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Appendix C Femtosecond imaging of nonlinear acoustics in gold : publication References acoustics in gold

We have developed a high-sensitivity, low-noise femtosecond imaging technique based on pump-probe time-resolved measurements with a standard CCD camera. The approach used in the experiment is based on lock-in acquisitions of images generated by a femtosecond laser probe synchronized to modulation of a femtosecond laser pump at the same rate. This technique allows time-resolved imaging of laser-excited phenomena with femtosecond time resolution. We illustrate the technique by time-resolved imaging of the nonlinear reshaping of a laser-excited picosecond acoustic pulse after propagation through a thin gold layer. Image analysis reveals the direct 2D visualization of the nonlinear acoustic propagation of the picosecond acoustic pulse. Many ultrafast pump-probe investigations can profit from this technique because of the wealth of information it provides over a typical single diode and lock-in amplifier setup, for example it can be used to image ultrasonic echoes in biological samples.
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Introduction

This thesis aims to understand the ultrafast dynamics of electronic, thermal and acoustic excitations in noble metal -ferromagnet multilayer structures starting from the initial stage of ultrafast laser absorption up to the detection of the generated picosecond acoustic pulses by using femtosecond pump-probe techniques and numerical simulations. Various interesting transient physical processes take place on intermediate time scales. Understanding and explaining the mechanisms of each of them lead us to possibility of controlling electronic, mechanical and magnetic properties of the materials.

There are many works which describe the mechanisms of interaction of an ultrashort laser pulse with a metallic ilm followed by the generation of acoustic pulses of diferent frequencies 1,2,3,4,5,6 .

The main novelty of this work is that we analyze the acoustic pulses (or strain) generated in a cobalt layer by difusive electrons which were laser excited in an adjacent gold overlayer. It was possible to observe this phenomenon because of two main factors:

1. The ultrashort laser pulse excites difusive electrons in a noble metal with large electron mean free path l electron like gold, silver or copper 7,8,9,5 . For example, in gold the electron mean free path is l Au electron = 40 nm. 2. The second condition requires that the metallic layer adjacent to the noble metal layer (with eicient electron difusion) has a large value of electron-phonon coupling g. Among metals with large values of g we can highlight ferromagnetic cobalt and nickel metals. As an example, the electron-phonon coupling in cobalt is about 20 times larger than in gold 10,11 .

The electron mean free path in cobalt is very short (l Co electron = 1 nm 12 ), this indicates about the ineicient electron difusion and the eicient generation of much short acoustic pulses of greater amplitude than in the gold.

In this thesis we focused only on hybrid gold/cobalt samples : a cobalt layer sandwiched between a variable gold layer and a sapphire substrate. By increasing the gold layer thickness we alter the amount of electrons that reach the adjacent cobalt layer and as a result the amplitude of the cobalt strain decreases. Surprisingly, it was found that the generation of the acoustic pulses in cobalt layer was eicient through 500 nm thick gold layer. Alternatively, we observed also the generation of acoustic pulses by difusive electrons in case of gold/platinum/sapphire sample.

To analyze the electron difusion and lattice heating we used the Two-Temperature Model (TTM) 13,14,15 . This model was modiied to take into account the electron difusion in the gold/cobalt structure. First numerical simulations showed that the amplitude of the lattice temperature generated by difusive electrons is few times greater than observed experimentally (we compared the lattice temperature with the proile of the acoustic pulse). We assume, that the most logical explanation of the diference between simulation and experiment is related to the Kapitza resistance (thermal boundary resistance). In the case of an interface between two metals, the major inluence on the value of the Kapitza resistance is related to electrons 16 . For this reason we included the electron Kapitza resistance into the TTM to decrease the electron lux through the gold/cobalt interface which results in a decrease of the cobalt lattice temperature.

The information about the proile of the established lattice temperature after electronphonon equilibration is used as an input to describe the heat difusion inside the sample using the heat difusion model. We studied the heat difusion using the inite-element software COMSOL to determine the Kapitza resistances of the structure. First of all we analyzed the cooling rate of the single gold and cobalt ilms deposited on a sapphire substrate. Then we implemented a more sophisticated simulation of hybrid gold/cobalt/sapphire structure.

Our analysis demonstrates that introduction of a thin cobalt layer sandwiched between a gold layer and a sapphire substrate allows to increase the cooling rate of the overheated metallic layers.

Throughout this work we used the pump-probe technique to measure the transient relectivity ∆R at nanosecond and picosecond timescales. Measured data allowed us to study the thermal transport and to extract the values of the Kapitza resistances for multiple interfaces. Additionally, using the picosecond data we were able to study the acoustic proiles of the generated strains. This dissertation is organized in four chapters. In the irst chapter we start from the classical model of interaction of a femtosecond laser pulse with a metallic ilm followed by the non-equilibrium electron dynamics. We present the modiied TTM suited for the studies of electron difusion in bimetallic structures. Then we review the analytical approaches describing the Kapitza resistance for phonons and electrons. In the inal part we present the necessary modiications to the TTM which take into account the electron Kapitza resistance.

Chapter 2 is devoted to theoretical and experimental features of the optical pump-probe technique. We present the thermo-elastic model for acoustic pulses generation and apply the Chapter 0. Introduction inite-diference algorithm to solve the acoustic wave equation. We review the mechanisms for the relectivity changes induced by acoustic pulses. The developed algorithm for the acoustic pulse reconstruction using Fourier transform is explained. This algorithm was applied to the transient relectivity and acousto-plasmonic datas. We also explain the pump-probe setups and some technical details.

In chapter 3, we present a step-by-step analysis of the transient relectivity data. First of all we present the analysis of the heat difusion for gold/sapphire, cobalt/sapphire and gold/cobalt/sapphire samples. By itting the thermal background of the relectivity we extract the values of the Kapitza resistances of all interfaces. Then we quantitatively analyze the proiles of electron and lattice temperatures obtained by the TTM simulations for an ideal metallic interface and for an interface which includes the Kapitza resistance. From these simulations we extract also the lattice temperature of the cobalt layer that governs the amplitude of the generated strain. The last section covers the analysis of the acoustic component of the transient relectivity curve. This acoustic component was obtained by subtraction of the simulated thermal background provided by COMSOL from the experimental data. The temperature distribution used in COMSOL is applied to simulate the acoustic component of the relectivity. We also performed the TTM simulations with the Kapitza resistance to it the acoustic component of the relectivity.

In chapter 4 we present general conclusions and discussions.

1

Ultrafast carrier transport at the nanoscale This chapter starts from a brief recall of the ultrafast processes that follows an excitation of a metallic nanoilm by an ultrashort laser pulse. After that the Two Temperature Model (TTM) developed to describe electron difusion inside a bimetallic structure will be presented. Finally, the TTM that takes into account the Kapitza resistance of the interface between two metals will be described.

Let us consider a situation when femtosecond laser pulse is normally incident on a free surface of the metallic nanoilm that is shown in Fig. 1.1. On the irst stage, the laser light with a central wavelength λ will penetrate inside the metal ilm within a inite skin depth δ skin . Each material has its own skin depth for a given wavelength of the electro-magnetic wave, but for metals within the visible light spectra it is typically few tens of nanometers.

Formally, the skin depth is determined by the imaginary part k of the complex refractive index n = n + ik as follows

δ skin = λ 4πk . (1.1) 
The energy deposition inside the metallic ilm (shown by white solid line in Fig. 1.2) has an exponential proiles that is governed by the skin depth parameter and is given by Lambert-Beer's law

I(z) = I 0 e -z/δ skin , (1.2) 
where I 0 is the intensity of the incident laser light and z is the sample thickness.

Photons that are penetrating within the skin layer excite free electrons from the valence band to the state above the Fermi level E F . If the photon has small energy hν the electron will experience an intraband transition, but if the photon energy is high enough to overcome the band gap the transition will be interband. For example, if we consider illumination of gold by 800 nm laser pulse the electron transition will be intraband because energy of the photon is smaller than the energy for the d band to the Fermi-surface transition (1.5 eV ≤ 2.4 eV) 17,18 . However, energy of 400 nm laser pulse is suicient for interband transition in gold.

Amount of electrons excited by the photon absorption is proportional to the photon energy and the density of the laser pulse as it is shown in Fig. 1.2 a), where red box is the total amount of electrons promoted to the states above the Fermi level. At this moment the distribution of the electrons can not be characterized by the Fermi-Dirac statistics that is why the distribution is called non-Fermi like. As a result, this highly non-equilibrium state can not be characterized by the value of the electron temperature.

However, just after laser excitation electrons redistribute the excess energy through electronelectron scattering with a characteristic time τ e-e that is typically of the order of few hundreds of femtoseconds 19 (the scattering is described within the framework of the Landau theory of Fermi-liquid 20 ). As a result of electron-electron scattering electrons thermalize by the time of thermalization τ therm (in a low excitation regime electrons in gold thermalize within 1 ps 21 ). After thermalization the distribution of electrons can be described by the Fermi-Dirac statistics that is shown in Fig. 1.2 b). Just after thermalization the temperature of the electrons is typically high and can even reach 10 4 ÷ 10 5 K for a pulsed laser in the range of petawatts (10 15 ) 22,23 . From the other hand the temperature of lattice remains unchanged that is why electrons after thermalization can be referred as "hot". The next step is a fast difusion of these "hot" electrons propagating with the Fermi velocity. In the case of the noble metals like gold and copper electrons can difuse on the distances much bigger than δ skin 24,25,5 and even overcome hundreds of nanometers. During the difusion, the electrons scatter with phonons that give a slow (as compared to the electron temperature dynamics) rise to the lattice temperature. The characteristic time of electron-phonon interaction τ e-p can be estimated theoretically to be on the same order of magnitude as τ e-e , thus for gold with for T e ≫ 300 K it should be τ e-e = 60 fs 26 . However, experimentally electron-phonon interaction time in gold was estimated to be 700 fs 27 .

Electrons exchange their energy with the phonons until the total equilibration is reached, i.e, the moment when both electron and lattice temperatures are equal T e = T i , that is shown in Fig. 1.2 c). For metals, electrons and phonons rapidly come to equilibrium by the time below τ eq = 10 ps. For example, thermal equilibrium in gold, under a laser luence of 1 mJ.cm -2 , is achieved in τ eq = 4-5 ps 28 . Formed distribution is non-Fermi like because of the high level of non-equilibrium, as a result system can not be characterized by an electron temperature T e . b) After electron thermalization (by the time t = τ th ) the electron distribution can be described by the Fermi-Dirac statistics, thus electrons can be characterized by some value of T e that is typically greater than the lattice temperature T i . c) Through electron-phonon interaction the energy of electrons is redistributed to the lattice and the system reaches equilibrium (T e = T i ) by the time τ eq .

Two Temperature Model for bimetallic structure

Finally, by the time τ eq the heat difusion proile is formed (that is referred to the spatial distribution of the lattice temperature) which is characterized by difusion length ζ dif f shown by black solid line in Fig. 1.2. The main mechanism of the energy transfer in system now is the thermal difusion driven by the gradient of the lattice temperature.

When laser pulse duration is much bigger than the time necessary for electronic and phononic subsystems to reach the equilibrium τ laser ≫ τ eq the dynamics of the temperature can be reliably well described by only one temperature model, where there is no distinction between electronic and phononic temperatures and carrier concentration can be determined by Fermi-Dirac distribution. But if laser pulse duration is less or comparable with the time of temperature equilibration τ laser ≤ τ eq one temperature model is no longer adequate for describing of the thermal properties of the system, that is why the TTM is widely used to explain carrier dynamics in femtosecond optical studies 14,13,28,29 .

Two Temperature Model for bimetallic structure

The core idea of the TTM is based on the interaction of the laser light with a free electron gas with consequent heating of lattice through electron-phonon interaction at the short timescale. Despite the fact that the free electron gas in this model should thermalize instantaneously, it can be successfully used to describe the ultrafast energy transport at the microscale and explain some experimental observations that will be discussed in the data analysis chapter.

First phenomenological version of the TTM was proposed by Kaganov et al. 14 and Anisimov et al. 13 for quantitative predictions of highly non-equilibrium changes in metals induced by ultra-short laser pulses. This model suppose that energy injected by the laser pulse is redistributed among two carriers: electrons and phonons which are characterized by two temperatures T e and T i respectively.

Neglecting the duration of electron thermalization 30 the temporal and spatial evolution in 1D of both electronic and phononic temperatures can be found by solving two coupled nonlinear diferential equations

C e (T e ) (1,2) ∂T (1,2) e ∂t = k 1,2 (T e ) δ 2 T (1,2) e ∂z 2 -g 1,2 (T (1,2) e -T (1,2) i ) C (1,2) i ∂T (1,2) i ∂t = g 1,2 (T (1,2) e -T (1,2) i ), (1.3) 
where C e (T e ) is the electronic heat capacity (assumed to depend linearly from T e in low range of excitations 16 ), k(T e ) is the electronic thermal conductivity (that also depends linearly on T e 28,31 ), g is the electron-phonon coupling constant that does not vary signiicantly in the low excitation regime 24,32,15 , C i is the lattice heat capacity. We neglect the difusion of phonons because equilibration of the system takes less than few picoseconds. The superscripts (1) and (2) denote the metallic layers.

We will solve the TTM for the structure shown in composed of gold and cobalt. In this model the gold layer of thickness H is illuminated by a normally incident 200 fs FWHM ultrashort laser pulse. However adjacent cobalt layer is considered to be semi-ininite. The energy of laser pulse is partially transferred to free electrons in gold within the skin layer δ skin and the remaining part is relected according to the relection coeicient R. Excited free electrons difuse with velocities close to the Fermi velocity v F and penetrating on hundreds of nanometers in case of noble metals 33,24,5 . Electron difusion length is characterized by ζ dif f and determined by thermal conductivity k and electron-phonon coupling coeicient g giving ζ dif f = √ k/g (derivation of this formula under few assumptions will be shown later). In noble metals, the electron difusion is very eicient and results in much deeper penetrations as compared to skin depth ζ dif f ≫ δ skin 33 .

Following initial and boundary conditions are applied

k 1 ∂T (1) e ∂z z=-H = -(1 -R)If (t) (1.4) k 1 ∂T (1) e ∂z z=0 = k 2 ∂T (2) e ∂z (1.5) 
T (1) e | z=0 = T (2) e (1.6)

T (2) e | z→∞ = 0. (1.7)
The source term originally presented in the body of the irst equation in (1.3) is introduced through the boundary condition for free interface of gold (1.4) where R is the relection coeicient, I is the intensity of laser pulse and f (t) is its temporal distribution. The interface between gold and cobalt is supposed to be ideal that is why we apply the condition of the continuity of the heat low for electronic temperature as it follows from (1.5). Third condition (1.6) stands for non-scattering transport of electrons through the interface between gold and 1.1. Two Temperature Model for bimetallic structure cobalt, thus electrons do not lose energy. Final term (1.7) stands for an absorbing boundary condition.

After rewriting and rearranging of (1.3) we obtain :

∂ 2 T (1,2) e ∂z 2 - 1 D 1,2 [ ∂T (1,2) e ∂t - (T (1,2) e -T (1,2) i ) τ 1,2 ] = 0 ( C i C e ) (1,2) ∂T (1,2) i ∂t - (T (1,2) e -T (1,2) i ) τ 1,2 = 0, (1.8) 
where

D 1,2 = k 1,2 /C (1,2) e
is the electron difusivity parameter and τ 1,2 = C

(1,2) e /g 1,2 is the characteristic time for the electron heat release. One of the most elegant ways to solve coupled nonlinear diferential equations (1.8) is to do it in the frequency domain by applying the Fourier transform (FT)

F (w, z) = +∞ ∫ -∞ F (t, z)e iwt dt.
(1.9)

After application of FT to equations (1.8) we obtain

∂ 2 Te (1,2) ∂z 2 - 1 D 1,2 [ (iw) Te (1,2) - ( Te (1,2) -Ti (1,2) ) τ 1,2 ] = 0 (1.10) [ (iw) ( C i C e ) (1,2) + 1 τ 1,2 ]
Ti (1,2) -Te

(1,2)

τ 1,2 = 0. (1.11)
The same should be done also for all the boundary conditions (1.4) -(1.7)

k 1 ∂ Te (1) ∂z z=-H = -(1 -R)I F (w) (1.12) k 1 ∂ Te (1) ∂z z=0 = k 2 ∂ Te (2) 
∂z (1.13)

Te (1) | z=0 = Te (2) 
(1.14)

Te (2) | z→∞ = 0 (1.15)
where Te is the temperature at frequency domain.

We can rearrange Eq. (1.11) to express Ti (1,2) in the following form

Ti (1,2) = Te (1,2) 1 + iw ( C i Ce ) (1,2) τ 1,2 (1.16) 
and by substitution into Eq. (1.10) we obtain a closed form equation for Te (1,2) without the lattice temperature

∂ 2 Te (1,2) ∂z 2 + -iw D 1,2 [ 1 - (C i /C e ) (1,2) 1 + (iw)(C i /C e ) (1,2) τ 1,2 ]
Te (1,2) = 0 (1.17)

The term from the left side of Te (1,2) in Eq. (1.17) is the Maxwell wave number p 1,2 , that we consider for deiniteness to have positive real parts

p 1,2 = √ -iw D 1,2 [ 1 - (C i /C e ) (1,2) 1 + (iw)(C i /C e ) (1,2) τ 1,2 ]
.

(1.18)

Electronic temperatures in gold and cobalt from Eq. (1.17) take the next general form

Te (1) = c 11 e -p 1 z + c 12 e p 1 z Te (2) = c 21 e -p 2 z + c 22 e p 2 z . (1.19)
To determine all the constants we apply the boundary conditions (1.12) - (1.15). From (1.15) it follows that c 22 = 0. Using (1.14) it can be shown that

c 11 + c 12 = c 21 . (1.20) 
After application of the boundary condition (1.13) we found that

-k 1 p 1 c 11 + k 1 p 1 c 12 = -k 2 p 2 c 21 .
(1.21)

From (1.12) it follows that : 

-k 1 p 1 c 11 e p 1 H + k 1 p 1 c 12 e -p 1 H = -(1 -R)IF (w). ( 1 
c 11 (-k 1 p 1 + k 2 p 2 ) + c 12 (k 1 p 1 + k 2 p 2 ) = 0 -c 11 k 1 p 1 e p 1 H + c 12 k 1 p 1 e -p 1 H = -(1 -R)IF (w). (1.23)
To solve such system we rewrite it into the next matrix form

( (-k 1 p 1 + k 2 p 2 ) (k 1 p 1 + k 2 p 2 ) -k 1 p 1 e p 1 H k 1 p 1 e -p 1 H ) ( c 11 c 12 ) = ( 0 -(1 -R)IF (w) ) (1.24)
where principle determinant ∆ 0 is given by

∆ 0 = k 1 p 1 [ (k 2 p 2 -k 1 p 1 )e -p 1 H + (k 2 p 2 + k 1 p 1 )e p 1 H . ] (1.25)
By applying the Cramer's rule it is easy to show that coeicients c 11 and c 12 are taking the next form

c 11 = (1 -R)IF (w) k 1 p 1 + k 2 p 2 ∆ 0 c 12 = (1 -R)IF (w) k 1 p 1 -k 2 p 2 ∆ 0 . (1.26)
And the last coeicient c 21 is the sum of c 11 and c 12 as it follows from (1.20)

c 21 = (1 -R)IF (w) 2k 1 p 1 ∆ 0 . (1.27)
Let us express electron temperature Te at the interface between two metals at z = 0 on the basis of the solution

Te (w, z = 0) = (1 -R)IF (w)2k 1 p 1 k 1 p 1 (k 2 p 2 -k 1 p 1 )e -p 1 H + (k 2 p 2 + k 1 p 1 )e p 1 H , (1.28) 
after rearrangement

Te (w, z = 0) = (1 -R)IF (w) k 2 p 2 + k 1 p 1 [ 1 1 + k 2 p 2 -k 1 p 1 k 2 p 2 +k 1 p 1 e -2p 1 H ] e -p 1 H (1.29)
We can simplify Eq. (1.29) using the following approximations:

• Evaluate everything at acoustic frequencies ω ∼ ω ac ∼ 1/τ ac so that the term

ω ac τ 1,2 C i C e (1,2) 
>> 1

this will appropriate the Maxwell wavenumber as follows

p 2 1,2 ≃ ( - iω D 1,2 ) ( 1 + 1 iωτ 1,2
)

.

(1.30)

• The next assumption is that ω ac τ 1,2 << 1 which leads to

p 1,2 ≃ 1 √ D 1,2 τ 1,2 = 1 √ k 1,2 /g 1,2
.

(1.31)

Chapter 1. Ultrafast carrier transport at the nanoscale Now expression of electron temperature (1.29) with simpliied p take the following form

Te (w, z = 0) = (1 -R)IF (w) √ k 2 g 2 + √ k 1 g 1   1 1 + √ k 2 g 2 - √ k 1 g 1 √ k 2 g 2 + √ k 1 g 1 e -2H √ k 1 /g 1   e -H √ k 1 /g 1 (1.32)
The lattice temperature Ti is given by (1.16) and by substitution of electron temperature Te from (1.32) will be

T (1,2) i = 1 (C i /C e ) (1,2) τ 1,2 (1 -R)IF (w) -iω 1 1+ √ k 2 g 2 - √ k 1 g 1 √ k 2 g 2 + √ k 1 g 1 e - 2H √ k 1 /g 1 √ k 2 g 2 + √ k 1 g 1 e -H √ k 1 /g 1 . (1.33)
The inverse FT of the term

(1-R)IF (w) -iω
in (1.33) will provide total absorbed laser luence Θ(t) that will describe quasi-instantaneous lattice heating.

Finally, the lattice temperature will be given by

T (1,2) i = g 1,2 C (1,2) i (1 -R)Θ(t) √ k 2 g 2 + √ k 1 g 1 1 1 + √ k 2 g 2 - √ k 1 g 1 √ k 2 g 2 + √ k 1 g 1 e -2H √ k 1 /g 1 e -H √ k 1 /g 1 . (1.34)
In Eq. (1.34) the exponential term in denominator √ k 1 /g 1 is the difusion length ζ dif f deined in the beginning of this chapter, that determine the proile of heat penetration.

By analyzing the expression of the lattice temperature given by Eq. (1.34) we can admit that there is a term responsible for diferent heating in gold and cobalt given by the ratio between electron phonon coupling g and lattice heat capacity C i . Therefore to estimate overheating of gold as compared to cobalt layers we can divide lattice temperature of cobalt and gold at the interface using Eq. (1.34) so that

T Co i T Au i ≃ (g/C i ) Co (g/C i ) Au (1.35)
By substitution values from Table 3.2 given in 3.2.1 we obtain the value of overheating equal to 13.5 that will be checked afterwards in the section of data analysis.

However, sometimes during solving of diferential equations the division by zero in the frequency domain occurs, therefore leading to numerical problems when returning back to time domain. That is why another integral formula for the calculation of lattice temperature can be derived. For that we need to rearrange second term in Eq. (1.8) :

∂T (1,2) i ∂t + 1 (g/C i ) (1,2) T (1,2) i = 1 (g/C i ) (1,2) T (1,2) e (z, t).
(1.36)

Let's suppose that the solution of diferential equation has a classical form

T (1,2) i = A (1,2) e - t (g/C i ) (1,2) , (1.37) 
we can substitute in Eq. (1.36) and after rearrangement it will look as follows (1,2) .

∂A (1,2) ∂t = 1 (g/C i ) (1,2) T (1,2) e (z, t)e - t (g/C i )
(1.38)

Finally, integration of Eq. (1.38) provides the value of the coeicient A (1,2) and by substitution into Eq. (1.37) the lattice temperature can be expressed as follows

T (1,2) i (z, t) = 1 (g/C i ) (1,2) t ∫ 0 T (1,2) e (z, t ′ )e - t-t ′ (g/C i ) (1,2) dt ′ .
(1.39)

Thermal transport through the interface

In the previous section we have seen the ultrafast difusion of electrons through an ideal interface. However, this is not the case in real world, where interface plays a crucial role in the thermal transport 34,35 . An interface is a surface forming a common boundary between two portions of matter. Therefore it is a boundary that indicates the modiication of elastic and electronic properties of a medium. Therefore, some carriers of heat that can easily travel in irst medium may not be allowed in the second medium. As an example, we can consider the case of a gold ilm deposited on a dielectric sapphire substrate. When the gold layer is heated by femtosecond laser pulse it could cool down into the substrate by transferring electrons and phonons through the interface. However, sapphire has a big band gap which restricts conduction of electrons and therefore only phonons can heat the substrate. For this case we can expect big thermal resistance at the interface between gold and sapphire because only one heat carrier is involved in thermal transport. The characteristics of an interface to resist the thermal low is known as thermal boundary or Kapitza resistance. In the general case of metal-dielectric and dielectric-dielectric interfaces the impact of electronic transport is negligible, that is why thermal transport is examined within the framework of lattice vibrations theory 36,34 also called Acoustic Mismatch Model (AMM). However, there is another approach for estimation of thermal resistance of the interface the Difuse Mismatch Model (DMM) that is based on the phononic density of states 37,38 .

