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Abstract

:

A Multiple-Temperature Model is proposed to describe the flash laser irradiation of a single layer of graphene. Zhukovsky’s mathematical approach is applied to solve the Fourier heat equations based upon quantum concepts, including heat operators. Easy solutions were inferred with respect to classical mathematics. Thus, simple equations were set for the electrons and phonon temperatures in the case of flash laser treatment of a single layer of graphene. Our method avoids the difficulties and extensive time-consuming nonequilibrium green function method or quantum field theories when applied in a condensed matter. Simple expressions were deduced that could prove useful for researchers.
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1. Introduction


Graphene is a two-dimensional (2D) material, consisting of a hexagonally arranged lattice of carbon atoms. The term “graphene” is fully functional for a solitary deposit of graphite. Most of the thermal properties of Graphene are derivatives of graphite, and allow the inscription of the exceedingly anisotropic nature of this material [1]. For applications, graphene transistors and interconnects benefit from the high in-plane thermal conductivity, up to a specific channel length. Nonetheless, because of its weak thermal coupling to the substrate, dissipation through interfaces and contacts produces a bottleneck. Heat flow in graphene or graphene composites could likewise be tunable through a variety of means, including phonon dispersing by substrates, edges, or interfaces. The thermal properties of graphene originate from its 2D nature, shaping a rich area for new disclosures of heat flow physics and conceivably prompting novel thermal management applications [2].



Electron–Phonon (E–P) coupling is the main phenomenon that intermediates Joule heating, laser–material interactions, and hot electron relaxation. A complete understanding of E–P coupling phenomena is critical to understanding the material properties and improving electronic devices [3,4,5,6,7,8,9,10]. Boltzmann transport equation [11,12,13] and a combination of molecular dynamics with modal analyses [14,15] are accurate methods, but they are complicated, which hinders their use by researchers. A simple Multiple-Temperature Model (MTM) has been developed, which is an extension of the Two-Temperature Model (TTM) [7,16]. For phonons that combine powerfully, a more demanding way is to unswervingly treat the scattering. The cost of the simulation is high; however, MTM can still be used by allowing the phonons to interact with a common thermal reservoir under relaxation time approximation. The MTM models in the literature are either in complex forms that hinder the easy implementation or only available in the steady-state form.



In this study, the MTM for flash laser experiments in the case of a Single Layer of Graphene (SLG) is combined with Zhukovsky’s approach to heat equations. Simple expressions for the electron and phonon temperatures during flash laser experiments on single-layer graphene are developed.




2. Basic Statement


The Two-Temperature Model (TTM) was developed by Anisimov and collaborators [17]. From a theoretical point of view, a few attempts have been presented to improve or simplify the TTM model [18,19]. Very recently [20], a more complex model was pointed out that replaced the standard TTM. The new model, named “Multiple-Temperature Model (MTM)”, is more elaborated from theoretical point of view and provides a much better fitting of experimental data, e.g., in predicting the thermal field during laser-graphene interaction. For single-layer graphene, (a) longitudinal optical phonons (LO), (b) transverse optical phonons (TO), (c) out-of-plane optical phonons (ZO), (d) longitudinal acoustic phonons (LA), (e) transverse acoustic phonons (TA), and (f) out-of-plane acoustic phonons (ZA) have been identified. TTM uses the Quantum-Espresso package or/and EPW (Electron–Phonon coupling using Wannier functions) for simulations based on first principles density functional perturbation theory (DFPT) and an MTM [7]. The main goal of the current study is to develop a less sophisticated MTM using the Zhukovsky’s formalism [20,21,22], thus producing innovation in current field.



The classical TTM formalism can be expressed as


  A .  T e   (    d  T e    d t    )  = K  (     ∂ 2   T e    ∂  x 2    +    ∂ 2   T e    ∂  y 2    +    ∂ 2   T e    ∂  z 2     )  − G  (   T e  −  T p   )  +  P a   (   r →  , t  )   



(1)




and


   C e   (    d  T p    d t    )  = G  (   T e  −  T p   )   



(2)







