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ABSTRACT 

For magnes iu m diboride (MgB2) ' some of the superconducting pmperlies that have been 

studied are summari zed. The energy di spersion relation is determined and it is used to 

determ ine the electmnic thermal conductivity of MgB2. From that energy functi on. the 
, , 

expression fo r the e lectronic heat capacity of magnesium diboride in normal state has 

be~n determ·ined. ·Til e general expression of the electmnic thermal conducti vity for MgB~ 

in normal state i ~ fo und. Then, by taking th e energy gap parameter in to account the 

electmnic then;lal conductivity has been computed for the superconducting state of our 

material ; that is belO\'-\ tbe transition temperature. Then, the electroni c thermal 

conductivit) of magnesium diboride has been plotted as a function of temperatu re with in 

the superconducting state. Moreover, the electrical conducti vity of MgB2 is calcu lated 

and the Wiedemann-Franz law is checked fo r normal sta te of a mate rial. Finally. the 

general expression fo r electronic thermal conducti vity of MgB2 is determined in K -

I'--
1". Key Words: Magnesium diboride. thermal conductivity. superconducti ng state 
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1. GENERAL INTRODUCTION TO SUPERCONDUCTIVITY 

1.1 Transition to the Superconducting State 

While \\OI'king in his low temperature laboratory in Leiden, Kamerlingh - Onnes, in 1911. 

discovered that at a certa in temperature above absolute zero electrical res istivity ceased. That 

is, all electr ical current cou ld now without any resistance. He gave a name 

"Superconduct ivi t{' to that new phenomena. Onnes observcd in I q I I that the electrical 

re sistancc or pure mercury dropped abruptly whilc cool ing it to a temperature belo\\ -l. 21< . 

Hence. on account of its electrical properties he concluded that mercu ry has passcd into a nc\\ 

statc called superconducting state at a temperature va lue or 4.2K. Accordingly. the tcm perature 

at \\hich a material passes from a normal state to a superconciucli ng state is called a 

supcrconducting transition tcmperature (c riti cal temperature) '1', of that material. 

The 1'0110)\ ing figure illustrates how mercury (1Ig) madc a transition rrom norillal to 

sllperconclucting state . 
0.15,-------:---t------r-------, 

Resistance in Ohms 

0. 10 

Tc 

0.05 

O.OO~ __ ~..--___ -+ ___ ------' 
4.1 4.2 4.3 4.4 

-----~. T in Ke lvi ns 

Fig. 1.1: The behavior of transition from 110rmal to 
su perconducting state in the tirst supercouductor 
reported (Hg) by Ounes, with Tc=4.2K 

Superconducti vity could be defined as a complete absence or c lectr ical resi stance in a material 

and is observed in certain material s when they are cooled to below their superconduc ting 
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transit ion tcmpcrature. ft is general ly agreed thaI superconducti vi ty re lics on gett ing ck:ctl"Ons 

to ove rcome the ir mutu al Coulomb interac ti on and rorm Cooper pairs . 

Supe rconduc ti vity can occur in cvery purc e lement below some su['fi c iently lo\\' c ri tical 

tc mperallire. Bu t it takes a long time to cstabli sh the state or superconducti vity in such purc , 
e lements. for instance, a tem pe rature should be lowered to about 0.1 K to obse rve 

slIpcrcond'lIcti vity in monovalent alkali metal s. Superconducti vi ty also exi sts ill many alloys 

and bi nary compounds. From these. we conclude that superconductiv ity occurs in an y chemica l 

mate ri al no matter w hether it is e lement, compound or a lloy. 

The superconducting transition temperatures or some elemcnts and compound s is g ivcn a t thc 

e nd or thi s chapter. 

1.2 Developments in Superconductivity over years 

Superconductiv ity as we have seen in the above secti on wa s disco vered by Kamcriingh -

On ncs in 1911 in mercury at a tra ns ition temperature or 4 .2K. Kame rlingh notcd that thc 

supc rcll ndud ing stale cou ld be destroyed by appl ying la rge magne ti c fi e ld , but a current 
, 

induced ill a closed conducting loop of wire persists ror a long time, 

;\ tlleory fo explain a superconducti vity phenomenon wa s not available ror thc next rorly six 

years 1'·om its di scovery. In 1957, a microscopic theory to explain the supcrconducti, it)' 

phe llomemi wa s developed for the first time by Bardeen , Cooper and Schri e lk r of Unl verslly 

of Illino is . The theory is called BCS theory. The demonstration by Meissncr that perrect 

dia magnetism be ing a bas ic property o f supe rconducti vity wa s donc in 19}-1. I"he 

phe nome nological description of superconduc ting flo \\' was po inted in 1935 Iw London. 

Accordingly. superconducti vity is a quantum phenomenon on a macroscopic scalt: ; with the 

lowest energy state separated by a I-inite interval from the excited Slales and henl:t 

diam agncti sm is a fu ndam ental property or a superconductor. Nb, Sn and Nb ,(;c we re 

di scove red as superconducting with T, of 18K and 23K respecti vely in 1973. The T,. of 23 K 

re main ed unbeaten for decades. I=inally, a new era in superconductivity opened in 1986 . Thcn, 

Bednorz and Mue ll e r discovercd a sharp drop of res istance at a relati vc ly hi gh tempcra turc 

than before in La, Ba,C uO • .;;. According ly" a sharp drop o r resistance wa s obscn·cd in a 

l11a t ~ rial [anthallU11l - Barium - Cupper - Ox ide (La2_\Ba, CllO~) at an approx imate 

te mpe rat ure of 30K. Thi s opened doo r to the study of hi gh temperature supe rcondu ctil' ity. 

W ith in a month time Chu orlhe Uni ve rs ity o f Houston and Wu of the Uni'·e rsity o f Alabama 

in co llaborations di scovered anothe r hi gh temperature superco nduc tors namc ly. Yllriulll -

6 
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i:lanulll - Cupper - Oxiue (YBa2('cIJO, ) possessing a transition tempe rature or about 901< , 

Following these discoveries more studi es \vere done and morc high temperature 

supercondu c tors witb still higb T, were di scovcred , Currently the c riti cal IClll pe ra ture has 

reac hed a maximum of 125K in Thall ium (T I) based system and 160K in Mercury (i-Ig) based 

syste m under pressure, 

, 
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I 
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" --.1-----'.::. _ .. _-_-_-...... ____ -'-____ '-___ -'-____ ..... ___ _ 
I ')~i' 

Figure 1.2 Resistivity deve lopment in regard to T r over years 
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1.3 Superconductivity and Magnetic Field 

Onnys ha ve recogn ized that a superco!'ducting state can again be changed to norm al starc by 

passing excess ive cu rre nt through the wire. I-Ie then recognized that the magneti c fi eld induced 

by thi s current is making th e wire to cOlll e back to ilS normal con ducting slate . 

Superconduct ivity is ma ni fested onl y if the external fi eld is le ss th an the criti cal value II , . The 

crit ical va lue of the magneti c lie ld 1-1, is the minimum va lue of extcrnal magnetic "eld at 

which superconductiv ity is destroyed from a mater ial. For most supercond ucting material s the 

cri ri ca l va lue 1-1 , var ies with tempe rature from Ho at T=O to zero at a crit ica l temperature T, . 

r·he dependc nce of Hc on temperatu re can be demonstrated by Tuyn· s law give n by thc 

la llowing equarion.l20] 

In addition to th is. the superconductor expels a magnetic field from its interior. Meissner and 

Ochsen feld have tried to show that the state of a superconductor is independent of· any 

previolls magnetic environment. that is a mater ial cooled through th e superconduct ing 

transition temperature expels all magnetic field lines (flux lines) from it s interior. The 

fo ll ow ing fi gure illustrates the behavior ofa superconductor in a magneti c fi eld. 

