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Supervisor’s Foreword

Recent rapid developments of ultra-fast laser technique and ultra-high heat flux
micro-processors have imposed great challenges to classical thermophysical sci-
ences. The fundamental theory of heat conduction Fourier’s law is no longer valid
for these extreme conditions. In recent years, great efforts have been made to study
non-Fourier heat conduction, but the experimental data available are still limited
because the non-Fourier phenomena only occur at very low temperatures or ultra-
short time scales. Also, the present non-Fourier heat conduction models are only
phenomenological ones depending on empirical parameters. Lacking a thorough
understanding of the macroscale physical mechanisms, microscopic theory is
difficult to use for practical applications. No theoretical models have yet been
developed that fully explain non-Fourier heat conduction. This thesis analyzes
non-Fourier heat conduction based on the first principles to develop a general heat
conduction law. The theory is validated by comparisons with experimental results.
The main content and conclusions are:

1. Thermomass theory is used to analyze non-Fourier heat conduction. Thermo-
mass is the relativistic mass of heat and the heat flux is known as the directional
flow of thermomass along a temperature gradient. Newtonian mechanics is used
to establish the thermomass motion equation, which is actually the general heat
conduction equation. The thermomass theory gives a full understanding of non-
Fourier heat conduction as the consequence of the non-negligible thermomass
inertia effect. Furthermore, thermomass theory predicts the occurrence of non-
Fourier heat conduction even for the steady case for the first time.

2. A femtosecond laser thermoreflectance system has been established to detect
the ultra-fast heat transfer between electrons and phonons in metallic nanofilms.
A temperature wave was observed with a propagation speed of about 8.1 x 10°
ms~'. The temperature wave is distinguished from the thermal wave with the
temperature wave being the heat diffusion for periodic boundary conditions,
while the thermal wave is actually the hyperbolic wave propagation.

3. A low temperature direct current measurement system has been established to
study steady state non-Fourier heat conduction. The measured average tem-
perature of the gold nanofilm was notably higher than the temperature predicted
by Fourier’s law, with the temperature difference increasing as the heating
power increased or the environmental temperature decreased. The maximum

ix



X Supervisor’s Foreword

temperature difference reached 23 K at an environmental temperature of 3 K
when the heat flux exceeded 2 x 10'° Wm™2. In this case, the thermomass
inertia is non-negligible which causes the deviation from Fourier’s law. The
good agreement between the predictions of the general heat conduction law and
the experimental data validates the thermomass theory.

4. The electrical and thermal conductivities of several gold nanofilms were
measured from 3 K to 300 K. The measured conductivities are much less than
the corresponding bulk conductivities, showing a significant size effect. The
electron-grain boundary scattering is shown to be the dominant factor for this
size effect. The Wiedemann—Franz law is found to fail at low temperatures
because of the inelastic electron scattering (Raman electron scattering). A new
theoretical model that takes inelastic electron scattering into account agrees
well with the experimental data.

Beijing, October 2013 Zeng-Yuan Guo
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