Here, Te and Tp are the electrons and phonons temperature; t is time; x, y and z are spatial coordinates; and   r →   is the radius/distance vector. G is the coupling factor between electrons and phonons. Pa is the heat source that is induced through laser–SLG interaction. The interaction could be of classical or steady-state quantum mechanical type. A is the electron heat capacity, K is the electrons thermal conductivity of the graphene, and Cp is electron heat capacity of the graphene. MTM in our formalism has the following analytical form (for the phonon branch i, and E–P coupling with coupling factor Gep,i):


  A .  T e   (    d  T e    d t    )  =  K e   (     ∂ 2   T e    ∂  x 2    +    ∂ 2   T e    ∂  y 2    +    ∂ 2   T e    ∂  z 2     )  −  ∑   G  e p , i    (   T e  −  T  p , i    )  +  P a   (   r →  , t  )   



(3)




and


   C e   (    d  T  p , i     d t    )  =  K  p , i    (     ∂ 2   T  p , i     ∂  x 2    +    ∂ 2   T  p , i     ∂  y 2    +    ∂ 2   T  p , i     ∂  z 2     )  +  G  e p , i    (   T e  −  T  p i    )  +  G  p p , i    (   T  l a t   −  T  p , i    )   



(4)




The links between the two models are the following equations:


  G =  G  e , p   =  ∑   G  e p , i    



(5)




and


   ∑   G  p p , i    (   T  l a t   −  T  p , i    )  = 0  



(6)




where Gpp,i is the p-p coupling factor between phonon branch i and the scattering lattice reservoir, and Tlat is the lattice reservoir’s temperature, defined as to ensure the energy transfer among phonon branches conservation. Until now, we have presented the general formalism of thermal effects in laser-graphene interaction. Our main goal was to solve analytically the general formalism described above in order to predict the thermal field in the laser–graphene interaction, as accurately as possible.




3. Linking the Zhukovsky’s Formalism and MTM: A Novel Approach


To the best of our knowledge, there are several articles available on “Zhukovsky’s formalism and MTM” approach [20,21,22], but no attempt has been carried out to link the two approaches with integral transform technique. The results are similar to the other studies but computational technique is unique, simple, and less time-consuming. It recognizes the novelty of this study. According to Ref. [20], linear Fourier equation can be written as


    ∂ T   ∂ t   = a    ∂ 2  T   ∂  x 2    + 2 b   ∂ T   ∂ x   + c x   T  (  x , t  )  + d T        



(7)




We set


  b = c = 0  



(8)




and


  a = γ  



(9)




and


  d = −    G  e p   γ    K e     



(10)




In Equations (9) and (10),  γ  is the graphene thermal diffusivity.



In case of flash laser experiments, one may write for the heat source


  T  (  x , 0  )  ≈  S  l a s e r   · δ  ( t )   



(11)




where


   S  l a s e r   =  S 0  · e x p  (  −  S 1  ·  x 2   )   



(12)




with


  m i n    {     S 0  ,    S 1   }  > 0  



(13)




At the beginning of irradiation in flash laser experiments, we have the following approximation


     T e  ≫  T P   



(14)




Using Equation (5), we may express the electron temperature as


   T e   (  x , t  )  =   e   −    G  e p   γ    K e      ·   t   ·    S  l a s e r     2   π γ t         ∫   − ∞   + ∞     e   −      (  x − ξ  )   2    4 t γ     · δ  ( ξ )  d ξ    



(15)




For phonons, we consider the following heat equation, where the source term is given by a mean electrons temperature:


   C  p , i     ∂  T  p , i     ∂ t   =    ∂ 2   T  p , i     ∂  x 2    −  G  e p , i   ·  T  p , i   +  G  e p , i   ·   T ¯  e   



(16)




A “parallel” is then made between the heat equation in standard form and the one in Zhukovsky form. For this, we set


  b = c = 0  



(17)




and


  a =  1   C  p , i      



(18)




and


  d = −    G  e p , i          C  p , i      



(19)




Here, i denotes different kinds of phonon branches:


  i =  {    L A ,   T A ,   Z A ,   L O ,   T O , Z O    }   



(20)




The final result [20] for the phonons temperature of branch i (   C  p , i     is the heat capacity of the phonons of branch i) is


   T  p , i    (  x , t  )  =   e   −    G  e p , i        C  p , i     · t   ·    G  e p , i      C  p , i       ·   T ¯  e  ·   ∫   − ∞   + ∞     e   −      (  x − ξ  )   2    4 t   ·    C  p , i       · d ξ    