T>T, 
H>O 

o 
T<1'c 
H=O 

Figure 1.3 The Illust ration of the behavior of a superconductor in 

a magnetic fie ld showing that it expels a magnetic flux 

ifT<Tc and O<H<Hc 
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1.4 BCS Theory and Its Contributions 

BCS theory dcveloped by Bardeen. Cooper and Schrieffer exp lains the prope rtics of 

su percondu ctors inc lu di ng the mechani sm of superconductiv ity. According to BCS theory, , 
what is respons ible for the trans ition of a material to the superco ndll ctin g state is an e ffecti "e 

attnict ion be tween pairs of e lectrons 01" opposite sp in and momentum . Be low the 

superconduc ting transi tion tempera.ture,T c ( in superconducting state), the electron pairs form a 

condensate, a macroscopica lly occupied single quantulll state, which nows with no res istance 

and acts to screen out modest ex ternal magnetic fie lds, thu s bringing about the perfect 

diamagneti sm measured in the Meissner effect. At low te mperatures, it requires a fi ni te 

amount of encrgy,6 '" 1.75k /I T., to split up one of the pairs in thc condensate: this is the 

cne rgy gap. Its impact on superco nducting prope rties had been worked (llit 

phenomenological ly by Bardeen in the years immediate ly preceed in g to the development 01' 

the microscopi c theo ry (BCS theory). There fo re, the superconducting state is characteri zed by 

two distinc t component s: a supe,fluid (the condcnsate) , and a norma l fluid made up of the 

sing lc particle exci tations whi ch res ult from the break up of the condensate pai rs at fin ite 

temperatures. The exc ited qua si particl es whi ch makc up thc normal fluid bcha, 'c displ")' 

certain cO~lerelJt effects in response to external fields, co he rence phellomena which are a 

s ignature of the BCS pa iring theory, but otherwise behave normall y, in that they coll ide with 

one another, w ith phonons,a nd w ith the wa ll s of th eir co ntainer. The c haracteristic le ngth O\·e,. 

which coherenl beha vior ca n occur, thal is the cohe rence length, is of the order of a thoLlsand 

limes the interparticle spac in g. The BCS superco ndu cling transit ion is basically dillerent from 

"hal mi gh t happen if the pairs had formed well above T" and th en co nde nsed. In this case. the 

coherence length would be of the order o f the interpart icle spac ing, and the energy gap would 

not be related to T,. 

BCS theo ry had a significa nt in~pact on many other fi e ld s of ph ys ics. It pred icts th at any 

syste m o f interacting fe rmions could undergo a superco ndlTcting, or in the case of fe rmions 

with no charge, a superOuici Lransition, pro vided one had a net fermion attractive interaction in 

some angula r momentum challll11Yl. For instance, aner fhe initial publica ti on or the BCS 

rcsuns, Bohr, Mottelson and Percus, wo rking together in Cope nhage n in the sLImmer of 1957. 

showed that neutrons or protons in the atomi c nu c leus would pair as a result of their mutual 

attraction, and that one could ex plain in thi s way many hitherto pu zzling nuclear phenomena. 

Na mbu in C hi cago explored the consequences of BCS pai ring for the hi gh energy phenomena 

found in elementary particle physics. The prescnce a i' ncutron and pro ton superfluids in the 

9 



newly di sco\'ercd pul sa rs, rotating neuton stars, was in voked in 1969 (by Baym. I'cthick. 

Rud erman and Pe rc us) as the exp lanation for the observed lon g tim e decay or th e g litc hes 

(sudden jumps in the pul sar rotationa l period) whi ch were di scove red in the Ve la and Crab 

pul sars in March and September of 1969. Since 3He atom s are fermion s and possess a long 

range attraction , it was widely expec ted tha t liqu id 3 He would undergo a tran siti on to the 

superfluid state. a nd the low temperature phys ics community searched seriou sly for , igns or 
that transition, a searc h wh ich proved success l'ul lor OsherofC, Lee, and Richard so n who 

discove red in 1972 that 3 He beca me a superfluid at a temperature of some three millidegrees 

abo ve absolute zero. 

Inspired by the BCS theory, condensed matter ex pe rime ntali sts so ught ne \l c la sses 01' 

supercond ucting metals and sea rched intensively for material s whi ch would become 

sltperconducting at substantia lly higher temperatures than the transition temperatures ~ 20 K 

wh ich seemed to c haracteri ze normal supe rconducting metal s. Hence there appeared to be a 

ceiling to the sllperconciuctillg transition temperatures and new superconductors were 

determined, which could mainly be associated with the phonon-induced intera ction mechani sm 

responsible fo r superconductivity. Currently supercondu cto rs with mu ch hi gher 

sllperco lld ueti ng tra ns i tion telll pera tu re ha ve been determ ineci. 

10 



1.5 Type I & Type /I Superconductivity 

Su perconducti vity is quenched when the materi al is exposed to a sufficiently high magnet ic 

fi e ld as observed in a ll superco nductors . Thi s magnetic fi e ld, H" is cal led the crit ica l fie ld. In 

the early supe rconducto rs, including all of the e lementa l superconductors except ni obium, the 

supe rco nducti vity is quenched in re lative ly low magnetic fie lds. The superconduc tors having 

one critical fi e ld are there fo re called type I superconductors. 

On the ot her hand , type II superconductors have two critica l fie lds. T he li rst is a lo\V-i ntcns ity 

field H", w hi ch partia ll y suppresses the superconductiv ity. Thc second is a much higher 

criti ca l fi e ld. I-I", whi ch totall y quenches the superconducti vity . The upper c riti ca l fi eld o f type 

II supe rcondu ctors tend s to be two o rders of magnitu de or more abo ve the criti cal fi elds of a 

type 1 superconductor. T here fore, it is the ex istence and di scovery of the type II 

superconductors that the manufac turing or superconclucting magnets of high streng.lh became 

poss ible. Let ' s see some points on both type I and type fI supe rconductors separately in thc 

fo ll owi ng sub secti ons. 

1.5.1 Type I S uperconductors 

The Type 1 superconductors are ma inl y compri sed of metal s a nd metal loid,; that cxhibit 

so me conducti vity at room temperatu re. They req uire incredible co ld to s low do\\ n molecular 

vibrations sufficiently to facili tate unimpeded electron now in accordance with "vhat is known 

as BCS theory . BCS theo ry suggests that e lec trons fo rm themse lvcs in Cooper pairs in o rder to 

hclp each other to overco me mo lec ul ar obstac les. Ph ys icists call th is process phono n-med iated 

co upl ing beca use of the sou nd pa<;kets generated by the fl exing of the c rystal latt ice. 

Type I superco nductors are characte ri zed to be the so ft" superconductors. They werc 

discovered first and thcy need the co ld est tempe ratures to beco me supe rconductive. They 

exhib it a very sharp trans ition to a superconducting state and they a lso ex hibit a "perrect" 

d iamagnetism. [26] 
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Figure 1.4 : T he magnetiza tion ve rSli S magnetic fi eld g raph 

to differentiate (a) Ty pe I supe rcondu ctors, from 

(b) Ty pe II superconductors 
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Some of the known type I superconductors are give n in tab le 1.1 together \\ itll tile 

corresponding critical temperature Teo A peri odic tabl e is attached as an appendix to refer th is 

type I superconductors. 

