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Abstract

It is shown that the linear resistivity dependence on temperature for metals
above the Debye’s temperature mainly is caused by electron-electron scatter-
ing of randomly moving electrons. The electron mean free path in metals at
this temperature range is in inverse proportion to the effective density of
randomly moving electrons, Ze. it is in inverse proportion both to the tem-
perature, and to the density-of-states at the Fermi surface. The general rela-
tionships for estimation of the average diffusion coefficient, the average ve-
locity, mean free length and average relaxation time of randomly moving
electrons at the Fermi surface at temperatures above the Debye’s temperature
are presented. The effective electron scattering cross-sections for different
metals also are estimated. The calculation results of resistivity dependence on
temperature in the range of temperature from 1 K to 900 K for Au, Cu, Mo,
and Al also are presented and compared with the experimental data. Addi-
tionally in temperature range from 1 K to 900 K for copper, the temperature
dependences of the mean free path, average diffusion coefficient, average drift
mobility, average Hall mobility, average relaxation time of randomly moving
electrons, and their resultant phonon mediated scattering cross-section are
presented.

Keywords

Effective Density of Randomly Moving Electrons, Electron-Electron
Scattering, Electron Diffusion Coefficient, Electron Mean Free Path,
Scattering Cross-Section

1. Introduction

The foundations of the electron theory of metals were laid on the preposition of

free electrons which are assumed to be of the same order of valence electrons per
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unit volume. In order to obtain the correct order of the magnitude for conduc-
tivity and correct temperature variation of the mean free path of electrons at
room temperature range, it was assumed that electron mean path is caused by
thermal vibrations of lattice [1]. On the other hand, it is well known that elec-
trons obey the Pauli principle and that electrons are described by the Fer-
mi-Dirac statistics. The latter statistics let to explain the experimental results of
the electron heat capacity of metals: Why metals and insulators have around the
same heat capacity. The resolution of this paradox is one of the greatest suc-
cesses of the Sommerfeld’s model [2]. Considering this model the main conclu-
sion has been done that only a small part of electrons with energy close to the
Fermi level energy can randomly move, and that electrons which energy is well
below the Fermi level cannot change their energy because all neighbor levels are
occupied. The main weakness of the Sommerfeld’s model is that the effective
density of randomly moving electrons was not properly defined which can be
scattered affected by external fields. So, the total density of valence electrons n
traditionally used for description of the electrical conductivity of the metals is
unacceptable. Concerning that the Sommerfeld’s model is based on the spherical
Fermi surface, there also are uncertainties in determination of both the densi-
ty-of-states (DOS) in conduction band at the Fermi energy £, and the Fermi
energy, because the Fermi surfaces for many of metals are not spherical [3]. The
adequate definition for the effective density 1,4 o0f the randomly moving elec-
trons in metals is presented in [4] [5].

This study mainly is addressed to using the stochastic description of the effec-
tive density of randomly moving electrons to investigation of the electron scat-
tering mechanism at temperatures above the Debye’s temperature. Additionally
we estimated the resistivity dependence on temperature for Au, Cu, Mo, and Al
in the temperature range from 1 K to 900 K. The mentioned problems are very
important in solid state physics for relevant understanding and description of
kinetic phenomena in metals, and semiconductors with highly degenerate elec-
tron gas.

2. Results and Discussions
2.1. Basic Properties of Randomly Moving Electrons

It is well known that the Fermi distribution function A{E) for electrons is ex-
pressed as

F(E)=1[1+exp(E—-n)/kT]. (1)

It specifies a probability that a level with the energy £ on average is occupied
by an electron. Here, Fis the electron energy; 7 is the chemical potential; & is the
Boltzmann’s constant, and 7 is the absolute temperature. Considering that the
difference between the chemical potential and Fermi energy E; is only about 0.01%
for room temperature [2], further for calculation we use the Fermi distribution

function in the following form:

f(E)=1/[1+exp(E - E)/kT |. 2)
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Thus, the total density of the free valence electrons n in conduction band is

described by an integral on the density-of-states g( £) as

n=

S g

g(E)f(E)dE . (3)