(21)








4. Simulations


The input parameters given in Refs. [7,20] have been used for simulations: heat capacity Ce of 3.6 × 102 J/m3K and thermal conductivity Ke of 50 W/mK (see also Table 1 from Ref. [20]). The only exception is the laser intensity factor S1, which is equal to unity, in order to have arbitrary units. A laser spot radius equal to 0.5 µm and pulses of 25 fs have been taken into account. For the electron temperature, according to Equation (15), the 3D graphic, simulated via Mathematica software, is presented in Figure 1. One should notice that here, and in sequel, T stands for temperature variation rather than the absolute temperature. Figure 1 is in very good agreement with 2D graphics in Ref. [20]. In current simulation, the electrons are heated for a very short time (tenth of fs) to the maximum temperature, similar to data in Ref. [7], but the cooling time took, more realistically, about 0.5 ps, compared to about 0.15 ps in Ref. [7].



Figure 2a shows the phonon’s temperature (using Equation (21)), based upon current model, for transverse optical (TO) phonons branch. It can be observed that where the laser beam intensity is zero, the temperature distribution is zero. This shows the perfect coupling between Zhukovsky’s formalism and Multiple-Temperature Model (MTM). However, thermal effects can be observed clearly beyond laser beam spot size (=1 µm), as a very short laser–graphene interaction time has been choosen (of ps order). The same phenomena can be analyzed in-case of Figure 2b,c realed to longitudinal optical phonons(LO) and longitudinal acoustic phonons (LA) braches, respectively. As the simulation time has been increased, from ps to ns, the heat-wave finds enough time to transfer from the irradiated spot to the rest of the target. This result has been presented in Figure 2d, in case of TA branch. These results prove the trustworthiness of our modeling approach. Figure 2a–d shows the coupling of laser beam in different branches (TO, LO, LA, and TA): higher the coupling factor, the greater the temperature field intensity. It divides the results into two groups, mathematically, as follows: (i) TO and LO, and (ii) LA and TA.



The output of current model is in good agreement with the one presented in Refs. [7,20]. The observation from Ref. [7] that electrons cool-down faster than all kinds of phonons (not only optical ones) is also confirmed by current simulation. It is due to similar reasons, related to Ke and Ce values, which are higher or similar (Ke) to and much smaller (Ce) than the phonon ones. The current simulation has also the advantage that it accurately indicates the thermal decrease of acoustic phonons, which is not very pronounced in Ref. [7]. The cooling time for acoustic phonons is higher, of the order of ns vs. hundred of ps. Accordingly, the present simulational analysis is more accurate than the one presented in Refs. [7,20]. It can be identified that the higher the coupling constant between electrons and phonons of kind i, the better the concordance between current model and the one presented in Refs. [7,20]. When the coupling constant is zero, the present model gives, as expected, a zero temperature variation, which is not the case in Refs. [7,20]. These results have been identified as classical results, while in Refs. [7,20], because of considering the Quantum-field effect, the temperature is not zero despite having the coupling-constant equal to zero. This is due to the Quantum-fluctuations of the vaccum and the laser beam. This study extended the original TTM into a MTM, by using phonon branch-resolved electron to phonon coupling factors. The results showed that different phonon branches are in strong nonequilibrium. Moreover, a comparison with TTM reveals that under steady state condition, MTM estimates 50% and 80% increase for electrons and phonons temperature, respectively [20].




5. Limitations of Current Model


The equations used in the present model have a “classical form”. Nevertheless, the solutions were figured out under quantum mechanical manner. For example, the heat operator is used to solve the heat equation.The following limitations were identified with respect to the application of this approach:




	
The irradiation time/pulse duration should be superior to 1 fs. If simulations are carried out for as pulse durations, the laser wavelength is quite close to the separation distance between nucleus and first electron and the concept of the temperature distribution becomes meaningless.



	
The target size is confined to the (20–100) nm range. If the particle size is smaller than 20 nm, the Fourier law collapses and cannot provide reliable results. For more than 100 nm, the restriction to nano-object is infringed.



	
In current study, single-layer absorption has been used, thus limiting our study to single layer graphene. For multilayer graphene, the analysis becomes intricate and difficult to calculate since the absorption law and heat-transfer coefficients, in real-time, should be reconsidered for each layer, demanding a quantum-field theory in solid-state treatment. This subject is laborious to handle in simulations.