Superconductor Critical Tempe rature ('1',) 

Lead (Pb) 7.196 K 

L anthannm (La) 4.88 K 

Ta ntalulll efa) 4.47 K 

Mercury (Hg) 4.15 K 

Tin (Sn) 3.72 K 

T ndium (T n) 3.41 K 

Pa lladium (Pd) 3.3K 

C hromium (Cr) 3K 

Thallium (TI) 2.38 K 

Rhenium (Re) 1.697 K 

Protactinium (Pa) 1.40 K 

Thorium (Th) 1.38 K I 

Aluminum (AI) 1.175 K 

Galli um (Ga) 1.083 K 

M olybdepum (Mo) 0.915 K 

Zinc (Zn) 0.85 K 

Osmium (Os) 0.66 K 

Zi rconium (Zr) 0.61 K 

Americium (Am) 0.60 K 

C admium (Cd) 0.517 K 

Ruthenium (Ru) 0.49 ]( 

Titanium (Ti) 0040 K 

Uraniulll (U) 0.20 K 

Hafnium (HI) 0.128 K 

Iridium (Ir) 0.1125 K 

Berylliulll (lle) 0.023 K 

Tungste l~ ("Vl 0.0154 K 

Platinulll (Pt) 0.0019 ]( 

Rhod ium (R h) 0.000325 K 

Table 3.1 Some Type I Superconductors 
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1.5.2 T~ve II Superco nductors 

The Type II category of s uperconducto rs is compri sed of meta llic compounds and alloys . 

except for the e lements vanadium, technetium and niobiulll . The rece ntl y di scovered 

supercondu cting metal-oxide ce ralllics that no rmally have a ra tio of 2 meta l atoms to cve ry 3 

oxygen atoms called perovskites be long to the catego ry of type II supercondu ctors. Type II 

superconductors ha ve higher T, 's than Type I superconductors by a mechani sm that is st ill not 

complete ly understood. The highes t T, allained at ambient pressure currentl y is 138K. So me 

theori sts predic t an uppe r limit of about 200K for the critical temperature of la ye rcd cuprates 

hu! o1hers assert thClt th ere is 11 0 limit. 

The first su perconducting Type II compound , an a lloy of lead and bi smuth , was fabri cated 

In 1930 by de Haas and Voogd but recogni zed after tlce di scove ry of Me issner e ffcc t. 

Shubniko\; at the Kharkov In stitu te o f Sc ience and Tcc hnology in the Ukraine thc n identified 

this in 1936 when he found the two di stinct criti ca l magneti c field s (known as li d and li d in 

Type 11 supercond ucto rs a re hard superconductors and they dine r from Type I superco nducto rs 

in that their trans ition from a 110rmal to a sLlperconclucting state is not sharp, instead it is 

gradual ac ross a region of mixed state beha vior. Since a Type II wi ll allow some penetration 

by an external magnetic fi e ld into its surface. 

The recellfly di scovered co pper ox ide supercondu ctors are type II supe rconductors and ca rl y 

rcscarch ind ica ted upper cri tical fi e lds that appear to be a t least as hi gh as anything yet 

discovered. For instance, the upper c riti cal fi e ld of yttrium-barium-copper-ox idc is 141' at 

liquid nitroge n te mperature (77 K) and at least GOT at liquid helium temperature. The s imilar 

rare· earth copper oxide, thuliul11-bariul11-copper-QxiJe, \Vas reported to have a critical ri eld or 

3GT at liquid ni troge n temperature anci lOOT Or greater a t liquid helium tempera ture. These 

va lu ys of ·the crit ical fie ld are much g reater than the strongest hou sehold ma gnets. It is 

appare nt that if the problems of work ing with these britt le ceramic material s can be overco me. 

magnets of incredible strength ca n be made I'or a multitude oI potential appli ca tion s. 

So me of the cu rrentl y known type II superconductors are given in ta bl e 1.2 toge ther with the 

co rrespondi ng critical temperal11re T,.[25] 
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ICompound/A IIO)' IF ritical Tempcn1ture ('1', ) 

Hgo.sTlu.2 Ba;Ca1C 1I .~OU] 138]( 

HgB:alC ~12CUJOX 133-1351< 

HgBa2C a.lC ll~OI ()+ 125-1261< 

HgBa2Ca l_xS" ~C U206+ 123-1251< 

HgBazC uO.j+ 94-981< 

T1,Ba,Ca,Cu3O,o 127-128 I< 

Tl1.6Hgo..J Ba2Ca2C llJOIO+ 126K 

TIBa 2CuZC u)0 9+ 123 I< 

T lo.,Pbo.,S r,Ca,Cu,O., 118-1201< 

TI,Ba,CaCu,O, 1181< 

TlI3a,Ca,Cu,O" 112 ]( 

T IBa,CaCu,O,+ 103 K 

T I,B" ,CuO,: 95 K 

NdBa,C u,O, 961< 

Y ZUa<jC u701 5 95K 

GdB",Cu,O, . 94 I< 

YBa,Cu,O, 921< 

Tmlln l Cu.\07 90 K 

YbBa,C u,O, 89 K 

MgBz 39 I< 

Bao., Ko.,B iO, 30 K 

Nb.,Ge 23.2 K 

Nb, Si 19 I< 

Nb3Sn 18. 1 K 

Nb,AI 18 K 

V,Si 17.1 I< 

Ta, Pb 17 K 

" JGa 16.8 K 

Nb3Ga 14.5 K 

V., ln 13.9 K 

Table 1.2 SOllie Type II Superconductors 
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1.6 Excitations in crystals 

A materia l can make a trans ition to its sliperconcl ucling state ir elec trons Cooper pairs. 

Form ing Cooper pa irs may be poss ible by different mechani sms in vo lvin g exc itations of so lid . 

There are a number of exci tations including phonon, magnons, plasJ11ons, polarons etc which 

may mediate Cooper pair formation [20] , [23]. 

1.6.1 I'honolls: 

Thp phonon IS deti ned as the quanti zed un its of latti ce I·ib ration , :1 periodic 

di splacement of the atoms from the equili briu m positions that can be characteri zed by 

its energy and momentum, as wel l as a ve locity, wave length and wave vecto r. 

1.6.2 Magnons or Spill \Vaves 

Magnons are defin ed as the low-lyi ng exc itations that occur in ordered magneti c 

material s introduced by Bloch in 1930. Accordingly, Some of thc spins are obscl'I 'cd as 

deviating slightly from thc alignment of' their ground statc and this disturbance 

propaga tes with a wave like behavior through the solid Spins as we know are properl y 

described by quantum mechan ica l operators. Therefore, sp in waves are quanti zed with 

the basic qua ntum ca lled magnon. It is analogous to phonon for quanti zed lattice 

\'ibrations. 

1.6.2 I'Iaslllo n5 

Plasmons are defi ned as the coupled plasma osc illations of the electrons or holes in 

crystal lattices. Plasmon5 cannot be fo rmed thermally in metal s beca use most metal s 

me lt at very small thermal energy of order O.leV. 

