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Abstract. Two-temperature microscale heat transfer moderésented. This model con-

tains two energy equations determining the heabange in the electron gas and the metal
lattice. A key issue in the application of this rebd the proper description of temperature
dependent thermophysical parameters of the mateviadidered and this problem is dis-
cussed here. In this part the determination oftelas thermophysical parameters is pre-
sented.

I ntroduction

Micro-scale heat transfer in the metals can bertestin different ways [1-5].
In this paper the microscopic, two-temperature rhgdesented among others in
[1, 2, 6] is presented. This model involves tworggesquations determining the
heat exchange in the electron gas and the met@klaSo, the equations creating
the model discussed can be written in the form
oT,
om0 LTI T GO R T Q) (1)

Cel(Te)

and

) SL=0[ap T emE ) @

whereTe= T (X, t), T, =T, (X, t) are the temperatures of electrons and lattice,
respectivelyCe (Te ), C (T,) are the volumetric specific heals,(Te, Ti), A (T))
are the thermal conductivitie§(Te) is the coupling factor which characterizes
the energy exchange between phonon and electrgnQ(8, t) is the source
term.

This model describes, among others, the thermalgsses proceeding in met-
als subjected to the laser pulse or high-energybimmbardment of metal targets

[6].



100 E. Majchrzak, J. Poteralska

A key issue in the application of two-temperaturedel is the proper descrip-
tion of temperature dependent thermophysical ptmseof the material and this
problem is discussed here. In this part of the papmemodels assuring determina-
tion of electrons thermophysical parameters arevsho

1. Electrons heat capacity

In order to define the electron heat capa€ity(Te), at first the internal total
electron energy is calculated [5-7]

U, = [ HELT)g(E)EE @
0

whereg (E ) is the electron density of states (DOS) at thergyn levelE and
f(E, |, Te) is the Fermi distribution function.
The Fermi distribution function is defined as

1
(4)
exp(E_“}l
k, T

B e

F(E,nT) =

where p = T, [eV] is the chemical potential at the temperafle€K] and kg is
the Boltzmann constarkg= 1.38110%° J/K).

At the absolute temperatuiie= 0 K, f (E, 4, Te) = 1 whenE < p, andf (E, p,
Te) = 0 whenE > . It should be pointed out that p(0) /Er is called the Fermi
energy.

The Fermi energy can be calculated using the farfy!

2 2

(37%n,)? (5)

7]
E. =
F2

where 7 = h(2r), h is the Planck constanth (= 6.62606980°% Js =
= 4.1356674440"° eViS), m. is the electron masay= 9.10910°>" kg) andn. is the
number of electroni, per unit of volumé/ (ne= N./V).

Additionally, the Fermi temperatuiie is defined

TF =-_€ (6)

and the Fermi velocityr is introduced. The velocity can be determined from the
formula [7]
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%(37:2 ne); 7)

In the Table 1 the Fermi parameters of selectedlmate collected, while Figure
1 illustrates the distribution of Fermi function) (ér temperature3.= 0,T.= 0.1T,
T.= 0.25T¢ and Fermi energy = Er for selected metals.

Ve =

Table 1
Fermi parameter s of selected metals

Electron Fermi energy Fermi Fermi velocity
Metal il Er [eV] ‘:L”[‘E;a;‘]‘ e Ve [20°ms]
ne [10%/m?]

Li 4.70 4.75 5.51 1.29
Na 2.65 3.24 3.77 1.07
K 1.40 2.12 2.46 0.86
Cu 8.45 7.03 8.16 1.57
Ag 5.85 5.50 6.38 1.39
Au 5.90 5.53 6.41 1.40
Mg 8.60 7.11 8.24 1.58
Ca 4.60 4.68 5.43 1.28
Zn 13.10 9.41 10.91 1.82
Fe 17.00 11.20 13.00 1.98
Al 18.10 11.70 13.54 2.03
Sn 14.80 10.20 11.84 1.90
Pb 13.20 9.45 10.97 1.82
w 591 5.55 6.42 1.39
Ti 13.80 9.74 11.30 1.85

The electron density of statg¢E ) appearing in equation (3) can be obtained us-
ing FEG model (free electron gas model) [4] andi the

g(E)=4n(2h—Tej2x/E (24)

In the newest publications [6, 8] the electron itgraf states can be determined

from the electronic structure calculations perfatnvethin the density functional
theory.
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Fig. 1. Fermi function: a) Al, b) Au, ¢) Cu, d) Ti

The number of electrony; (E)dE of energy betweek andE + dE in the unit of
volume at the temperatuiig is equal to the product of density of states aswi
distribution function (4)

N,(E)dE=g E)f E.u.T,)E (8)

This function shown in Figure 2 (for electron dénsf states described by
equation (8)) is called the distribution functidrfree electrons.
The total number of electrons is equal to

N, =[g(E) f(E u.To) cE ©)

The electron heat capacity can be calculated adettieative of the total electron
energy (3) with respect to the electron temperature

U, :T 3 f(E, w(T,)

1)
¢’ g(E)EdE 10
T, ) 2T, 9(E) (10)

Ce (Te) =

Determination ofC, (T) is not easy because the evaluatiofddT, requires
the knowledge of a chemical potential as a functiénelectrons temperature

w(Te).
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Fig. 2. Distribution function of free electroNs(E): a) Al, b) Au, c) Cu, d) Ti