In contrast for metal-metal interface, the contribution of the electrons in thermal transport can be as high as 90% and only 10% are attributed to phonons 16 .

Thermal boundary resistance (Kapitza resistance)

Thermal boundary resistance or Kapitza resistance is a parameter that determine the rate of an interface to resist the thermal low. First experiments that showed the temperature drop between two mediums was performed by Kapitza in 1941 39 , where he showed drop of temperature between liquid helium and solid. This phenomenon was explained by analogy with a resistance placed in electric circuit leading to decrease of the output voltage.

To illustrate the Kapitza resistance we consider the case when two materials are in contact and one of them is heated with a constant heat lux Q. The diference in lattice and electronic structures between these two materials lead to scattering of phonons and electrons from the interface boundary. Scattered carriers do not penetrate into adjacent material leading to discontinuity of the temperature ∆T . Therefore in the simplest case the Kapitza resistanceR Kap describe this discontinuity

R Kap = 1 G Kap = Q ∆T . (1.40)
In contrast to Kapitza resistance there is its inverse referred as thermal boundary conductance

G Kap = 1/R Kap .
The notion of the Kapitza resistance can be applied not only to electrons and phonons but also to magnons 40 . Therefore the total Kapitza resistance is a sum of these three contributions

1 R Kap = 1 R phonon Kap + 1 R electron Kap + 1 R magnon Kap .
(1.41)

However the repartition of contributions will vary according to the nature of the materials forming the interface. Therefore the Kapitza resistance of the interface between two dielectrics or dielectric and metal phononic has the dominant phonon term R phonon Kap . The Kapitza resistance of the metal-metal interface will have the dominant electron term R electron Kap and small phonon contribution 41,16 R phonon Kap . If the interface is formed between two magnetic materials, the magnonic term R magnon Kap can be also involved in the thermal transport 40 . But extraction of the separate contributions is a very challenging task, that is why only the total Kapitza resistance R Kap is widely used. Furthermore we will review basic models dedicated to formalize the Kapitza resistance.

Acoustic Mismatch Model (AMM)

The irst analytic approach devoted to explain the temperature jump at the interface of liquid helium and copper was AMM 36 . The core assumption of this model is that the phonon wavelengths are larger than the lattice spacing parameter a. As a result, the medium of propagation can be treated as continuum acoustic. The interface between two media is 1.2. Thermal transport through the interface supposed to be plane and phonons are treated like propagating plane waves. Using all these assumptions the phonons incident on the interface undergo Snell's law and the phonon transmission coeicient T 12 can be developed by analogy with the Fresnel optics

T 12 = 4Z 1 cos θ 1 Z 2 cos θ 2 (Z 1 cos θ 1 + Z 2 cos θ 2 ) 2 , (1.42)
where Z is the acoustic impedance : Z = ρc s with the density of material ρ and the sound velocity c s ; θ is the angle of incidence to plane normal.

From the other hand the relection coeicient R 12 will be

R 12 = Z 1 cos θ 1 -Z 2 cos θ 2 Z 1 cos θ 1 + Z 2 cos θ 2 2
.

(1.43)

Such rough model serves as an upper limit of the estimation of the thermal transport through the interface. There are many inaccuracies in AMM. It does not take into account the spectrum diference of the two mediums, because by deinition T 12 = T 21 . In reality, it is possible that a high-frequency phonon from medium 1 can not be transmitted into medium 2 because such frequency is not present in his spectrum, as a result

T 12 ̸ = T 21 .
The assumption that thermal transport can be described by propagating plane waves is also very rough because in reality it has difusive nature.

The expression of Kapitza resistance can be calculated as an integral of the transmission coeicient T 12 . By considering the lux from medium 1 to 2 striking at diferent angles θ the expression of the Kapitza resistance will look as follows 42 1

R Kap = 1 2 C 1 υ 1 ∫ 2π 0 T 12 (cos θ) cos θ d cos θ, (1.44) 
where C 1 is the volumetric speciic heat and υ 1 is the phonon group velocity of the irst medium.

Difusive Mismatch Model (DMM)

The DMM model supposes that scattering of phonons is non-specular (difusive) and supposes phonon memory loss (incident and transmitted/relected phonons are unrelated). Under such consideration when the phonon arrives at the interface between two mediums it is completely unbounded from the previous path and direction of the movement, thus the transition is related only by the mismatch of the phonon density of states in both substances. Often, the DMM calculations are based on the Debye approximation (where DOS is a linear function). The expression of the transmission coeicient T 12 from material 1 to 2 is given by

T 12 = ∫ π/2 0 υ 2 D 2 υ 1 D 1 + υ 2 D 2 cos θ sin θdθ. (1.45)
On the basis of the transmission coeicient T 12 , we can calculate the Kapitza resistance 42 of an interface to be

1 R Kap = 1 4 C 1 υ 1 T 12 (1.46)
We can analyze both expressions from AMM (1.42) and DMM (1.45) in the case of the interface between two identical materials. In specular approximation the AMM gives 100% of transmission for phonons, but by contrast the DMM will produce 50% of transmission. By this simple example the overestimation of the AMM and underestimation of the DMM can be revealed. For metal-metal interface generally, results of both expressions (1.44) and (1.46) reasonably difer only by less than 30% 38 . For metal-dielectric interface between gold and sapphire it is even smaller 37 .

DMM for electrons in metals

Previously discussed AMM and DMM models are related only to the phononic contribution of the Kapitza resistance. However, there is a model based on the difuse mismatch logic for electron contribution of the interface resistance 16 that describes more accurately thermal properties of interface between two metals.

As previously, the main assumption is that all electrons scatter difusely when encountering the interface. Such description can be validated when the interface between two metallic layers forming the alloys with dimensions smaller than few atomic layers 43,[START_REF] Velev | Efects of interface disorder on transmission probability in magnetic multilayer[END_REF] . In case when the deposition technique can validate previous condition (for example for the case of magnetron sputter deposition or molecular beam epitaxy) the DMM for electrons can be used.

The transition from DMM for phonons to DMM for electrons is straightforward. The only diference is concerned with the distinction of electrons by their energies E. That is why both velocity and DOS are functions of energy, being υ i (E) and D i (E) respectively, where i denotes the material. In such case the transmission coeicient T 12 form metal 1 to metal 2 is given by

T 12 (E) = ∫ π/2 0 υ 2 (E)D 2 (E) υ 1 (E)D 1 (E) + υ 2 (E)D 2 (E) cos θ sin θdθ. (1.47)
In the simpliied model of the metal, such as degenerate metal with an isotropic Fermi surface, the Kapitza resistance can be expressed as

1 R electron Kap = 1 2 υ 1 (E F )T 12 (E F ) ∫ ∞ 0 E dN 1 (E, T ) dT dE, (1.48) 
where N 1 (E, T ) is the density of occupied states of energy E at temperature T . The integral term in the denominator can be replaced by the electron heat capacity per unit volume
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C e , which is proportional to D(E F ) and temperature T in the case of free electron gas by C e = (π 2 /3)D(E F )k 2 B T = γT . Finally, the Kapitza resistance takes the following form

1 R electron Kap = Z 1 Z 2 4(Z 1 + Z 2 ) , (1.49) 
where Z i is the product of the electron heat capacity C e = γT and the Fermi velocity υ F for a side i, Z i = γT υ F .

TTM for bimetallic structure with Kapitza resistance

It is possible to make few modiications in the TTM model to take into account the electron Kapitza resistance. First of all, the boundary condition given by Eq. (1.14) should be rewritten by introducing the Kapitza resistance R Kap which decreases the electron heat low from gold to cobalt

( Te (1) -Te (2) )| z=0 = R Kap k 1 ∂ Te (1) ∂z . (1.50) 
Also, an additional term should be added to boundary the condition given by Eq. (1.21) resulting in

c 11 + c 12 -R Kap k 1 p 1 (c 11 -c 12 ) = c 21 (1.51)
Using those modiied boundary conditions, we can rewrite in the same manner the matrix form of equation resulting in

( (-k 1 p 1 + k 2 p 2 -K Kap ) (k 1 p 1 + k 2 p 2 + K Kap ) -k 1 p 1 e p 1 H k 1 p 1 e -p 1 H ) ( c 11 c 12 ) = ( 0 -(1 -R)IF (w) ) (1.52)
where K Kap is a coeicient that is given by

K Kap = R Kap k 1 k 2 p 1 p 2 .
The new principle determinant ∆ 0 will be

∆ 0 = k 1 p 1 (k 2 p 2 -k 1 p 1 -K Kap )e -p 1 H + (1.53) +k 1 p 1 (k 2 p 2 + k 1 p 1 + K Kap e p 1 H .
Consequently, the coeicients c 11 , c 12 and c 21 take the following form

c 11 = (1 -R)IF (w) k 1 p 1 + k 2 p 2 + K Kap ∆ 0 c 12 = (1 -R)IF (w) k 1 p 1 -k 2 p 2 + K Kap ∆ 0 c 21 = (1 -R)IF (w) 2k 1 p 1 + 2K Kap ∆ 0 . (1.54)
We can admit that if we put R Kap = 0 all the coeicients c 11 , c 12 , c 21 will transform into Eq.

(1.26) and Eq. (1.27) where no boundary resistance is considered. Subsequent procedure of the calculation of the lattice temperature remains the same as previously.

Opical Pump-Probe Technique

Picosecond acoustics technique is an experimental all-optical pump-probe technique used for the study of electronic and elastic properties of materials using ultrafast laser pulses. This technique is of high interest for characterizations and studies of nanostructured materials, because the frequencies of generated acoustics lie in the 10-1000 GHz range 45,[START_REF] Maznev | Broadband terahertz ultrasonic transducer based on a laser-driven piezoelectric semiconductor superlattice[END_REF][START_REF] Yamamoto | Coherent oscillation of zone-folded phonon modes in gaas-alas superlattices[END_REF] .

Schematic diagram explaining the principle of operation of this technique is shown in Fig. 2.1, where a metallic ilm is illuminated by two femtosecond laser pulses. The pump pulse is used to excite the coherent acoustic pulse within the skin layer at the free surface side. Then the acoustic pulse (coherent longitudinal phonons) propagates at the sound velocity towards the substrate illuminated by weaker femtosecond probe pulse. This pulse monitors the changes in optical constants, such as relectivity coeicient R, within its own skin layer. At the moment, when the acoustic pulse reaches the probe skin layer it exerts changes in the relectivity coeicient which is detected by photodiode. Diagram of the pump-probe experiment showing the proile of heated region by absorbed pump pulse within the skin layer δ; this excitation region then emits the acoustic pulse of bipolar shape (which is true for all free-surface-excited ilms); the acoustic pulse induces the change of the density and modiies the relectivity coeicient R on the other side of the ilm; these acoustically induced changes are detected by the probe pulse from a photodiode as a variation of the light intensity.

Thermo-elastic generation of strain and stress

Under laser irradiation, the kinetic energy of the solid system increases from the absorption of photons. The resulting excess energy forces the atoms located in proximity one with another to vibrate with bigger amplitudes and frequencies, moving them far away from original positions. The collective displacement of excited atoms leads to change the volume of the solid as well as of its linear dimensions. The coherent component of such collective displacement is an acoustic pulse and the driving mechanism of such generation is called thermal expansion. The possibility to generate acoustics by heating has been studied by White [START_REF] White | Generation of elastic waves by transient surface heating[END_REF] . He considered the problem in one dimension without taking into account the difraction efect and also neglected efects of difusion. He supposed that the proile of generated acoustics matches the deposition heat proile.

In order to determine what kind of acoustics can be generated via thermal expansion the efect on stress-strain relation should be introduced [START_REF] Landau | Mechanics[END_REF] . In the case of isotropic solids there is no need to use tensor notation, therefore the relative displacement of the particles, called thermal strain η will be given by

η z = ∂u z ∂z = α∆T (z) (2.1)
where u is the z th component of the displacement, α is the coeicient of linear thermal expansion and ∆T (z, t) is the change of the temperature induced by the laser pulse relative to the initial temperature T 0 .

Thermal component of the stress can be found under consideration that solid has expanded (at t = ∞ the stress will leave the region of excitation σ zz = 0) and in absence of thermal difusion we will have

σ ′ z = -3Bα∆T (z) (2.2)
where B is the bulk modulus of elasticity deined as B = λ + 2 3 µ. And the total stress σ is a sum of the static thermal stress and propagating stress looks as follows 50

σ z = (2µ + λ)η z + σ ′ z (2.3)
where λ and µ are the elastic constants. The propagation of strain and the static thermal stress will be covered in the next section.
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Strain propagation in monolayer

Dynamic processes of longitudinal strain propagation in metallic ilms shown in Fig. 2.2 which take place just after thermo-elastic generation can be examined by solving the equation of elasticity

ρ ∂ 2 u z ∂t 2 = ∂σ z ∂z , (2.4) 
where ρ is the density of the material. But before solving this equation, the correct expression of stress σ zz should be determined. It can be done by substitution of thermal component from Eq. (2.3) into (2.2) resulting in

σ z = (2µ + λ)η z -3Bα∆T (z) = ρc 2 s η z -3Bα∆T (z), (2.5) 
where c s is the sound velocity.

The next step is to determine the temperature spatial proile ∆T (z). It should decay exponentially following the skin layer proile and the amplitude can be expressed for two cases : for time t < 0 to be zero ∆T (z, t) = 0 and otherwise, for t > 0 to be

∆T (z, t) = (1 -R)Q ACδ e -z δ skin , (2.6) 
where R is the relectivity, Q is the deposited energy by the pump pulse, A is the area of the ilm that was illuminated by pump pulse, C is the speciic heat capacity. The boundary condition restricts the stress to be zero σ zz = 0 at z = 0 that give a static strain term η 0 from Eq. (2.5)

η 0 = 3Bα(1 -R)Q ρc 2 s ACδ skin . (2.7) 
The following initial conditions can be applied to single ilm case: η zz = 0, ∂η zz /∂t = 0 and u z = 0 everywhere at t < 0. The solution of the elasticity Eq. (2.4) for a given boundary and initial conditions leads to a three component solution for strain

1 η z = η 0 ( e -z/δ skin - 1 2 [ e -|z+cst|/δ skin + e -|z-cst|/δ skin sign(z -c s t) ] ) . (2.8) 
Calculated strain distribution for three diferent times is shown in Fig. 2.2. The irst static exponential term represents the pure thermal strain at time t = ∞, shown as a red solid line.

It is static because we neglect the heat difusion. Second exponential term is shown for two consecutive times as blue dashed line and as blue solid line. We can admit that they both have bipolar shapes. This is true because according to Eq. (2.8) two strains are propagating initially in opposite directions. But after total relection from the free interface one part of the strain changes its sign and then propagates in the same direction as the irst one. 

Strain propagation in a multilayer

We have seen that strain propagation in the case of a single layer structure with only one interface is a quite simple and clear process. But in the case of a multilayer structure with multiple interfaces, derivation of the analytic expression is a more sophisticated problem. That is why we used numeric computations on the basis of the inite-diference method, because it is easy to implement and the results are consistent with experimental observations. The scheme of application of such method is shown in Fig. 2.3, where 1D structure containing layer of gold of thickness d 1 followed by layer of cobalt of thickness d 2 and inalized by layer of sapphire is discretized in time and space. The discretization is very important issue of inite-diference algorithm. Mesh in time ∆t and space ∆d should be related one to another. This governing factor is the sound speed c s . For deiniteness, if we ix the time step ∆t the discretization mesh size should satisfy the following relation

dz 1,2,3 = ∆t • c (1,2,3) s .
(2.9)

This relation allows to ensure that strain will always propagate by a distance ∆d inside each material according to its sound speed c s by the time ∆t. This important condition is illustrated in Fig. 2.3, where gold blocks are of smaller size than that of cobalt because by the time ∆t the strain in gold will overcome roughly two times smaller distance than the strain in cobalt, because of smaller sound speed (see Table 2.1). To take into account all the relections of strains taking place at the multiple interfaces (free interface of gold, gold/cobalt and cobalt/sapphire) we introduce two strains propagating in opposite directions. The irst strain η + propagates in +z direction and the second η - propagates in -z direction as it is shown in Fig. 2.3 by arrows. As an example, we can consider the situation when at time t 0 the strain η is generated at some point inside the gold layer as shown by red dot in Fig. 2.3. At later time t 1 the strain η splits into two : one half of strain η + is propagating in +z direction and another η -in the opposite direction without interaction among themselves. This model consider no attenuation and no dispersion.

#1 #2 Time (t) Thikness (z) N 1 N 2 #3 1 η -η + i t 0 t 1 i + 1 i -1 d 1 d 2 η + η - η η = η + + η - 1 Figure 2.
3: Sketch of inite diference approach for discretization of gold/cobalt/sapphire structure. Horizontal axis shows mesh in space which is proportional to sound speed c s in each material, that is why the blocks in gold are smaller than those in cobalt. Vertical axis stands for equidistant mesh in time.

When the strain is approaching any interface, the amount of transmitted and relected energy is governed by the relation of acoustic impedances Z in two adjacent mediums. The impedance depends on the density ρ and the sound velocity c s of the medium and is given by Z = ρc s . In general, the formulas that govern the relections and transmissions of strain through the interfaces are given by

R 12 = Z 2 -Z 1 Z 1 + Z 2 (2.10) R 21 = Z 1 -Z 2 Z 1 + Z 2 (2.11) T 12 = 2Z 1 Z 1 + Z 2 υ 1 υ 2
(2.12)

T 21 = 2Z 2 Z 1 + Z 2 υ 2 υ 1 . (2.13)
When the strain is transmitted to another medium with a diferent acoustic speed it experiences a change of its spatial distribution in order to preserve its temporal duration. Still, the conservation law should be satisied, it means that the integral of the strain should
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remain the same, that is why there is a preserving factor υ 1 /υ 2 which increases the amplitude of the strain if it shrinks in space and decreases in the case of broadening.

To illustrate this concept we can consider the following example: the strain of arbitrary amplitude 1 and 10 ps FWHM duration is propagating from gold to cobalt. The spatial proile of such strain in gold is characterized by 34.5 nm, but after transmission into cobalt layer (where the acoustic speed is 1.82 times bigger) the strain is broadening 1.82 times and reaches 63 nm. Consequently, according to Eq. (2.12) the amplitude of strain transferred into cobalt layer will decrease to 0.59. However, such pair of metals like gold and cobalt might be considered as phase-match couple because of small losses of strain when the relection takes place, because R CoAu = -R AuCo = 0.09, that means that only about 10% of strain is not transmitted through the interface between these two metals.

More formal representation of the algorithm of inite diference method for solving acoustic wave equation results in following expressions for propagation of the "positive" η + and "negative" η -strains as well as formula for total strain η η + (t i+1 , z j ) = η + (t i , z j-1 )

(2.14)

η -(t i+1 , z j ) = η -(t i , z j+1 ) (2.15) η(t i , z j ) = η + (t i , z j ) + η -(t i , z j ). (2.16) 
All the necessary boundary conditions for solving acoustic wave equation in the case of complex gold/cobalt/sapphire structure can be transformed into the following expressions for both strain propagating in opposite directions:

1. The relection of strain at the free interface at irst point z 1 at t + 1 for η + strain is given by η + (t i+1 , z 1 ) = -η -(t i+1 , z 1 ).

(2.17)

2. The strain η + in irst spatial point of cobalt layer at time t+1 should contain transmitted strain η + from gold to cobalt and also relected strain η -from cobalt/gold interface resulting in

η + (t i+1 , z N 1 +1 ) = T 12 η + (t i , z N 1 ) + + R 21 η -(t i+1 , z N 1 +1
).

(2.18)

3. The strain η -in the last gold point at t + 1 should contain the strain η + relected at gold/cobalt interface and also the strain η -transmitted from cobalt to gold efecting in

η -(t i+1 , z N 1 ) = T 21 η -(t j , z N 1 +1 ) + + R 12 η + (z N 1 , t j ). (2.19) 
4. The last conditions describe the relection and transmission of strain at cobalt/sapphire interface.

η -(z N 2 , t j+1 ) = R 23 η + (z N 2 ,t j ) (2.20) η + (z N 2 +1 , t j+1 ) = T 23 η + (z N 2 , t j ).
(2.21)

In the case when the thickness of the substrate is much bigger (few mm) than the thickness of bimetallic ilm, we can neglect the relection of the strain at sapphire/air interface because the temporal domain of interest is much smaller than the back-forward propagation time in sapphire substrate.

The MATLAB script that performs the strain propagation is given in Appendix A.2.

Evaluation of the algorithm of strain propagation

Evaluation of the inide-diference algorithm for solving the acoustic wave equation was done using the data measured by recent magneto-plasmonic pump-probe experiment, where very same sample structure gold/cobalt/sapphire was used 25 . In this experiment the pump pulse is incident on the surface of cobalt as it is shown in Fig. 2.4, where after absorption of the energy within the skin layer electrons are able to difuse on slightly bigger distances producing the proile of deposited heat. Therefore through thermo-elastic mechanism the strain pulse is generated and propagate towards the free interface of gold where it can be detected by surface plasmons within their 13 nm skin layer. 25 , where acoustic strain is generated by laser absorption in the cobalt layer. This strain then propagates through the gold layer and interacts with surface plasmon wave-vector k sp by modulation of the dielectric function ϵ m .

To compare the experimental result with calculation we need irst to calculate impedances of gold, cobalt and sapphire as well as all the relection and transmission coeicients. Determined values of impedances are listed in Table . 2.2, where we can admit small diference in values for gold and cobalt as well as for cobalt and sapphire pairs. As a result of small diferences between impedances, the relection coeicients for these interfaces will be also small (only 10% of relection). 

Z] = [kg s -1 m -2 ]
Now we can use the value of the heat proile generated by a pump pulse in cobalt, which is equal to 18 nm 25 to deine the spatial proile of the strain and solve the acoustic wave equation for the structure that has 230 nm of gold followed by 35 nm of cobalt on a sapphire substrate.

The illustration that shows the spatial proile of the calculated strain distribution is shown in Fig. 2.5. The irst red solid line inside the structure shows the initial strain distribution for t = 0 ps, where there is only one exponential unipolar strain generated in the cobalt layer. At the time t = 7 ps, the strain propagating in two opposite directions leaves the cobalt layer and now is present inside both gold and sapphire layers with a small 10% tale occurred after the relection at the cobalt/sapphire interface.

As it was discussed before, the strain spatial duration and amplitude change when according to the sound speed in the medium of propagation. That is why the strain amplitudes in gold and cobalt are diferent. Spatial proiles of strains also change, that can be observed by comparing strains in gold and sapphire at time t = 7 ps. Because of a factor of two in relation between cobalt and sapphire sound speeds, the spatial proile of the strain in sapphire is two times larger. By the time t = 67 ps, the strain pulse generated in cobalt ("irst echo") will arrive to the detection surface and after total relection with change of sign goes backward. This strain is involved in generation of two consecutive echoes ("second echo" and "third echo") by relection at gold/cobalt and then at cobalt/sapphire interfaces, as shown by the last proile. Two last echoes will arrive to the probing side approximately around t ≈ 200 ps.

In order to analyze experimental signal involving the plasmonic detection of acoustics the mechanism of interaction between the strain and the surface plasmons is briely explained below.

Ultrashort acoustic pulse alters the dielectric function ϵ m inside the metal by charge separation. This leads to modulation of the surface plasmon wave vector within the surface plasmon skin depth δ sp skin = 13 nm at the gold/air iterface by

k sp = k 0 √ ϵ m /(1 + ϵ m )
δk sp (t) = - k 0 2|ϵ|δ skin ∫ ∞ 0 η(z, t) exp(-|z|/δ sp skin )dz (2.22)
The measured signal is a convolution of the strain η(z, t) with the exponential penetration of surface plasmons. Therefore, by integrating the strain distribution (calculated using initediference algorithm) within the skin depth δ sp skin of the surface plasmons it is possible to reproduce the experimental signal. The experimental data shown by blue solid line in Fig. 2.6 is the real part of the dielectric function ϵ m without the thermal background. The it curve is shown by red solid line. The strain distribution was smeared by the Gaussian with 2 nm (FWHM) to take into account the surface roughness. It is easy to see that even such simple approach allows to it all three echoes simultaneously. The amplitudes of the strain pulses are in high agreement with experimental observation. Simulation curve can be optimized by taking into account slightly more complicated proile of the strain pulse 25 but this is not a primordial task for the evaluation of the eiciency of inite-diference algorithm.

By this example it was shown that the developed inite-diference algorithm can be used for the evaluation of the strain propagation inside nanostructures. The big advantage of this algorithm is the possibility to use an arbitrary initial strain distributions that can be very complex, as it will be shown in the data analysis chapter. However this algorithm does not take into account possible difraction or dispersion efects during propagation in ilms.

