CHAPTER 7

Electrical Conduction 1n
Metals and Alloys




Thales of Miletus, a Greek philosopher, dis-

covered around 600 BC that a piece of amber, having been rubbed with a
piece of cloth, attracted feathers and other light particles. Very appropri-
ately, the word electricity was later coined by incorporating the Greek word
elektron, which means amber.

It was apparently not before 2300 years later that man became again in-
terested in electrical phenomena. Stephen Gray found in the early 1700s that
some substances conduct electricity whereas others do not. In 1733 DukFay

postulated the existence of two types of electricity, which he termed glass

electricity and amber electricity dependent on which material was rubbed.
From then on a constant stream of well-known scientists contributed to our
knowledge of electrical phenomena. Names such as Coulomb, Galvani,
Volta, Oersted, Ampere, Ohm, Seebeck, Faraday, Henry, Maxwell, Thom-
son, and others, come to mind. What started 2600 years ago as a mysterious
effect has been applied quite recently in an impressive technology that cul-
minated in large-scale integration of electronic devices.
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A satisfactory understanding of electrical phenomena on an atomistic basis
was achieved by Drude at the turn of the twentieth century. A few decades
later quantum mechanics refined our understanding. Both, the classical as

conductivity, o,

conductivity of superconductors, measured at low temperatures, into con-
sideration, this span extends to 40 orders of magnitude (using an estimated

conductivity for superconductors of about 10%° 1/Q cm)
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Ohm’s law
V =RI
potential difference, V' (in volts)

resistance, R (in ohms 1.e. Q)
electrical current, 7/ (in amps)




current density
J =06
|
.
the current per unit area (4/cm?)

conductivity, o (1/2 cm)
electric field strength (V/cm)




The current density 1s frequently expressed by

J = Nuve,

where N i1s the number of electrons (per unit volume), v their velocity, and e
their charge

The resistance of a conductor

Lp
R="=
A

where L is the length of the conductor, A4 1s its cross-sectional area, and p 1s
the specific resistance, or resistivity (€2 cm)

|

P-‘-‘G‘

The reciprocal of the ohm (€) is defined to be 1 siemens (S)
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Explanation of Resistance (Particle Nature)

one can explain the resistance by means of collisions

of the drifting electrons with certain lattice atoms. The more collisions are
encountered, the higher is the resistance. This concept qualitatively describes
the increase in resistance with an increasing amount of lattice imperfections.
It also explains the observed increase in resistance with increasing tempera-
ture: the thermal energy causes the lattice atoms to oscillate about their
equilibrium positions (see Part V), thus increasing the probability for colli-
sions with the drifting electrons.
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Explanation of Resistance (VWave Nature)

The matter

waves may be thought to be scattered by lattice atoms. Scattering is the dis-
sipation of radiation on small particles in all directions. The atoms absorb
the energy of an incoming wave and thus become oscillators. These oscilla-
tors in turn re-emit the energy in the form of spherical waves. If two or more

atoms are involved, the phase relationship between the individual re-emitted
waves

coherent Scattering (with perfect lattice)
incoherently scattered (with imperfect lattice)

The energy of incoherently scattered waves 1s smaller
in the forward direction, that is, the matter wave loses energy. This energy

loss qualitatively explains the resistance
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7.3. Conductivity—Classical Electron Theory

valence electrons of the individual atoms 1n a crystal
~ a free “‘electron gas” or “plasma,”

The electrons move randomly (in all possible directions) so that their in-
dividual velocities in the absence of an electric field cancel and no net ve-

locity results.

electrons are then accelerated with a force e towards the anode and a net
drift of the electrons results
dv

m-&-:e(a@

where e 1s the charge of the electrons and m is their mass.

Newton’s Law
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An electron, accelerated by an electric field, may be described to mcrease
its drift velocity until it encounters a collision.

vV |

the drift velocity vmax Which it may lose, all or in part, at the colli-sion
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We postulate that the resistance in metals and

alloys is due to interactions of the drifting electrons with some lattice atoms,

1.€., essentially with the imperfections in the crystal lattice (such as impurity
atoms, vacancies, grain boundaries, dislocations, etc.)

an electron motion to be counteracted by a ““friction” force yv which opposes
the electrostatic force eé.

dv

ma—{—yv: eéd

where y i1s a constant.
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For the steady state case (v = vr) we obtain dv/dt = 0.

e
g == op
d &
m——v-—+-f——v=ec5".
dt Df

of-f(9)]

relaxation time ( the average time between

two consecutive collisionsi)
MUs

es

. =
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J = Nyvre = aé
number of free electrons, N; (per cm?)