1.6.3 Polarons 

A term polaron comes from pola r (charge). The e lcctron together wi th it s 

accompanying cloud of phonons is termed polaron. The name polaron arises becau se 

thc positi ve ions are att ra cted towa rd s the elec tron and polarize la ttice. 

\.6.4 Exciton 

[', iton is defi ned to be an elect ron in combination with a ho le in a uysta l so lid . The 

electron has gained suffi,cient energy to be in an exc ited state and is bound by 

electrostatic attraction to the positive hol e. Exc iton is'fonned from an electron from the 

bollom 0(' the conduction band and a hole ('rol11 near the top 0(' the va lence band. Thc 

exc iton may migrate th rough the solid and eventua ll y the hole and electron recombi ne 

w ith emi ss ion of a photon. Then the wave function of exci ton spreads over many inter 

atomic spacings and the exc iton is well desc ribed by the theory of hydrogen atom . 
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2. A REVIEW ON THE STUDY OF SUPERCONDUCTING 

MAGNESIUM DIBORIDE (MgB2) 

2.1 Introduction to High Tc Superconductivity 

Superco nductivity is de fined as a comp lete resistanceless state of a material and it is observed 

in some material s w hen cooled below some fi xed temperature called superconci ucting 

transition tCl11peratu rc. Initially supcrco nciuctivity was observed in 1911 by H. Kame rlin gh 

Onnes in Le iden Laboratory in mercury at a te mpera ture of 4.2K. The first thcory to ex plain 

Superco nducti vity phenomena was deve loped in 1957 by John Bardeen, Leon coope r and 

Robert SclJrie ffer in the University· of 1Il inoi s. Superco nductivity re lies on getting eleurons 10 

overcome the ir mutual coulom b repulsion interac ti on and form coope r pairs. In thc BCS 

theory of low temperature superconductivity, e lectrons are held together as a resul t of the ir 

interactions w ith phonons o r lattice Vibra tions . That is BCS th eory co mpl etely "xplains Ih~ 

low tempe rature superconduct ivity. 

II new e ra in supe rconductivity study opened in 198G when Bednorz and Mueller of 113M 

hlhoralory discovered a sharp drop in the resistance of La2_xBa:-;CuO.,J at a temperature of 

approxima tely 30K, which was recorded as a superconducting transition tempcraturc of a 

material. Follow ing thi s a Ilumber of researches were carried out and morc material s were 

round even with higher critical tempera ture Tc than be f6rc . Currentl y, the maximum Te 

allained is 120K in TI based system s and I GOK in Hg based systems under pressure. All shared 

a feat ure that .is responsible for the occurrence of high Tc superconciuctivi ly Ihal is Ihe , 
presence o f planes contai ning Cu and 0 atoms separa ted by the p lanes. C urrently high Tc 

superco nductivity is the subject of im mence interest becau se of the follow ing. 

I. Its interdi sc iplinary nature (material sc ienti st s, chemi sts& phys ic ists). 

2. Potential applica tion of materia ls with Tc greater than temperature at wh ich ni trogen 

lique fies (17K). 

3. Applications in ce ll ula r phone systerns, superconducting transmission lines, microv,'avc 

systems, etc. 

4. The possibility or Gnding ~ supercondu ctor at room temperature. 

17 
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Iligh ·1 c s upe rconductors arc cha racter ized by common propcrties that they arc ccramic, flaky 

oxides, poor metals at rOOI11 temperature and highly isotropic electrical and magneti c 

properties that are sensiti \'e to oxygen content. In low temperature superconductors Ih~ir 

l1lutua l repul s ion of electrons or ho les can be overcome IV ith latticc vibrations o r phonons. But 

in high Tc f; upercondu ctors the bind ing mecha ni sm is still in debate.[27] 

In the prese nt chapter, we write a bri ef review of stuelies on magnes ium e1 iboride (MgB2J 

superconductor starting with its phys ica l and chemica l properties and along \Vith its anomalolls 

supercondu cting properties will be presented. 

2.2. Properties of Magnesium diboride 

2.2 .1 The C r ystal Structure of MgB2 

Magncsium diboride consists of hexago nal planes, of boron atoms rhat are separatcd by 

magnes ium planes, where magnesi um is centered above and be low the boron hexagon s. 

This structure is very similar to structure of grap hi te \vhere each carbon atom is bonded 

to thrcc othcrs and occupies all planar bonding states named th e (J - bonds. The 

remaining one electron moves in orbita ls above and below the plane to form IT - banel s 

boron atoms ha ve less va lence electrons than carbo n so that not all of the (J bands arc 

occupied. Therefore, the lattice vibrati ons in MgB, are mu ch larger due 10 the st rong 

electron pai rs f0l111ation . 

18 



(b) 

F igure 2.1: The crystal structure of MgB" where 

a) Magnesium planes consisting of only magnesium and B2 planes 
containing only boron layered alternatively along the c - axi s 

b) The view from above , where the lVIg layers consist of triangular 
lattice planes and B2 laye rs consist of a hexagona l hon eyco lll b 
lattice planes similar to those of graphite. 
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2.2.2 SO~IC physical properties of MgB, 

The major physical properties that characteri ze a material or my interest, magnesium 

diboride (Mg8, ), a re li sted be low. 

1. The sliperconducting transition temperature of magnesi um diboricle IS 

approxima tely 39K. 

2. No ot her borides have comparable superco ndu cting tran sition tc mperature yct. 

3. It is a very good metal even better than some pure metal s with resisti vity rati o 

_R __ (3_0_0_K-,-) > ISand at 3001(, R= 9 to 10 '112 but at 401(: R= 0.3 8 ' 112.[171 
R(40K) • , , . 

4. The ma gne tic pcnetration length is about 850A. 

5 . . Its coherence length is estim ated to be 50A.[ 17] 

6. The e lectroni c mean free path at 40K is estimated as 600A. 

7. Magnesium Diboride (MgB, ) is an isotropic material. 

8. Unlik e other superconductors it has been verifi ed thai MgB, ha s two energy 

gaps ·II 3] 

2.2.3 Superconductivity in MgB, 

Inte rm etalli c superconductors are referred to as Bardeen-Coope r-Schriefer (I3CS) based 

supercond uctors. In such • superco nductors that do not contain copper ox id e the 

superconducting transition temperature has so I-a r been arrived around a maximum or 
301(. T herefo re no supercond ucto rs ha ve been found to have hi gher Tc than thi s 

trans ition tempera ture. [-jmvever the inte rmetalli c co mpound magnes ium diborid e 

(MgBz) exh ibits superconductivity with transition tempera tu re Tc of 39 K, whic h is the 

highest yet recorded temperature In its group ( in inte rmeta ll ic compound s). Thi s 

material diffe rs from other ord inary metall ic supercond uctors in many important ways 

such as: the fail ure of conventional model s to predi ct its unusually hi gh transition 

temperature, the isotope substitution effect on Tc and its anoma lous spec ific heat. Its 

anomalous properti es are explained by the fac t that e lectronic statcs dominated by the 

boron planc coup le strongl y to speci fi c modes of phonon that makes pair formation 

l~lVOr[lble. Thi s can ex plain the high tran sition temperature, more than one energy gap 

and ,a noma lOlls stru ctu re in specific hea t. 
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M agnes iulll cl iboricle is classified uncleI' type II s llpe rcond ll ctu rs ~ sincL: it i:, cumpriscd ur 
me t~lli c mate rial s. As we have seen in the chap te r o ne 0(' th is thes is. typc II 

superconduc to rs ac hieve hi gher Tc' s than type I superco nduc to rs. In addition to thi s, the 

transition from normal to superconducting state for type II superconductors is grad ual 

across a region of a m ixed state. Superco nduc ti vity ge ts destroyed in type II 

supe rco nd ucto rs abo ve the upper c riti cal fi e ld (HelJ unli ke ty pe I supercondu c to rs tha t 

need re latively lowe r c rit ical fi e ld for destroy ing th e ir superco nd uc ti vit y. The e lec troni c 

s truc ture studi es of M gB2 suggest that e lec tro n phono n inte rac ti o n pl ays an essenti a l role 

in thc occurrence of superconduct ivity in thi s matcri al. 
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Figure 2,3: The temperature variatiou of susceptibility in Mgl3, [1 7 [ 