The electrical conductivity depends not only on the density-of-states g(£) in
conduction band and Fermi distribution function A £), but it also depends on the
probability £, (E)=1—f(E) that any electron with the definite energy E at a
given temperature 7 can be thermally scattered or can change his energy under
influence of the external fields. Thus, the effective density of electrons 1,4 which

take part in random motion and in conductivity is described by the probability
W(E)=F (E)[1-£ (£)]. @

Therefore, the effective density of randomly moving electrons 7. is described
as [4] [5]

Pegy

S8

g(E)f(E)[l—f(E)]dE=kTTg(E)(—af(E)/aE) dE . (5)

From this expression follows that the term (—8f (E ) / oF ) is the probability
density function p(E) that electron with energy E'is available to change his ener-

gy due to thermal and electrical influence:
p(E)=(0f (E)/0E) = h(E)/T , ©)

and the integral probability distribution function is
E
F(E)=[p(E)dE =1-f(E). 7)
0

The functions p(£) and F E) meet the requirements of the probability theory.
The probability density dependence on energy of randomly moving electrons is
presented in Figure 1. The area restricted by dash-line is equal to 1, and the ef-
fective width of the probability density function in energy is AE,; =4kT . Thus,
the density of randomly moving electrons are described by probability density
function p(E), while the total density of the free electrons is constant quantity
defined by the sum of valence electron density. The determination of the effec-
tive density of randomly moving electrons in homogeneous materials by Equa-
tion (5) is valid in all cases: with non-degenerate and with degenerate electron
gas. For materials with non-degenerate electron gas the probability
[1— f(E )] ~1 because f(E)<1, and, therefore, all electrons in conduction

band n take part in random motion, and their density can be described as
neff:n:J.g(E)f(E)dE. (8)
0

This is the case when the classical statistics is applicable. In the case of highly
degenerate electron gas, and considering that probability density function
(—af(E)/aE) has a sharp maximum at E = E,, the Equation (5) can be pre-

sented in the following form:
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p(E) (eV™)

E (eV)

Figure 1. The probability density p(E) dependence on energy E of randomly
moving electrons near the Fermi energy £ = 2 eV at 7=295K.

ng =g(E: )kT <n, 9)

where g(E.)=g(E) at E=E;. The density-of-states (DOS) at Fermi energy
8(E;) can be obtained from the experimental results of the electron heat capacity
measurements [6]:

¢ =<n2/3)g(EF)k2T=7/T. (10)

Now we estimate the energy fluctuation of randomly moving electrons on the
Fermi surface:

((=te)) = (e )= [(E =B 2BV (B) D ()] e, )

or

(E=(E)) ) =g () (kT)

S8

(e-e0)" f(e)[1-1(e)]de
(12)

2

=3.2899¢g(E, ) (kT)’ ;“? g(E)(kT)

From Equations (10) and (12) follows that
<(E—(E>)2>:kT2cV. (13)

It is in accordance with the theory of energy fluctuation of free randomly
moving particles [7]. This result shows that electron scattering is inelastic
process.

The volume for one of randomly moving electron with the Fermi velocity for
different metals can be estimated as:

I/]el = l/neff = 1/|:g(EF)kT:| > (14)

This volume increases with temperature decrease as 1/7.
For metals and other materials with highly degenerate electron gas the effec-
tive density of scattered electrons is described by Equation (9), and it is propor-

tional to temperature. The DOS g(£;) for various metals are presented in Figure
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2 (the values of the parameter y were taken from [6]). In the same figure there
are presented the effective densities of randomly moving electrons

ng =g(Ep)kT at T'=295 K. According to the Sommerfeld’s model based on
the spherical Fermi surface the DOS g( £;) for metals is described as [2]

m* (3}’[)1/3

7T4/3h2 ’ (15)

g(EF):

where m7* is the effective mass of the electron, and A = A/27 is the Plank’s con-
stant. This relation is presented in Figure 2 by solid line. This relation nearly
describes the experimental results of g(£;) for some of alkali and noble metals,
but for other metals there are very large differences. Considering that energy
structures of DOS for many metals are composite [3], there is no definite rela-
tion between the Fermi energy E; and the total density of free electrons n, and
also due to the same reason there is no definite relation between the Fermi

energy E; and the density-of-states at the Fermi surface.

