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Heat Transfer in the Crossover Regime

electrons

phonons

photons

e N
e~ N
N
- AN
o N
‘. i E A
\
¥ / ) &,
ule .g@ |Heatflow
7 T on [
AN @
\
\

1
U
v '
A
> ’
. Au substrate (cold) ,*
& ’
S

| -

’

Yang et.al., Nat. Nano, 16, p764(2021)
Cui et al, Science, 355, 6330 (2017)

Cui et al, Nature, 572, 628-633 (2019)

Reddy et al, Nature, 528, 387-391 (2015)

wE Cslclicmm
275 Spanish National Research Cauncil
= Materials Science Instituf f

1
EXCELENCIA M
SEVERO UA_
te of Madria  p OCHOA Univer a

nanolrib

5


http://www.nanotrib.com/

Heat Transfer in the Crossover Regime

electrons phonons photons

.

—
Yang et.al., Nat. Nano, 16, p764(2021)

Cui et al, Science, 355, 6330 (2017) ) ? Reddy et al, Nature, 528, 387-391 (2015)
Cui et al, Nature, 572, 628-633 (2019) .

In contact

d (nm)

”‘%&CS]C\ICM

L5 “Sp H!Nt\ \F«e earch Cau
nstitute lMdd

O. Mateos-Lopez(www. nano'rib.com) 6



http://www.nanotrib.com/

Heat Transfer in the Crossover Regime

electrons phonons photons

G —

tip (hot) ~ ~. -
N
Ptoectrodes
~7, ) ©
.’_Z ule °

\\\ - J
e ° \
/ Pt heatenthermometer l’“ Jt Lo ‘l
NN W - :
1 PRDORRRN 1
\\\\\E\%&\\) SRS 100 nm

N

Yang et.al., Nat. Nano, 16, p764(2021) f)

Cui et al, Science, 355, 6330 (2017) )
Cui et al, Nature, 572, 628-633 (2019)

Reddy et al, Nature, 528, 387-391 (2015)
[ ]

— d (nm)

Kloppstech et al, Nat. Comms, 8, 14475 (2017)

05} o,

04 \\% Heat flux orders of
S os %, ., 1 Mmagnitude larger
" oz N 1 than predicted!!!

%\:?:. 130 @

0.1 o, My 120 T

o, 110
0 S,

d (nm)

) B -
zecsiciemm @ fwe UAM 0. Mateos-Lopez(www. nanolrib.com) 7

ity adrid



http://www.nanotrib.com/

Methods
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Methods: Experimental set-up
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Custom STM setup (High-Vacuum E-6 mbar):
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Methods: Experimental set-up

N. Agrait
e e

Custom STM setup (High-Vacuum E-6 mbar):

» Electrical Conductance (G)
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Methods: Experimental set-up

R. Lopez-Nebreda
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Custom STM setup (High-Vacuum E-6 mbar):
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Methods: All-atom Molecular Dynamics simulations

» All atoms included in the simulation.
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Methods: All-atom Molecular Dynamics simulations
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Methods: All-atom Molecular Dynamics simulations
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» Movement: Newton’s Equations.
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Methods: All-atom Molecular Dynamics simulations

Th=428 K

VR AR .
B e ® LA
v e o B W e e o

B ERE LR A AALALE
T e dedprem
o e or P Ppred

» Temperature: Thermal baths at different T

Tc=298 K

B
csiciemm @a@e* UAM Nature Communications, 16, 7342 (2025) nanolrib 15

Materials Science Institute of Madrid » Universidad Auténoma
fadr



http://www.nanotrib.com/

Methods: All-atom Molecular Dynamics simulations

Th=428 K

» Conductance; K= / T.=298 K
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Experimental Results — Major features

Custom STM setup (High-Vacuum E-6 mbar)

» Electrical Conductance (G)
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Experimental Results — Major features

Custom STM setup (High-Vacuum E-6 mbar)

» Electrical Conductance (G)

» QOrder of magnitude (0.01 Go)
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Experimental Results — Major features

Custom STM setup (High-Vacuum E-6 mbar)

» Electrical Conductance (G)

» QOrder of magnitude (0.01 Go)

» Exponential decay with distance
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Experimental Results — Major features
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Experimental Results — Major features
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Experimental Results — Major features
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Simulation Results — Conventional Heat-Carriers
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Simulation Results — Conventional Heat-Carriers: Electrons
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Simulation Results — Conventional Heat-Carriers: Phonons
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Simulation Results — Conventional Heat-Carriers: Photons
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Simulation Results — Conventional Heat-Carriers Failure
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Time evolution

Increasing time
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Simulation Results — Conventional Heat-Carriers Failure
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Simulation Results — Water meniscus

> Order of magnitude: nW/K

» Lineal dependence (4 nm)
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Simulation Results — Water meniscus

» Order of magnitude: nW/K
» Lineal dependence

» Experiment reproduced
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Simulation Results — Water meniscus: Magnitude
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Simulation Results — Water meniscus: Magnitude
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» Conductance modeled after 3 resistances: K(d) =
204y—yw + oy d
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Simulation Results — Water meniscus: Magnitude
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» Conductivity in line with literature
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Simulation Results — Water meniscus: Magnitude
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Lineal dependence
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Simulation Results — Water meniscus

» Order of magnitude: nW/K

» Lineal dependence (4 nm)
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Simulation Results — Water meniscus: Dependence

J. N. Isrealachvili, Intermolecular and surface forces, 1992
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Simulation Results — Water meniscus: Dependence
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Simulation Results — Water meniscus: Dependence
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J. N. Isrealachvili, Intermolecular and surface forces, 1992
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Simulation Results — Water meniscus

» Order of magnitude: nW/K

» Lineal dependence (4 nm)
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Simulation Results — Water meniscus

» Thermal conductance: nW/K

» Lineal dependence (4 nm)
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Summary

What happens in vacuum gaps?
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Summary

What happens in vacuum gaps?
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Simulation Results — Thermal conductance

» Thermal conductance: nW/K
A(d
K(d) = (d)
204y—w + oy d
A(d) = c(d, — d)
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Experimental Results — Thermal conductance histogram
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Experimental Results — Clean surfaces
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Experimental Results — Clean surfaces

1 7nm
=

|

450 x10°
Audf
400 —
% 350
=
3
o
S
2
3 300 Audd
g
£
Audp
250 — O1ls
Cils
200 — H\/\J\
T T T T T T T T
800 700 600 500 400 300 200 100 0

: »
csiclicmm 9 pernaia | JAM

Spanish National Research Council
Materials Science Institute of Madrid j OQOCHOA

Binding Energy (eV)

A VIS || (N | [N
10 20 30 40 50 60

X (nm)

nanolrib

55


http://www.nanotrib.com/

Methods: All-atom Molecular Dynamics simulations

» Technique: Non-Equilibrium Molecular Dynamics

> Software: Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS)

» Force field:
Embedded Atom Method (EAM) parametrization for gold. K = ]
Th _ Tc
TIP4P model for water molecules
Lenard-Jones potential for gold-oxygen interactions
» Timestep: 1fs NP
o Tc=298 K

» Simulation time: 5 ns equilibration, 5 ns production
results
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