As we can seen li'om fig ure 2.2 the electrical resistivit y dec reases linea rl y from room 

leIllpe ratlll~e do wn to about 150K, below wh ich it decreases in proportion to the second or third 

power of temperature . The res istiv ity then d rops sharp ly at a temperatu re of 39K becoming 

zero at 38K. 

The susceptib ility graph that we see in figure 2 .3 shows that cooling MgB, be low its T, results 

in all increase in magnitude of susceptibili ty. But cooling in an external magneti c ri eld (F.e) 

results in a slow change in susceptibility than in the case of zero li e lcl cooling (Z.F.C). 

Moreover, we al so observe tha t the susceptibility changes sharply at a critical temperature Tr 

similClr to that of res istivity. 
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2.3 Studies carried out on some superconducting properties of 

Magnesium diboride (MgB2J 

2.3.1 MgB2 energy gaps and temperature dependence 

The energy gap is the energy needed to break the pairs apart. Energy gap determines the 

th ermod ynamic properties ofa superconductor and is directl y re lated to superconduct ing 

transition temperature of the material. Studies reveal that magnesium diboridc has two 

ene':gy gaps unlike most other superconductors. According to calculations made by 

Louie. Cohen and co-workers the ene rgy gaps correspond to transit ion temperatures 01' 

15K.and 451( that combined to give an overa ll transiti on temperature of' 39K. [J 

Accord ing to Badr, of the Menollya University using the tunneling spcc tra shows that 

the major peak~ , occurs at around 2meV that is smaller than BCS va lu c. The large r gap 

~, appea rs at around 9meV. The two energy gaps depend on temperature. With 

temperature both ene rgy gaps follow the BCS behavior and they survive up to Tc=39K. 

~,(O) and ~,(O) are observed to be 1.8meV and 8.2meV respectively and the ratio 6 ,/;\. , 

is about 4.5 throughout the temperature range from 0 to 40K. r 13 J 

~(T) 

~(O) 

Superconduct ing 
State 

Normal State 

L-----------'----T 
Tc 

Figure 2.4 The energy ga p paramete r /j. decreases as temperature 

is raiseU from zero and comes to ze ro at transition 

temperature T, 1231 



, . 

i 

2.3 .2 The .Effect of pressure on Tc of MgB, 

Al most all the supercondueting metalli c mate ri al s show a decrease in Tc wi th pressure. 

The .measurements of pressui'e inn uence on the transition temperature and crit ica l rield 

gives information abou t the interact ion that cau ses superconductiv ity. The binary 

co mpou nd MgB2 supe rconductor under pressure behaves exactl y like o lher metalli c 

materials . Severa l grou ps have studied the effect of pressure on MgB, superconductor 's 

properti es. But all have observed that a transition tempera ture Tc decreased wilh 

Increaslllg press ure. Thi s relationship IS well ex plained by Um marino with the 

framework of the two bands El ia shberg theory. (9) 

2.3.3 Up per cr iti ca l neld .(I~ C2) of ma gnesi ulll diboride 

The upper critical fi e ld is very important magnetic supe rconduct iv it y parame tcr. 

The;'efore starting from its d iscovery as a superconduct ing ma teri al a lot of resea rches 

were carr ied out on the analys is o f upper c ri tical field (1'1.('2) of magnesiulll diboride. 

Rece ntl y, the upper critical fie ld fic2(T) [or magnes ium di boricle was analyzed in te rms 

of s ingle and multiband El iashberg mod els . The upper c ri tica l fi e ld was in vesti ga ted by 

transport, ac susceptibility and de magneti zation measurements in magnetic field s of up 

to 16T with in tempera tu re range T=3K and Tc=39 K. So far a complete 11,, ('1') cun e 

was reported for MgB2 wire showing high residual resisti vity ratio of about 25. 

Acco rdingly the re lati vely high va lue of 1-[0 (0) of about 13'1' to 18T ha s been reco rd ed if 

a strongly coupled s ubgroup of heavy quasiparticles is in vo lved in supe rcondu ct ivity. A 

peculiarity of the I-I c2(T) dependence on temperature is its recogni zed posi tive cUl'vature 

nea r its Te. This is similar to a typical feature of non-magnetic rarc earth boroca rb idcs. 

Studies are still be ing ca rri ed out and very interest ing results that enhanced uppcr critical 

field observa tions were reported. Accordi ng ly if carbo n is doped with Mg132 thin film s 

I-lelo) >50T; that is improved J-io . Such high criti ca l fi e ld suggests that magnesiul11 

d iboridc co uld be appropriate to be used as a high fie ld magnet conductor. On ave ragc 

bulk samplcs of carbon and magnesium diboride powders subj ec t to hot isostati c 

pressing and Mg vapor have achieved crit ica l fie lds ill excess or 32T and criti ca l current 

exceeding 106A/cm3 Thi s impl ies that elop in g it with ca rbon enha nccs the upper c riti cal 

li e ld or magnes ium dibo ri de supe rconductor. ( 12) 
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Figure 2.5 : Upper critical fierd 1-1" plotted a t different temperatures below 40]( 1171 

2.5 Thermal Conductivity Study of MgB2 
• 

Our materia l of interest exhibits phonon med iated s-wave supe rco nducti vity. Thermal 

condu ctiv ity stud ies of superconducting MgB, have bcen ca rri ed out both in the 

superconducting and the no rmal state region. The norma l sw te tbenn,,1 co nclucti"ity is 

equa ll y determ ined by the contributions of both the e lectro ni c and latti ce parts 01' th~ 

therma l co ndu cti vity. Where as the superconduc ting state thermal conduc ti vity is 

dom inated by the lattice part of the thermal conduc tivity. 

Thermal cond uct ivity is one o f the transport coeffi c ients that ex hibit non-ze ro va lu es in 

both th e 110l"mal and the sllperconciu cting states . The 11105t important interacti ons in a 

given superconductor can be d istingui shed by thc teJi,pera ture dependence 01' thermal 

conductiv ity. The magnitude of thermal conductivity K(T) exp lains how the elec trons 

and phonons inte rac t in a supe rconductor. 

A lot of studies were made on the thermal conducti vity of iVlgBz ane! investigations were 

a lso made to show how it affects the superconducti vity in MgB, . That is the tempe rature 

e ffects in transport measurements have been studied. A pape r published before a yea r in 

co llaboration of Bauer, Paul , Berge r, Maju mdar, Giova nnini and Saccone: llOI a lot 01' 

invest iga ti ons ha ve been made and accordingly in stlpercon ciucling state or Mg132 
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eleGlron scattering on static imperfections dom inntes the therma! cOIH.iucti\ It )'. 