2.2. Conductivity and Diffusion Coefficient of Randomly Moving
Electrons in Metals

The electric conductivity o of the homogeneous materials and diffusion coeffi-
cient D of randomly moving carriers can be described by such general expres-
sion [8] [9]:

0
0'=q2D(—nj . (16)
on ),
After simple calculation ones obtain [4] [5]:
© 2D
o= ‘IQDJ.g(E)f(E)[l_f(E)] dE = qkT Roge = G Mg Metr > (17)
0

where g, is drift mobility of randomly moving charge carriers. These relations
are valid for all homogeneous materials with a single type of charge carriers at
any their degeneracy degree and it confirms that the electric conductivity for
metals is determined by the effective density of randomly moving charge carriers,
but not by the total density of free charge carriers. The distribution of experi-
mental values of electric conductivity [6] for different metals on DOS at the
Fermi surface at 7= 295 K is presented in Figure 3(a).

For metals the Equation (17) can be rewritten as
0':q2g(EF)D=(1/3)q2g(EF)v§z'F, (18)

This expression is well known for metals, and it also can be obtained by solv-
ing Boltzmann’s kinetic equation [10] [11]. The distribution of the diffusion
coefficient D of randomly moving electrons dependence on DOS for various
metals is presented in Figure 3(b). It is interesting to note that electric conduc-
tivity for metals (Figure 3(a)) on average decreases with increasing of the densi-
ty-of-states at the Fermi surface, ie. with increasing of the effective density of

randomly moving electrons. A spread of electric conductivity values in this fig-
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ure is completely caused by the spread of diffusion coefficient values as shown in
Figure 3(b). A tendency of conductivity decrease as 1/g"*(£;) (Figure 3(a)) is
caused by diffusion coefficient tendency to decrease as 1/g"*(£;) (Figure 3(b)).
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eBe 11 ©

0,01+ T
1 10 100

n (102 cm™)

Figure 2. The effective density of randomly moving electrons n for different met-
als at 7= 295 K (the left scale), and the density-of-states at Fermi surface g(£;) (the
right scale is selected in accordance to the left scale that positions of dots in the pat-

tern were the same for both scales); the solid line represents the DOS g(E;) for
Sommerfeld’s model.
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Figure 3. (a) Distribution of experimental values of electric conductivity o [6], and
(b) diffusion coefficient D of the randomly moving electrons for different metals on
DOS at the Fermi surface at 7'= 295 K. Dhas been evaluated from Equation (18).
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From Equation (18) follows that diffusion coefficient of randomly moving
electrons is related minimum with the five transport parameters of randomly

moving electrons:

o 1, 1
D=—=—vir,=—Lv,, (19)
ng(EF) 3 F"F 3 F'F
where /. =v.7; is the mean free path of the electrons at the Fermi surface.
What parameters mostly cause the spread of diffusion coefficient of electrons on

density-of-states for metals at £= E;?

2.3. The Mean Free Path of Randomly Moving Electrons in Metals
at Temperatures above the Debye’s Temperature

The very important parameter characterizing the scattering mechanism of ran-
domly moving charge carriers is their mean free path. In the case of elec-
tron-phonon scattering mechanism, the cross-section of scattering o;, ;, increas-
es with temperature due to lattice ions vibration amplitude increasing [6] [8]
[10]. It is interesting to find the relation of the mean free path of randomly
moving electrons with their effective scattering cross-section o4 According to
[6], the electron-electron scattering cross-section accounting the screening effect
is about 107" cm®. All randomly moving electrons .4 with the average Fermi
velocity w; are scattered. Then the mean free path of scattered electrons in metals

can be described as [6]

lp = vetp = 1/(O-effneff) = 1/[O-effg(EF)kT] > (20)
and the average relaxation time as
T = 1/(O-effnefva) = 1/(O-effg(EF)kaT) . (21)

There it must be pointed that effective electron scattering cross-section oy
doesn’t depend on temperature at temperatures above the Debye’s temperature.
So, the statement that scattering cross-section at this temperature range is pro-
portional to temperature contradicts to experimental resistivity data of metals.
The Equation (20) directly shows that electron mean free path is in inverse pro-
portion not only to temperature, but also to density-of-states at the Fermi sur-
face. Besides the product /.o, =1/ng =V, (here Vi, is the volume for one
randomly moving electron (Equation (15)). Considering that
D=(1/3)lv, ~1/g"*(E;), and 1, ~ 1/g(E,), it means that electron Fermi ve-
locity vy ~1/ g" (EF) , Le. electron velocity at Fermi surface on average de-
creases with density-of-states increasing.