Detection of strain

Optical methods being non-contact and nondestructive (for low luences) give access to study wide range of physical properties. Huge progress in ultrafast pulsed lasers during several decades have enabled ultrasonic pump-probe measurements at femtosecond timescale for frequencies up to and beyond 1 THz range 45,[START_REF] Yamamoto | Coherent oscillation of zone-folded phonon modes in gaas-alas superlattices[END_REF][START_REF] Maznev | Broadband terahertz ultrasonic transducer based on a laser-driven piezoelectric semiconductor superlattice[END_REF] . Among multiple methods for detection of the induced changes in the materials, the relectivity measurement is one of the most widely used. It is based on the efect of change of the complex relection coeicient ñ = n + ik when coherent or incoherent phonons arrive within the skin depth of the probed surface.

In equilibrium, the amount of the light relected from the surface of the material is governed by the screening of photons on the electron cloud formed by the overlap of electron clouds of multiple atoms. When a phonon interacts with the atom this leads to its displacement from the equilibrium position and to perturbation of the electronic structure. Therefore it is possible to indirectly observe arrival of phonons by examination of the variation of the relectivity coeicient ∆R of the probe light relected from the surface.

The theory that describes complex relection coeicient change δr(t) under the presence of acoustic strain η(z, t) within the skin depth is well known 1,3,2 and the expression that governs induced change of δr(t) is given by

δr(t) r = -i 4π λ ∫ ∞ 0 ( 1 - 2ñ 1 -ñ2 dñ dη exp [ i 4π λ ñz ]) η(z, t)dz, (2.23) 
where ñ is the complex refractive index with real n and imaginary k parts ñ = n + i • k, dñ/dη is the photoelastic coeicient that governs how strong is the change of the refractive index with respect to the strain dñ/dη = dn/dη + idk/dη.

When the detection take place on the free surface, the relection of strain with change of a sign should be taken into account, that yields to

δr(t) r = -i 4π λ ∫ ∞ -∞ [ 1 -(A + iB)e i4πñcs|t ′ -t|/λ ] sign(t ′ -t)η(t ′ )dt ′ , (2.24) 
where, A and B are coupled dimensionless parameters 6 that depend on the photoelastic coeicient dñ/dη and the index of refraction ñ as follows A + iB = 2ñ(dñ/dη)/(1 -ñ2 ).

Two types of signal can be extracted from Eq. ( 2.24) such as imaginary part providing phase information that gives the displacement of the measured surface [START_REF] Wright | Coherent phonon detection from ultrafast surface vibrations[END_REF][START_REF] Rothenberg | Observation of the transient expansion of heated surfaces by picosecond phototermal delection spectroscopy[END_REF] and the real part that gives relectivity change S(t) that we measure in our experiment

S(t) = ∆R R = 2ℜ [ δr(t) r ] = -i 8π λ ∫ ∞ -∞ G(t ′ -t)η(t ′ )dt ′ (2.25)
where G(t) is the sensitivity function of the material given by

G(t) = [A sin(w Br t) + B cos(w Br t) sign(t)] e -|t| τ skin (2.26)
where w Br is the Brillouin frequency w Br = 4πnc s /λ = 2π • 45 GHz and the acoustic time-oflight τ skin = δ skin /c s = 1.68 ps through the skin depth δ skin = λ/(4πk) = 10.6 nm for a given probe wave length λ = 393 nm (complex index of refraction is

ñ = n + i • k = 1.45 + i • 3 55 ).
The sensitivity function G(t) determines the shape of the relectivity signal when the ultrashort acoustic pulse arrives within the skin layer of the probe pulse. In the sensitivity function there are two contributions : sine-term that changes slowly and cosine-term that is responsible for a sharp step. It will be informative to illustrate diferent combinations of photo-elastic coeicients A and B. Depending on the dominant term the sensitivity function will distort diferently the transient relectivity responses as it is shown in Fig. 2.7, where four diferent cases of A and B are considered.

The resulting response of the material on the presence of acoustics is controlled by the ratio between B and A that can be expressed as follows The sensitivity function G(t) given by Eq. (2.26) is appropriate for detection at the free interface of the sample because it takes into account total relection of strain with change of sign, whereas that is not necessarily the case. If the probing surface is the interface between a transparent substrate and a metallic ilm the sensitivity function G(t) will undergoes some changes.

B A = β -χ βχ + 1 , χ = dn dη / dk dη , β = ( n k ) n 2 + k 2 -1 n 2 + k 2 + 1 . ( 2 
For example, if we suppose the ideal interface between two mediums (phase matched situation) the sensitivity function will contain only one half of the sensitivity function suitable for the detection at the free interface as it is shown in Fig. 2.8. This can be the case for the detection at the cobalt/sapphire interface because the relection coeicient is very small (R ≤ 10%). The response function for strain detection at the interface between phase-matched materials.

Reconstruction of ultrashort acoustic strain pulses

Usually, analysis of the acoustic data from pump-probe measurements is done by manual itting of the strain pulse shape. Therefore, to it experimental data several or even multiple assumptions about strain pulse shape are frequently made. That is why quantitative acoustic measurements require reliable algorithm for acoustic strain proile η(t). It was shown recently that for acousto-plasmonic measurements it is possible to recover the strain proile using an iterative numerical method 25 . In this section I will describe in details recently proposed algorithm of reconstruction of the strain pulse shape from transient relectivity measurements which is based on the Fourier transform. In addition this algorithm will be applied also to
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acousto-plasmonic experimental data.

Reconstruction of strain from transient relectivity data

First attempt on the way to build the reconstruction algorithm for transient relectivity measurements was to apply iterative numerical method proposed by Temnov et al. 25 . In the case of acousto-plasmonic measurements the strain pulse shape can be recovered from the derivative of the real part of the dielectric function δϵ(t) :

η(t) = τ skin dϵ ′ 2|ϵ m |dt - 1 2τ skin ∫ ∞ -∞ η(t ′ )e - -|t-t ′ | τ skin dt ′ .
(2.28)

This equation converges for experimental data that comprise of ultrashort acoustic pulses which are shorter than the acoustic propagation time through the optical skin depth τ skin .

Similar expression to Eq. (2.28) can be derived for transient relectivity from Eq. (2.25)

η(t) = dS(t) dt λ 16πc s - ∫ ∞ -∞ ( Aω Br - B τ skin ) cos(ω Br t ′ -t)e -|t ′ -t|/τ skin η(t ′ )dt ′ + ∫ ∞ -∞ ( Bω Br + A τ skin ) sin(ω Br |t ′ -t|)e -|t ′ -t|/τ skin η(t ′ )dt ′ . (2.29) 
However, the numerical iterative solution of this equation diverges because of too large coeicients of the sine and cosine terms.

From the other hand we have tried to apply the Fourier transform to reconstruct the strain pulse shape from Eq. (2.25). In that case the strain η(t) will be given by

η(t) = λ 8π 2 c s ∫ ∞ -∞ S(ω) G(ω) e iωt dω (2.30) 
where S(ω) is the Fourier transform of experimental data and G(ω) is the Fourier transform of Eq. (2.26). In more general case the expression of the sensitivity function G(w) can be analytically represented as follows

G(ω) = -2iω (2ω Br /τ skin )A + (ω 2 -ω 2 Br + 1/τ 2 skin )B (ω 2 -ω 2 Br + 1/τ 2 skin ) 2 + (2ω Br /τ skin ) 2 (2.31)
Unfortunately, division by G(w) in frequency domain in Eq. (2.30) can result in three singularities, ω = 0 and ω

= ±ω 0 = √ ω 2 Br -1/τ 2 skin -2(ω Br /τ skin )(A/B).
However it is possible to minimize or even prevent from the inluence of these singularities. First zero-frequency ω = 0 can be avoided by subtraction of the slow thermal background in experimental signal S(t) to guarantee ∫ S(t)dt = 0 which will ensure S(ω = 0) = 0. The two other singularities occur when ω 2

Br -1/τ 2 skin > (A/B)(2ω Br /τ skin ), thus it is possible to select such pair of wavelength and metal to avoid non-zero roots in G(ω) or shift them to low frequency range.

Evaluation of the algorithm

Evaluation of the proposed algorithm have been made for the transient relectivity data measured for the sample consisting of 100 nm of gold followed by thin 30 nm layer of cobalt on top of the sapphire substrate. In this experiment both pump and probe pulses were incident from the free surface of gold, where the pump pulse was 200 fs FWHM at 800 nm and the probe pulse of the same duration at 400 nm. Before implementation of the reconstruction algorithm the detected signal should be preprocessed to avoid the artifacts in the reconstructed strain. These steps consist of:

1. All pulses which are not related to acoustics should be removed (like electronic peak).

2. Thermal exponential background should be subtracted to ensure evanescence of irst zero ω = 0 by ∫ S(t)dt = 0, what will mean that only coherent part of acoustics will be treated by reconstruction algorithm.

The extracted part of the relectivity signal is shown in Fig. 2.9 a) and b) by blue solid line. So far we are dealing only with the part of the signal containing the acoustic echo generated by hot electrons in the cobalt layer and arriving at the free surface of gold. This data was initially analyzed by manual itting. Therefore, the strain pulse shape was supposed to consist of one exponential term and a tail from the 10% relection at the cobalt/sapphire interface. Additionally, we took into account the nanometer surface roughness of the gold and high acoustic dispersion that cause the spreading of initially exponential strain pulse proile. For that we convoluted the strain with a Gaussian with 1 ps FWHM. The best it was obtained for ñ = n + i • k = 1.46 + i • 1.94 [START_REF] Johnson | Optical constants of the noble metals[END_REF] (for 400 nm probe wavelength) and the ratio B/A = -0.59. The FWHM of irst strain is equal to τ 0 = 2 ps. The heat difusion proile can be found by multiplying the strain duration by cobalt speed of sound ζ heat = τ 0 • c s = 2 ps • 6.3 nm/ps ≈ 12 nm. This it is shown in Fig. 2.9 c) and the transient relectivity response of this strain is shown as red solid line and it is superimposed with experimental data in Fig. 2.9 a). The same experimental curve has been used to obtain the shape of the strain by application of the reconstruction algorithm; as a result the reconstructed strain (black solid line) was superimposed with the manual it (red solid line) and they are shown in Fig. 2.9 d). As it was discussed earlier, we observe the harmonic modulation (black dashed line) with period T = 2π/ω 0 = 18 ps but the shape of strain itself corresponds very well to that expected theoretically (blue solid line) and we can see clearly both the irst big pulse followed with 10% of relection. It should be noticed also that reconstructed strain contains no assumption about the shape or relections from the cobalt/sapphire interface. Furthermore, the only it parameter, which was used, is the ratio of the photoelastic coeicients B/A. In both cases the transient relectivity response was calculated using the strain pulse shape and Eq. (2.25). We can state that for both strains the reproduced relectivity was very close to the experimental observation.

One single example of the data treatment is not enough to prove that this algorithm works. That is why one more transient relectivity data was processed from very similar experiment 6 . In that experiment, the strain generation was done by direct illumination of a thin layer of SrRuO 3 (SRO) by 300 fs laser pulse with central wavelength 786 nm. The probe pulse was detecting the strain pulse arrival by transient relection from the free surface of gold at 393 nm. We can notice that the probe wavelength and the material of detection are the same, that is why obtained previously ratio of photoelastic coeicients B/A = -0.59 can be used. The only diference in slightly diferent complex index of refraction that was used ñ = n + i • k = 1.67 + i • 1.94 [START_REF] Lynch | Handbook of optical constants of solids[END_REF] , where real parts of n difer by 0.2.

The strain pulse is estimated to have rectangular shape with FWHM around 1.9 ps, but surface roughness and acoustic dispersion will lead to spreading of the strain pulse. That is why best manual it of strain pulse is a Gaussian with FWHM = 2.54 ps depicted in Fig. 2.10 c). The simulated relectivity is shown in Fig. 2.10 a) as red solid line and follows well the dynamics of the experimental curve with a small diference at t >5 ps.

The reconstruction algorithm provides strain pulse shape as shown in Fig. 2.10 d) as black solid line. The superimposed manual it of the strain (red solid line) has very high correspondence with the reconstructed strain. Nonetheless, the harmonic modulation observed in the previous reconstruction procedure is also presented here and the period of modulation remains to be 18 ps, but in contrast it shows much smaller amplitude. 

Reconstruction of ultrashort acoustic strain pulses

Reconstruction of strain from acousto-plasmonic data

It can be shown also that such approach can be used for reconstruction of acousto-plasmonic data presented in the section of evaluation of strain propagation. Even though a general method for acoustic strain pulse reconstruction from acousto-plasmonic experiment can be developed. For that we need to express the strain η(t) from the analytic expression that determines the change of the dielectric permittivity δυ real (t) and take the Fourier transform

η(ω) = τ skin |ϵ m | Σ(ω) F (ω) , (2.32) 
where Σ(ω) is the Fourier transform of the measured real part of dielectric function δϵ real and F (ω) is the Fourier transform of the sensitivity function of gold under the presence of the strain within the skin layer and it is given by

F (ω) = √ 2 π iωτ 2 skin 1 + τ 2 skin ω 2 .
(2.33)

Fortunately, in the case of acousto-plasmonic sensitivity function there is only one zero frequency component that corresponds to ω = 0 and it can be avoided by simple background removal. Finally, after taking the inverse Fourier transform it is possible to obtain the general form for the expression of the strain

η(t) = √ π 2 1 |ϵ m |τ skin ∫ ∞ -∞ Σ(ω) 1 + τ 2 skin ω 2 iω e iωt dω.
(2.34)

Evaluation of the algorithm

The measured ultrafast dynamics of the real part of the surface dielectric function without slow thermal background is shown in Fig. 2.11 a), where three bipolar signals show arrival of the strain pulses within the skin layer of surface plasmons modulated by the sensitivity function F (t). The result of recovery of the strain pulses from the experimental data is shown in Fig. 2.11 b), where we can clearly see three echoes: irst which was generated by absorption of the laser pulse in the cobalt layer and two other by relections at gold/cobalt and cobalt/sapphire interfaces respectively. The processed signal does not contain any thermal background, there is no sign of periodic modulation in the reconstructed strain. The shape of the irst reconstructed echo is compared with the solution of the nonlinear Korteveg-de Vries equation 25 which takes into account the dispersion during strain propagation in the gold layer, and also the smearing efect of 1 nm surface roughness is considered. Superposition of the reconstructed (blue solid line) and calculated (red solid line) strains is shown in Fig. 2.12. We can notice good qualitative agreement resulting in 3 ps pulse shape that corresponds to 20 nm heat penetration depth. 

Conclusion

The proposed algorithm is suitable for reconstruction of the arbitrary acoustic strain pulses measured by transient relectivity and acousto-plasmonics. We have seen that reconstructed strain pulses are in good agreement with theoretical expectations for transient relectivity and in good agreement with solution of Korteveg-de Vries nonlinear equation.

Additionally, the algorithm is easy to implement and preprocessing steps like hot electron peak removal and background subtraction are easy to implement. Furthermore, the majority of the constants needed for reconstruction are easy to ind in the available databases. The only inconvenience is related to the necessity to know the photoelastic coeicients A and B for transient relectivity measurements.

The only drawback of proposed algorithm is enclosed in fundamental limitations of the Fourier transform for zero-frequencies that results in harmonic modulation of processed data shown for transient relectivity case. Additionally, it was shown that the zero-frequency ω 0 originates in the choice of the probe wavelength and depends on the material properties. Therefore, it is possible to choose a pair of probe wavelength and metal to decrease the inluence of modulation. However, it was shown by analytical development, that in the case of acousto-plasmonic detection there is only one zero-frequency component ω 0 = 0 that can be easily avoided by thermal background removal.

The proposed reconstruction algorithm did not use any assumptions of how the strain pulse should look like and can be used for recovery of an arbitrary acoustic strain proiles that can be very practical in the domain of ultrafast acoustics.

Experimental details of pump-probe techniques

Thanks to the progress in the ield of ultrafast lasers made in the last decades, investigation of the dynamics of electrons and phonons at femtosecond timescales using femtosecond lasers is now possible. Intense and ultrashort laser pulses provide a unique possibility to excite wave packets of coherent phonons in the sub-THz range 6,[START_REF] Maryam | Dynamics of a vertical cavity quantum cascade phonon laser structure[END_REF][START_REF] Young | Subterahertz References acoustical pumping of electronic charge in a resonant tunnelling device[END_REF] . The branch of physics that uses femtosecond lasers for generation and detection of phonons is called "picosecond ultrasonics" and the main method for experimental investigations is the pump-probe technique irstly presented for a sub-picosecond acoustic generation by Thomsen et. al. in 1984 1 .

In the following chapter all experimental issues connected to the generation and detection of picosecond acoustics through the measurement of the change of the relectivity will be discussed. I will overview the equipments and their role in the pump-probe setup. Additionally, two modiications of initially presented coniguration are explained. The irst adaptation is used for performing time-resolved imaging with the help of a CCD camera of surface illuminated by the probe pulse. The second modiication allows to detect magnetic signals in gold/cobalt/sapphire samples linked to the excitation of the "hot" electrons in gold. These hot electrons can easily penetrate in adjacent ferromagnetic cobalt layer and cause precession of magnetization.

Femtosecond two-side pump-probe setup

The setup for the two side pump-probe experiment that was used for our measurements is presented in Fig. 2. 13. In this setup a 800 nm laser beam serves as the pump. Right at the laser output, the pump pulse is passed through a non-linear crystal for frequency doubling providing 400 nm probe pulse. Then pump and probe pulses are separated. Therefore the probe pulse is forwarded to the surface of detection. At the same time, the pump pulse goes through an acousto-optic modulator and a delay line to adjust the optical path between pump and probe. Then two objectives are used to focus both pulses into the same region from diferent sides. The relected probe pulse from the surface contains the information about the perturbation generated by the pump pulse. That is why it is directed to a photodiode which is connected to a lock-in ampliier. In turn, the lock-in ampliier extracts the signal at the reference frequency of modulation of pump pulse (typically of KHz range) to increase signal-to-noise ratio. Finally, a homemade computer software control the XPS controller that change the delay between pump and probe pulses allowing to detect time evolution of the signal induced by the pump pulse.

Hereafter I will briely present the role and characteristics of the elements of the setup.

Laser

The femtosecond laser is the core element of the pump-probe setup. In our case we used Coherent MIRA 900s. Gain medium of this laser is a titanium doped sapphire (Ti:Sapphire) crystal. The mode-locked oscillator is pumped with a continuous wave (c. w.) laser Verdi that delivers up to 5 W of power. The Mira laser output delivers infrared 150 fs pulses of 25 mW average power that corresponds to 40 nJ of energy in each pulse at 800 nm wavelength. The 500 kHz repetition rate of the laser is controlled by the cavity damper elements inserted inside the MIRA cavity.

Telescope

The telescope in this setup serves for two reasons : 1. To collimate the divergent light from the laser output (the dimension of the beam on the output is 2 mm diameter). 2. To generate 400 nm probe pulse with a Beta Barium Borate (BBO) crystal in the focal plane of the irst lens.

The BBO is a nonlinear crystal that ofers the possibility to generate second harmonic (with 20-30 % eiciency). Thus by doubling the frequency of Mira laser we obtain the probe pulse of 400 nm. This probe pulse is relected then by the dichroic mirror (such mirror relects the light in a speciic spectrum depending on the deposited coating and transmits other wavelengths).

Half waveplate and polarizing cube

The combination of a half waveplate and a polarizing cube serves for tuning the laser intensity forwarded to the sample in order to conduct the experiment below the damaging threshold. By rotation of the half waveplate the polarization of the laser light is rotated and only the horizontal component of the electric ield of light passes through the polarizing beam splitter and is directed to the sample.

Acousto-optic modulator (AOM)

In pump-probe techniques, the pump beam is often modulated in intensity at a given frequency so that, associated with a synchronous detection allows to increase the signal-to-noise ratio and detect very small signals.

We have used an acousto-optic modulator that uses acousto-optic efect to delect the pump pulse at KHz reference frequency. Eicient delection of the incoming laser light occurs at an angle of incidence of light equal to the Bragg angle θ B . The angle between the irst-order difracted beam and zero-order difracted beam is 2θ B (see Fig. 2

.14). The difraction condition is given by

sin θ B = λf 2nc s (2.35)
where λ is the wavelength of the light, f is the acoustic carrier frequency (∼ 110 MHz), n and c s are the refractive index and the sound speed of the AOM crystal respectively. This crystal is made of paratellurite TeO 2 with c s = 4200 m•s -1 , n = 2.2 at 800 nm. The angle of deviation 2θ B for TeO 2 cell is equal to 0.5 • . Considering the small deviation angle a distance of about 30 cm is necessary for the separation of two beams. The irst order delected beam is then used as the pump pulse and is forwarded to the sample surface, whereas the reference frequency of the pump modulation from the AOM is sent to the lock-in ampliier for synchronization.

Synchronous detection

Synchronous detection is used in pump-probe experiments because the signal generated by the pump pulse is often very small 10 -4 ÷ 10 -7 . Moreover such tiny signal is hidden in the noise that can be produced by the change of the ambient temperature, airlow on the path of the light, vibrations, laser luctuation and so on.

For synchronous detection we used a Stanford Research SR844 lock-in ampliier. This lockin use the synchronous demodulation to recover the signal at the reference frequency. To illustrate the principle of work we can consider two harmonic signals of constant amplitude with the same modulation frequency f m , one is a voltage from the photodiode that measures the relectivity change U phot = A sin(2πf m t) and another is a voltage from the AOM. Thus the signal from AOM contains the reference frequency of modulation of the pump pulse

U ref = B sin(2πf m t).
Then, inside the lock-in these two signals are multiplied

U phot • U ref = A sin(2πf m t) • B sin(2πf m t) = 1 2 AB • cos(2π(f m -f m )t) - 1 2 cos(2π(f m + f m )t) = 1 2 AB - 1 2 AB cos(2π2f m t) (2.36)
After multiplication there are two components : the constant (DC) 1 2 AB and component at double frequency 2f m with a negative sign (this indicates that the phase shift of 2f m component is -180 • ). Then the lock-in performs the low-pass iltering that retains the DC component and neglects all high-frequency components containing 2f m term and noise. Thus, if there are multiple harmonics in U phot only those close to the reference frequency f m will appear in the output of the lock-in (bandwidth of the ilter can vary).

Delay line

For detection of temporal evolution of the induced changes in the sample we used a delay line. The delay line changes the optical path between pump and probe pulses by displacement of a retro-relector mounted on a linear servomotor which ensures precise, fast and small stepping. We used a Newport ILS-LM high speed linear motor stage connected to a Newport XPS controller. This delay line is 60 cm length, however, since the laser beam travels back and forth, the Newport ILS-LM stage provides 120 cm of spatial delay ( which corresponds up to 4 ns of time delay). The XPS controller in turn, was connected to a computer to control the motion.

Objectives

Because of relatively small output laser power, two objectives were used in the setup to increase the laser luence at the focus. The irst objective focuses the pump pulse in a small region on the sample surface. Whereas, the second objective focuses the probe pulse from the other side of the sample to ensure the detection from a small region of disturbances produced by the pump pulse. We used two Mitutoyo objectives, irst x10 for pump pulse and second x50 for probe pulse. These objectives have an advantage in comparison with conventional lenses, such as correction of chromatic and spherical aberrations. As disadvantage we can state higher (up to 20%) losses due to relections in multiple optic elements inside the objective. Alignment of the beams is facilitated by the presence of precise moving stages with three degrees of freedom. The size of the pump beam on the sample after focusing through x10 objective is about 20 µm Full-Width at Half Maximum (FWHM). From the other side of the sample, the size of the probe beam using a x50 objective is around 5 µm FWHM.

Alignment of the pump-probe setup with high magniication objectives opposite to each other can be a diicult task. That is why, irst of all it is necessary to reach overlapping of pump and probe pulses without objectives. Then we can mount one of the objectives and arrange it collinear to the optic axis, with taking care about passing the beam right through the center of the objective. Next step is to mount the second objective similarly. For inal step of collimation, we used a pin-hole placed in the focus between the objectives. Such pin-hole with 5 or 10 µm diameter facilitates precise alignment and overlapping of pump and probe beams in the focal plane. As a result of correct inal step of alignment both pulses should pass the pin-hole. Only after that this pin-hole can be replaced by the sample.

Additional points of the setup

During the day the laser luctuations could be very important. That is why we used two balanced current photodiodes to remove laser luctuations. First (reference) photodiode was illuminated by the probe pulse relected from a non-polarized beam splitter and contains only noise produced by the laser. Its intensity was tuned by the half waveplate situated before the beam splitter. A second photodiode was used to collect the light from the probe pulse relected from the sample surface. The photodiodes that were at our disposal generate current of diferent signs, such that in parallel we obtain the subtraction from both photodiodes as an input for the lock-in.