Acco rding to more studi es made in thi s property: 

I. The temperature dependent thermal conductivity has a ty pi cal beha vior o r 

intermetalli c compound. 

2. As meta ls the therm a l conducti vity of MgB2 comes from both e lec troni c andlarti ce 

contri butions such th at: K= K,+K, 

W here K stands for thermal cond ucti vit y, Kc elec troni c thermal cond ucti vity and 

K, for latti ce thermal cond uctivity. 

3. ' Usi ng W iede ma nn Frallz law: 

Kc=LoT/p(T), where Lu=2 .45x I O.sWQk·2 is Lorenz number 

Over a large te mperature range the contribution of both Kc and K, is of" the sam e 

SIz e. 

4 . T he measure ment of the thermal conducti v ity showed no anomaly at T,. Thi s 

implies that e lectron or hol e scattcrin g in stati c imperfcc tions dominate in 

magnesiulll diboride. 

Expe rimenta l studies show that be low Te, the thermal co nductivity shows a peak o r shoulder 

depending. on \-vhether the heat current is dominated by electrons or phunults and a more 

complex behavior is ex hibited if both contributions are important. It is usual that below T,. 

qua sipartiole condensat ion causes· a decrease of the e lectron contributi on to th e thermal 

conductivity Ke and an increase in a phonon contribution. Despite th is s tudies show that lattice 

vi brations g ive neglig ibl e contri butions to the therm al transport in supe rco nducting state. [10 J 

In our presenl work we try to study the electron ic thermal conducti vity or magnesiulll diboridc 

theoretically. For our work we take the already accepted energy dispersion relation 1'01' a 

mate ri a l in question. On the way to th e the rmal co nd uctivity, scve ral concepts like spcci lic 

hea t, mean free path , etc are also di scussed. 
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2.4 Current Development of Application areas & Summary 

Compared to ot her hi gh T, superconductors, Mg8 , itse lr be ing a hi gh Tc superco nducto r ha s 

its own llilique properties. Some o f the properties are its simple crystal struc ture , large 

co herence length , hi gh criti ca l current densities, high upper crit ica l fie lds and thc existe nce or 

two ,supercond ucting energy gaps. T he largest criti cal current de nsiti es > IOM Ncm' and 

c riti ca l fie ld s or 40T are achi eved for thi n fi lms or Mg8,. From upper critical fie ld 

measure me nts, the ani sotropy ra ti o being reported is betwee n 1.2 and 9. [17] 

The study of superconductor M gB2 is interesting becau se of several reasons. For instance, 

problem o f cost is one, or in other words it is economica l. That is both magnes ium and boron 

are C0l111110n material s, cheap and easy to \\fork w ith & can be bou gh t rrom chemical 

compan ies . MgB2 is a materi al that is very easy to synthes ize and is stable. Its Tc is greater 

tha n that of conve ntiona l metalli c superconductors and current studies indi ca te that naturall y 

occurring grain boundaries do \10t significa ntly inhibit c urre nt now leading to ano ther 

sign.ificnnt advantage ove r the cuprate superconductors. Moreover its coo l ing is also possible 

by electri c refri gerators rather than using liquid heliulll because or ilS highel superconclucting 

transition tem pera ture. With a ll these and other appli ca tion s magnes ium diboride is a high T, 

supcrconductor be ing studied extensively. Much resea rch ha s to be done in o rder to improve 

the industr ial prospects or superconductivity and in our point of view Mg8, is go ing to be the 

best material in promoting technologies mainly in materia l sc ience and engineering fields. [5] 
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3. ELECTRONIC THERMAL CONDUCTIVITY STUDY OF 

MAGNESIUM DIBORIDE (MgB2) 

3. 1 Introduction 

It is.obviolls that metals are characteri zed by high electri ca l conductivity. [n add ition to this. 

from our day- to-day experience, metal s are also high co nducto rs o f heal. This is because 

electrons play a leadin g ro le in e lec tri cal co nductiv ity as well as the rmal conductivity. It is 

possible to say th is since me ta ls are characteri zed by excess e lec trons that arc free to mo\ e in 

meta ls. Even th ough electron gas is characterized by sma ll heat capacity. e lectrons are 

importa nl for hea t (therma l) conducli on beca use they have long mean li'ce palhs and mOle 

with high veloc ity. 

3.2 A Heat Current Density Calculation and its Relation to Thermal 

Conductivity 

For a heat energy now in metalli c mate ri a ls likc magnes ium dibo ride, the hea t energy current 

density or the power per unil area due to the now urelec tl u liS is defi ned to be: 

dQV, 
dl - - - , _ . A - U - (1 I(c, c, )v,j, , .. . (3. I) 

where EF sta nds fo r Fermi e nergy, 

fk sta nds for Fermi Dirac distribution functi on with j; '= I;' + I' , and 

( ' " - - --c---,---
. Ii - r", /:/) • . • 1 , • . .. . .. (32) 

, r 
I e 

and (1 sta nds fo r the volu me of a metalli c materia l to be crosscd by the electrons. I', be 

e lec tron veloc ity, c, be ene rgy and cF for Fermi energy. 
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From the l(ncari 7cd form of Boltzman eq uation we get: 

l at' ) - at l- aj. 0 - aj. 0 ) -'-~ =!:.. v" x H e_·_k +",1; - VT -'-+ eE -'-
a, He ak aT a[; 

coilisiQIIS 

.... (3.3) 

whe re E stand s fo r the electric fi e ld and I-I sta nds fo r the magnetic field with general case of 

assum ption o f ex iste nce of these fi e lds. 

The above equ ati on ho lds true for a heat fl ow resulting from a ny co mbin a ti on of fic lds and 

grad ient or tempe ra ture. 

For therma l conductivity cal cul ation ; bo th E and f-I are taken to be zcro. I-Ienee the above eq . 
• 

(3.3) recl uces to: 

(ai,') _ . (;1;0 
= v, . \lT--a . aT 

1 ('oIlisiops 

. (3 4 ) 

But therma l conductivity (K) is de fin ed by the fo llowing eq uation . 

U = -K . \IT . .. .. . .. .. (3.5) 

al" a [ I J Bur -'-'- =-O£ , or; (c, -c/o ) A- T 
k ~ 1+ e I' 

. . (3 .6) 

. . . . . al" 
SlIlee, III low tempe ra ture case -'-'- is approx imated to - 0([;, - [;F); 

a[;, 

where 8 is t he Kronec ke r delta fun cti o n. 

Let us define a vecto r lIlean free path /, a5 fo llows . 

But: 

a1, = _( [;, - [;r ) 8/"" 
aT T a[;, 

.. .. . (3 .7) 

. . . . .. .. (3 .8) 

Therefo re, co nside ring onl y e last iC scattering and from the above eq uations we get: 
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I ' fn - ij" u=-'(c.- c )-,' - 01 ~ 
Q '7- ' /. k T 'Dc .. . . . . .... . . . .... . (3.9) 

3.3 ,Calculation of Total Energy of Electrons in magnesium diboride 

(MgB2J 

For the material of our interest namely; Magnes ium diboride (MgB, ) we try to obtai n an 

express ion for thermal conducti vity and el ectrical conductivity . Before that we recall somc of 

tir e properties of MgB, . 