In paper [12], there are presented the calculation data of electron mean free
path for large group of metals. It is interesting to find a relation between the
mean free paths and diffusion coefficients of electrons. This relationship for a
group of metals is presented in Figure 4. The relationship between the mean free
path and the diffusion coefficient of randomly moving electrons in metals in the

linear resistivity dependence on temperature range can be approximated as
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Figure 4. Relationship between the mean free path f and the diffusion coefficient D of
electrons for a group metals at room temperature (7; = 295 K; @ — solid dots /. from [12];
o — open dots % from dimension effect [13]; half filled dots - both data coincide).

1.(1)=1.39(D(1,))" (,T) (22)

here £ is in nm, and X 7;) is in cm?/s at 7, = 295 K. A small spread of the data in
Figure 4 from Equation (22) may be originated from some uncertainty of esti-
mation of the mean free path values due to a very complicate structure of the
Fermi surfaces especially of the transient group metals. Some different values of
the electron mean free path were obtained by other authors [14] [15]: the esti-
mated £ for Cu is 55 nm, for Al is 22 nm, and for W is 19.1 nm, while for the
same metals in the paper [12], respectively, there are such data: 39.9 nm, 18.9
nm, and 15.5 nm.

From Equation (20) the effective electron-electron scattering cross-section can

be estimated as
Oepr = 1/(lfneff) = 1/[1Fg(EF )kT] . (23)

The effective electron scattering cross-sections are distributed in the range
(0.40 - 3.6) 107" cm?, and they do not depend on temperature for that tempera-
ture range where the resistivity is proportional to temperature 7. The effective
electron-electron cross-section for every metal has a particular value, which de-
pends on the Fermi surface structure. Considering that mean free path data for
different metals are different due to specific effective electron scattering
cross-section values, the spread of those values causes also the spread of both the
conductivity (Figure 3(a)) and the diffusion coefficient (Figure 3(b)) values.
From obtained results follows that the resistivity linear dependence on tempera-
ture above the Debye temperature @, is caused by the effective randomly mov-
ing charge carrier density dependence on temperature.

From Equations (19)-(22) it is possible to design the following important pat-
tern (Figure 5) where there are shown the relationships of the mean free path,
average velocity, and the average relaxation time of the randomly moving elec-
trons with their diffusion coefficient for different metals at temperature 295 K.

The average velocity of electrons at the Fermi surface can be described as
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Figure 5. Relationships of the mean free path /7, average velocity v, and aver-
age relaxation time 7; of randomly moving charge carriers with their diffusion
coefficient for different metals at 7'= 295 K. The data dots for the same metals
are connected with vertical dash lines.

v =2165(D(1,))" (24)

where v; is in units 10° m/s and does not depend on temperature, I 7;) is in
cm?/s at T, = 295 K, and similarly the average relaxation time of electrons at the

Fermi surface in the linear resistivity dependence on temperature range as
/3
7.(T)=0.64(D(T,)) (T,/T), (25)

where 7 is in units 10™* s, and D(7;) in cm?/s at 7, = 295 K.

There must be pointed that statement that average relaxation time for all met-
als in the range of the linear resistivity dependence on temperature can be ex-
pressed as 7, = i/kT [16] is not right, because the average relaxation times for
different metals at room temperature are in the range (0.6 - 4) 10 s (Figure 5),
while this value according to [16] at 7= 295 K must be about 2.6 x 10™* s (hori-
zontal dash line in Figure 5).

In the case of electron-phonon scattering the cross-section must increase with
temperature increasing [6], and it would originate the resistivity dependence on
temperature as 7 in the range of temperatures above the Debye’s temperature,
but it does not take place. Heretofore the linear resistivity dependence on tem-
perature was explained by electron-phonon scattering keeping that all valence
electrons take part in current transport, but it is inconsistent with the Pauli’s
principle and Fermi distribution function.

