B I A

® the material it is composed of
. @ its length (L), and -

Electrical COndu_ctivity in Materta’lS

 BS.B. Karunurathne
Vsztmg Saenttst IFS and Senior Lecturer, Depamnent of Phy.stcs, U/uversuv oj Peladwuya _

: IVNTROI_')UCTION'

: 'thferent matenals vary con51derably in theu‘ elcctrxcal propertnes In thts artu.le we shau examine the :
: behavnour of matenals under the mﬂuence of electnc fields. : -

Nearly all materials fall into two major. categones conductors through Wthh electnc currents can
flow easily and msulators through which currents have great difficulty in llowing. Metals, some liquids,

- and plasmas (gases.whose- molecules are charged) are electrical conductors. Nonmetallic solids (e.g., '
~ polymers) and certain ‘liquids ‘and gases ‘whose . molecules are electrically neutral” arc insulators. - -
*Semiconductors are. intermediate. in - thelr ability to conduct current. In many matcnals the clectrical -
resistivity becomes. zero at very low temperatures closc w ubsolutc zero .md lhc. mau.rtal becomes

superconducting,

ELECTRICAL CONDUCTIVITY

A flow of electric charge from one place to another is called an clectric current. An clectric current in
~ metals is due to a movement of electrons, whereas in’other materials positive or negalive ions may be

involved. The ions are responsible for conduction of electricity through electrolytcs The magnitude of an.
electric current (I) is the amount of charge passing agiven point persecond. Just as the rate of flow of water
between two points depends upon | the difference of height between them, the rate of thm uf clu.u ic curn.m_

‘between two pomts depends upon the difference of potential between thcm

"The current (1) that. flows m a conductor is propomonul to the potentul dttfcrcnce (V) between its

- ends (Ohm’s Law)

| R

The constant of proportxonahty is wntten as 1/R and Ris called the resnstance ot thc conductor The
resxstance of a conductor depends upon ' ' : '

. the cross-sectxonal area (A)

. _.Thc’refore, 'the resistance (R) of the conduc_torf‘is'_ Irepr_e_sented-by tne'equation _- ';'

*ﬁfR»=:'p‘_'r-__.;-

The constant of proporttonahty (p) is called the resnsnvuy ot the m: ucrml and is mctnsurtd in O mlt

is tmportant to note that the resistivity is the material property-: and not lhc total resistance: The rcuprocal o o
of rcsxstwnty is known as lhc conducthty (0) of thc materul (x ¢,0 = l’p) and is: musured in Q m



Table 1 gives a list of resistivities of several materials at 20°C.

Matesial . Resistivity (0m) -

Aluminium . . 2.69x10°%

Copper S  1.62x 10%°

God - - . 230x10*
Germanium _ 4.6 x 100 =
Iron N 20 x10%6x10°
Mercury o 94 x10%

Silver . . - .. 160x10°%
“Sulfur - . 1x107-1x 10
Silicon S 230 x 10'- 64 x 10*

“You may notice that thcre isa substantxal variation in resxsuvuy of matenals For cmmple sultur (msulalor) -
. has a resistivity of almost 105 greater than that of silver. Germanium and silicon are scmnconductors and
have mtermedxate resxstxvuy values belween msulators .md conductors : o

CONDUCTORS

" The electncal properties of sohds are mamly determined by the properues of electrons in them. In a metal _
. the valency electrons are relatively free to move through the metallic lattice which makes metals good' '
conductors of electricity. When a polenual difference is applied across a conductor, an electric field is set
up in the conductor which' creates an electric force on the electrons and hence a current. Actually, the
. electrons do not simply move in straight lines along the conductor. Instead, they undergo repeated collistons

with the metal ions, which resultsina comphcated zig-zag motion. The energy translerred {rom the colhdmg
electrons to the metal ions causes an increase in the temperature ol the conductor’ (Joulc hcaung)
However, despite the colllsxons, the electrons move slowly along the conductor (in direction opposite to the
electric field) with-an average velocity called the drift velocity. The electric field does work on the clectrons
that exceed the average loss due to collisions, which results in a net current. However, any lactor which-
. impedes the movement of electrons will reduce conductivity. The increase in temperature mlroduces
greater thermal agitation as ions vibratg about their mean position. This reduces the mean lrec path of
. electrons and thexr moblhty, resultmg ina decrease in conductivity wn[h mcreasmg [emperature -