6. Conclusions and Outlook


A new model for MTM applied to flash laser experiments on single-layer graphene is proposed. The results are found to be in good agreement with those reported in the Refs. [7,20]. The current model is, however, much simpler than previous ones, and is able to reproduce 3D thermal fields instead of only 2D ones. This model could be, therefore, an excellent and handy tool for researchers. The crux of the mystery of the current model is that we have applied a very powerful thermal model, namely, the Zhukovsky model [21,22,23], which has encoded in its parameters a lot of information. This work can be extended to the higher laser intensities. The classical heat transfer can be applied until the limit where nonlinear effects of interaction appear at 1021 W/cm2 [24]. Further, this model could be extended to other types of graphene such as graphene oxide or reduced graphene oxide. One should however introduce, in this case, the appropriate values of thermal properties of the target, resulting in modified temperature field distribution of the respective material. This technique is unique, simple, and less time-consuming (about 2 min using Core i7, 8th generation, and 16 GB Ram).







Author Contributions


Conceptualization, methodology, software, A.M.B., M.O.; validation, formal analysis, M.A.M., B.A.S.; writing—original draft preparation, A.M.B., M.O. and M.A.M.; writing—review and editing, C.R., M.A.M. and I.N.M.; supervision, C.R., I.N.M.; project administration, funding acquisition, C.R. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the Romanian Ministry of Education and Research, under Romanian National Nucleu Program LAPLAS VI—contract 16N/2019.




Acknowledgments


This work was supported by Romanian Ministry of Education and Research, under Romanian National Nucleu Program LAPLAS VI-contract 16N/2019. M.O. acknowledges with thanks the partial support of this work under the IIN Contract. B.A.S acknowledge with thanks UEFISCDI-Executive Unit for Financing of Higher Education, Research, and Innovation, Bucharest, Romania under projects PN-III-P1-1.2-PCCDI-2017-0871-contract 47PCCDI/2018, and PN-III-P1-1.2-PCCDI-2017-0619-contract 42PCCDI/2018. M.A.M gratefully acknowledges the financial support from the European Union’s Horizon 2020 (H2020) research and innovation program, under the Marie Skłodowska-Curie, grant agreement No. 764935.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pierson, H.O. Handbook of Carbon, Graphite, Diamond and Fullerenes: Properties, Processing and Applications; Noyes Publications: Park Ridge, NJ, USA, 1993. [Google Scholar]

	



Pop, E.; Varshney, V.; Roy, A.K. Thermal properties of graphene: Fundamentals and applications. MRS Bull. 2012, 37, 1273–1281. [Google Scholar] [CrossRef]

	



Allen, P.B. Theory of thermal relaxation of electrons in metals. Phys. Rev. Lett. 1987, 59, 1460. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, D.M.; Rutherford, A.M. The effect of electron–ion interactions on radiation damage simulations. J. Phys. Condens. Matter 2007, 19, 496201. [Google Scholar] [CrossRef]

	



Lin, Z.; Zhigilei, L.V.; Celli, V. Electron-phonon coupling and electron heat capacity of metals under conditions of strong electron-phonon nonequilibrium. Phys. Rev. B 2008, 77, 075133. [Google Scholar] [CrossRef]

	



Zhou, J.; Li, N.; Yang, R. An electrohydrodynamics model for non-equilibrium electron and phonon transport in metal films after ultra-short pulse laser heating. Eur. Phys. J. 2015, 88, 156. [Google Scholar] [CrossRef]

	



Vallabhaneni, A.K.; Singh, D.; Bao, H.; Murthy, J.; Ruan, X. Reliability of Raman measurements of thermal conductivity of single-layer graphene due to selective electron-phonon coupling: A first-principles study. Phys. Rev. B 2016, 93, 125432. [Google Scholar] [CrossRef]

	



Jain, A.; McGaughey, A.J. Thermal transport by phonons and electrons in aluminum, silver, and gold from first principles. Phys. Rev. B 2016, 93, 081206. [Google Scholar] [CrossRef]

	



Giustino, F. Electron-phonon interactions from first principles. Reviews of Modern Physics. Rev. Mod. Phys. 2017, 89, 015003. [Google Scholar] [CrossRef]

	