Femtosecond two-side pump-probe setup with 2D imaging

A growing interest for ultrafast studies of nanosized objects requires imaging at the nanoscale and at the femtosecond timescale. It was shown recently [START_REF] Pezeril | Femtosecond imaging of nonlinear acoustics in gold[END_REF] that it is possible to build a setup for 2D imaging with femtosecond resolution. Briely, in this setup, the photodiode was replaced by a CCD camera and the acquisition process was synchronized with the help of a LabVIEW program. This program controls both the delay line position and frequency of the AOM. Scheme of this setup is presented in Fig. 2 

CCD camera

We used a Hamamatsu EM-CCD 9100-02 camera. It has high dynamic range (full well capacity of 70 000 electrons, 10 electrons of readout noise, 14 bit A/D converter) and maximum frame rate of 30 Hz at full image resolution of 1000x1000 pixels. Since we were interested in fast acquisition the resolution of the camera was reduced to 256x256. This manipulation allow to increase the frame rate up to 100 Hz and minimize the acquisition time. Essential point of this imaging setup is the synchronization between the stage controller, the acousto-optical modulator and the CCD camera. It is possible to represent the algorithm of interaction of these three elements as follows:

• When XPS stage controller increment the position of the delay line the TTL trigger is transmitted to the CCD camera and the AOM. The XPS controller send a TTL signal at a frequency less than the maximum frame rate of the camera f ≤ 100 Hz.

• The optical modulator delects the pump pulse only on rising (positive) edge of the TTL signal. In this way the modulation frequency of the pump pulse is only half f /2 of the operational frequency f of camera.

• Consequently, the CCD camera can image the surface of the sample with and without excitation. All the registered images are stored in RAM, thus for long scanning a big amount of memory is necessary.

Such manipulation allows eliminating the laser noise and therefore increases the signal-to-noise ratio. Also, the inal result can be improved by averaging many images from diferent loops of acquisition.

This setup allowed to measure a nonlinear reshaping of the strain propagating inside highly anisotropic gold medium and all the details related to that are presented in publication presented in Appendix C.

Nanosecond one-side pump-probe setup

Nanosecond measurements of the relectivity changes were performed on the basis of the laser resonant ultrasound spectroscopy setup [START_REF] Mounier | Sub-gigahertz laser resonant ultrasound spectroscopy for the evaluation of elastic properties of micrometric ibers[END_REF] . Simpliied coniguration relevant to our needs of thermal transport studies is presented in Fig. 2. 16. In this setup we used a Q-switched microchip Nd:YAG laser that served as a pump laser. This laser operates at 1064 nm and delivers up to 10 µJ of energy with 0.6 ns pulse duration at 5 kHz repetition rate. We used a CW 532 nm laser at constant 1 mW power for probe pulse. The Gaussian probe spot of 50 µm diameter was focused on the surface of the sample. After relection from the sample, the probe beam is forwarded to a New Focus 1601 high-speed photo-receiver with 1 GHz band-pass. According to the probe power a measurement sensitivity of 1 mV nm -1 was achieved with 0.5 mV rms noise level. The output of the photo-receiver was measured with a LeCroy WavePro 7300 3 GHz digital oscilloscope. The oscilloscope was triggered from the laser pulses at 5 kHz and the signal was measured during 2 seconds that corresponds to 10,000 averaged acquisitions after pump pulse arrival. 

Femtosecond two-side pump-probe setup for magnetic measurements

Diferent experimental approaches can be used for the measurement of the spin dynamics [START_REF] Hohlfeld | Nonequilibrium magnetization dynamics of nickel[END_REF][START_REF] Beaurepaire | Ultrafast spin dynamics in ferromagnetic nickel[END_REF][START_REF] Bigot | Coherent ultrafast magnetism induced by femtosecond laser pulses[END_REF] and all of them are based on time resolved magneto-optic Kerr efect (MOKE). This efect allows to measure the polarization changes of the probe light relected from a magnetized sample surface.

In thin ferromagnetic ilms, like 30 nm cobalt layer, the magnetization vector ⃗ M is oriented in the plane of the sample, thus to be able to measure the Kerr efect in a polar geometry we need to change the direction of the magnetization. In the ideal polar Kerr geometry the magnetization vector ⃗ M is perpendicular to the plane of the sample, therefore we should introduce a strong magnet that will reorient ⃗ M to be out-of-plane. We have used initially built pump-probe setup shown in Fig. 2.13 with few modiications at the detection stage, resulting in the setup shown in Fig. 2.17 At the detection stage we introduce a half wave plate and a Wollaston prism before the balanced photodiode pair.The combination of the half waveplate and the Wollaston prism allows to measure the rotation of polarization MOKE at the surface of a ferromagnetic material. For that, initially linear polarization of the laser beam, in the absence of the pump pulse, should be rotated by the half waveplate and then splitted in the Wollaston prism into two beams detected by the photodiodes generating the current of opposite sign. This adjustment of the setup is shown schematically in Fig. 2.17, where a p-polarized (green double arrow) beam changes its polarization state by passing the half waveplate and presents an equal s (red dot) and p components before entering the Wollaston prism. Then, the Wollaston prism separates s and p polarizations which are detected by the balanced Chapter 2. Opical Pump-Probe Technique photodiodes.

In this way s-polarized component of the light will be compensated by the p-polarized component resulting in the zero output. When an ultrashort laser pulse will be absorbed within the skin layer of the gold layer, the excited hot electrons will penetrate into adjacent cobalt ilm and after scattering on phonons the lattice temperature will increase. In the ferromagnetic layer the magnetic crystalline anisotropy changes, induced by the temperature gradient, will excite the ferromagnetic resonance (FMR) [START_REF] Koopmans | Ultrafast magneto-optics in nickel: Magnetism or optics?[END_REF]10 that will change the polarization state of the relected light. Therefore on the output of the Wollaston prism the intensity change of s and p components will be detected in the current forwarded to the lock-in.

Sample fabrication

Hybrid gold/cobalt/sapphire multilayer structures were manufactured in Germany (IFW Dresden) by DC magnetron sputtering (base pressure: 2x10 -7 mbar; Ar sputter pressure: 10 -3 mbar) of a (111) gold layer on top of a hcp-cobalt ilm deposited on a (0001) sapphire substrate. Once loaded into the deposition chamber, (0001) sapphire substrates were outgassed for 30 minutes at 250 • C. Deposition of Co and Au layers was carried out also at 250 • C. In the case of bilayer structure, a 30 nm thick Co layer was grown, then a (111)textured gold layer with a thickness of 120-200 nm was deposited. Deposition rates were 12 nm/minute for Au and 2 nm/minute for Co. Nanometer surface roughness was characterized by atomic force microscopy for each investigated sample.

3

Data analysis

Analysis of thermal transport at the nano-and picosecond timescales

Basically, the rate of a heat difusion or cooling of a heated sample depends on the following parameters: the speciic heat capacity C p , the thermal conductivity k, the thickness of the sample and inally the Kapitza resistance of an interface R Kap . The irst two parameters are constants and can be found in the literature. The thickness of the sample can be estimated by measuring the time between two consecutive acoustic echoes propagating at the sound speed inside the sample. As a result, only the Kapitza resistance is the unknown it parameter that will help to analyze the heat difusion for a set of measurements performed at nanoand picosecond timescales.

At this stage we will use a simpliied model of the heat difusion, such as the one temperature model, which has only averaged temperature of the carriers (no distinction on the electron or lattice temperatures). Energy injection by the laser pulse will be replaced by the initial temperature distribution formed after electron and phonon equilibration. As a result, the proile of the resulting temperature is characterized by the difusion length ζ dif f . The difusion length is a laser lux dependent parameter 28,31 , but it can be estimated by analyzing the proile of the coherent acoustic generated by thermo-elastic mechanism 25 . Therefore, the FWHM of the generated acoustic pulse can be used as the difusion length for the deinition of the initial temperature distribution in the sample in our simulations of the heat difusion problem.

One Temperature Model analysis in COMSOL

Before moving on to the details with analysis of the transient relectivity data I will briely introduce the proposed technique suitable for thermal transport studies performed at nanosecond and even picosecond timescales.

First of all at the initial stage of the analysis we are interested only in describing the incoherent carrier dynamics that has difusive nature. This component of the signal can be characterized by slowly varying processes as compared to the coherent ultrafast acoustic signals. I will show that carrier dynamics that determine the heat low in the sample can be reasonably well described by one temperature model with some assumptions about the initial temperature distribution generated by ultrafast difusive electrons.

Therefore, for our purpose of the study of the thermal transfer in multilayer structures we used the heat difusion model with one averaged temperature, that contains both the electronic and the phononic contributions

ρC p ∂T ∂t + ρC p • ∇T + ∇ • (-k∇T ) = Q, (3.1) 
where C p is the speciic heat capacity, ρ is the material density, k is the thermal conductivity, and Q is the source term.

Solving the heat equation analytically for multilayer structures and for the complex initial temperature distributions can be a diicult task. However, a wide range of the numerical approaches that allow solving of complicated problems are at our disposal. We used the inite element software package COMSOL with the Heat transfer module. This software allows to accurately calculate the heat dynamics in very complex structures and to control nearly each step of the calculation.

The very crucial point in our simulations is a deinition of the source term Q. Unfortunately, we can not simulate our problem from the very beginning, when the laser pulse excites free electrons, which afterwards transport the heat all over the structure. As it was mentioned before, the electrons excited in noble metals can travel on hundreds of nanometers 7,8,9,5 . Therefore in the case of a gold/cobalt sample with a gold thickness of even several hundreds nanometers there will be some amount of electrons transmitted to the adjacent cobalt layer. As a result, these electrons will heat the cobalt lattice leading to the complex temperature distribution because of the overheating factor related to a stronger cobalt electron-phonon coupling coeicient g Co (see section 1.1).

How do we know about that? We observed experimentally the acoustic strain generation in the cobalt layer for each gold/cobalt sample pumped from the gold side. Even though we observed the generation of the strain in cobalt layer for the sample consisting of 500 nm gold and 30 nm cobalt as it can be seen in Fig. 3.1, where strains are highlighted by a dashed rectangles and pointed by the arrows.

We can determine the difusion lengths ζ dif f for both gold and cobalt layers basing on the knowledge, that the acoustic strain pulse shape is dictated by the proile of the deposited heat 25 (through the thermo-elastic mechanism). These proiles were established after equilibration among electron and phonon bath, that typically takes less than 10 ps (for low luences in the gold) 23 . As a result we have the following difusion lengths

• ζ Au dif f = 180 nm for gold, • ζ Co dif f = 12
nm for cobalt when pumping by electrons, • ζ Co dif f = 18 nm for cobalt when pumping by 800 nm femtosecond laser pulses. Therefore, the initial temperature distribution inside the gold/cobalt structure for an arbitrary overheating factor is presented in Fig. 3.2.

It should be mentioned that in our simulations we have only two it parameters : the overheating of the cobalt layer and the Kapitza resistance. The overheating value determines the maximum amplitude of the temperature rise on the measured cobalt/sapphire interface, whereas the Kapitza resistance is responsible for the heat low through the interface.

In our simulation we are able to extract the Kapitza resistances of both gold/cobalt and cobalt/sapphire interfaces, but for that we need to analyze relectivity signals from two diferent timescales because of their diferent sensitivity to the heat low dynamics. At the picosecond timescale the non-homogeneous distribution of the temperature as shown in Fig. 3.2 should irst equilibrate within the metallic ilms. Therefore the main heat low will be across the gold/cobalt interface, thus the Kapitza resistance of this interface will tune the 3.1. Analysis of thermal transport at the nano-and picosecond timescales rate at which the cobalt layer is cooling mainly into the gold layer. which were extracted from the acoustic pulses.

To evaluate this assumption we conducted the simulation of the heat difusion for the sample consisting of 240 nm of gold followed by 30 nm of cobalt on the 500 µm sapphire substrate. The initial distribution of the temperature consists of two exponential functions with corresponding difusion lengths

ζ (Au),(Co) dif f
for each material and the overheating of the cobalt layer is equal to 13 as it is shown in Fig. 3.3 as green solid line. Physical parameters used in the simulation are listed in the Table 3.1 and for this particular case no Kapitza resistances were deined. 

[k] = [ J m -3 K -3 ]
Since the proile of the temperature at t = 0 ps (green solid line) shows big diference at the gold/cobalt interface, the heat lux across this boundary will lead to the rapid cooling of the overheated cobalt layer into the gold ilm. Progressive proiles of the temperature with the time step ∆t = 5 ps show the continuous temperature equilibration and the last proile demonstrates that equilibration of the temperature in gold and cobalt layers takes only 50 ps. After this point only the Kapitza resistance of the cobalt/sapphire interface becomes a limiting factor that determines the rate of the heat transfer.

This simulation shows that at picosecond timescale within irst 50 ps under the condition of non-homogeneous initial distribution the interface between gold and cobalt is of crucial importance. That is why the inluence of even small value of the Kapitza resistance will be pronounced.

However, we might experience the limitation of the time window for analysis of the slowly cooling pairs of materials because the classical femtosecond pump-probe setup with the delay line of 60 cm length can provide no more than 4 ns time delay. Such short scan might not guarantee an explicit itting.

To conirm that, we conducted a similar simulation but within 50 ns time window that is shown in Fig. 3.4, where the time steps were equal to ∆t = 5 ns. Since the equilibration of the complex initial temperature proile in gold and cobalt takes only 50 ps, all the proiles except the irst one shows the uniform distribution of the temperature in metals. It can be seen that the amount of heat conducted to the sapphire substrate through the cobalt/sapphire interface is much larger at the nanosecond timescale, which means that only the Kapitza resistance of this interface is dominating. To conclude, we have seen that the dominant impact of the heat low through the gold/cobalt interface can be observed at the picosecond timescale and the cobalt/sapphire interface plays a major role at the nanosecond timescale. Based on these observations we can suppose that it is possible to determine the Kapitza resistances for each interface even in complex bimetallic structures by performing both femtosecond and nanosecond pump-probe experiments. It should be mentioned also that the cooling rate is more sensitive to the heat difusion proile determined by ζ dif f in the case of picosecond dynamics. However, it has almost no importance for nanosecond timescale, thus for itting of nanosecond relectivity data the approximation with the uniform initial proiles of the temperature in both layers can be applied.

Analysis of the relectivity data will be divided into 3 parts. In irst two parts we will analyze single gold and cobalt ilms by simulation of the thermal background of nanosecond and picosecond relectivity measurements with a single it parameter : the Kapitza resistance of the metal-dielectric interface. Then we will move to more sophisticated analysis of the gold/cobalt samples.

The characteristics of the nanosecond pump-probe setup used for measurements are mentioned in the section 2.6.3. This setup allows to pump and probe from the same side and all samples were measured from the free interface side.

The characteristics of the picosecond pump-probe setup are given in section 2.6.1. This setup allows to pump and probe from opposite sides of the sample and to measure with a femtosecond resolution the transient relectivity signals. Analysis of the heat dynamics at a shorter timescale allow to estimate more accurately the values of the Kapitza resistance.

Analysis of the heat dynamics in gold/sapphire sample

The irst sample that we will analyze is a single layer of 90 nm thick polycrystalline gold deposited on a sapphire substrate as shown in Fig. 3.5. 

Au Al 2 O 3 90 nm

Nanosecond relectivity

Nanosecond transient relectivity curve measured for a single gold layer is shown in Fig. 3.6 as blue solid line. The cooling rate is very fast and can be characterized by 4.5 ns FWHM. All other curves are produced by COMSOL simulation in attempts to it the cooling. As it was discussed before, the initial distribution of the temperature can be considered exponential with ζ Au dif f = 180 nm but even uniform distribution will produce the same result because the thickness of the sample is small. We can notice a signiicant diference in the cooling dynamics for a set of simulated Kapitza resistances 0 ÷ 7 • 10 -8 m 2 K/W. Among all Kapitza resistances the best correspondence with the experimental data was achieved for R Kap = 2 • 10 -8 m 2 KW -1 (red dashed line) with an error ±0.5 • 10 -8 m 2 KW -1 shown by a dashed region that comprise all the values of the Kapitza resistances from R Kap = 1.5 • 10 -8 m 2 KW -1 to R Kap = 2.5 • 10 -8 m 2 KW -1 . Estimated value of the Kapitza resistance is in good accordance with the value obtained by Stoner and Maris R Au/Sapphire Kap = 2.2 • 10 -8 Km 2 /W 38,34 . For comparison, the Kapitza resistance of the gold/SiO 2 interface was found to be 1.8±0.2•10 -8 m 2 KW -1 72 .

Picosecond relectivity

Picosecond transient relectivity curve measured for the same gold layer is shown in Fig. 3.7 as blue solid line. In the very beginning we can admit the presence of a very big "electronic peak" (amplitude of this peak reaches -11 a. u.). The electronic peak indicates almost instantaneous arrival of the electrons generated by the pump pulse within the skin depth. From the thermal point of view we can analyze a rise time of the thermal background that follows the arrival of the electronic peak. Therefore, its rise time is equal to ≈ 10 ps, which indicates that equilibration of the temperature inside the gold ilm is extremely fast due to the eicient difusion of the electrons that heat the lattice along their difusive trajectories. This signal contains also a coherent acoustic strain propagating inside the structure (two oscillations within 100 ps corresponding to two acoustic echoes detected at the gold/sapphire interface). But keeping in mind the determination of Kapitza resistance, we are interesting only in incoherent thermal component that is a slowly decaying background.

We performed a simulation for the ininite Kapitza resistance of the gold/sapphire interface that blocks the heat inside the ilm. The heat dynamics corresponding to this case is illustrated in Fig. 3.7 by green solid line. By contrast, the heat dynamics for the Kapitza resistance estimated previously at nanosecond timescale with R Kap = 2 • 10 -8 m 2 KW -1 (red dashed line) shows very small diference with the dynamics of the ininite Kapitza resistance. Therefore, analysis of samples possessing a large value of the Kapitza resistance are not accurate enough at the picosecond timescale. That is why for such samples we rely on values obtained from nanosecond measurements.

Analysis of the heat dynamics in cobalt/sapphire sample

The second sample that we will analyze is a single layer of 90 nm thick polycrystalline cobalt deposited on a sapphire substrate as shown in Fig. 3 

Picosecond relectivity

A single cobalt ilm was investigated under the same experimental conditions as the previous gold ilm. Picosecond transient relectivity curve measured at the free cobalt surface is shown in Fig. 3.9 as blue solid line. Two oscillations presented within 100 ps are two acoustic echoes generated close to the cobalt/sapphire interface. We can notice that temporal duration of this echoes is much shorter than in the case of the single gold ilm. Such short acoustics is directly proportional to the heat penetration depth which was estimated to be ζ Co dif f = 18 nm, in agreement with previously reported results 25 . In contrast to the relectivity measured for the gold sample, there is no measurable electronic peak corroborating the fact of ineicient electron difusion in cobalt 12,3 . It means that all the excited electrons are involved in the strong generation of the coherent acoustic strain within the difusion length. As a result the rise time of the thermal background is very slow and it takes ≈ 170 ps to achieve a spatially homogeneous temperature distribution inside the cobalt ilm.

The best correspondence of simulation with the experimental data was achieved for R Kap = 2.5 • 10 -9 m 2 KW -1 (red dashed line) with an error ±1.5 • 10 -9 m 2 KW -1 shown by a dashed region that comprises all the values of the Kapitza resistances from

R Kap = 1 • 10 -9 m 2 KW -1 to R Kap = 4 • 10 -9 m 2 KW -1 .

Analysis of the heat dynamics in gold/cobalt/sapphire sample

The third sample that we will analyze consists of 150 nm gold layer followed by 30 nm cobalt layer grown on sapphire substrate as shown in Fig. 3 

Nanosecond relectivity

Analysis of the gold/cobalt sample will help to understand the heat transport through the gold/cobalt interface and the inluence of a thin 30 nm cobalt layer in the overall cooling dynamics of two metallic ilms. The transient relectivity curve measured at the gold free interface is shown in Fig. 3.11 by blue solid line. We can notice a rapid 4 ns FWHM cooling of the gold surface. In this case the cooling rate is 0.5 ns faster than in the case of single 90 nm gold ilm. This result is very surprising because the overall heat capacity of the gold/cobalt layer is three times greater than the heat capacity of the single gold ilm (heat capacity ≈ C p • d layer ).

As previously, the initial temperature distributions in gold and cobalt layers are considered to be uniform (T Co = T Au ), that is why the analysis of this simulation can be simpliied by neglecting the Kapitza resistance of the cobalt/gold interface. So far, the only it parameter is the Kapitza resistance of the cobalt/sapphire interface and we expect it to be close to the value measured for single cobalt layer equal to R Kap = 2.5 • 10 -9 m 2 KW -1 . In the case of faster cooling the accuracy of the itting is better, thus the estimated Kapitza resistance of the cobalt/sapphire interface reproduces very accurately the heat dynamics in bilayer sample as it is shown in Fig. 3.11 by red dashed line. Green solid line shows the cooling without any Kapitza resistances. In Fig. 3.11 there is also one interesting curve simulated for the case when the cobalt layer is replaced by the gold (red solid line). In this case it is clear that the Kapitza resistance should be of the same value like in the case of 90 nm gold ilm equal to R Kap = 2 • 10 -8 m 2 KW -1 . We can notice that the cooling dynamics is three times slower than in the case of the gold/cobalt sample. Therefore we can conclude that the cobalt layer allows to obtain faster cooling and serves as a matching layer gold and sapphire. This can be explained by the fact that electron transport between two metals is very eicient 16 , thus excited electrons from the gold can easily cross the cobalt/gold interface where they scatter very rapidly on phonons 12,3 . Then, at the interface between cobalt and sapphire these phonons can be transmitted much easily into the substrate because this is the only possible mechanism of the heat transfer between a dielectric and a metal. As a result the cobalt layer can be treated as a bufer layer that transforms very eiciently energy from the electrons arriving from the gold layer into the phonons.

To conirm the bufer layer assumption, we can replace the cobalt layer by gold as it is shown in Fig. 3.12 and set a new (efective) Kapitza resistance of the new gold/sapphire interface to be R ef f Kap = 5 • 10 -9 m 2 KW -1 . Simulation for the efective Kapitza resistance assumption in Fig. 3.13 (green solid line) is compared with the best it obtained previously (red dashed line). We can notice that the diference in the dynamics of both curves is small and both of them describe well the cooling of the structure. Therefore, if a thickness of the bufer layer is suiciently small we can conirm the applicability of the concept of the bufer layer at the nanosecond timescale with the efective Kapitza resistance R ef f Kap with the dielectric substrate. The dependence of the efective Kapitza resistance on cobalt thickness is a subject of future investigations.

Co

Picosecond relectivity

The last sample that we will analyze consists of 240 nm gold layer followed by 30 nm cobalt layer grown on sapphire substrate as shown in Fig. 3 This sample was pumped from the gold side to generate the difusive electron that will carry the energy to the cobalt layer through the gold/cobalt interface. The transient relectivity signal was measured at the cobalt/sapphire interface and it is shown in Fig. 3.15 by blue solid line.

The shape of the relectivity curve can be characterized by 16 ps rise time, i.e. the time of the temperature equilibration within the cobalt ilm. Relatively fast rise of the temperature is followed by the cooling into the sapphire substrate. The shape of the thermal background signal indicates that there is a strong overheating of the cobalt layer. To illustrate this, two simulations with the diferent initial temperature distributions are considered. In this particular analysis the values of the Kapitza resistances are less important and will be discussed afterwards, however both curves were obtained for the same Kapitza resistances. The irst case is based on the assumption that there is no overheating at all. The proile of this temperature distribution inside gold/cobalt/sapphire structure is shown in inset in Fig. 3.15 by green solid line. As a result of this initial temperature distribution the heat dynamics at the cobalt/sapphire interface is shown by green solid line in Fig. 3.15. We can notice a remarkable diference in the dynamics of simulated and experimental curves. In simulated curve the homogenization of the temperature does not result into the strong amplitude rise, but instead demonstrates slow increase of cobalt temperature at cobalt/sapphire interface.

In contrast, the second temperature proile, shown in inset in Fig. 3.15 by red dashed line assumes overheating of the cobalt layer by a factor of 14.5. The heat low through the cobalt/sapphire interface in this case displays the temperature very similar to the experimental observation. That happens because the overheated cobalt layer redistributes the , that shows a rapid growth of the temperature at the cobalt/sapphire interface until t = 15 ps and then followed by slow cooling. Two coherent acoustic signals from gold and cobalt layers are presented at times t = 73 ps and t = 146 ps respectively. Red dashed line shows the simulation where the cobalt layer is overheated by a factor of 14.5, whereas green solid line considers no overheating. Small inset demonstrates spatial proiles of the temperature for two simulated heat dynamics at the cobalt/sapphire interface.

energy within the entire ilm and only after that the energy is transferred to the substrate.

The temperature distribution that assumes a remarkable and almost "instantaneous" overheating of the cobalt layer indicates that the mechanism of the energy injection in the cobalt is the fast electron difusion in gold allowing injection of the electrons into the cobalt ilm, where they scatter on the phonons and induce a fast growth of the lattice temperature.