The crysta l of magnes iulll diboride compri ses of alternati ve sta cking of a honeycomb latt ice 

Boron B, laye rs and triangular lattice Magnes iulll (M g) layers . It is ve rified by ba nd 

calculations that the magnesiu 1l1 s ~lre flilly ioni zed and the Fermi level bands are characteri zed 

mainly by Boron 2p charac ters. There are four Fe rmi slIr!:1ces \:\"here two in 2PL bands and the 

rest in 2px.y bands. The 2pz bands are deri ved fro111 the intra-layer 1T bonding orbit als where as 

2 px.y banos are deri ved [rum the inlra-layer a bunding urb ita ls . The 2p;q bands ha ve a L[lla~i , . 

two dime nsional hol e characte r where as tire 21', bands have the inter-I aycr coupl ing betwee n 

adjacent atomic orbitals in the c - axis direction. 

The li ght binding approximati on can be app li ed to the band struc ture calcu lali ons It) r 

magnesium diboride (MgB, ). This shows that the 2PL bands are we ll reprod uced by the ncaresl 

neighbor (n.n) hopping mod el on a la yered honeycom b latti ce o f Boron siles in whi ch Ihe 

fol lowing dispersion relati on; [ II ]. 

£', = 2/" y " (k ) - 2/ cos k. 

holds tru e, \",here 

y" (Ii) = 3 I (I ) (13 ) - + -. cosk . +cos - k cos - k 
4 2 ' 2 ".. 2 ' , 

. .... .. (3. I 0) 

....... (3. I I ) 

Where t,y (t, ) de notes the intra-layer (inter- layer n.n. elec tron hopping energy, whi le y" is the 

stru cture fa cto r ofthe intra- laye r electron hopping to the n.n s ites on the honeycomb latt ice . 

For small valu es of x, cosine fun ction can be ex panded in to Tay lor seri es as fol lows. 

X X4 x6 

cos x = 1- - + - - - + .. 
21 41 61 

Hencc, fo r val ues 01' k" k,. and k, very small , that is: 
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For k,« 1 

Ky« 1 and 

K,« I 

Using the conditions given and the mathemati cal identity; we ha ve 

k 1 k 1 

== \ :...._'-= \ --'-
2 2 

cos(~ k )'~ 1 H k, J = 1 _ _ k,_.' 
2 ' 2 8 

, k ' k' 
cosk_ '" 1--'- = 1--'-

- 2 2 

(!i23 Ie,\' l ) 3k\2 
= 1--

2 8 

The refore, 

3 I( k') ( k'i( k.'1 
4+2 1- ~ + I--t) I--tr ... (3.12) 

~ r,,(k) = 
3 1 k 2 3'" k ' 3k ' k .' _+ ___ '_- + 1--'---'-" + l .I 

4 2 4 8 8 64 

But since both k, and ky are very sma ll : 

~r,,(k) =. 
3 2 4 2k ' k ' 3k .' 

\" ',r ) -+-+ - --------
4 4 4 8 8 8 

.. . (3. 13) 

~ r,, (k) = 9 3( , ') -- -k - +k-
4 8 x ,I 

~ y,,.(k) = 

, 3 1 ( ' ' ) ~y .(k) =- I -- k -+k-
_\.I 2 6 X .1 

,-
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... (3.14) , . 
• 

For small va lue of"' x, Taylor ex pansion or (I +.It gives: 

(I ')" - 1 . a(a - I) ., a(a- I)(a - 2) .3 + .\ - + 0.\ + .\ + .\ + .. 
2' 3' 

And for x « I , the te rllls o f o rder two and above w il l approac h to zero. 

Hence, x:! • .r ~ . x.\ ... . .. ---* 0 

=:> (I + x)" '" I + ax; for sllla ll X 

, , 
Therefore, in the above ex press ion fo r y,,.(k) o r eg. (3 .1 4) , k,' a nel k,' are very small thai: 

I ( , '1 =:> - k ' + k ' « I 6 x ) 

From eg. (3. 14) above we have: 

T 

3[ 1( , 'lJ" Y. (Ie) = - 1-- Ie ' + k ' 
II 2 6 \ \ 

To ex pand Ihis equation us ing Taylor expansion we use the fo ll owi ng substitutio n. 

Lei , 1I ~ -~V(, ' +k,' l ... ... ... ... .. ... .. .. .... ... . . 
6 

. .... (3.15) 

=:> Y (II) = 2. (1 + II) " 
.l) 2 ... (3.16) 

Then expa nding eq. (3 . 16) we get: 

. . (3.1 7) 

,., 
Then substituting the expression of II from eq. (3. 15) in to eq. (3.17) we get: 

... ' 

y" (k) = HI +H -~k +k,'l)} 
. 3 ( I , I ') =:>Y (k) =- I--k' - -k ' 

" 2 12 ' 12 ' 

1;>- • 
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.... (3.1 8) 

In addition to thi s; we ha ve: 

k ! k 2 

cos k '" 1--'- = 1---'--. 2 2 

Therefo re, the energy in K - space will be: 

=> c. = 21 . - --k - --k - - 2/ . 1- --'--[3 I , I ,] [ k '] 
k II 2 8 '\ 8 ·l • 2 .. . (3. 19) 

But, the tight binding approximation fit of the states c lose to the Fcrmi leve l as obtained I'rom 

ab-i niti o ba nd structure ca lculation gives the values or the paramete rs I " and I 

Acco rdingJy, [28] 

l,y", I.Ge V 

I , '" 1.25e V 

T herefore, lIsing these vallles of t Il and I ; ; and substituting them ill the expression for energy 

in k-spacc g iven in equati on (3.19) we ge t: 

6. = 2 1.6 - - - Ie - - k - 2 1.2) I - -'-( {
3 I , I ,] ( _{ k.'] 

' 2 8' 8 ' 2 

3 I 1 1 , 1 

=> " = 3.2x - - 3,2x- k - -3 2 x- k - - 2 5+ 1 25"-
~ 2 8 \ 8 .1 

2 J 2")5 ) 
=> 6 = 4.8 -2. 5--k- --k -+-k-, 5 ,. 5 J 4,' 

. ....... (3.20) 

Thi s can be taken as th e di spersion relation . From thi s di spersion re lation the total energy call 

be ca lculated and then the spec ific heat and finall y; the the rmal condu cti vity can be ca lculated. 
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3.4 Heat Capacity Calculation for Magnesium Diboride (MgB2J 

Thc cal cu la tion o rheat capacity is necessary to express the thermal conducti vity o r magnes iu11l 

diboride in te rm s of its heat capacity. 

The. heat capac it y of a mate ri al is de fin ed to be the amount of' e nergy tran s re rrcd per un it 

change in temperature. Or mathematically, it is a partial deri vative of the total energy with 

respect to absolute temperature . 

Thus; 

8£ c=-
8T 

where C stands for a heat capac ity; and 

E stand s for the to tal ene rgy transferred. 

