursor Ag nanoparticles

Clustering

Ag@Au  nanohybrid

Ligand removal and cross-linkingFilm for transport measurements

2 nm

5 nm

2 nm 5 nm

50 nm 5 nm

ACS Appl. Electron. Mater. 2023, 5, 5, 2893–2901

2 mm

Au 
precursor



Resistivity saturation 
The Mott-Ioffe-Regel (MIR) Limit and ‘bad metals’ 
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Saturation in T-dependent resistivity close to 
the MIR limit 

 

F

  

 