An additional ingerprint of the ultrafast energy injection into the cobalt layer by hot electrons is the shape of coherent acoustic pulses. We observe a bipolar acoustic pulse generated in gold layer followed by the short unipolar acoustic pulse generated in the cobalt layer (black and green dashed rectangles in Fig. 3 

= 4.5 • 10 -9 m 2 KW -1 , R Co/Sapphire Kap = 2.5 • 10 -9 m 2 KW -1
, and the factor of overheating of the cobalt layer equal to 14.5. Small inset shows the evolution of temperature proiles inside gold/cobalt/sapphire structure for a given instances of a time t.

the Kapitza resistance for the cobalt/gold interface R

Au/Co Kap . The simulation that allows to achieve the best agreement of the thermal dynamics with the temperature background that was observed experimentally corresponds to the factor of overheating of the cobalt layer equal 14.5 and the Kapitza resistance of the cobalt/gold interface equal to R Au/Co Kap = 4.5 • 10 -10 m 2 KW -1 (red dashed line in Fig. 3.16). The error of this estimation is ±2 • 10 -10 m 2 KW -1 and shown by a dashed region that comprises all the values of the Kapitza resistances from R Kap = 2.5 • 10 -10 m 2 KW -1 to R Kap = 6.5 • 10 -10 m 2 KW -1 . The initial temperature distribution and its dynamics inside the structure is shown in inset in Fig. 3.16, where the irst proile corresponds to time t = 4 ps. We can notice that at time t = 7 ps the equilibrium temperature inside the cobalt ilm is still not reached and at time t = 50 ps both metallic ilms possess almost uniform temperature distribution.

The estimated value of the Kapitza resistance is typical for a metal-metal interface, for example the Kapitza resistance of an aluminium/copper interface is given by R

Al/Cu Kap = 2.5 • 10 -10 Km 2 /W 16 .
To conclude, the shape of the it of thermal background can be considered as correct, because the dynamics within the irst 15 ps reproduce very well the temperature increase at the cobalt/sapphire interface and itted curve passes through the middle point of the experimental curve at the time around t = 60 ps. This middle point corresponds to the arrival of the symmetrical bipolar strain generated at the free surface of gold.

Conclusion

In this section we have seen the analysis of the carrier transport measured by the transient relectivity at nanosecond and picosecond timescales. Starting from the analysis of the single-layered gold and cobalt ilms deposited on the sapphire substrate we have seen that the cooling rate of the metallic ilms is directly related to the Kapitza resistance of the metal/sapphire interface. We used the initial distribution of the temperature inside the ilms from the proiles of the acoustics generated at picosecond timescale, thus the heat difusion proile of gold is ζ Au dif f = 180 nm and the heat difusion proile of cobalt formed by the direct laser absorption is ζ Co dif f = 18 nm. This assumption allowed us to have only the Kapitza resistance it parameter in the COMSOL simulations. From nanosecond timescale cooling rate we determined that the biggest Kapitza resistance is attributed to the gold/sapphire interface that is equal to R Au/Sapphire Kap = 2 ± 0.5 • 10 -8 Km 2 /W which is in high agreement with the value obtained by Stoner and Maris R 38,34 . Much smaller value of the Kapitza resistance was estimated using itting at picosecond timescale for the cobalt/sapphire interface that is equal to R Co/Sapphire Kap = 0.25 ± 0.15 • 10 -8 Km 2 /W. We can notice that the itting at picosecond timescale is more sensitive to the smaller Kapitza resistances like that of cobalt/sapphire interface.

Au/Sapphire Kap = 2.2 • 10 -8 Km 2 /W
After that we moved to the analysis of the complex heat dynamics observed for the gold/cobalt/sapphire sample. We noticed, that by introduction of thin 30 nm cobalt layer between gold and cobalt the cooling of the structure was 3 times faster as compared to the gold ilm of the same thickness. We attribute this to the strong electron-phonon coupling of the cobalt layer that allows to heat the cobalt lattice more eicient. As a result, the phonon transport allowed for the metal/dielectric interface is more eicient in the case of the cobalt/sapphire interface.

Fitting of the gold/cobalt/sapphire sample involved two it parameters : the Kapitza resistance of the gold/cobalt interface and the overheating factor of the cobalt layer, whereas the Kapitza resistance of the cobalt/sapphire interface was ixed to R Co/Sapphire Kap = 0.25 • 10 -8 Km 2 /W. In the COMSOL simulation we also changed the heat difusion proile of cobalt layer to ζ Co dif f = 12 nm because of the smaller penetration rate of the difusive electrons. The best agreement with the experimental thermal background was achieved for the Kapitza resistance of the gold/cobalt interface R Au/Co Kap = 0.045±0.02•10 -8 Km 2 /W and with 14.5 cobalt layer overheating factor. The estimated value of the Kapitza resistance of the gold/cobalt interface is in good agreement with other Kapitza resistances of the metal-metal interfaces, for example, the Kapitza resistance of the aluminium/copper interface 16 , that was measured to be R Al/Cu Kap = 2.5 • 10 -10 Km 2 /W. These studies can be very helpful in the domain of electronics and compact devices that require fast and eicient heat transport at the nano-scale.

TTM simulations for gold/cobalt structure

In the case of an excitation of the gold/cobalt sample by an ultrashort femtosecond laser pulse from the gold side we have seen two conirmations of the eicient electron difusion and energy transfer to the cobalt layer. The irst conirmation is the coherent acoustic strain generated in the cobalt layer which is shown in Fig. 3.1 and in Fig. 3.15. The second conirmation is the complex shape of the thermal background that demonstrates the presence of two source terms, one from the gold layer and another from the overheated cobalt layer. Fast timescales of these transients signify that hot electrons generated within the skin depth in gold penetrate eiciently in the cobalt layer.

In order to be able to study this difusion quantitatively we will use the TTM presented in Section 1.1. First of all we will consider the ideal interface between gold and cobalt that neglects any kind of electron scattering and corresponds to zero Kapitza resistance. Then we will use the modiications presented in Section 1.3 to take into account electronic Kapitza resistance at the gold/cobalt interface.

The algorithm and a MATLAB code for the calculation of electron and phonon temperatures inside the bimetallic structure is given in appendix A.1.

TTM simulation with an ideal gold/cobalt interface

We performed the simulation of the TTM for the structure consisting of 150 nm gold layer followed by 30 nm cobalt layer. We consider that 200 fs (FWHM) laser pulse is normally incident at the gold surface as it is shown in Fig. 3.17. This simulation will help to analyze the evolution of the electron and lattice temperatures mainly in the cobalt layer. The physical constants that in our simulations are listed in Table 3.2. The value of cobalt electron phonon coupling g Co was estimated on the basis of the consideration that acoustic strain proile is determined by the heat difusion (e -z/ζ dif f ). We have seen in Section 1.1 that the difusion parameter ζ dif f can be expressed by ζ dif f = √ k/g. From the other hand the duration of the acoustic pulse τ ac multiplied by the sound speed of the medium of propagation 

ζ 2 dif f = k/g ≡ ( c Co s • τ ac ) 2 → g Co = k Co (c Co s • τ ac ) 2 = 43 • 10 16 W m 3 K . (3.2)
The estimated value of the electron-phonon coupling g = 43 • 10 16 Wm -3 K -1 does not difer noticeably from that given by Bigot et al.

10 g = 60 • 10 16 Wm -3 K -1 .
Typically, heat conductivity, electron heat capacity and electron-phonon coupling are temperature dependent functions. For an electron-gas temperature below the Fermi temperature (which is of the order of 10 4 ÷ 10 5 K) the heat conductivity and the electron heat capacity depend linearly on the electron temperature T e : k(T e ) = k 0 • (T e /T i ) 28,31 and C e = γT e 16 respectively. However, the electron-phonon coupling g does not vary signiicantly for low T e 24,32,15 .

We do not take into account the temperature dependence of all our parameters and assume small laser luences (≤ 1 Jm -2 i. e. the pulse energy ≤0.3 nJ for the spot size of 20 µm FWHM).

Simulation of the TTM with the listed above parameters results in a two-dimensional (2D) plots of the electron temperature T e (z, t) and the lattice temperature T i (z, t). Interpretation of the results will be divided into two parts. First, I will show a 2D plot of the temperature with a spatial proiles inside the gold/cobalt layers and then a temporal proiles of temperature at the gold/air and gold/cobalt interfaces will be examined. Spatial temperature proiles are important for the analysis of the electron difusion. Temperature dynamics at two interfaces will show how fast the system reaches the equilibrium (T e = T i ). Given a possible temperature jump at a metal-metal interface we will analyze two proiles at both sides of gold/cobalt interface.

Electron temperature

We will start with analysis of the electron temperature T e , that is shown in Fig. 3.18 a). We can notice an extremely fast absorption of 200 fs laser pulse that is followed by rapid and deep difusion of electrons towards the cobalt layer. Excited electrons will arrive at the gold/cobalt interface by the time ≈107 fs (according to the Fermi velocity in gold v Au F = 1.4 • 10 6 m/s and 150 nm thickness of the gold layer). The irst spatial proile that corresponds to the electron temperature distribution 150 fs after the laser pulse arrival is shown in Fig. 3.18 b). We can notice that the electron temperature in the cobalt layer is very small as compared to the gold layer because concentration of electrons that reached the cobalt layer is low. However, within next 650 fs (second proile in Fig. 3.18 b)) the electron temperature in the cobalt layer increases forming an exponential proile. In the same time distribution of the electron temperature inside the gold layer is quasi-homogeneous. The last proile shows dramatic decrease of amplitudes of the electron temperature in both layers because electrons transfer their energy to the lattice.

The electron difusion in both gold and cobalt is in good conformity with the values of the electron mean free path that characterize their penetration rate in the material. In gold the electron mean free path is very long, like also for other noble metals l Au electron =40 nm 7,8,9,5 . From the other hand, in case of cobalt, that is a ferromagnetic material, the electron mean free path is very small and it is estimated to be l Co electron = 1 nm 12,3 ). It is useful to compare the temporal proiles of T e along two surfaces depicted in Fig. 3.19, where Surface 1 denotes gold free surface and Surface 2 denotes the interface between gold and cobalt. The electron temperature at the free interface (green solid line) rises very rapidly reaching maximum just 150 fs after arrival of the laser pulse (blue solid line). The two other proiles denote the electron temperatures in a close proximity to Surface 2 from the gold side (red dashed line) and from the cobalt side (black solid line). These proiles are identical because of zero Kapitza resistance. Dynamics of the T e show very fast cooling of the electron-gas and reaching equilibrium after t ≈ 2.5 ps.

Lattice temperature

The calculated distribution of the lattice temperature T i is shown in Fig. 3.20 a) and b). We can notice that the dynamics of lattice heating do not follow, but is characterized by the smooth monotonous growth of T i in both layers. Slow lattice temperature growth is governed by the diference between electron and phonon temperatures and is proportional to the electron phonon coupling coeicient (term g(T e -T i ) given in Eq. (1.3)). Therefore, the lattice temperature growth stops when the system approaches the equilibrium (T e = T i ).

The most interesting result from this simulation is a high temperature jump on the interface between gold and cobalt predicted by Eq. (1.35). We can see that the distribution of the lattice temperature saturates at the time t = 2 ps. The overheating at the gold/cobalt interface that is equal to 12.8. Estimated value is very close to the value 13.5 predicted by Eq. (1.35). The value of the overheating changes slightly at the time t = 3 ps, but afterwards stays on the same level (12.9), because the temperature of the electrons has reached equilibrium with the lattice.

As it was mentioned in the previous chapter 1.1 the origin of such extraordinary overheating of the cobalt layer is explained by larger electron-phonon coupling coeicient that allows to couple more eiciently hot electrons.

Established proile of the lattice temperature allows to extract the difusion lengths. Therefore, consideration of the low-luence regime results in ζ Au dif f = 100 nm for gold and ζ Co dif f = 13 nm for cobalt. The values obtained from simulation difers by 44% for gold and by 8% for cobalt from the values estimated from acoustic strain proiles. Therefore we can conclude, that in experiment the injected laser lux heated up the electron-gas by big enough value to cause the variation of the thermal conductivity and the electron heat capacity constants. This assumption will be checked in the section dealing with the analysis of acoustic pulses, where we will try to it the coherent acoustic transients using the results of TTM simulations.

The evolution of the temporal proiles along Surface 1 and Surface 2 introduced previously are shown in Fig. 3.21. From this igure we can clearly see that the system reaches equilibrium after ≈ 2 ps.

TTM simulations with the Kapitza resistance

In this section we will investigate the inluence of the Kapitza resistance of the gold/cobalt interface equal to R Au/Co Kap = 5e -10 Km 2 /W. Given the case that the Kapitza resistance of the metal-metal interface has a major electron contribution 16 we will consider only the electron transport. We will see how the Kapitza resistance inluence the electron and lattice temperature distributions and will estimate the overheating of the cobalt layer. In order to take into account the inluence of the Kapitza resistance we need to use the modiied expressions of the coeicients c 11 , c 12 , c 21 given by Eq. (1.54).

Electron temperature

Similarly to the previous analysis we start with the evaluation of the dynamics of the electron transport that are shown in Fig. 3.22 a). We can notice that electron difusion is still very eicient, but the fraction of electrons penetrating into the cobalt layer became signiicantly smaller. As a result, more electrons stay inside the gold layer and will heat its lattice.

From Fig. 3.22 b) we can quantitatively examine the evolution of the electron temperature. The irst proile corresponds to time t = 350 fs and shows the same exponential proile as without the Kapitza resistance. In contrast to the previous simulation, at the time t = 1 ps the temperature proile inside the gold layer already reaches the homogeneous distribution. We can also notice a remarkable jump of the temperature for t = 1 and t = 2 ps at the gold/cobalt interface resulting in 4 times smaller electron temperature inside the cobalt layer. The proile of the electron temperature remains exponential.

Temporal evolution of the electron temperatures along Surface 1 and Surface 2 are shown in Fig. 3.23. We can extract the jump of the temperature between gold (red solid line) and cobalt (black solid line) at the gold/cobalt interface by the factor of 4.

We have seen that the electron lux through the gold/cobalt interface is dramatically reduced after introduction of the Kapitza resistance. As a result, we can expect that the lattice temperature in the cobalt layer will reach much smaller values. However, the proile of the lattice temperature should remain the same for cobalt, but in gold, it will become almost rectangular in shape at t = 1 ps.

Lattice temperature

Dynamics of the lattice temperature with the Kapitza resistance are shown in Fig. 3.24 a).

By inspecting this igure we can notice that maximum amplitudes of T i in gold and cobalt do not difer as much as in the case of an ideal interface without the Kapitza resistance.

Previously we have seen that the overheating of the cobalt layer reached 12.8 times, but when we introduced the Kapitza resistance the electron temperature dropped by a factor of 4. Therefore we can expect that overheating that relies on the amount of the electrons will be around 12.8/4 = 3.2 times.

Closer analysis of the lattice temperature proiles is given in Fig. 3.24 b). The irst proile corresponding to the time t = 0.35 ps shows no diference with the proiles simulated for an ideal interface. However, the two other proiles are signiicantly diferent and display much smaller overheating of the cobalt layer. At the time t = 2 ps the overheating reaches a factor of 3.5 that is very close to the estimation based on the reduced electron lux.

Additionally, we can observe a small spatial broadening T i proile in gold that is 30 nm wider and reaches ζ Au dif f = 130 nm due to the increased amount of electrons that stayed inside the gold layer close to the gold/cobalt interface. The difusion length in cobalt remains unchanged ζ Co dif f = 13 nm, as it was expected. Now we will examine the temporal evolution of the lattice temperature along two boundaries at Surface 1 and Surface 2 given in Fig. 3.25. We can notice that in the case of the Kapitza resistance the equilibration of the lattice temperature occurs at t = 2.5 ps. However, the value of the overheating established even for t = 2 ps is the same as for t = 3 ps and equal to 3.5. 

Conclusion

Application of the TTM for a study of the electron difusion in bimetallic structures has shown the origin of the overheating of the cobalt layer. Simulation showed that a time necessary for electron and phonon sub-systems to reach equilibrium is about t = 2 ps, that is in good agreement with the low-luence regime 28 The overheating of the cobalt layer from simulation is equal to 12.8, but in experiment we observed a factor of 3. We can conclude, that the experiments were performed under conditions of high laser excitation (see section 3.3.2).

By introducing the electron Kapitza resistance for the gold/cobalt interface estimated in the COMSOL itting section to be R Au/Co Kap = 5e -10 Km 2 /W the electron lux through this boundary and the lattice temperatures in cobalt dramatically dropped. In analysis of the electron transport we have seen temperature drop by a factor of 4. As a result, temperature in the cobalt layer is 3.5 times bigger that in the gold layer. Application of the Kapitza resistance increased the heat difusion length to ζ T T M,Au dif f = 130 nm. But still we have a signiicant diference between observed and simulated TTM lattice proiles.

Analysis of coherent acoustic signal in gold-cobalt structure

So far we have conducted the analysis of the incoherent (thermal) component of the relectivity signal that allows to study thermal transport. The coherent (acoustic) component of the relectivity signal allows to determine not only elastic properties of the sample but also contains the information about the initial lattice temperature distribution. This distribution was used in the previous sections where we simulated the thermal background using COMSOL.

In this section we will examine pure acoustic echo signals measured in the sample consisting of 240 nm of gold and 30 nm of cobalt. Instead of itting diferent acoustic echoes (one generated in gold and another in cobalt) separately we will it the entire signal simultaneously. On the irst stage, the thermal background simulated by COMSOL will be subtracted from the experimental relectivity signal. Then, we will use the same initial temperature distribution, that was deined to it the thermal background, as a generated strain inside both layers to it the remaining part of the relectivity. After that we will use another approach to it acoustics that is based on solution of the TTM with the electron temperature and the Kapitza resistance as it parameters to reproduce the acoustic signal.

Analysis within one temperature model

In order to extract the acoustic component from the relectivity signal we need to cut the data points in experimental curve for t < 4 ps because our COMSOL simulation reasonably describes the heat dynamics only when electron-phonon relaxation is over.

The coherent acoustic component of the measured relectivity shown in Fig. 3.26 by black solid line. It was obtained after subtraction of the thermal background simulated in COMSOL (red dashed line) from the experimental relectivity (blue solid line).

The acoustic signal shows the presence of two strains propagating inside the sample, long bipolar strain generated in the gold layer and short strain generated by hot electrons in the cobalt layer. In the original relectivity curve we can distinguish clearly only irst echo from the gold and second echo from the cobalt (see Fig. 3.26). However, after subtraction of the thermal background, the irst echo from cobalt (mixed initially with the fast thermal signal) becomes more pronounced. Also we can notice the presence of a small signal that can be characterized as the second gold echo that made an additional acoustic round trip through the metal bilayer.

The irst long bipolar strain generated in gold reaches the cobalt/sapphire interface at 73 ps (time point corresponding to central part of the bipolar strain pulse). The total arrival time τ Au + τ Co consists of τ Au = 69.5 ps to traverse 240 nm gold layer at the sound speed c Au s = 3.45 nm/ps 51 and of τ Co = 4.5 ps to cross 30 nm cobalt layer at the sound speed c Co s = 6.3 nm/ps 52 . As a result, estimated time of strain arrival is 74 ps that is very close to the experimental time 73 ps.

The ultrashort (3 ps FWHM) cobalt strain detected at t = 146 ps arrives at the detection interface after one round trip in the gold-cobalt layers. From the other hand the estimation gives arrival time equal to 148 ps, that is still very close to observation. Two other echoes : 1st echo from cobalt and 2nd echo from gold are barely pronounceable and will be discussed afterwards.

Simulation of the strain pulse shape

To reproduce these echoes we will use the initial temperature distribution depicted in the inset in Fig. 3.26. This distribution is characterized by ζ Au dif f = 180 nm heat difusion of gold and ζ Co dif f = 12 nm heat difusion of cobalt with the overheated cobalt layer by a factor of 14.5. Such distribution of the temperature generates the strain proportional to the linear thermal expansion coeicients α given for gold and cobalt in Table 3.3.

Table 3.3: Linear thermal expansion coeicient of gold and cobalt

Property\Material Gold

Cobalt Unit Thermal expansion 14•10 -6 76 13•10

-6 76 [α] = [K -1 ]
As we can notice, the diference of thermal expansion coeicients for both metals difers by less than 10%. The next step involves solving the acoustic wave equation by the algorithm described in chapter 2.3 for initial strain distribution governed by heat difusion parameters and the overheating factor of the cobalt layer. It will be informative to show the spatial strain distribution inside the gold/cobalt/sapphire structure for diferent times shown in Fig. 3 The initial strain distribution given for t = 0 ps emits two strains with half amplitude and propagating in opposite directions: one towards sapphire substrate and another towards gold.

At t = 5 ps the ultrashort cobalt strain generated by the hot electrons leaves the cobalt layer. One half of this strain was injected into the sapphire substrate and changes the shape due to the 2 times greater sound speed in sapphire (that results in strain widening and amplitude decrease by a factor of 2). Another strain is injected into the gold layer and undergoes the change in shape as well. But in this case it shrinks and increases in amplitude by a factor of 2 because the sound speed in gold is almost two times smaller than in cobalt. From the other side the proile of the strain generated in the gold layer has bipolar shape because one half of the initial strain is relected at the free interface.

At the time t = 54 ps the bipolar gold strain almost reaches the detection interface and it can be noticed that the cobalt strain contains a small tail that is 10% relection occurred at the cobalt/sapphire interface for the component propagating towards the sapphire substrate.

Final proile at t = 78 ps corresponds to the moment of passage of big bipolar strain pulse through the cobalt/sapphire interface and we can notice two small relections that will be detected later at the time t = 220 ps.

Temporal evolutions of the strain at the interface between cobalt and gold shown in the bottom panel in Fig. 3.27 reproduce all the strain echoes predicted before. At very short times there is the irst echo from cobalt that propagates towards the substrate. After that, at t =73 ps the long bipolar strain generated in gold arrives at the cobalt/sapphire interface. By the time of the round trip in gold/cobalt layers (t = 146 ps) the second echo from cobalt is observed. And inally, two small 10% relections of the gold strain from the gold/cobalt and cobalt/sapphire interfaces arrive around t = 220 ps.

Fit of the relectivity

Unfortunately, the photoelastic coeicients of cobalt are not known, thus we use the ratio of the dimensionless parameters A and B responsible for the photoelastic interaction as a it parameter. The best it to the experimental data was achieved when B was tending to zero, as a result the sensitivity function G(t) contained only smooth sine-component related to A term (see Section 2.4).

Other constants like Brillouin frequency ω Br = 2π• 45 GHz and the acoustic time-of-light τ skin = 1.68 ps through the skin depth δ skin = 10.6 nm were calculated using the complex index of refraction for cobalt at 400 nm probe wavelength ñ = 1.56 + 2.9i [START_REF] Johnson | Optical constants of transition metals: Ti, v, cr, mn, fe, co, ni, and pd[END_REF] .

The strain distribution obtained in the previous step (bottom panel in Fig. 3.27) was used to calculate the relectivity by taking a convolution ∫ η(t)G(t -τ )dτ with the sensitivity function G(t) (shown in inset in Fig. 3.28). Superposition of the coherent acoustic signal extracted from the experiment (blue solid line) with the simulated relectivity response produced by the simulated strain distribution (red solid line) is shown in Fig. 3.28. Additionally, the proile of the strain before the convolution with the sensitivity function is shown as black solid line.

We can notice that the sensitivity function smoothes all the sharp edges and lead to the decrease of the amplitude of the cobalt strain by a factor of three. However, the simulated cobalt echo still has 2.5 times greater amplitude than in the experiment. Therefore the actual amplitude of the overheating of the cobalt layer should be around 5.5, but not 14.5 like it was used in the COMSOL simulations. We have shown that the numerical approach, which neglects the interaction of the laser light with the electrons and starts from the distribution of the established lattice temperature represents an eicient simpliication. It allows to explain reasonably well the heat difusion dynamics (thermal background of the relectivity signal) as well as to it the entire acoustic signal. The only failure of this approach is an overestimation of the energy injected in the cobalt layer. However, it allows to correctly reproduce the duration of both strain pulses.

Moreover, we are able to explain the small step-like signal at t = 215 ps caused by two small 10% relections of the bipolar gold strain from the gold/cobalt and cobalt/sapphire interfaces.

Analysis within two temperature model

In this section we will try to reproduce the strain proiles generated in the gold/cobalt layers using the TTM. It was shown in section 3.2.2 that the electron difusion depth was smaller than in experiment. The electron difusion depth is related to the value of the electron temperature T e through the thermal conductivity k(T e ) and the electron heat capacity C e (T e ) which are assumed to depend linearly from T e 28,31,16 . The value of the overheating of the cobalt layer will be itted by the Kapitza resistance.