o Although the free electron' theory is a convenienl way of e‘cplaining many propertics of 'mu.lls itis
. an oversimplification of the true situation for many other cases. In a single atom the cleclrons oceupy a
number of discrete energy levels and their energy levels become closer together the [urther they are from

the nucleus ‘When atoms are brought as close together as those i in a crystal, they interact with one another -

to such an extent that their outer electron shells constitute a single system of electrons common to the

entire array of atoms. However Pauli’s Exclusion Principlc prohibits more than two-electrons (one with A

each spin) in any energy level of the system. Therefore, thc clectrons are compelled to seck slightly '
. different energy levels. As a result of these shifts in the energy levels, an energy band exists in a crystal in
place of each sharply defined energy level of its componcn[ atoms (see Figure 1). Within ¢ven a small
-crystal containing many millions of atoms, the energy levels will be replaced by densely filled bands. For : '
‘example, a sodium atom has only one valency electron so that only half of the encrgy states in.the 38 (or
valency) band are filled. For [l’llS reason, the energy requnrcd 10 ranse a \ulcncy clcuruu toan cmply stale
is neghglble : : :
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; :Figure 1. Energy states of electrons in sodium.

This enables the valency to move freely wi;hin the crysté}l-and so to conduct electricity. In case of .
magnesium, the 3S band is filled, but since it actually overlups with the-3p band (Figure 2), niagnesium
conducts electricity very easily. However, in some materials, the adjacent energy bands do not overlap in
this way and energy is then required to move electrons across this ‘energy gap.” In diumond, this energy gp
is great (about 8.5x 10¥7a 20°C) and, therefore dlamond has véry hxgh elu.tnul n.snsuvuy
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o Figure 2. Energy bahds in different mal.e,riixls-. "
_ INSULATORS

Nonconducung matenals or msulators are those in whlch bondmg is ulhu cov ulull or lonig. lemu bmds~ o
. in insulators are completely filled and there is a wide enug\ gap. I)elm.en (hL \.Aluu\ h md and lhu nc.\l
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possible energy band. Under such circumstances, a large input of energy would be required for an electron
to cross the gap. A very small number of electrons may acquire such energy, if the material is subjected to a
high potential difference and these’ msulators possess very low but measurable conductivities. At high
temperatures,. individual electrons will possess greater energies and so the chances of these electrons
escaping are more. Conductivity will therefore increase. Insulating materials may break down under the
- pressure of an electrical potential difference that is high enough to raise the energies of large-numbers of

electrons to the point where they can cross the energy gdp dl’l(.l become free. bueh a pulmual dnllerenu, is”
, termed the ‘breakdown voltage.’ . : S :

SEMICQNDUCT ORS"- '

A few decades ago a three valve radio set was housed in a large cabmel whrch ou.upned a consndemble o
space in a household. Its bulk was due to the size of the thermionic valves and the volume of surrounding air -
space required to cool the large valves. A radio receiver of ¢quivalent performance can now be housed in a '
. matchbox. This was made possrble by the development of transistors in_the late 1940s. The eomplex
,' electromcs mdustry, whxch has developed smce then is dependent upon these semuonduetorx -

~The other elements of Group IV of the perlodrc table have similar valence elu,tron structure and

crystalline structure like that of diamond. This structure-is with four covalent bonds per atom. In siicon

and germanium, however, the energy gap between' the ‘valency band’ and the ‘conduction band’ is

relatively small compared with that in diamond and, therefore, it is easier 0 free an electron into the - .

conduction band (for silicon it is 1.8 x 10'191 and for germanium it is 1.1 x 10"%) at 20°C). The transter of
. this electron leaves a vacancy, such that one atom in the lattice (Fi igure 3) posSeases only three ‘valéncy
. bands instead of four. Thls deficiency is referred toasan electron hole.”. : ‘
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- Figure3.- .

~* Another valency electron is able to jump into this hole and so cause the movement of the hole to proceed in
the opposite direction to that in which the electrons are moving. This can be regarded as equivalent to the ,'
* motion of a positive charge (Figure 4). Materials in which conduction occurs in this manner are called
‘intrinsic’ semiconductors. The conduction is due to the combined How-of ficed \:.tanLv clectrons and of

- holes in the opposite direction. Valeney electrons can be freed. lhroush l.hL energy gap and. into the .- -

conduction band by supplymg thermal energy For this reason rrusmg, th lempualuts. ol un uurmsu»_ -
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semiconductor increases its conductmty In normal conducrors the opposuc elfu,t 1s ubtamed byi mereasmg

the temperature.
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The conductivity of semicond‘uctors is markedly affected by slight amuuhts ol impurity. These are called -
‘extrinsic’ semiconductors. The trace elements concerned are gencerally those of Group 1L or Group V, that-

. is those whose atoms contain either one less or one more valency. electron than the (;roup IV atom- - -

concerned. If an atom of the Group V element such as phosphorus (or arsenic) is added o silicon, it will fit-

into the crystal structure of silicon because its atomic radius is of the right order. But because silicon has a- -
valency of four and phosphorus has a valency of ﬁve an extra electron will be av.nlable Only a very little
energy will be required to free this electron from the phosphorus atom and, at room temperature, the .