Accounting the real effective density of randomly moving electrons let us to
conclude that electron-electron scattering is the main mechanism that causes the
linear resistivity dependence on temperature of metals above the Debye’s tem-

perature.

2.4. The Phonon-Mediated Correction to the Effective
Electron-Electron Scattering Cross-Section

It was shown that the effective electron scattering cross-section o, doesn’t de-
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pend on temperature at temperatures above the Debye temperature, but also it
was shown that average electron relaxation time at Fermi surface 7;~1/7, and
mean free path , = vy7;~1/7. Considering that at temperatures below the
Debye’s temperature the resistivity decreases with temperature more steeply
then 1/7, there arise the question: What is the role of phonons? In Figure 6(a)
there are presented the resistivity of Au, Cu, Mo, and Al experimental depen-
dences on temperature [17]. What effects cause such steep resistivity decreasing
with temperature in temperature range below the Debye’s temperature &?

The independent resistivity part on temperature below 10 K is the residual
electric resistivity due to scattering of electrons from chemical and structural
imperfections in the investigated samples.

It seems that effective electron scattering cross-section depends on the ex-
change of thermal energies of lattice and randomly moving electrons, ie. de-
pends on the ratio of the thermal energy of the phonon to thermal energy of the
electron. Though the kinetic energy of randomly moving electron is equal to

E,, =mv} /2, but its thermal energy is only

10'¢
10°F

107§

p (10% Om)

102

107 Eorverroe ;
: Mo Al

-4 ‘ r. —t‘/'./T
10 @ @ TER

1 10 100 1000

10" ¢
10°F

10"

(107 Om)

(®)

Figure 6. (a) Resistivity p dependence on temperature 7 for Au, Cu, Mo and Al: (a) dots
are experimental data taken from [17], dash lines are used only for connections between
dots; (b) solid lines are the calculation results from Equation (32); 7; = 700 K.; the other
parameters used for calculations are listed in Table 1.
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Table 1. The parameters used for calculation Au, Cu, Mo, and Al resistivity dependencies
on temperature.

-8 -8 .

Metal p:; 17(”): IQIr<n a/to)Y;,O: 7(02:1 K vp 10° m/s i:) ;hlfsljnjz(rik in(ar)elfircel:is IO’tljngm2
Au 0.0220 5.816 1.16 200 165 [7]; 185 [18] 0.53
Cu 0.0020 4.514 1.14 343 310 [18]; 343 [7] 0.40
Mo 0.00070 15.81 0.603 410 375 [18];450 [7] 0.66
Al 0.00010 7.322 0.874 410 380 [18]; 428 [7] 0.50

Note: the resistivities g, at 7= 1 K, and p at 7} = 700 K are taken from [17]; v is calculated from Equation
(24); 04 is calculated from Equation (23).

E, =(2/6)(kT)’ g (E,) /ny =(n*/6)(KT) ~1.64kT . (26)

The average phonon thermal energy at temperatures over Debye’s tempera-
ture @1is about 3 k7' [7] [10] because all lattice waves are excited, but in temper-
ature range below temperature @ only the lattice waves with low frequencies are
excited. Accounting that electron scattering process is inelastic, Ze. accounting
the electron energy fluctuations, which cause the excitation and annihilation of
phonons, the average phonon thermal energy can be described as [10]:

Eyy =3kT (ZT TL, dx
©) 5 (er-1)(1-¢)

Thus, the ratio of the average thermal energies between phonon to electron

(27)

can be described as

Eg _ 3T [ijf 4x°
E, 1.64kT 2 (en-1)(1-¢7)

= dx~1.837(7/0©), (28)

where

T j4 @J/f 4y° (29)

e (6] i

]
is the phonon mediation factor. So, the phonon mediated resultant electron

scattering cross-section o, can be described as
O-res = eff’](T/G)) * (30)

here the quantity o, accounts the constant multiplier 1.83, because at 7 >> ©
from Equation (21) we obtain the quantity o,; independent on 7. The resultant

average relaxation time 7, is described as

Lo, -

T (N

res imp

where 7 = 1/(0resnefva) = 1/(0'mg(EF)kaT) ,and 7, = 1/(O'impNimva) 3 Oip 18
the average cross-section of the impurity defect, N, is the impurity density.