At the low electron temperatures the Sommerfeldaazjpn is commonly used
[7]. As is known, at the temperatuiig = 0 (T —» 0), the Fermi function (4)
f(E, ur, Te) = 1 whenE < pr, andf (E, pg, Te) = 0 whenE > pe. So (c.f. equation

(10))

N,=[ (., 09 E)E = | gE)E (10)

At the low temperaturé, the Fermi function is constant (O or 1) exceptrihe
row interval p g —p, u e+ p] as shown in Figure 3. In this case the followapy
proximation can be taken into account

Ne=[ f(EWT)OE)E=[ gB)E+ -1 )gky) (D)

Sommerfeld proposed the following approximation [7]

7[2 (kB Te) ’ d g (“) (12)
6 du

<)

Ne=] f(E.wT)g(E)dE=]f E.nT.)g(E)dE+

0

whereg(n) = g(E) is described by equation (8).
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Fig. 3. Fermi function fofl,= 0 and for low temperaturg> 0

The first component on the right-hand side of eignatl4) under the assump-
tion thatp = p ¢ can be substituted by formula (13), in the secoochponent
i =g can be accepted

) +TC2 (kB Te)

Ne= [(E) dE + (1 1) 9(u) + 20l gy (13)

Because the number of electraWisis constant and temperature independent so
the first component on the right-hand side of eiguafl5) is equal t&, and then

2 k T 2 ,
(n—pe) 9lpe) + %g (ne) =0 (14)
or
2 2 U
n= F_Tf (kBTe) g(up) (15)
6 9(1e)
From equation (8) one has
3
1 =
dg(E)_ 1 2>2m 1
————=g'(E)=— — 16
qE 9()7E2 e 2JE (16)
and
9B _ 1 (17)
og(E) 2E
Finally

r(Te) = pe —[1 —%(”;%j } (18)
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To determine the electrons thermal capacity, at fire internal energy is calcu-
lated using the Sommerfeld expansion (14)

00

U,=[f(E 1 T,)g(E)EdE =

0

, (ks T,)2 d[ (E)E]| (19)

F ~ TEZ o T 2 g

{g(E)EdEw L GE |

and then
U,= [ f(E. 1 T,)g(E) ECE =
° (20)

HE 2 k 2 2 k 2
_[ 9(E) EAE +p (n—pe) 9k ) +%“F 9'(ue) +% g(me)

On the basis of formula (16) the sum of the seamtithird component on the
right-hand side of equation (22) is equal to zeroile the first component is tem-
perature independent. So

0U, _n’ks T,

e [S) = 21
Ce(Te) o 3 e[(TH) (21)
or
Ce (TE) = yTe (22)
where
21,2 2,2
an ks 9(ke) _nm ks (23)
3 2E;

In the case of high electron temperatures the dicgtion (14) is not valid and
the electron heat capacity should be calculatestthir from equation (11). It re-
quires the knowledge of chemical potential as ation of electrons temperature
u(Te). The chemical potential can be obtained fromdbeservation of the total
number of electrons - c.f. equation (10).

In Figure 3 the course of thermal capacity desdritpe equation (11) under the
assumption that the chemical potential is calcdlaising the formula (10) for
selected metals is shown.
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Fig. 4. Electrons thermal capacity [9]: a) Al, b),A) Cu, d) Ti

2. Electronsthermal conductivity

The electrons thermal conductivity in metals isatlibged by the Drude model
relationship [7]

R T) =5 ) (L T)VE 24)

whereC, (Te) is the electrons thermal capacity(Te, T,) is the total electron scat-
tering time ands, is the mean velocity of the electrons.

It is assumed that all electrons within the metalteaveling at the Fermi veloc-
ity (7), this means, = Vr.

Electrons collisions can occur with other electrahe lattice, defects, grain
boundaries and surfaces as shown in Figure 5.

Assuming that each mechanism is independent, ththMsasen rule [7, 8] can
be applied

11,111 o5
Te Tee Teph Ted Teb
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wheret is the electron-electron scattering tinag,, is the electron-phonon scat-
tering time, 1y is the electron-defect scattering time atyl is the electron-
boundary scattering time.
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Fig. 5. Scheme of various scattering mechanisms [4]

Electron-defect and electron-boundary scatteriegoath typically independent
of temperature, while electron-phonon scatterirtg r& proportional to the lattice
temperaturd, this means 1/,,= BT, and electron-electron scattering rate is pro-
portional to the second power of electron tempeeatit.= AT.>. SO

— ="+ =AT? +BT, (26)

whereA, B are typically assumed to be constant.
Taking into account the dependencies (28), (7)elleetrons thermal conduc-
tivity (26) can be expressed as

WTT)=1c (T);h—z(&tzn)g 27)
e\ler 7| 3eeATe2+B-|-|n.l: €

For temperatures above the Debye temperature ¢ogr@h-electron scattering
in comparison with electron-phonon scattering cameéeglected [7] and under the
assumption that thermal capacity is described bytita (24) one has

21,2
T aneE

28
3Bm, T, (28)

he(Te,Ty) =
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In numerical modelling of microscale heat transfsually the following de-
pendence is used [10, 11]

(T, T)) = 7‘0% (29)

wherel, is the thermal conductivity fof.= T, at the room temperature.
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