Zhou, J.; Zhu, H.; Liu, T.H.; Song, Q.; He, R.; Mao, J.; Liu, Z.; Ren, W.; Liao, B.; Singh, D.J.; et al. Large thermoelectric power factor from crystal symmetry-protected non-bonding orbital in half-Heuslers. Nat. Commun. 2018, 9, 1721. [Google Scholar] [CrossRef]

	



Chen, G. Thermal conductivity and ballistic-phonon transport in the cross-plane direction of superlattices. Phys. Rev. B 1998, 57, 14958. [Google Scholar] [CrossRef]

	



Dames, C.; Chen, G.J. Thermal conductivity and ballistic-phonon transport in the cross-plane direction of superlattices. Appl. Phys. B 2004, 95, 682. [Google Scholar] [CrossRef]

	



Singh, D.; Murthy, J.; Fisher, T. Effect of Phonon Dispersion on Thermal Conduction Across Si/Ge Interfaces. In Proceedings of the ASME 2009 InterPACK Conference, San Francisco, CA, USA, 19–23 July 2009. [Google Scholar]

	



Feng, T.; Yao, W.; Wang, Z.; Shi, J.; Li, C.; Cao, B.; Ruan, X. Spectral analysis of nonequilibrium molecular dynamics: Spectral phonon temperature and local nonequilibrium in thin films and across interfaces. Phys. Rev. B 2017, 95, 195202. [Google Scholar] [CrossRef]

	



An, M.; Song, Q.; Yu, X.; Meng, H.; Ma, D.; Li, R.; Jin, Z.; Huang, B.; Yang, N. Generalized two-temperature model for coupled phonons in nanosized graphene. Nano Lett. 2017, 17, 5805–5810. [Google Scholar] [CrossRef]

	



Waldecker, L.; Bertoni, R.; Ernstorfer, R.; Vorberger, J. Electron-phonon coupling and energy flow in a simple metal beyond the two-temperature approximation. Phys. Rev. X 2016, 6, 021003. [Google Scholar] [CrossRef]

	



Anisimov, S.I.; Kapeliovich, B.L.; Perel’man, T.L. Electron emission from metal surfaces exposed to ultrashort laser pulses. Zh. Eksp. Teor. Fiz. 1974, 66, 776–781. [Google Scholar]

	



Oane, M.; Taca, M.; Tsao, S.L. Two Temperature Models for Metals: A New “Radical” Approach. Laser Eng. 2012, 24, 105–113. [Google Scholar]

	



Nolte, S.; Momma, C.; Jacobs, H.; Tunnermann, A.; Chichkov, B.N.; Wellegehaussen, B.; Welling, H. Ablation of metals by ultrashort laser pulses. J. Opt. Soc. Am. B 1997, 14, 2716–2722. [Google Scholar] [CrossRef]

	



Lu, Z.; Vallabhaneni, A.; Cao, B.; Ruan, X. Phonon branch-resolved electron-phonon coupling and the multitemperature model. Phys. Rev. B 2018, 98, 134309. [Google Scholar] [CrossRef]

	



Zhukovsky, K. Operational Approach and Solutions of Hyperbolic Heat Conduction Equations. Axioms 2016, 5, 28. [Google Scholar] [CrossRef]

	



Zhukovsky, K. Operational solution for some types of second order differential equations and for relevant physical problems. J. Math. Anal. Appl. 2017, 446, 628–647. [Google Scholar] [CrossRef]

	



Zhukovsky, K. Operational solution of differential equations with derivatives of non-integer order, Black-Scholes type and heat conduction. Mosc. Univ. Phys. Bull. 2016, 71, 237–244. [Google Scholar] [CrossRef]

	



Mourou, G. Nobel Lecture: Extreme light physics and application. Rev. Mod. Phys. 2019, 91, 030501. [Google Scholar] [CrossRef]








[image: Nanomaterials 10 01319 g001 550] 





Figure 1. The electrons temperature versus current coordinate and time during flash laser irradiation of a single-layer graphene. 
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Figure 2. Temperatures field versus current coondinate and time during flash laser irradiation of a single-layer graphene of the (a) transverse optical phonons (TO), (b) longitudinal optical phonons (LO), (c) longitudinal acoustic phonons (LA), and (d) transverse acoustic phonons (TA) phonons. 
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