It was possible to it the difusion proile in gold (ζ Au dif f = 180 nm) by the electron temperature T e = 750 K. In the irst TTM simulation we will consider the Kapitza resistance of the gold/cobalt interface that was obtained previously by COMSOL itting : R Kap = 4.5 • 10 -10 3.3. Analysis of coherent acoustic signal in gold-cobalt structure Km 2 /W. Superposition of experimental (blue solid line) and calculated relectivities (red solid line) are shown in Fig. 3.29. As a result of greater electron temperature the difusion process is more eicient, thus spatial extent of the lattice proile in gold also increases. The TTM it is in good agreement with the acoustic echo generated in gold. However, the cobalt echo was underestimated by the considered Kapitza resistance (amplitude of simulated cobalt strain is 1.6 times smaller). The best agreement with the experimental curve was reached for the Kapitza resistance R Kap = 1.7 • 10 -10 Km 2 /W with the same electron temperature T e = 750 K that is shown in Fig. 3.30 by red solid line. The smaller value of the Kapitza resistance allowed to reach the quantitative agreement with the experiment by increasing the overheating of the cobalt layer.

Eventually, it was shown by Cahill et.al. 16 that the Kapitza resistance is also temperature dependent R Kap = R Kap (T ) and drops for higher temperatures. It was observed experimentally that by heating the aluminum/copper sample from 200 K to 300 K the Kapitza resistance decreases by a factor of 2.5. Therefore, our simulation performed in COMSOL estimates only the average value of the Kapitza resistance that undergoes changes during the cooling of both gold and cobalt layers.

The smaller value of the Kapitza resistance obtained by TTM simulation assumes that the strain generation occurs only within irst few picoseconds after the laser absorption. This small time window is characterized by high temperature within the gold/cobalt interface that can explain 2.6 times smaller Kapitza resistance of this interface as compared to the COMSOL results.

Conclusion

During irst attempts of the analysis of the acoustic component of the transient relectivity (that was obtained by subtraction of the thermal background simulated by COMSOL from the transient relectivity curve) we achieved to reproduce qualitatively all acoustic echoes detected in the experiment. We used the strain distribution proportional to the initial temperature proiles of gold and cobalt layers (the same as the one used during COMSOL simulations of the thermal background that allowed to extract the acoustic component). This strain distribution was in good agreement with the gold echo but failed to it the amplitude of the cobalt echo. That is why we performed the TTM simulation that allowed to achieve a good quantitative agreement with the experiment. For that we increased the electron temperature to T e = 750 K in order to increase the difusion length of electrons to reach ζ Au dif f = 180 nm. It turned out, that the value of the Kapitza resistance estimated by COMSOL itting R Au/Co Kap = 4.5 • 10 -10 Km 2 /W underestimates the lattice temperature growth inside the cobalt layer. The best agreement was achieved for the Kapitza resistance that is 2.6 times smaller R Au/Co Kap = 1.7 • 10 -10 Km 2 /W. Taking into account that the Kapitza resistance is temperature dependent R Kap = R Kap (T ) 16 (the Kapitza resistance decreases for high temperatures) we assume that the value estimated by COMSOL itting is an averaged value that can be smaller within irst picoseconds during the acoustics generation when the system is extremely hot. Moreover, we estimated the sensitivity function G(t) (related to the opto-elastic coeicients) of cobalt for 400 nm wavelength. Similarly to the work of Manke et.al. 6 we determined that the dimensionless parameter B = 0 and as a result the sensitivity function G(t)

Analysis of the magnetic signal

The remaining part of the analysis is related to the measurements made by the Kerr rotation setup explained in Section 2.6.4. The Kerr rotation signal (black solid line) in Fig. 3.33 shows the oscillation of magnetization in cobalt, which represents the manifestation of the thermal dynamics in ferromagnetic cobalt. Similar to the results of the direct optical excitation of ferromagnets with ultrashort optical pulses [START_REF] Kohlhepp | All-optical probe of coherent spin waves[END_REF] , here we observe magnetization oscillations triggered by difusive electrons. The magnetization precession contains two damped oscillations: a low-frequency ferromagnetic resonance (FMR) and at least one high-frequency magnon mode. The physical interpretation is identical to that by van Kampen et al. [START_REF] Kohlhepp | All-optical probe of coherent spin waves[END_REF] , who discovered that both the spatially homogeneous FMR and inhomogeneous magnon modes are excited by a rapid change of magnetocrystalline anisotropy in ferromagnet.

The frequency of the FMR ω F M R depends on the geometry of the structure that is shown in Fig. 3.32. In this geometry the relative orientation of the applied external magnetic ield ⃗ H and the magnetization vector ⃗ M is given by angles α and θ respectively. For such geometry the frequency of the FMR is given by 78

( ω F M R µ 0 γ ) 2 = (H cos α -H ef f cos θ) 2 + H sin α (H sin α + H ef f sin θ) , (3.3) 
where H ef f is the efective anisotropy ield.

Inhomogenious thermal excitation by difusive electrons at gold-cobalt interface should also trigger the exchange-coupled magnons. The frequency of n-th magnon mode ω n is given by

ω n = ω FMR + D(nπ/L) 2 , (3.4) 
where D is the exchange stifness coeicient (D Co = 466 meVÅ 2

) [START_REF] Liu | References Exchange stifness, magnetization, and spin waves in cubic and hexagonal phases of cobalt[END_REF] , n is the number of the mode and L is the thickness of the ferromagnetic layer.

The magnetization precession is quantitatively reproduced by the superposition of two damped oscillations (red solid line): a low-frequency ferromagnetic resonance ω F M R (red dotted curve) and high-frequency irst-order magnon mode ω 1 (blue dotted line) that are shown in Fig. 3.33 Taking into account the sinusoidal spatial distribution of magnetization in a irst-order magnon mode M (z) = cos(π z L ) (see the inset in Fig. 3.33, L = 30 nm) we conclude that the spatially localized Kerr rotation probing at the cobalt-sapphire interface leads to π-phase shift.

It is important to note that eicient excitation of a spatially inhomogeneous standing magnon modes is an additional indicator of the spatially inhomogeneous temperature distribution within the cobalt layer, which was covered in the previous sections.

4

General conclusions and perspectives

Throughout this work we studied an extremely fruitful gold/cobalt structure. Remarkable electron difusion of gold and strong electron-phonon coupling of cobalt allowed not only to study the carrier transport through the gold/cobalt interface, but also revealed a novel concept of the acoustic strain generation by superdifusive electrons in adjacent cobalt layer.

Theory of the electron difusion, based on the well-known Two-Temperature Model, illustrates an eicient approach of not only qualitative but also quantitative characterization of the femtosecond laser pulse excitation of difusive electrons. Even though, by taking into account the electron Kapitza resistance of the gold/cobalt interface, the temperature dependence of the thermal conductivity and electron heat capacity, our simulations are in excellent agreement with the experimental observation of the acoustic strain proiles generated in both gold and cobalt. This new mechanism of ultrashort strain generation may be used for the experimental demonstration of a theoretically predicted phenomenon of ultrafast non-thermal magnetization reversal in highly magnetostrictive material like Terfenol-D [START_REF] Kovalenko | New concept for magnetization switching by ultrafast acoustic pulses[END_REF] . In this concept a key point relies on the precise control of amplitude and duration of picoseconds strain pulses which acoustically switch the direction of magnetization.

Knowledge of the spatial distribution of the acoustic strain proiles gives a direct estimation of the lattice temperature proiles established after the electron-phonon equilibration. We have putted in evidence that the lattice temperature distribution can be successfully used for the simulation of the heat difusion in a single-and multilayer samples. These simulations allow to estimate the value of the Kapitza resistance at multiple interfaces using the transient relectivity data and showed a good agreement with the values obtained by other experimental techniques and theoretical predictions.

The heat transport and especially the Kapitza resistance studies are very important in the domain of electronics and compact devices. Proper choice of the materials with a small f o r index_omega =1:N_time omega=delta_omega * ( index_omega -1 ) -p i / d e l t a _ t ; i n t 1=i n t 1+exp ( -1 i *omega* idTime ) * Te_omega ( index_z , index_omega ) ; end T e _ f i n a l ( index_z)= i n t 1 ; end T_e_total ( index_time , : ) = T e _ f i n a l . / s q r t ( N_time ) ; end % we n e g l e c t t h e i m a g i n a r y component T_e_total=r e a l ( T_e_total ) ; %========== C a l c u l a t i o n o f t h e Ti ==========% tau1_p=Ci1 / g1 * 1 0 ^1 2 ; tau2_p=Ci2 / g2 * 1 0 ^1 2 ; E1=exp ( -time_temp/tau1_p ) ; E2=exp ( -time_temp/tau2_p ) ; % l a t t i c e t e m p e r a t u r e i n g o l d f o r i i =1:N1-1 buf ( : , i i )=conv ( T_e_total ( : , i i ) ' , E1 ) . /tau1_p ; end % l a t t i c e t e m p e r a t u r e i n c o b a l t f o r i i =N1+1: N_total buf ( : , i i )=conv ( T_e_total ( : , i i ) ' , E2 ) . /tau2_p ; end % i n t e r m e d i a t e p o i n t between c o b a l t and g o l d buf ( : , N1)=0 . 5 * ( buf ( : , N1-1)+ buf ( : , N1+ 1 ) ) ; T_i_total = buf ( 1 : s i z e ( T_e_total , 1 ) , : ) . * d e l t a _ t ; T_i_total=r e a l ( T_i_total ) ; Te1_surf1=T_e_total ( : , 1 ) ; % Te a t a i r -metal i n t e r f a c e Te1_surf2=T_e_total ( : , N1 -1 ) ; % Te a t metal1 -metal2 i n t e r f a c e ( i n metal1 ) Te2_surf2=T_e_total ( : , N1+1); % Te a t metal1 -metal2 i n t e r f a c e ( i n metal2 ) Ti1_ s u rf1=T_i_total ( : , 1 ) ; % Ti a t a i r -metal1 i n t e r f a c e Ti1_ s u rf2=T_i_total ( : , N1 -1 ) ; % Ti a t metal1 -metal2 i n t e r f a c e ( i n metal1 ) Ti 2_ s ur f2=T_i_total ( : , N1+1); % Ti a t metal1 -metal2 i n t e r f a c e ( i n metal2 ) h f i g = f i g u r e ( 2 ) ; s e t ( h f i g , ' p o s i t i o n ' , [ 0 0 600 4 5 0 ] ) p l o t ( time_show * 1 e12 , f _ t i m e . *max( Te1_surf1 ) /max( f_time ) , . . . time_temp* 1 e12 , Te1_surf1 , time_temp* 1 e12 , Te1_surf2 , . . . time_temp* 1 e12 , Te2_surf2 ) l e g e n d ( ' L a s e r p u l s e ' , 'T_{ e , s u r f a c e 1}^{Au} ' , . . . 'T_{ e , s u r f a c e 2}^{Au} ' , 'T_{ e , s u r f a c e 2}^{Co} ' , ' F o n t s i z e ' , 1 4 ) ; t i t l e ( 'T_e a t a i r -metal1 and metal1 -metal2 i n t e r f a c e s ' ) ; x l a b e l ( ' Delay time , ps ' , ' F o n t S i z e ' , 1 6 ) ; y l a b e l ( ' Temperature , a . u . ' , ' F o n t S i z e ' , 1 6 ) xlim ( [ 0 t _ f i n a l * 1 e12 ] ) ; box on ; h f i g = f i g u r e ( 3 ) ; s e t ( h f i g , ' p o s i t i o n ' , [ 0 0 600 4 5 0 ] ) p l o t ( time_show * 1 e12 , f _ t i m e . *max( Ti2_ s urf2 ) /max( f_time ) , . . . time_temp* 1 e12 , Ti1_surf1 , time_temp* 1 e12 , Ti1_surf2 , . . . time_temp* 1 e12 , T i2_ s urf2 ) l e g e n d ( ' L a s e r p u l s e ' , 'T_{ i , s u r f a c e 1}^{Au} ' , 'T_{ i , s u r f a c e 2}^{Au} ' , . . . 'T_{ i , s u r f a c e 2}^{Co} ' , ' F o n t s i z e ' , 1 4 ) ; t i t l e ( ' T_i a t a i r -metal1 and metal1 -metal2 i n t e r f a c e s ' ) ; y l a b e l ( ' Temperature , a . u . ' , ' F o n t S i z e ' , 1 6 ) x l a b e l ( ' Delay time , ps ' , ' F o n t S i z e ' , 1 6 ) ; xlim ( [ 0 t _ f i n a l * 1 e12 ] ) ; box on ; h f i g = f i g u r e ( 4 ) ; s e t ( h f i g , ' p o s i t i o n ' , [ 0 0 600 4 5 0 ] ) mesh ( ( z_show + t h i c k n e s s A u ) * 1 e9 , time_temp * 1 e12 , T_e_total ) t i t l e ( ' E v o l u t i o n o f t h e T_e( z , t ) ' ) ; y l a b e l ( ' Delay time , ps ' , ' F o n t S i z e ' , 1 6 ) x l a b e l ( ' Thickness , nm ' , ' F o n t S i z e ' , 1 6 ) ; xlim ( [ 0 ( t h i c k n e s s A u + t h i c k n e s s C o ) * 1 e9 ] ) view ( [ 0 -9 0 ] ) h f i g = f i g u r e ( 5 ) ; s e t ( h f i g , ' p o s i t i o n ' , [ 0 0 600 4 5 0 ] ) mesh ( ( z_show + t h i c k n e s s A u ) * 1 e9 , time_temp * 1 e12 , T_i_total ) t i t l e ( ' E v o l u t i o n o f t h e T_i ( z , t ) ' ) ; y l a b e l ( ' Delay time , ps ' , ' F o n t S i z e ' , 1 6 ) x l a b e l ( ' Thickness , nm ' , ' F o n t S i z e ' , 1 6 ) ;

B

Lattice vibrations, Phonons and Electrons

The heat low problems are very important in the domain of electronics for engineers who design solar panels, computer chips or try to build thermoelectric devices 34,35 . The heat low in the solids can be explained similarly to the low of heat carriers (phonons and electrons). To be able to control thermal transport it is necessary to understand the mechanisms of interaction for each carrier. Thus it will be possible to build, for example thermoelectric devices (which are based on material that conduct electricity and block phonons) and design better heat removal allowing manufacturing of faster chips for computers.

Therefore we start from lattice vibration theory then discuss phonons and their thermal behavior, inally we end with properties of electrons that contribute considerably in thermal transport in metals.

B.1 Lattice vibrations

Lattice dynamics approximate motion of atoms in solids and liquids by analogy with classic mechanics. However even such simpliied consideration allows to estimate what are the possible frequencies of oscillation of atoms in material called the dispersion relation. Thus dispersion relation dictates how varies the angular frequency of elastic wave ω as a function of momentum k. Moreover, dispersion relation deines not only acoustic properties of material but also thermal behavior as it will be shown later.

B.1.1 Dynamics of linear lattice

Modern theory of solids assumes that the atoms in solids undergoes the continuous thermal agitation. Assuming that the interaction between the atoms is elastic, thermal disturbances cause the displacement that propagates as elastic waves. Let us consider the simplest model, i.e. one dimensional chain of identical atoms as shown in where k i is the ith Cartesian component of the wave vector k, λ is the wavelength, a is the semi-lattice parameter, γ 0 is the ionic radius of the Wigner-Seitz sphere. The parameters α 1 and α 2 are the radial force constants for the irst-and second-neighbor interactions respectively and α ′ is the angular force constant for the nearest-neighbor interaction, and the factor K e arises from the electron-ion interaction. These parameters can be related to the three elastic constants of a cubic metal through Anisotropy of gold will look very similar to nickel because they both have fcc crystal structure. We can evaluate the spatial distribution of the wave-vector variation in sample growth direction [111]. For this reason slowness surface was calculated for gold of 1.5x1. of low temperature regime) we can obtain the T 3 phononic component of heat capacity

aC 11 = 2α 1 + 4α 2 + 2α ′ +
α 2 α ′ K e γ 0 1 N m 2 1 N m 2 1 N m 2
C V = 6π 4 N k B ( T Θ D ) 3 . (B.20)
However this expression fails to describe the high temperature regime of evolution of the heat capacity.

B.2.2 Fresnel lens for focusing of THz phonons

Eiciency of sound focusing is directly proportional to the wavelength of the wave, therefore to be able to focus phonons into sub 100 nm spot, phonons in THz range should be used. Damping of such phonons in gazes and liquids is very high and only in solids they can undergo µm distances 87 that is why solids should be used for focusing THz phonons.

The model of such lens presented in Fig. B.9 consists of a thin cobalt layer (40 nm) sandwiched between a dielectric substrate and a crystalline [111] layer of gold (500 nm, equal to the focal length). A sequence of ive rings (with the outer radius of 400 nm) can be etched in cobalt by electron lithography before sputtering the gold layer on top. A good acoustic impedance matching between gold, cobalt and sapphire suggests that acoustic relections at these interfaces can be neglected and the acoustic Fresnel lens provides spatial phase modulation. The geometrical path diference of acoustic waves coming to the focal spot from the two adjacent cobalt zones equal to π, leading to constructive interference of sound waves at focal plane. Distribution of acoustic strain in the focal plane calculated using classical difraction theory should produce concentric rings as shown in Fig. B.10 with a central peak of about 40 nm full width half maximum (FWHM). Such result looks very similar to the difraction pattern of light passing through the Fresnel zone plate because in both cases plane waves are considered to propagate in isotropic medium. 

B.2. Phonons

More interesting will be the case where we will take into account the dispersion for every wave propagating in anisotropic gold. The result of combining difraction theory with complex lattice dynamics model discussed earlier is shown in Fig. B.11. Distribution of strain is signiicantly distorted by the presence of 10% anisotropy in gold. A single central peak evolves into complex shape where strain is redistributed all over the zone of dimension 100 by 100 nm. It is evident that eiciency of focusing for that case is very low. Surprisingly, it was found that the distribution of strain at the plane situated 200 nm away from the focal plane at 700 nm converges to higher eiciency of focusing as it is shown in Fig B .12 where we can distinguish anew single peak similar to isotropic. FWHM of central focal spot is of the same value 40 nm that for the isotropic case but with three satellites produced by gold third-order symmetry direction [111].

Simulations shows, that for devices designed to work at the nanoscale the efect of 10% anisotropy can distort very pronounceable desirable strain distribution leading to less eicient operation of the device.

Operating dimensions of the focal spot are directly proportional to the sizes of the Fresnel lenses [START_REF] Khuri-Yakub | High-eiciency fresnel acoustic lenses[END_REF] . As well as higher frequency phonons can not propagate in water and gas substances that is why to be able to focus in sub-100 nm spot concept of Fresnel lens composed of cobalt nanodisks followed by gold was proposed. Such pair of materials are proposed because of their phase-match properties leading to only 10% relections on the interfaces. However, to fabricate such lens with more than 5 rings is a diicult technological task because thickness of the rings after ifth is about 10 nm. But to create such structure with 3-5 rings is a feasible task for modern production capability.

An open question for this work is an experimental installation allowing to prove the concept of the working Fresnel lens for focusing THz phonons. In case if it can be proven the new horizons of the acoustic microscopy could be achieved with plenty applications in the domain of biophysics and medicine by operation with small biological samples, cancer tissues etc.

B.3 Electrons

Electron is a subatomic particle that have a negative elementary charge e -and angular momentum m s referred as spin. Since electron is the fermion it has half-integer spin and follows Fermi-Dirac statistics. According to Pauli principle electrons have intrinsic property that restricts for two identical electrons to occupy the same quantum state simultaneously. In further discussion we will review the behavior of electrons on the basis of free electron model and afterwards we will examine the mechanism of interaction of light with electrons in metals.

B.3.1 Free Electrons in Metals

There are diferent approaches to describe the electronic properties but we use simple "free electron gas" or Fermi gas. Such model has several assumptions. First assumption concerns valence electrons that supposed to be completely detached from their ions forming the electron gas. Second assumption suppose absence of the electron-electron and electronion interactions (ideal gas approximation). And the last assumption implies that electrons could not leave the boundaries of the metal. To ind the allowed states for electrons boundary conditions are applied to the single-particle wave function. As a result, after solving the Schrödinger equation we can ind that allowed states form a cubic array in k-space with a cube side 2πL, where L is the dimension of the sample. Energy that corresponds to each state is equal to

E = 2 2m (k 2 x + k 2 y + k 2 z ), (B.21) 
where

k x = 2πn x /L, k y = 2πn y /L, k z = 2πn z /L, n x , n y , n z are integral quantum numbers,
m is the mass of electron and is the reduced Planck constant or Dirac constant. With respect to the Pauli principle, each electron have a unique set of n x , n y , n z and m s . In honor of Italian physicist Enrico Fermi in solid state physics and theory of free electrons there are three important characteristics of metals : Fermi surface, Fermi energy and Fermi velocity. First, the Fermi surface corresponds to a sphere of radius k f that contains all electrons occupying the lowest states in reciprocal space at absolute zero temperature. The states above the Fermi surface are supposed to be empty. Furthermore, the Fermi energy E f is the energy of electron that occupy states at the Fermi surface and is given by

E f = h 2 k 2 f 2m , (B. 22 
)
where h is the Planck constant. Fermi energy of gold is E Au f = 5.53eV [START_REF] Ashcroft | Solid state physics. Thomson learning: high holborn[END_REF] . The excited electrons from the Fermi surface are propagating at the Fermi velocity which is given by

v F = √ 2E f m = hk f m . (B.23)
Typical value of the Fermi velocity is a value of order of 10 6 [m/sec], for gold it is v Au F = 1.4 • 10 6 m/s.

As it was mentioned before, electrons are characterized by Fermi-Dirac statistics so that at temperature T , the probability that a state with energy E is occupied by an electron is given by the Fermi-Dirac distribution function,

f (E) = 1 e (E-E f )/k B T + 1 , (B.24)
where k B is the Boltzman's constant. Diferent distributions of electrons along the levels of energy for various temperatures are illustrated in Fig. B.13. At T = 0 K all the states above Fermi energy are illed and with a rise of the temperature more and more electrons are redistributed among the states corresponding to higher energies. At low temperatures the heat capacity is determined by the density of electronic states n and depends linearly from temperature in contrast to phononic cubic T 3 dependence

C V = π 3 k 2 B ( dn 
dE ) T. (B.25)
The applicability of the model of free electrons is in good conformity only for alkali metals. To be able to obtain more useful and realistic predictions of the behavior of electrons in metals, the interactions of electrons with the ions of the lattice should be taken into account. In that case the electrons are assumed to exist in the periodic potential created by the positive ions in the lattice, thus they are no longer absolutely free. That is why this model is called nearly-free electron gas. In this way it is possible to predict discontinuity of the energy, thus leading to band structure of energy levels with forbidden gaps.

An example of extended zone scheme for several Brillouin zones for free electron gas (black dashed line) and for nearly-free electron gas (blue solid line) is shown in Fig. B.14. The forbidden gaps presented for nearly-free gas are regions of energy states restricted for occupation. These band gaps occur on the boundaries of the Brillouin zones.
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Figure B.14:

Free-electron band structure (dashed line) and band structure of electron in the periodic potential (solid line)

However, there is another way to represent the band structure, such as more convenient reduced-zone scheme that is presented in Fig. B.15. The reduced-zone scheme represents the band structure from all the Brillouin zones folded over in the irst zone. Such approach to represent electronic structure is usually the one most often used. 

Introduction

Time-resolved optical experiments based on femtosecond lasers have become extremely popular and of routine use for investigating ultrafast phenomena in condensed matter, chemical, and biological systems. Independent of the phenomena investigated, the pump-probe femtosecond technique behind the time-resolved optical experiment is typically used in conjunction to lock-in amplifiers fed by photodiodes which restrict the possibility of ultrafast imaging. It is only in the disciplines involving high power lasers (shock waves [1], polaritons [2]...) that cameras are extensively used. The reason behind this is the necessity of high power lasers to achieve sufficient detectable pump-probe signal magnitudes. Although the pulse repetition rate from low-power femtosecond laser oscillators is extremely high, the pulse energies are low compared to high-power lasers, and therefore the signal levels are difficult to detect by cameras. Since standard CCD cameras are not suitable to detect modulated signals, the advantage of high-repetition-rate femtosecond laser oscillators to detect high signal-to-noise ratio modulated pump-probe signals becomes less of a benefit. To address this, we present in this paper an imaging technique with low-noise and high-sensitivity performances (in the range of 10 -4 ) based on pump-probe lock-in acquisition of images with a standard CCD.

In the discipline of picosecond ultrasonics, femtosecond lasers enable the generation and detection of ultrashort acoustic pulses on picosecond time scales [3]. In order to go beyond the conventional picosecond ultrasonics experiments, we illustrate the potential of our technique by imaging picosecond time scale ultrasonic pulses propagating in a thin gold film. Usually, ultrasonic pulses are exploited for thin film mechanical diagnostics and for the measurement of linear acoustic properties of materials [4, 5]. In the present case, we demonstrate through direct visualization of ultrasonic pulse nonlinear acoustic reshaping during propagation which can be used in order to estimate the acoustic nonlinear properties of the material. Our results are a step forward in picosecond ultrasonic imaging over pump-probe scanning of the sample surface [6-11], far-field acoustic imaging [12-14], multi-channel detection [15-18] or asynchronous lasers [19-21].