Nf€2T
g = :
m

the conductivity is large for a large number
of free electrons and for a large relaxation time

the mean free path between two consecutive collisions

{ =1
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7.4. Conductivity—Quantum Mechanical
Considerations

Av(k),

Fermi Surface

L (a)
maximum velocity

Fermi velocity, vg

the valence electrons perform, when in equilibrium,
random motions with no preferential velocity in any direction.

no net velocity
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an electric field 1s applied
v(k)yA v (k),

¢
’
b
f
L

(shaded

the Fermi sphere is displaced opposite to the field direction

The shaded areas to the left and right of the

v(k),-axis are of equal size. They cancel each other. The cross-hatched area remains
uncompensated
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Not all electrons have the same initial energy

displacement AE by an electric field
N’ is the number of displaced electrons per unit volume

population density is highest around Ef

E
| '
N 'l

E. ‘-—-?——'-'AE
only a little extra
energy AE 1s needed to raise a substantial
number of electrons from the
Fermi level into slightly higher states

0 T

"€ N(E)
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classical mechanics

Drude assume that all electrons drift, under the influence of an
electric field, with a modest velocity.

Quantum mechanics

only specific electrons participate 1n conduction

and that these electrons drift with a high velocity
which is approximately the Fermi velocity vg

electrons accelerated by the electric field & is only slightly larger
than the Fermi energy Ef
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j == vpeN'

The number of electrons displaced by the electric field & 1s

N' = N(Eg)AE
. dE
J = vrpeN(Eg)AE = vpeN (EF) EEAk
The factor dE/dk is calculated by using
2
E=1

2m




dE fzik @_hmvp

K m T mh T T, T

j = vieN(Ep)hAk

The displacement, Ak, of the Fermi sphere in k-space under the influence of
an electric field

P EZ_q d(mv) dp dk
& dt dt dt dt

n
|
u
|
u

o

S




eé
k = — dt
d, ; t

ed eé

where 7 1s the time interval Ar between two ‘‘collisions’ or the relaxation
time

j = vee’N(Eg)é1
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only the projections of the velocities vg on the positive v(k), -axis
(vpx = vpcos @) contribute to the current

cos? 6d6

"l 0‘ +7r/2

—sin 20 + = ;
.4 2- —n/2

§9Qqay, March 27,



A similar calculation for a spherical Fermi surface yields
j = 1e’N(Er)&vf

the conductivity finally becomes, with ¢ = j /&

1 o =3e’vEtN(EF).

This quantum mechanical equation reveals that the conductivity depends
on the Fermi velocity, the relaxation time, and the population density (per
unit volume). The latter is, as we know, proportional to the density of states.
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classical mechanics Quantum mechanics

Nf€2T
O = . 1 o =3e’vEtN(EF).
m

(1)not all free electrons N; are responsible for conduction

(2)depends to a large extent on the population density of the
electrons near the Fermi surface
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monovalent metals ('such as
copper, silver, or gold) have partially filled valence bands

Their electron population densities near their Fermi energy are high
which results in a large conductivity

E

bivalent metal (Eg) E -~

monovalent metal (Ey)

insulator (£i) M

valence
;e band
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bi-valent metals, on the other hand, are distinguished by an overlapping of the
upper bands and by a small electron concentration near the bottom of the
valence band the electron population near the Fermi energy is small

which leads to a comparatively low conductivity

insulators and semiconductors have
completely filled electron bands, which results in a virtu
ally zero population density near the top of the valence band
Thus, the conductivity in these materials i1s extremely small.
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7.5. Experimental Results and Their Interpretation

7.5.1. Pure Metals

Matthiessen’s rule

temperature independent

p: +% Pdep = Pth T Pres

The resistivity, of a metal (empirical equation)

where « 1s the linear temperature coefficient of resistivity.




thermal energy causes lattice atoms to oscillate about their equilibrium
positions, thus increasing the incoherent scattering of the electron waves (or

equivalently, increasing the number of electron-atom collisions)

Pres, 18 Interpreted to be due to imperfections in the crystal
such as impurities, vacancies, grain boundaries, or dislocations.
not temperature-dependent

A
° Cu-3at.%Ni
Cu-2at.% Ni
Cu-1at.%Ni
Cu
__L.__ s reducee 1S gene;lajlrlllifr::lgrrllsbtzl;l?grlln;p;igg ﬁ(c):rtr:j or alloy
Dies |