The metal resistivity in the overall temperature range can be described as

Pres = P+ P(T,)-(T/T,) 1 (T/©), (32)
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Figure 7. (a) The diffusion coefficient D of randomly moving electrons dependency on

temperature 7 for Cu; (b) the comparison of the mean free path Z ., and the resultant

electron relaxation time 7, dependencies on temperature 7 for Cu; dots /. are esti-

res mean

mated from dimension effect [13].

where 7, > ® is the reference temperature in the high linearity range of the
resistivity dependence on temperature (here for calculation we take 7;, = 700 K).
The resistivity dependence on temperature for Au, Cu, Mo and Al are presented
in Figure 6(a). The parameters used for calculations are listed in Table 1. The
Debye’s temperature @ has been chosen to the best agreement between calcula-
tion data from Equation (32) and experimental dots (Figure 6(b)). It is seen that
calculation data sufficiently good agree with experimental results. A small disa-
greement between calculation and experimental data in particular temperature
ranges may be is due to that Debye temperature can change with temperature [7]
[18]. Here the calculations have been performed by using constant quantity &,
which values for calculated resistivities of a few metals are presented in the Ta-
ble 1.

Considering that calculation data by using Equation (32) very well agree to the
measurement results for Cu (Figure 6(b)), further we present the basic kinetic
parameters for copper in temperature range from 1 K to 900 K. In Figure 7(a)

there is presented the diffusion coefficient of the randomly moving electrons
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Figure 8. (a) The phonon mediated resultant electron-electron scattering cross-section
o,., dependency on temperature for Cu; (b) the effective density n.g, drift mobility g
and Hall mobility z4; of randomly moving electrons dependencies on temperature for Cu.

dependency on temperature for Cu. The diffusion coefficient has been evaluated
from Equation (18). The comparison of the mean free path [, ,, and the resultant
electron relaxation time 7, of the randomly moving electrons dependencies on
temperature for Cu in temperature range from 1 K to 900 K is presented in Fig-
ure 7(b). The mean free path /.., was evaluated from relation D = (1/3)/,...Ve
and the resultant electron relaxation time z,,, was evaluated as 7.,, = £ .../ .

The resultant phonon mediated electron-electron scattering cross-section o,
is shown in Figure 8(a) at temperature higher than 20 K, because at tempera-
tures lower than 20 K electron scattering cross-section is determined by the neu-
tral impurity atom cross-section. For the most of metals the cross-section is in
the range (0.5 - 1.2)-107"° cm? [18] (here for estimation of impurity density N,
we take o, = 0.7-107"° cm?). The effective density n, drift mobility s, and
Hall mobility g of randomly moving electrons dependencies on temperature
from 1 K to 900 K are presented in Figure 8(b). It is interesting to note that at
temperatures over the Debye temperature the Hall mobility changes as 1/ 7, but
drift mobility changes as 1/7%, and at temperature below 20 K the Hall mobility

is constant, but drift mobility changes as 1/7. Thus, considering that densi-
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ty-of-states and velocity of electrons at Fermi surface don’t depend on tempera-
ture, it is easy from resistivity (conductivity) data to find the basic electron
transport characteristics for metals.

3. Conclusions

The investigation results of the fundamental transport characteristics of free
electrons on the base of the effective density of randomly moving electrons in
metals have been presented. It let to estimate the real average characteristics of
randomly moving electrons in metals, such as electron diffusion coefficient, drift
mobility, free path, velocity, relaxation time, and to show that these quantities in
homogeneous metals above the Debye temperature mainly are due to elec-
tron-electron scattering. It is shown that the effective electron scattering
cross-section does not depend on temperature in the linear resistivity depen-
dence on temperature range.

The calculation results of resistivity dependence on temperature in the range
of temperature from 1 K to 900 K for Au, Cu, Mo, and Al are presented and
compared with the experimental data. Additionally for Cu at first time the mean
free path, average diffusion coefficient, average drift mobility, average relaxation
time of randomly moving electrons dependences on temperature from 1 K to

900 K are presented.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this pa-

per.