Experimental set-up and methodology

A Ti-sapphire oscillator with an intra-cavity dumper running at a repetition rate of 500 kHz was used to generate laser pulses with a central wavelength of 800 nm and duration of 150 fs. The laser output was split into separate pump and probe beams. The probe beam was frequency- doubled by a second harmonic generation BBO crystal in order to obtain a probe wavelength of 400 nm. For imaging the sample surface onto the CCD, we used a ×50 Mitutoyo microscope objective, and a 20 cm lens placed before the probe beam-splitter in order to illuminate the whole CCD sensor, see Fig. 1(a). The pump beam of 15 nJ single pulse energy was focused onto the back of the sample with a ×10 Mitutoyo microscope objective producing a 2D gaussian laser profile at the focal spot with a FWHM (Full-Width at Half-Maximum) of about 10 µm, see Fig. 1(b). In order to avoid unwanted drift of the probe pointing during image acquisition, the pump beam is time delayed rather than the probe beam. The delay-line used in the experiment is composed of a Newport ILS-LM high speed linear motor stage of maximum speed of 500 mm/s controlled by a Newport XPS controller as shown in Fig. 1(a). This stage controller is a key aspect of the setup ensuring the electronic synchronization of pump modulation and image acquisition. The optical modulator is an acousto-optic (AO) deflector cell which deflects the pump beam with a deflection efficiency of about 90%. The disadvantage of using an AO deflector is the fact that it alters the beam quality of the deflected beam; thus, the 0 th order transmitted pump beam is directed to the sample rather than the deflected 1 st order pump beam. The TTL trigger sent by the XPS controller at a predefined rate (lower than the maximum frame rate of the camera) during the continuous motion of the delay-line alternatively switches the AO modulation on and off while the image acquisition occurs at each trigger. When the TTL trigger rate is set at f 0 , the image frame rate is locked at f 0 , while the AO modulation rate is locked at f 0 /2. This means that two successively recorded images do not carry the same information since one of them is recorded when the pump beam is present (the signal image) while the second is recorded without pump beam (the reference image). The reference image is recorded in order to sample the laser noise. Typically, laser fluctuations with the laser noise amplitude inversely proportional to the frequency dominate over electrical noise of the light detector. As a result, balancing the reference image with the signal image is used to drastically reduce laser noise. As in the conventional point pump-probe measurements with a lock-in amplifier, the signal and reference images should be acquired as close together in time as possible i.e. at the highest possible frequency. Thus, the ideal camera would have extremely low electrical noise and a high dynamic range in order to detect weak optical signals on top of a significant background (set close to pixel saturation for maximum detection capability), and fast frame rate for noise reduction. The camera we use is a Hamamatsu EM-CCD 9100-02, with high dynamic range (full well capacity of 70 000 electrons, 10 electrons of readout noise, 14 bit A/D converter) and maximum frame rate of 30 Hz at full image resolution of 1000×1000 pixels. Compared to CMOS cameras, CCD cameras have the advantage of low-noise electrical detectors, however, their frame rate at full image resolution is always lower than for CMOS [2]. Given the fact that the full image resolution of 1000×1000 pixels is not necessary in our experiment, a good compromise between frame rate and image resolution is given by an image acquisition at setting the image acquisition at 256×256 pixels for the image resolution while running the CCD at 101 Hz. The exposure time is set below 1/101 s and the probe light intensity is adjusted close to the pixel saturation for optimum sensitivity. All the recorded images were processed by the following basic image treatment,

∆I I (i)= 2(I 2i+1 -I 2i ) I 2i+1 + I 2i = ∆R R (i), (1) 
where I 2i+1 is the 2i + 1-th image (a signal image), and I 2i is the 2i-th image (reference image), both stored in the computer RAM. During continuous acquisition and motion of the delayline, the computer calculates the result of formula (1) in real time which, for each signal and reference image pair gives the i-th image of the absolute change in light intensity ∆I I (i), equals to the change of the sample optical reflectivity ∆R R (i). Because of the continuous motion of the delay-line during acquisition, the i-th index of the image is assigned to a certain time delay τ ( ∆R R (i) ≡ ∆R R (τ)). The ∆R R (τ) images are directly scaled in absolute units, which is an advantage compared to standard lock-in detection techniques where the signal is usually scaled in arbitrary units. After each "acquisition run", we obtain a sequence of images displaying the time variation of ∆R R (τ) over the desired time delay interval. The total number of images n i in the acquired sequence depends on the time delay interval, the frame rate of the camera and the delay-line speed. The sequence of "acquisition runs" is performed as many times as necessary in order to average the noise level of the n i images of the sequence. After N sequences of "acquisition runs" we obtained a smoothed time variation of the sequence < ∆R R (τ) > N , averaged over N runs.

Results and discussion

For the experiment, a hybrid multilayer sample structure composed of a 210 nm gold / 30 nm cobalt / sapphire substrate, depicted in Fig. 1(c), has been manufactured by RF magnetron sputtering (details can be found elsewhere [22]). The femtosecond pump beam is focused through the transparent sapphire substrate on the back of the sample at the cobalt layer. As a results of the strong electron-phonon coupling in cobalt, the laser excited electrons rapidly transfer their excess energy to the lattice such that the cobalt layer thermally expands and generates an ultra- short acoustic strain pulse propagating both into the gold layer and into the sapphire substrate. The excellent acoustic impedance matching between the cobalt opto-acoustic transducer and gold or sapphire minimizes the acoustic reflections at the surrounding interfaces (only about 10% of acoustic strain gets reflected). As a consequence, the initial shape of the acoustic pulse transmitted into gold follows the spatial profile of the laser deposited heat in the cobalt layer. Since the optical skin depth in cobalt at 800 nm wavelength is about 13 nm, the acoustic pulse profile follows the same spatial extension. After propagation through the 210 nm gold layer at the gold acoustic speed of ∼ 3.3 nm/ps [23], the laser excited acoustic pulse reaches the free surface of gold where it slightly modifies the optical reflectivity R through the acousto-optic effect and produces an image sampled by the imaging femtosecond probe pulse. Figure 2 shows the transient reflectivity < ∆R R (τ) > at five different time delays τ. The complete sequence with a total number of images n i = 150 has been averaged for N = 1000 times which corresponds to a total acquisition time of about 30 minutes. As a comparison, for an equivalent image resolution of 250×250, conventional pump-probe scanning of the surface sample would take about 250×250×5s∼ 5000 minutes (if we assume that one single acquisition takes about 5 s each), which is roughly 100 times longer than offered by our experimental technique. To further improve image quality and to diminish the uncorrelated pixel noise, a standard numerical filtering procedure using a 3×3 circular averaging filter has been applied to each individual image of the sequence. This numerical filter does not alter the image resolution (which is close to the diffraction limit) but only removes high frequency spatial noise and improves the pixel standard deviation (STD) from 5.1×10 -4 to 2.1×10 -4 , see Fig. 2 at τ = 56 ps. The value of the STD (in the range ∼10 -4 ) gives a reliable estimate of the detection sensitivity of the experiment, which is significantly better than required for this measurement. Increasing the number of averages N would improve the detection sensitivity by √ N, however it would critically augment the total acquisition time.

The acousto-optic detection process at the free sample surface works as long as the propagating acoustic pulse remains in the probe optical penetration depth area of about ξ = 32 nm typical size at 400 nm probe wavelength. Because of the reflection of the propagative acoustic pulse at the free surface with a change in sign (the pressure strain is converted into a tensile strain), the detected reflectivity signal goes through a minimum when the pressure and tensile strain upon reflection balance each other (i.e. when the first half of the reflected strain overlaps with the other half of the incoming strain) and the sign of the detected reflectivity variation changes due to the inversion of the sign of the strain. As a consequence of the acoustic reflection at the free surface the acoustic pulse appears to have a bipolar reflectivity signal even if the acoustic pulse has unipolar shape. This artifact of acousto-optic detection can be seen in Fig. 2 which displays a selection of reflectivity images at different time delays τ. The resulting minimum in the reflected signal at τ = 65.5 ps can be directly seen in the corresponding image and previous and subsequent images, at τ = 63 ps and 72.7 ps respectively, illustrating the nonsymmetrical shape (i.e. bipolar shape) of the acousto-optic signal. The relevant acousto-optic detection process is described by,

∆R R (τ) ≡ Z +∞ 0 s(z)η(z, τ)dz, (2) 
where the sensitivity function s(z) (which depends on the optical and acousto-optical properties of the film [3]) weights the influence of the propagative acoustic strain η(z, τ) on the change in reflectivity at different depths z below the free surface of the film. From Eq. ( 2) it is obvious that the measured change in reflectivity does not directly describe the acoustic strain, but is a convolution of the optical sensitivity function s(z) with the propagative acoustic strain η(z, τ).

The inability to optically detect the exact acoustic pulse shape [24] is problematic. Different detection techniques have been developed to circumvent this limitation [25-27], however, in a situation as the one described here it has recently been demonstrated [28] that an appropriate algorithm can retrieve the actual profile of the acoustic pulse from transient reflectivity measurements. We will see in the following that in case of transient reflectivity detection of shorter-than-skin-depth acoustic pulses in a gold film, the situation can be simplified. At the moment, we will emphasize the direct observation of the nonlinear reshaping of the propagating acoustic pulse. The foremost observation in nonlinear laser acoustics (high-power laser excitation of weak to strong shock waves [1, 22, 29, 30] or solitons [31-33]) is the increase in sound velocity (over the speed of sound of the material) of large pressure acoustic pulses. As a matter of fact, any experimental evidence of the acoustic velocity being dependent on the acoustic pressure implies the involvement of nonlinear acoustics. The sequence of reflectivity images of Fig. 2, in particular the orange edge portion whose maximum has a time offset as compared to the blue center part (compare the images at τ = 72.7 ps and 83 ps in Fig. 2) is a direct demonstration of the nonlinear propagation of the inhomogeneous acoustic pulse. Since the laser pump is focused as an inhomogeneous 2D gaussian profile, see Fig. 1(a), the non-uniform amplitude of the laser pump will give rise to an inhomogeneous acoustic pulse that does not travel at a constant speed. As a consequence, the acoustic speed will be non-uniform along the in-plane position of the acoustic pulse. This is the reason for the center blue portion of the acoustic pulse with higher acoustic pressure arriving before the orange edge portion with lower acoustic pressure. A second step of image analysis provides deeper insight into the observation of the governing nonlinear acoustic phenomena. In this step, each image of the sequence has been processed with a predefined image mask -adapted to the 2D Gaussian excitation profile, with four plus one different areas in order to isolate five different subimages. A selected raw image and the adapted mask are shown in Figs. 3(a) and 3(b). The mask has a central part, the first area with a disk-like shape centered at the in-plane position of the maximum transient reflectivity signal, and corresponds to the maximum in pump light intensity. Finally, the last region, Area 5, serves as a reference area with negligible pump induced transient reflectivity signal to quantify the measurement noise. After applying the mask, the mean values of each of the five resulting subimages are calculated. From all the images constituting the sequence, we obtain the picosecond time evolution of the mean values for each of the 4 areas -as displayed in Figs. 3(c) and 3(d). While Fig. 3(c) shows the extracted mean values of Areas 1 through 4, Fig. 3(d) shows the same results after subtractions of the mean value of the reference area, Area 5, which diminishes the noise level further. Comparison of the results of Area 4 shown in Figs. 3(c) with 3(d) demonstrates that the subtraction of the reference area removes noise by about a factor of 3 -a substantial improvement of data quality. More quantitatively, the STD value of Area 4 decreases from 8.9×10 -5 to 3.4×10 -5 when the reference Area is subtracted. In case of gold and a probe wavelength of 400 nm [28], the time derivative of the transient reflectivity signal approximates very well the acoustic strain profile η in Eq. ( 2). As a final step, we perform the time derivation of the reflectivity signals displayed in Fig. 3(d), which yields the approximate acoustic pulse profiles for each of the four different areas. The results of this procedure in Fig. 3(e) highlight that the acoustic pulse arrival is different for the 4 different areas with different acoustic pressures. From the acoustic pulse with higher pressure (Area 1) arriving before the acoustic pulse with lower pressure (Area 4), we conclude the nonlinear acoustic propagation through gold. Between Area 1 and Area 4, we measure a time jitter of about 1.6 ps in arrival time of the acoustic pulse, consistent with what has been measured with femtosecond surface plasmon interferometry [22]. This time jitter only depends on the third order elastic parameter of gold and on the peak amplitude of the generated acoustic pulse. In case of gold, since this nonlinear elastic coefficient is already known [34], our results displayed in Fig. 3, directly scaled in absolute units, can be used to estimate the absolute value of the photoelastic coefficients in the sensitivity function s(z) of Eq. ( 2). From the comparison of the measured intensity-dependence of the time jitter with the solutions of the nonlinear Korteveg-de Vries (KdV) theory [22, 31], we obtain an estimate of the photoelastic coefficients in gold at 400 nm probe wavelength, dn/dη = 2.0 ± 0.7 and dk/dη = 1.0 ± 0.3. Vice versa when a material is studied with unknown nonlinear elastic coefficient, the analysis of the time jitter and the nonlinear reshaping of ultrashort acoustic pulses can be exploited to extract the values of elastic nonlinearities.

Conclusion

Through this paper we introduced an ultrafast pump-probe experiment based on lock-in acquisition of images. The technique enables direct 2D visualization of femtosecond laser induced phenomena. To illustrate the high-sensitivity, low-noise performance of the developed setup, we present the direct visualization of the nonlinear propagation and reshaping of an ultrashort acoustic pulse in gold. Potentially, this experimental technique could lead to a simple and routine measurement of nonlinear elastic parameters of many materials. To facilitate the detection of even smaller features in time resolved images it could be possible to further increase the image resolution close to the diffraction limit. The detection sensitivity could be improved further with a new type of low noise CMOS sensors with a frame rate of ∼ 800 Hz at 256×512 pixels resolution (Hamamatsu OrcaFlash), and by using different detection techniques [35-37]. Beyond that, we envision to use this new technique for imaging longitudinal or transverse ultrasonic echoes in biological or liquid samples [38-42] or to adapt the experiment for Magnetooptical Kerr measurements in order to image magnetic domains subjected to ultrashort acoustic pulses [43]. The latest results can be found online [44].
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Figure 1 . 1 :

 11 Figure 1.1: Sketch of an interaction of femtosecond laser pulse with a metal resulting in the electron difusion. Exponential proile of the laser light penetration is shown by white solid line and black solid line shows the proile of the heat difusion.

Figure 1 . 2 :

 12 Figure 1.2:Consequent dynamics of the distribution of electrons induced by a femtosecond laser pulse; a) quasi-instantaneous repopulation of the states above the Fermi level E F induced by absorption of the laser pulse with energy hν. Formed distribution is non-Fermi like because of the high level of non-equilibrium, as a result system can not be characterized by an electron temperature T e . b) After electron thermalization (by the time t = τ th ) the electron distribution can be described by the Fermi-Dirac statistics, thus electrons can be characterized by some value of T e that is typically greater than the lattice temperature T i . c) Through electron-phonon interaction the energy of electrons is redistributed to the lattice and the system reaches equilibrium (T e = T i ) by the time τ eq .
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 113 Figure 1.3: Model of bimetallic structure composed of a gold ilm and a semi-ininite cobalt substrate that is excited by 200 fs laser pulse. Two proiles of energy deposition are depicted in the gold layer, irst shows the exponential skin depth characterized by δ skin . And the second displays the heat difusion proile with a difusion length ζ dif f .
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 22 After substitution of c 21 from (1.20) in (1.21) we can write the system of equations for c 11 and c 12 consisting of updated (1.21) and (1.22) as follows
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 21 Figure 2.1:Diagram of the pump-probe experiment showing the proile of heated region by absorbed pump pulse within the skin layer δ; this excitation region then emits the acoustic pulse of bipolar shape (which is true for all free-surface-excited ilms); the acoustic pulse induces the change of the density and modiies the relectivity coeicient R on the other side of the ilm; these acoustically induced changes are detected by the probe pulse from a photodiode as a variation of the light intensity.
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 22 Figure 2.2: Calculated strain distribution generated by the heat absorbed within the skin depth δ as a function of thickness z/δ for diferent time instances. Strain is propagating with a sound velocity c s . Difusion is neglected.
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 24 Figure 2.4:Scheme of the acousto-plasmonic pump-probe experiment25 , where acoustic strain is generated by laser absorption in the cobalt layer. This strain then propagates through the gold layer and interacts with surface plasmon wave-vector k sp by modulation of the dielectric function ϵ m .

Figure 2 . 5 :

 25 Figure 2.5: Spatial proiles of the strains η at diferent times t are shown as red solid lines. They demonstrate progressive propagation of the initially generated strain in cobalt layer by thermal expansion. Three consecutive echoes that should be detected at probing side are depicted by arrows. Second and third echoes are relections of the strain shown for t = 92 ps at the gold/cobalt and the cobalt/sapphire interfaces respectively.
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 26 Figure 2.6: Real part of the dielectric function ϵ m without thermal background is shown as the red solid line presenting three echoes explained earlier; Simulation curve (blue solid line) reproducing reasonably well all the echoes as well as their shape is the result of the propagation algorithm implementation and calculation using (2.22).
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 127 Figure 2.7:The response function G(t) for diferent combinations of the photo-elastic coeicients A and B which reveal smooth response when B approach to zero and sharp step if A is very small.
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 28 Figure 2.8:The response function for strain detection at the interface between phase-matched materials.
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 29 Figure2.9: a) Fit (red solid line) and experimental transient relectivity data (blue solid line) in the case of strain generation by hot electrons through 100 nm of gold on a 30 nm cobalt ilm; b) Superposition of experimental (blue solid line) and reconstructed (black solid line) relectivity curves with the help of reconstruction algorithm; c) Gaussian-like strain pulse shape used for itting with the 10% relection tale produced by relection at cobalt/sapphire interface; d) reconstructed strain pulse shape (black solid line) with the zero-frequency oscillating term (black dashed line) that has the period 18 ps superimposed with manually adjusted strain pulse (red solid line).
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 210 Figure 2.10: a) Superposition of experimental transient relectivity data (blue solid line) and manual it (red solid line) in the case of direct illumination of very thin 12 nm single crystal SRO layer; b) Superposition of experimental (blue solid line) and reconstructed relectivity (black solid line) curves with the help of reconstruction algorithm are almost identical; c) Gaussian-like strain pulse shape obtained by manual itting; d) reconstructed strain pulse shape (black solid line) with very low amplitude of zero-frequency oscillating term (with period 18 ps) superimposed with the manual it (red solid line).
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 211 Figure 2.11: a) Dynamics of the real part of the surface dielectric function without thermal background; b) Strain pulse shape reconstructed using Eq. (2.34) shows three consecutive echoes detected at free surface of gold.
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 212 Figure 2.12: The irst reconstructed acoustic echo (blue solid line) is superimposed with the solution of the Korteveg-de Vries nonlinear equation, additionally taking into account 1 nm surface roughness gold surface (red sold line).
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 213 Photodiode(positive) Objective x50
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 214 Figure 2.14: Diagram showing the principles of operation of an acousto-optic modulator. The angle of incidence is equal to the Bragg angle θ B and the delection angle is 2θ B .
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 216 Figure 2.16: Nanosecond one side pump-probe experimental setup with synchronous detection.
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 217 Photodiode (negative)
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 31 Figure 3.1: Demonstration of the strain generation in cobalt layer through 500 nm of gold
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 32 Figure 3.2: Example of an initial distribution of the temperature in gold/cobalt structure based on the heat difusion parameters ζ (Au),(Co) dif f

Figure 3 . 3 :

 33 Figure 3.3:Spatial proiles of the temperature in a gold/cobalt/sapphire structure after solving the heat equation with the initial distribution shown as the green solid line. The proiles start from the t = 0 ps with 5 ps time step. Fast cooling of the cobalt layer is followed by the heating of the adjacent gold ilm. The last proile corresponds to time t = 50 ps (red solid line) which shows quasi-uniform distribution of the temperature inside the gold/cobalt layers.

Figure 3 . 4 :

 34 Figure 3.4:Spatial proiles of the temperature inside the gold/cobalt/sapphire sample after solving the heat equation with a time step equal to ∆t = 5 ns. Equilibration of the temperature inside the structure takes only 50 ns (red solid line). At nanosecond timescale the inluence of the Kapitza resistance of the gold/cobalt interface will be minimal and by contrast the Kapitza resistance of the cobalt/sapphire interface will be dominant.

Figure 3 . 5 :

 35 Figure 3.5: Single layer of 90 nm thick polycrystalline gold deposited on a sapphire substrate.

3 PUMPFigure 3 . 6 :

 336 Figure 3.6: Relectivity curve (blue solid line) measured for the gold/sapphire sample is itted with solution of the heat difusion equation for diferent values of the Kapitza resistance R Kap . Best it (red dashed line) was achieved for R Kap = 2 • 10 -8 m 2 KW -1 with an error ±0.5 • 10 -8 m 2 KW -1 .

3 PUMPFigure 3 . 7 :

 337 Figure 3.7: Relectivity curve (blue solid line) of the gold/sapphire sample is itted with solution of heat difusion equation (red dashed line) that corresponds to the Kapitza resistance R Kap = 2 • 10 -8 m 2 KW -1 . Additionally, the solution of the simulation considering ininite Kapitza resistance is shown as the green solid line as a reference.

3 PUMPFigure 3 . 9 :

 339 Figure 3.9: Relectivity curve (blue solid line) of the cobalt/sapphire sample is itted with the solution of the heat difusion equation (red dashed line) that corresponds to the Kapitza resistance R Kap = 2.5•10 -9 m 2 KW -1 with an error ±1.5 • 10 -9 m 2 KW -1 .

Figure 3 . 11 :

 311 Figure 3.11: Relectivity curve (blue solid line) of the gold/cobalt/sapphire sample is itted with solution of the heat difusion equation. The value of the Kapitza resistance estimated for the gold/sapphire sample (red solid line) is not suitable for simulation of the bilayer structure. Best it (red dashed line) following well the dynamics of the cooling and corresponds to the Kapitza resistance estimated for 90 nm cobalt ilm equal to R Kap = 5 • 10 -9 m 2 KW -1 . The sensitivity of this it is bigger than in the case of single cobalt ilm because the zero Kapitza resistance curve (green solid line) shows much more diference with the best it (red dashed line).

Figure 3 . 12 :Figure 3 . 13 :

 312313 Figure 3.12: Scheme of the cobalt layer replacement by the bufer layer

Figure 3 . 15 :

 315 Figure 3.15: Dynamics of the transient relectivity detected at the cobalt/sapphire interface (blue solid line), that shows a rapid growth of the temperature at the cobalt/sapphire interface until t = 15 ps and then followed by slow cooling. Two coherent acoustic signals from gold and cobalt layers are presented at times t = 73 ps and t = 146 ps respectively. Red dashed line shows the simulation where the cobalt layer is overheated by a factor of 14.5, whereas green solid line considers no overheating. Small inset demonstrates spatial proiles of the temperature for two simulated heat dynamics at the cobalt/sapphire interface.

  .15 respectively). The acoustic pulse from cobalt layer arrives at time 146 ps. It can be shown that this time corresponds to the round trip inside the gold ilm and single trip inside the cobalt ilm : (240 nm ÷ 3.45 nm/ps)• 2 +30 nm ÷6 nm/ps = 144 ps)). The estimated value is very close to the actual time of arrival. The simulation was performed with two exponential temperature proiles: the gold proile has the difusion length ζ Au heat = 180 nm and the cobalt proile has ζ Co heat = 12 nm. The Kapitza resistance of the cobalt/sapphire interface is R Co/Sapphire Kap = 2.5 • 10 -9 m 2 KW -1 . So far we have only two it parameters : 1. the factor of overheating of the cobalt layer,

Figure 3 . 17 :

 317 Figure 3.17: Scheme of the TTM simulation consisting of 150 nm thick gold layer and thin 30 nm cobalt layer excited by a 200 fs FWHM laser pulse of an arbitrary intensity.

Figure 3 .

 3 Figure 3.18: a) Distribution of the electron temperature after absorption of a 200 fs laser pulse as a function of a thickness and a time in gold/cobalt structure. The electron temperature grows extremely rapidly close to the surface of excitation and then redistributes all over the structure through the fast difusion. b) Spatial proiles of T e multiplied by a scaling coeicients are shown for times at t = 0.35 ps, 1 ps and 2 ps. The spatial proile of T e established after t = 1 ps has much wider proile in gold than in cobalt, which is conform with a values of the electron mean free path for these materials.

Figure 3 . 19 :

 319 Figure 3.19:Temporal proiles of T e along two interfaces: Surface 1 that is the free surface of the gold and Surface 2 that is the gold/cobalt interface. The green line is T e at the Surface 1 that shows a fast growth of the temperature reaching maximum value 50 fs after arrival of the laser pulse. Both, red dashed line and black solid line are temperatures in gold and cobalt in the very proximity to the Surface 2 and they show the continuity of the electron temperature through the interface.