_.}_._._i_._...w — —— —

T
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resistivity vs. heat treatment

The number of vacancies or
grain boundaries, however, can be changed by various heat treatments. For

example, if a metal is annealed at temperatures close to its melting point and
then rapidly quenched into water at room temperature, its room-temperature
resistivity increases noticeably due to quenched-in vacancies. Frequently, this
resistance increase diminishes during room-temperature_aging or annealing
at slightly elevated temperatures due to the annihilation of some vacancies.
Likewise, recrystallization, grain growth, and many other metallurgical pro-
cesses change the resistivity of metals. As a consequence of this, and due to

1its simple measurement, the resistivity is one of the most widely studied
properties in materials research.
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1.5.2. Alloys dilute single-phase alloys

Sb
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I
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Ag at. % Solute

atoms of different size cause
a variation in the lattice parameter

Linde’s rule
Sb

Ap

Sn

In
Cd (b)

Ag

I 2 3 4 5 ValencyZ

atoms having different valences
different electron concentration

alter the position of the Fermi energy
changes the population density N(FE)
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Nordheim’s rule

Nordheim’s rule holds strictly only for a
few selected binary systems, because it does not take into consideration the

changes in the density of states with composition. This is particularly true for
allovs containing a transition metal.

p XAPA+XBPB+CXAXB

where C 1s a materials constant

/disordere<#

,’

/
I
/
/

/
-ordered

The resistivity of two-phase alloys is the sum of the _
resistivities of each of the components, taking the volume fractions of each

phase into consideration

L |

Cu CusAu CuAu Au
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Kondo effect

Some alloys (copper with small amounts of iron, for example) show a
minimum in the resistivity at low temperatures. This anomaly 1s due to
additional scattering of electrons by the magnetic moments of the solutes
and 1s a deviation from the Matthiessen rule (Kondo effect).

Resistance/Resistance(T=0 Cefsius) x 10000

(from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, 1936)

300 -

Low temperatire resistivity of
Au

== Jemperature T (K)
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7.6. Superconductivity

Pure metal<

The superconducting transition is reversible

/
'I‘ Alloys and
ceramic sup.cond.

T, is the transition or critical temperature
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Critical Temperatures of Some Superconducting Materials

Matenals T, [K] Remarks

Tungsten 0.01 —

Mercury 4.15 H.K. Onnes (1911)

Sulfur-based organic 8 S.S.P. Parkin et al. (1983)
superconductor

Nb3Sn and Nb-Th 9 Bell Labs (1961), Type 11

V3Si 17.1 J.K. Hulm (1953)

Nb3;Ge 23.2 (1973)

La-Ba-Cu-O 40 Bednorz and Miiller (1986)

YBa,;Cu307_,* 92 Wu, Chu, and others (1987)

RBa;Cu3;0;_,* ~92 R = Gd, Dy, Ho, Er, Tm, Yb, Lu

B1,SrCaCu3 Og45 113 Maeda et al. (1988)

Tl,CaBayCuy01 045 125 Hermann et al. (1988)

HgBa,Ca;Cu30g, 5 134 R. Ott et al. (1995)
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high-T, superconductors

Superconductors having a T, above 77 K (boiling point of liquid nitrogen)
are technologically interesting because they do not require liquid helium
(boiling point 4 K) or liquid hydrogen (boiling point 20 K) for cooling.

A zero resistance combined with high current densities makes super-
conductors useful for strong electromagnets, as needed, e.g., in_ magnetic

resonance imaging devices (used in medicine), high-energy particle accel-

erators, or electric power storage devices. (The latter can be appreciated by
knowing that once an electrical current has been induced in a loop consisting
of a superconducting wire, it continues to flow without significant decay for
several weeks.) Further potential applications are lossless power transmis-
sion lines, high-speed levitated trains, more compact and faster computers,
or switching devices called cryotrons. (The latter device is based on the de-
struction of the superconducting state in a strong magnetic field, see below).

P =1I°R
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Elimination of the superconducting state does not only occur by raising
the temperature, but also by subjecting the material to a strong magnetic

field T 2

T?

where Hj 1s the critical magnetic field strength at 0 K. Ceramic super-
conductors usually have a smaller H. than metallic superconductors, i.e.,

they are more vulnerable to lose superconductivity by a moderate magnetic
field.

H. = Hy| 1

1

H, % Ic‘ | Normal state
HO T ~<
\\ Set i e S )
N . state
Superconducting \
state \ T e
\‘ --------- c T
]
-
0 1a ] 5
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