References

[1] Sondheimer, E.H. (2001) The Mean Free Path of Electrons in Metals. Advances in
Physics, 50, 499-537. https://doi.org/10.1080/00018730110102187

[2] Ashcroft, N.W. and Mermin, N.D. (1976) Solid State Physics (Ch. 2). Holt, Rinehart
and Winston, New York, Chicago.

[3] Cracknell, A.P. and Wong, K.C. (1973) The Fermi Surfaces: Its Concept, Determi-

nation, and Use in the Physics of Metals. Clarendon Press, Oxford.

[4] Palenskis, V. (2013) Drift Mobility, Diffusion Coefficient of Randomly Moving
Charge Carriers in Metals and Other Materials with Degenerate Electron Gas.
World Journal of Condensed Matter Physics, 3, 73-81.

[5] Palenskis, V. (2014) The Effective Density of Randomly Moving Electrons and Re-
lated Characteristics of Materials with Degenerate Electron Gas. AIP Advances, 4,
047119-1(9).

[6] Kittel, Ch. (1976) Introduction to Solid States Solids. John Wiley and Sons, Inc.,
New York, London.

[7] Kittel, Ch. (1969) Thermal Physics. John Wiley and Sons, Inc., New York.

[8] Bonch-Brujevich, V.L. and Kalashnikov, S.G. (1990) The Physics of Semiconduc-
tors. Nauka Press, Moscow.

[9] Dugdale, J.S. (2010) The Electrical Properties of Disordered Metals. Cambridge

DOI: 10.4236/wjcmp.2018.83008

128 World Journal of Condensed Matter Physics


https://doi.org/10.4236/wjcmp.2018.83008
https://doi.org/10.1080/00018730110102187

V. Palenskis, E. Zitkevicius

(10]

(11]
[12]

(13]

(14]

[15]

(16]

(17]
(18]

University Press Cambridge.

Ziman, J.M. (1972) Principles of the Theory of Solids. Cambridge University Press,
Cambridge. https://doi.org/10.1017/CB0O9781139644075

Abrikosov, A.A. (1987) Principles of the Theory of Metals. Nauka Press, Moscow.
Gall, D. (2016) Electron Mean Free Path in Elemental Metals. Journal of Applied
Physics, 119, 085101-1(5).

Chopra, K.L. (1979) Thin Film Phenomena. R. E. Krieger Publ. Comp., Science,
Malabar.

Hanaoka, Y., Hinode, K., Takeda, K. and Kodama, G. (2002) Increase in Electrical
Resistivity of Copper and Aluminum Fine Lines. Materials Transactions, 43,
1621-1623. https://doi.org/10.2320/matertrans.43.1621

Choi, D., Kim, Ch.S., Naveh, D., Waren, A.P., Toney, M.F., Coffey, K.R. and Bar-

mak, K. (2012) Electron Mean Free Path of Tungsten and the Electrical Resistivity
of Epitaxial (110) Tungsten Films. Physical Review B, 86, 045432-1(5).

Devillers, M.A.C. (1984) Lifetime of Electrons in Metals at Room Temperature.
Solid State Communications, 49, 1019-1022.
https://doi.org/10.1016/0038-1098(84)90413-7

http://www.knowledgedoor.com/2/elements_handbook/electrical_resistivity.html

Schulze, G.E.R. (1967) Metallphysik. Akdemie-Verlage, Berlin.

DOI: 10.4236/wjcmp.2018.83008

129 World Journal of Condensed Matter Physics


https://doi.org/10.4236/wjcmp.2018.83008
https://doi.org/10.1017/CBO9781139644075
https://doi.org/10.2320/matertrans.43.1621
https://doi.org/10.1016/0038-1098(84)90413-7
http://www.knowledgedoor.com/2/elements_handbook/electrical_resistivity.html

	Phonon Mediated Electron-Electron Scattering in Metals
	Abstract
	Keywords
	1. Introduction
	2. Results and Discussions
	2.1. Basic Properties of Randomly Moving Electrons 
	2.2. Conductivity and Diffusion Coefficient of Randomly Moving Electrons in Metals
	2.3. The Mean Free Path of Randomly Moving Electrons in Metals at Temperatures above the Debye’s Temperature 
	2.4. The Phonon-Mediated Correction to the Effective Electron-Electron Scattering Cross-Section

	3. Conclusions
	Conflicts of Interest
	References