Figure 3 .Figure 3 . 21 :

 3321 Figure 3.20: a) Distribution of the lattice temperature as a function of thickness and time in gold/cobalt structure. In both layers the temperature rises much slower than T e and reaches a quasi-constant level at 2 ps. b) Spatial proiles of T i at t = 0.35 ps, 1 ps and 2 ps reveal progressive overheating of the cobalt layer. Final temperature jump at the gold/cobalt interface is equal to 12.8.

Figure 3 .Figure 3 . 23 :

 3323 Figure 3.22: a) Distribution of the electron temperature after absorption of 200 fs laser pulse inside of gold/cobalt layers with the Kapitza resistance. b) Spatial proiles of T e at t = 0.35 ps, 1 ps and 2 ps demonstrate a temperature drop at the gold/cobalt interface by a factor of 4, which is caused by presence of the Kapitza resistance.

Figure 3 .Figure 3 . 25 :

 3325 Figure 3.24: a) Distribution of the lattice temperature inside the gold/cobalt strucure with consideration of the Kapitza resistance equal to R Kap = 5 • 10 -10 m 2 KW -1 resulting in much smaller overheating of the cobalt layer. b) Spatial proiles of T i at t = 0.35 ps, 1 ps and 2 ps show widening by 30 nm of the temperature proile of the gold layer and smaller 3.5 factor of overheating of the cobalt layer.

.

  The proiles of the established lattice temperatures indicate that the difusion length in gold is ζ (T T M ),Au dif f = 100 nm and in cobalt is ζ (T T M ),Co dif f = 13 nm. When considering the Kapitza resistance of the gold/cobalt interface the difusion length in gold becomes ζ (T T M ),Au dif f = 130 nm and the difusion length in cobalt remains unchanged. For the reference, the proiles of the lattice temperature obtained from the acoustics pulse shape are ζ (Exp),Au dif f = 180 nm and ζ (Exp),Co dif f = 12 nm.

Figure 3 . 26 :

 326 Figure 3.26: Extraction of the acoustic component (black solid line) from the relectivity signal (blue solid line) by subtraction of the simulated thermal background (red dashed line) that is depicted in the inset.

Figure 3 . 27 :

 327 Figure 3.27: (top panel)Progressive spatial proiles of complex strain distribution η(t) that propagates with indicated by red arrows directions. (bottom panel) Temporal proile of the strain at the cobalt/sapphire interface that is shown by green solid line with depicted indications of the origin of each strain pulse.

Figure 3 . 28 :

 328 Figure 3.28: Experimental relectivity data without thermal background (blue solid line) are itted using a convolution of the simulated strain distribution (black dashed line) with the sensitivity function G(t) (see the inset) that results in relectivity it shown by red solid line.

Figure 3 . 29 :

 329 Figure 3.29: Experimental relectivity without thermal background (blue solid line) is itted using TTM (red solid line) for T e = 750 K and R Kap = 4.5 • 10 -10 Km 2 /W. Spatial proile of the simulated relectivity reproduces well the gold echo but underestimates the cobalt echo by 1.6 times.

Figure 3 . 30 :

 330 Figure 3.30: Experimental relectivity data without thermal background (blue solid line) is itted using TTM (red solid line). Spatial proile of the simulated relectivity with adjusted Kapitza resistance to the value R Kap = 1.7 • 10 -10 Km 2 /W is in good agreement with the experiment.

Figure 3 . 31 :

 331 Figure 3.31: Magnetization oscillations measured by Kerr rotation that was triggered by difusive electrons excited in gold (black solid line).

Figure 3 . 32 :

 332 Figure 3.32: Relative orientation of the magnetization vector ⃗ M and the applied ield ⃗ H with respect to the ilm plane.

Figure 3 . 33 :

 333 Figure 3.33: Magnetization oscillations measured by Kerr rotation that was triggered by difusive electrons excited in gold (black solid line). The magnetization oscillations was itted by in-phase excitation of FMR and magnon precession (red solid line). Two frequencies of FMR and irst-order magnon mode are shown by blue dotted line and by red dotted line respectively.
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= 3 ( sin x -x cos x x 3 )

 33 Fig. B.1. In analogy with mechanics where c i = cos(πak i ) s i = sin(πak i )

  result of simulation for three symmetry directions [100], [110] and the orientation that corresponds to the direction of growth of all our gold samples [111] is shown in Fig. B.6.

Figure B. 6 :

 6 Figure B.6: Calculated dispersion relation for gold at room temperature, k is in units of (1/10a).

5 µm

 5 dimensions and it is shown in Fig. B.7. Observed wave-vector anisotropy distribution should remarkably change the wavefront of propagating plane wave leading to signiicant distortions. Thus wave propagating in the gold [111] will experience noticeable change of the wavefront due to 10% variation of wavevector k. The shape of observed anisotropy that present three regions of higher values of wavevector is typical for third-order symmetry direction [111].

Figure B. 7 :Figure B. 9 :

 79 Figure B.7: Calculated slowness surface for gold [111] at room temperature shows three privileged regions in which acoustic speed can reach up to 10% bigger values of k; Such shape of anisotropy is dictated by third order symmetry direction [111].

Figure B. 10 :Figure B. 11 :Figure B. 12 :

 101112 Figure B.10: Calculated distribution of strain formed by the Fresnel lens in the case of isotropic medium of propagation in the focal plane at 500 nm with FWHM 40 nm of central spot.

Figure B. 13 :

 13 Figure B.13:Example of the Fermi-Dirac distribution for gold for three temperatures T = 0 K, 293 K and 1000 K showing the migration of the electrons towards higher energy states when the temperature of metal is increased.

Figure B. 15 :

 15 Figure B.15: Reduced-zone scheme showing the efect of translation of all the wave-vectors into irst Brillouin zone represent much clear the band gaps in material.

Fig. 1 .

 1 Fig. 1. a) Sketch of the femtosecond pump-probe imaging experimental setup. The ×50 microscope objective is adjusted to image the front of the sample surface by a 400 nm probe onto the CCD camera with high magnification. A 20 cm lens before the beam splitter is used to illuminate the whole CCD sensor. The 800 nm pump beam that excites the transient phenomenon is focused on the back of the sample by a ×10 microscope objective. The stage controller synchronously triggers the pump beam modulation and the image acquisition during the continuous motion of the high speed delay-line. After image processing, we obtain sequences of images showing picosecond time resolved evolution of the photoexcited phenomena. b) The pump beam is in focus at the sample surface where the light intensity forms a 2D gaussian profile with a FWHM of about 10 µm. c) The sample investigated here is a metallic multilayer structure composed of a 210 nm gold (Au) layer and a 30 nm cobalt (Co) layer coated on a sapphire substrate. The pump beam is focused on the back side of the sample at the cobalt layer while the probe beam is used to image the front gold free surface.

Fig. 2 .

 2 Fig. 2. After image processing, we obtain a sequence of images showing time resolved evolution of the transient reflectivity ∆R/R on a picosecond time scale. Here, we show selected images from τ = 56 ps to 83 ps after the pump excitation of the acoustic pulse -see the supplementary material online for the full sequence (Media 1). In the present case, the arrival of the laser excited acoustic pulse from the cobalt layer at the gold front surface slightly modifies the gold optical reflectivity. Each image of the transient reflectivity ∆R/R at different time delays is a display of the 2D acousto-optic response. The transient reflectivity change reaches about -4×10 -3 at the blue center part of the images. The fact that the center blue part on the images reaches two pseudo-maxima at τ = 63 ps and 72.7 ps is inherent to the acousto-optic detection of an unipolar acoustic pulse at a free surface. The orange edge part which changes the transient reflectivity by about 2×10 -3 and appears at different time delays compared to the blue center part is the signature of the nonlinear acoustic propagation of the acoustic pulse trough gold.

#Fig. 3 .

 3 Fig. 3. a) and b) After image processing, every transient reflectivity image at each time delay has been numerically split in 4 different areas and a reference area defined by an image mask. These five areas of the image mask include Area 1 which comprises the center of the transient reflectivity maximum, Areas 2 through 4 as concentric areas around the center and the Reference Area with negligible pump induced transient reflectivity signal which is used as a noise reference image. c) Mean transient reflectivity signal of each of the four concentric areas. d) The signal-to-noise level is increased by a factor of 3 when the noise reference Area is used in the image processing. e) The smoothed time derivatives of the signals shown in d) reveal different arrival times of the acoustic pulse at the front gold surface for different areas corresponding to different laser pump power inputs. We observe a 1.6 ps time difference between the areas of maximum (Area 1) and minimum (Area 4) pump fluence which is in close agreement with the calculated estimates of the nonlinear acoustic propagation in gold.

  

Table 2 .1: Sound

 2 velocities of gold, cobalt and sapphire

	Property\Material Gold (1) Cobalt (2) Sapphire (3) Unit
	Sound velocity	3450 51	6300 52	11300 25	[c s ] = [ms -1 ]

Table 2 . 2 :

 22 Values of acoustic impedances of the studied materials

	Property\Material Gold Cobalt Sapphire Unit
	Impedance	66585 56070 45200	[

  .15. Scheme of the core of the femtosecond pump-probe imaging experimental setup. Two objectives are adjusted from diferent sides. First x10 objective focus femtosecond 800 nm pump pulse on the back of the sample for generation of transient process. Another x50 objective is adjusted from the front side for scanning by 400 nm femtosecod imaging probe. The lens positioned before the beam splitter is devoted to illuminate the entire surface of the CCD camera. Stage controller sends a TTL trigger instantaneously to optical modulator and to CCD camera. This is necessary to register one image without pump pulse (will serve as the reference) and another with the changes induced by the pump pulse. Then by subtraction of one image from another it is possible to eliminate laser noise like in the case of balanced photodiode scheme.
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Table 3 . 1 :

 31 Physical parameters of gold, cobalt and sapphire for COMSOL simulations Thermal conductivity 318 69 69 70,71 25.2[START_REF] Gmbh | Density of the elements[END_REF] 

	Property\Material	Gold	Cobalt Sapphire Unit
	Density	19300 66 8900 66 3980 67	[ρ] = [kg m -3 ]
	Speciic heat capacity 129.1 68 421 68	761 67	[C

p ] = [J kg -1 K -1 ]

  .8. Single layer of 90 nm thick polycrystalline cobalt deposited on sapphire substrate.

	Al 2 O 3	Co
		90 nm
	Figure 3.8:	

  .10.

	Al 2 O 3	Co	Au
			150 nm
	30 nm	

Figure 3.10: Thin 30 nm cobalt layer is sandwiched between 150 nm gold layer and sapphire substrate.

  .14.

	Al 2 O 3	Co	Au
			240 nm
	30 nm	

Figure 3.14: Thin 30 nm cobalt layer is sandwiched between 240 nm gold layer and sapphire substrate.

  Transient relectivity signal (blue solid line) and the best it (red dashed line) that was performed with the following it parameters : R

	R Kap Co/Sapphire = 2.5e-9 R Kap Au/Co = 2.5e-10
	R Kap Co/Sapphire = 2.5e-9 R Kap Au/Co = 4.5e-10
	R Kap Co/Sapphire = 2.5e-9 R Kap Au/Co = 6.5e-10
	Experimental data
	Figure 3.16: Au/Co
	Kap

Table 3 . 2 :

 32 Physical properties of gold, cobalt and sapphire for TTM simulations T 74 [C e ] = [ J m 3 K 2 ] Lattice heat capacity 2.5 • 10 6 75 3.5 • 10 6 10 [C i ] = [ J m 3 K ] c s should give ζ dif f . It was measured experimentally that τ Co ac = 2 ps, therefore taking into account the sound speed in cobalt c Co

	Property/Material Electron-phonon coupling 2.3 • 10 16 11 43 • 10 16 Gold Cobalt Heat conductivity 317 69 69 70,71 Electron heat capacity 71 • T 73 = 6.3 nm/ps we can estimate the electron-phonon Unit [g] = [ W m 3 K ] [k] = [ W mK ] 677 • s coupling as follows

  .27.
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Table B . 1 :

 B1 aK e aC 12 = α 1 -5α ′ + aK e aC 44 = α 1 + 3α ′ . Tabulated elastic constants[START_REF] Kittel | Introduction to solide state physics[END_REF] 

					(B.8)
	All the connected to this model constants and calculated values are presented in Tables B.1
	and B.2				
	Material	C 11	C 12	C 44	a
	Gold	10 10 N m 2 19.23	10 10 N m 2 16.31	10 10 N m 2 4.20	10 -12 m 407

Table B . 2 :

 B2 Calculated elastic parameters[START_REF] Behari | Phonon dispersion relations in noble metals[END_REF] 

	Material	α 1
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has only a smooth component related to other dimensionless parameter A.

In this section we have seen that the thermo-elastic model of the strain generation allows to quantitatively reproduce the experimental data measured for the gold/cobalt/sapphire sample. The proiles of the acoustics generated in gold and cobalt are in good agreement with the experiment. However, the overheating of the cobalt layer assumed during the COMSOL simulation appears to overestimate the amplitude of the strain by a factor of 2.5. Also it was shown, that the algorithm of solution of the acoustic wave equation succeed to reproduce the arrival of all the echoes observed experimentally.

Kapitza resistance determines the cooling rate from overheated components. Even though the inluence of the heat transfer through the interfaces increases when the element sizes shrinks. We detected a noticeable cooling rate improvement by introducing a thin cobalt ilm between gold and sapphire layers. It serves as an eicient bufer layer for the heat carriers propagating from the gold layer to the sapphire substrate because of the small Kapitza resistances for both gold/cobalt and cobalt/sapphire interfaces.

A Appendix

A.1 TTM algorithm and MATLAB script

Analytic formulations discussed previously can be formalized in the following algorithm that will ensure correct calculation:

• Take the Fourier transform of the femtosecond laser pulse f (t).

• Calculate the Maxwell's wave numbers p 1,2 from Eq. (1. 18) paying attention that it should have positive real part.

• Determine coeicients c 11 , c 12 from Eq. (1.26) and c 21 from Eq. (1.26).

• Calculate temperatures of electrons for both gold and cobalt layers in the frequency domain Te 1,2 using Eq. (1. 19).

• Take the inverse Fourier transform of the temperature of electrons and use it to calculate the temperature of the lattice T 1,2 i by Eq. (1.39).

The MATLAB script which performs mentioned above steps is given below:

c l e a r a l l c l o s e a l l s e t ( 0 , ' U n i t s ' , ' p i x e l s ' , ' D e f a u l t A x e s F o n t S i z e ' , 1 2 , ' DefaultAxesFontName ' . . . , ' H e l v e t i c a ' , ' DefaultAxesFontWeight ' , ' normal ' ) ; % normal b o l d %========== D e f i n i t i o n o f t h e t e m p e r a t u r e s ==========% T l a t t i c e = 3 0 0 ; % l a t t i c e t e m p e r a t u r e [K] Te = 3 0 0 ; % e l e c t r o n t e m p e r a t u r e %=== time c y c l e f o r j j = 1 : 1 : N_prop -1 %==== c y c l e f o r p r o p a g a t i o n i n g o l d f o r i i = 1 : 1 :NAu -1 s t r a i n _ p l u s ( j j +1, i i +1)= s t r a i n _ p l u s ( j j , i i ) ; s t r a i n _ m i n u s ( j j +1, i i )= s t r a i n _ m i n u s ( j j , i i +1); end %==== c y c l e f o r p r o p a g a t i o n i n c o b a l t f o r i i =NAu+ 1 : 1 :NCo -1 s t r a i n _ p l u s ( j j +1, i i +1)= s t r a i n _ p l u s ( j j , i i ) ; s t r a i n _ m i n u s ( j j +1, i i )= s t r a i n _ m i n u s ( j j , i i +1); end %==== c y c l e f o r p r o p a g a t i o n i n s a p p h i r e f o r i i = NCo + 1 : 1 : N_total -1 s t r a i n _ p l u s ( j j +1, i i +1)= s t r a i n _ p l u s ( j j , i i ) ; s t r a i n _ m i n u s ( j j +1, i i )= s t r a i n _ m i n u s ( j j , i i +1); end % T r a n s m i s s i o n o f s t r a i n from g o l d i n t o c o b a l t s t r a i n _ p l u s ( j j +1, NAu+1) = TAuCo* s t r a i n _ p l u s ( j j ,NAu)+ . . . RCoAu * s t r a i n _ m i n u s ( j j ,NAu+1); % T r a n s m i s s i o n o f s t r a i n from c o b a l t i n t o g o l d s t r a i n _ m i n u s ( j j +1, NAu) = TCoAu * s t r a i n _ m i n u s ( j j ,NAu+1)+ . . . RAuCo * s t r a i n _ p l u s ( j j ,NAu ) ; % R e f l e c t i o n o f s t r a i n a t c o b a l t / s a p p h i r e i n t e r f a c e with % p r o p a g a t i o n i n t o c o b a l t l a y e r s t r a i n _ m i n u s ( j j +1, NCo) = RCoSapp * s t r a i n _ p l u s ( j j , NCo ) ; % R e f l e c t i o n o f s t r a i n a t f r e e i n t e r f a c e towards c o b a l t s t r a i n _ p l u s ( j j +1 ,1 ) = -s t r a i n _ m i n u s ( j j , 1 ) ; % T rans mis ion o f t h e s t r a i n from c o b a l t l a y e r i n t o s a p p h i r e s t r a i n _ p l u s ( j j + 1 , NCo + 1 ) = TCoSapp * . . . s t r a i n _ p l u s ( j j , NCo ) ; end %=== T o t a l s t r a i n s t r a i n T o t a l =( s t r a i n _ p l u s+s t r a i n _ m i n u s ) ; % P l o t t i n g t h e s t r a i n a t t h e c o b a l t / s a p p h i r e i n t e r f a c e h f i g = f i g u r e ( 3 ) ; s e t ( h f i g , ' p o s i t i o n ' , [ 0 0 600 4 5 0 ] ) p l o t ( time , -s t r a i n T o t a l ( : , NCo -1 ) ) t i t l e ( ' S t r a i n a t t h e c o b a l t / s a p p h i r e i n t e r f a c e ' ) ; y l a b e l ( ' S t r a i n , a . u . ' , ' F o n t S i z e ' , 1 6 ) x l a b e l ( ' Delay time , ps ' , ' F o n t S i z e ' , 1 6 ) ; box on ; % P l o t t i n g t h e 2D d i s t r i b u t i o n o f t h e s t r a i n h f i g = f i g u r e ( 4 ) ; s e t ( h f i g , ' p o s i t i o n ' , [ 0 0 600 4 5 0 ] ) mesh ( x , time , s t r a i n T o t a l ) t i t l e ( ' E v o l u t i o n o f t h e s t r a i n i n g o l d / c o b a l / s a p p h i r e s t r u c t u r e ' ) ; y l a b e l ( ' Delay time , ps ' , ' F o n t S i z e ' , 1 6 ) x l a b e l ( ' Thickness , nm ' , ' F o n t S i z e ' , 1 6 ) ; xlim ( [ 0 x ( e n d ) ] ) view ( [ 9 0 -9 0 ] ) we can assume, that each atom has a mass M and bonded with another atoms by springs with a stifness coeicient β (also called inter-atomic force constant). After solving the equation of motion that accounts the inluence of the nearest neighbors we can express the relation between the wave-vector k and angular frequency w of oscillating modes

%========== p a r a m e t e r s o f t h e model ==========% t h i c k n e s s A u = 1 5 0 ; % t h i c k n e s s o f g o l d [nm] t h i c k n e s s C o = 3 0 ; % t h i c k n e s s o f c o b a l t [nm] t h i c k n e s s S a p p = 1 0 0 ; % t h i c k n e s s o f s a p p h i r e [nm]

where M is the mass of the atom and wave-vector k is related to its wavelength λ by k = 2π/λ. Such chain of identical atoms can be treated as continuum for wavelengths that are much bigger than the atomic spacing distance a. The dispersive behavior of overall crystalline material can be described by considering only one primitive cell or Wigner-Seitz cell. Therefore, uniquely deined primitive cell that by translation can reproduce the structure of solid is called the irst Brillouin zone. An example of the dispersion relation in k-space for irst Brillouin zone is shown in Fig. B.2. However the structure of allowed modes can be much more complicated and can consist of acoustic and optic branches.

But we will focus only on acoustic modes that deine the type of the displacement of atoms from their equilibrium position. Basically, there are two modes : longitudinal (L) and transverse (T). First, the longitudinal mode is characterized by displacement of particles along the line of the direction of propagating wave (see Fig. Typically, T-waves have smaller value of both wavelength and sound velocity for the same frequency and sometimes can be referred to shear waves. In addition there are surface or Rayleigh waves. Such waves represent the oscillating motion of particles that travels along the surface to a depth of one wavelength inside the bulk. They have similar velocities and wavelengths as shear waves. However, in further chapters we will focus only on longitudinal acoustic waves. 

B.1.2 Dispersion Relation: Extended Model

In reality, in cubic crystals the dispersion relation is much more sophisticated. As an illustration, we can consider a slowness surface of fcc nickel shown in Fig. B.5. Slowness surface shows the value of the wave-vector k in the chosen direction resulting. It is easy to see that there are some privileged directions where acoustic waves can propagate with higher values of speed because length of the wave-vector is in direct relation with the speed of sound. These directions corresponds to zones where the forces slowing the propagation of phonons are minimal.

More sophisticated description of the mono-atomic lattice vibrations for a waves traveling along all the symmetry direction could be examined through Sharma-Joshi 81 and Krebs 82 phenomenological model. This model describes the lattice dynamics for cubic metals, especially the Noble metals like gold, silver and copper. Characteristic equation that determines the angular frequencies w of the normal modes of vibration can be written through the secular equation

where M is the mass of the ion, I is the unit matrix of third order, and D ij (k) is the dynamic matrix responsible for three diferent types of interaction resulting in

where the term D r ij (k) describes the radial interaction between the ions, D a ij (k) is the angular interaction between the nearest neighbor ions only, and D e ij (k) is the interaction between electrons. All these terms could be decomposed into two groups depending on the combination of coeicients i and j so that for i = j we have

B.2 Phonons

In further discussion we will use the quantum notion of the lattice vibration called phonon. Phonon is a boson and follows the Bose-Einstein statistics in thermal equilibrium, thus two or more identical phonons can be on the same quantum state.

Phonon has energy E = ω and acts as if it has a momentum -→ p = -→ q (but do not carry momentum itself). Phonon with wave-vector -→ q can combine with a system of wave-vector -→ k leading to creation of a new phonon with the wave-vector -→ q ′ . During this process energy and crystal momentum are conserved so that

where -→ G represents the momentum imparted to the crystal as a whole. It is possible also for a phonon -→ q to decay into two phonons

There are two types of scattering dominating at diferent temperature ranges. For a lowtemperature regime, in general, the scattering of phonons is taking place without the change of crystal momentum, which means that -→ G = 0 and the process is called to be normal. At high temperatures the probability of a scattering with a change of the wave-vector is high, thus to preserve the conservation of crystal momentum reciprocal wave-vector -→ G ̸ = 0 is introduced, this is the Umklapp process. Interaction of the phonons determine the thermal properties of material which will be covered afterward.

B.2.1 Thermal properties of phonons

To describe thermal properties of phonons it is not enough to have only dispersion relation. In order to take into account the resultant efect of the thermal lattice vibrations on the ultrasonic acoustic wave it is necessary to know also the density of vibrational states as a function of frequency.

The density of states (DOS) is a continuous function that shows what is the probability of the state to be occupied by a phonon. In general, the topological properties of the system has a major impact on the distribution of the DOS. Calculation of the DOS using quantum mechanics is not an easy task, but there is a Debye approximation that can estimate the thermal heat capacity.

In the Debye approximation solid is treated as a continuum in which speed of propagation does not depend on the frequency (linear approximation of dispersion relation) with a limited number of normal modes equal to the number of degrees of freedom. Suppose that the crystal contains N/3 atoms per unit volume, and each atom has three degrees of freedom, this leads to N normal modes. In such approximation the cut-of frequency ω D is introduced 

In real anisotropic crystals velocities c L and c T are direction dependent. That is why average velocity (or efective velocity) c 0 over the direction of propagation is frequently used and it is deined as follows

From this model one important parameter could be deduced, such as the Debye temperature Θ D . This is the temperature of a crystal's highest normal mode of vibration, or the highest temperature that can be achieved due to a single normal vibration which is deined by

where k B is the Boltzmann's constant. The Debye temperature for gold is Θ D = 170K [START_REF] Kittel | Introduction to Solid State Physics[END_REF] . Having such low value of the Debye temperature means that at 170 K all the phonons in gold are already excited, which results in less stif properties of gold. For example, the diamond is one of the most hard materials has the Debye temperature equal to 2200 K.

In thermal transport, one of the most important parameters, which is responsible for the amount of temperature change under heating or cooling of a medium is a heat capacity C V . The empirical expression that gives evolution of heat capacity as a function of temperature

where the irst term is associated with contribution of electrons and the second one is related to phonons; γ and β are constants.

Heat capacity could be deduced from the DOS by derivation of the thermal energy U with respect to the temperature T at constant volume

where the total thermal energy is given by

where n(ω) is the number of thermally excited phonons given by

After substitution of all these expressions and derivation of thermal energy (in assumption 
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