‘thermal energy present in the lattice is sufficient to do this. An extrinsic semiconductor of this type which

- utilises the movement of freed electrons is called an ‘n-type’ and the, CleLnl (in this case phosphorus)
whlch provides the electron is referred to asa ‘donor ' : : -

If on the other hand, an unpunty atom of a Group Ill elemenl su(.h us burun (ul .rlumuuum) is”

: added to the silicon lattice, it will provide only three-valency electrons for the four bands involved. This

- deficiency of one electron’ will be’ equivalent to the presence of a positive hole. This" form .of -

. semiconductor is referred to as a ‘p-type’ and the impurity element invelved is called an “acceptor.” By
" «ontrolling the small amounts of impurity atoms present in either silicon or germanium crystals,

semiconductors with specific properties. in cither n- or p-types can be produced. A semiconductor in
which a section of p-type material shares a common interface with a piece of n-type material is known asa -
‘p-n’ junction. It is upon the properties of this p-n mterfaee that the’ dnodes and. lr.mslslurs ol modem ,

radxo and other electronic equrpment depend o

SUPERCONDUCTORS

>

. For many substances the electrlcal resrstxvrty become zero yal very low temperatures dose 0] ..lbsululC' ero.
In other words, these materials lose the property of resistance. Such material is then said w0 be in a.
superconducting state. The onset of superconductivity for a partu.ular material occurs at a sharply defined o
temperature which is called the transition temperature or T¢ (Figure 5). This phenomenonwas first .

- discovered by Kamerlmgh Onnes in the Netherlands in 1911. He observed that when mercury is cooled -

“below 4.2K, its resistivity essentially becomes zero. Once started, a current in a loop of superconducting -

material persists even for. several months, demonstrating the complete absence of resistance. Abuw. the -~

_ transition temperature, however the same current \vould have ceased ina l\,W suunds
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‘ Figure 5

Placing a superconducting material in a magnetic field lowers its transition lemperature. In a sufﬁcicnlly
. strong. magnetic . field, superconductivity vanishes even at absolute Lc.ru Very large currents, in the
* . kilo-ampere range, are possible in superconductors without excessive 17 R losses. This gives the possibility
for the development of superstrong magnetic fields for research, magncllcally levitated passénger trains, =
~ and superconducting transmission lines for ¢lectrical power distribution. bupcrc.onduc[ors also have the

- property of repelling magnetlc ﬁelds This phenomenon is known as the ‘Meisner Eftecl ’

. Untill 1986, one of the major hrmtanons in practxc_al applications ut'supcrconduclors was the very
low temperatures needed to keep their materials cool below: Tc. The highest known transition
temperature was 23K for Nb3Ge alloy. Therefore, it was necessary (o usc liquid-helium, which is rare and
~ expensive, to maintain the material at such low temperatures. This situation, however, changed .
- dramatically in 1986, with the discovery of a new type of superconducting material, La-Ba-CuQ) with a T

of 35K, by George Bednorz and Alex Muller, two physicists at the IBM rescarch luboratorics in Zurich,
. Switzerland. A related ‘material, Y- Ba-CuO, was later found by Paul C.W. Chu of the University - of

Houston, USA. ‘This material has a T¢ of 100K (or <173°C). Later, in 1988 and 198Y, scientists discovered T
two more high-temperature superconducting - matcrials, Bi-Sr-Ca- (,uO with a T¢ of LWK and

Ta-Ca-Ba-CuO with a Tc of 125K. The structure of this new class of high-Te materials was different from

the superconducting materials and alloys known earlier. But the greatest achievement is that a T3 of . -

~ around 100K could easily be obtained with liquid nitrogen (boiling point 77K) which is much chcaper
than liquid-helium and easily accessible in most countries, including Sri Lanka, The new discoveries have
also paved the way for 5earchmg for- malendls that bc.wmc supcrwnduclmb at. mdm.uy room -
temperature. - : IR '