.. (3 .21 ) 

As V·le have seen in the above sect1ion, we have a dispersion rela tion of energy. Then using thi s 

di sp.ersion, re lation the tota l energy in K - space is given by: 

E = I .f;"&, . . ..... (3.22) , 

Us ing the above express ion for the total energy and the definition of heat capac ity we calculat e 

the heat capac ity by taking the occupancy of the electroni c statc, 

To take the occupancy o r e lec tronic states, let 's start by findin g c,C' . that: 

M: = c(T) - £'(0) 

~ ~f 

=> M = f cD(&)J;" (c )dc- f cD(c)dc 

" o 

Us ing th e ide ntit y: 

J. £/ 

N = f D(&)I"(&)d& = f D(c )d& .... . . (3. 24) 
tI o 

'" t', :/\ 

But; f D(&)/, (c)dC' = f D(&)I" (c)dc+ fD(c)I" (c )dc 
o o 
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r, -r l:, ,; 
Therefore, J'..£ = f £D(£)I"(£)d£ + f £D(£)I"(£)dc - f Cf)( p.)d£ - f £FD(C-)/, (c )d;; 

° ° " 
eI Cf 

- f £"D(£)IO(£ )d£ + fCFD(C)dc 
Cf U 

I-Ience simpli fying the above expression we get: 

, '-, '-, 
f':,c = f k-c,. )D(t·)/"(£ )dc + JcF D(£)( I - I "(£»dc - f cJ)( c)( I - I "(£))dc 

c/, , 0 0 

~ Cr 

=> ~c- = f,c £ -£,, )D(£)/o(c) dc+ f( cF -£)(1 - / ' (c»D(£)dc 
c/ 0 

... . (3.25) 

~ " 
f':,c = f(£-£F)D(£)/"(£)dc + f(cF - £) D(c)d£ 

" 
, 

The fi rst integra l term in the ahove expression is required to bring a co nduction electrun frum 

£" to the energy greater than £ " and the second term is to promote an e lect ron From 0 to cr . 

Therefore the electro nic heat capac ity at constant vo lume is computed as fo ll ows. 

(' = r E = ..!...- [ 'f ( e - e F ) f) ( •. ) f ' (e ) d c + f (e F - 5) D (.s ) de ] 
?T 8T ~ . 

. , . II U 

=> C = f t c - C F) ~/-/)(c)ds 
, dT 

• 
Ta king D(cF ) to be constant, we take it out ofthe integra l. Hence we get: 

..... .. ... .......... (3 .26) 

We can furthe r s implify the ene rgy dispersion relat ion given in eq. (3.20) as fol lows: 
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2[ , , , ] 2 , 5 , 
=> 6, = 2.3-- k - + k - + k,- + -k - +-k,' . 5 ,\ .I - 5 - 4 -

2 , 33 , 
=>6 = 2.3 -- k-+- k -

, 5 20 ' 

D(6p ) can eas il y be computed for the case when; 

Then for the con tri bu ti on of the midd le term in energy dispers io n relation containing kl te rm , 

slIlce 

3N 
D(6, )= ­

. '2 [;,. 

Substituting eg . (3.27) in eg. (3.26) in place of D (6,, ) gives : 

'7[' Nk 2 

c = P T 
26F 

.... .. (3.27) 

.. (3.28) 

where C' standing [or the k2 contr ibuti on o f spec ific heat of ma gnesiu m diboridc in nOl'l11al 

state. 

But at the Fe rm i leve l; 
3 
-kpT" 
2 

2 = - JJ/v
F 

2 
::: 51" 

Ilcm.:c. the speci ric hea t can be rc)vriltcn in term s or Ferm i ve loci ty as rollows. 

, , 
7[ - Nk "-

=> C'= P T 
2 

IIIVF 

. ....... . (3.29) 

The contribution of k .' can be approximated to one third of the co ntribut ion of' k 2 . 

., 2 1 f 1 
7[-Nk {J I 33 7[-lIk{,_ 

C = T +-x-x T 
fl/I 'r:! 3 20 IIIFf':! 
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3ITf ' Nk/ 
=> C,., '" ---7- .. .. . . ........ . .. .. ... . .. . 

201l/\'F 
. .... (330) 

The abo ve expressIOn (eq. 3.30)' gives electronic heat capacity or magnesiulll diboride in 

norma I slate. 

3.5 Calculation of Thermal Conductivity of Magnesium Diboride 

In section 3.2 we have tri ed to generall y express a thermal current density U and we have also 

tried to see how the two quantities namely; thermal current densi ty and thermal conductivity 

are re lated to each other. In thi s section we will try to derive the expression lor thermal 

conducti vity fro m the previous equati ons. 

A superconductor is characteri zed by an energy ga p. Our aim is to derive the express ion lor 

therm al conducti vity of magnesium diboride both at normal and superconducting sta te . Here 

under, we deri ve the ex press ion fo r nOl'mal state, where to, -) O. Finall y, we also drive the 
• 

thermal conducti vity orthe superconducting sta te by including the energy gap parameter". 

I lence, Ii 0111 eq . (3.5) \Ve ha ve: U = - K • \IT 

And from €q. (3.9) we have: 

U I '\ ' ( )'- VT -, CJf,' = - ~ E~ - cl-' vk - . ,-- .. . .• .. •.• • . . . • •.. . . • . •. • • .. • . . n , T a& 
.(3.3Ia) 

ReaIT31lging terms in eq. (3.3\a) we get: 

.... (3.3Ib) 

Comparing eq. (3.3 1 b) wi th eq. (3.5), we get the ex press ion for thermal conducti vity to be as 

10110\Vs. 

. .......... (3.32) 

For small therm al energy's lim it as compared to the Fe rmi energy, 

8[,° 
-' -' --+ - 5(&, - of ) 
8& 

And we can change the summation ove r the allowed k va lues to integra ti on over k . space 

using the relation for any function F(k) as follows: 
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I,F(k) = 20 , HF(k)d&dS, 
, (2".) til', 

..... . .. (333) 

0& 
W here I;v, = - and dS, -

ok 
the area elemen l in k - space of constant energy £. 

The summation in eq. (3.33) ca n then be changed to an integral by tak in g the function in the 

summation to be r(k) and se parate; the integra ls s in ce s is constant over dS, 

He nce: 

. (3.34) 

But the seco nd integral in the above express ion ca n be integrated by ex tendin g the limits or 

integra tion from - 00 to + 00 as fol lows . 

.... (3.35) 

Substituting this result for the second integral in eq. (3.34) gives: 

.... (3.3 6) 

But ,frum t.lu~ relation of mean free path to the electron velocity we ha ve: 

.. (3.37) 

where I, stands for the vector mean free path: and r denotes the average tim e bet\Veen IWO 

coll isions of electrons. 

IJIV 
Moreover, the momentum in k - space gives; 11k;::;:: IJIVk . l-Ie ncc Ii = - -' . 

k. 

Substituting the va lue or Ii and simplifying the term s in the integral or eq. (3 .3 6 ) gives: 

f ;:'~ dS, =!..- fkdS, = 4". ' , 
Ii \ 't III IJI 

. .. (3.3 8) 

, 
Combin ing eqs. (3.36) and (3.38) and after simplifying, we arrive at the following resul t, 

wh ich is the ex press ion ror the rmal conduct ivity. 

K' = (/;;3 )( 4:,'7) = ~ ".'/::,' TT .. ..... .... .......... .... ..... (3 .39) 
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K ' in eq. 3 .39 stands for the energy containing k2 term 's contribution to the rmal conductivil y 

of magnes tum diboride as in the case of a heat capacity. 

If N is the numbe r o f conduction e lec trons invo lved in a metal , the therm al cond uctivity will 

be: 

N " , 7' I 7f ' ''p' r 
K' = .. . . . . . .. . . . . .. . . . .. . .. . . . . .. . . .......... . . .. . .. . ... . . . . .. .. (3.40) 

3 1/1 

The abo ve ex press IOn of thcrmal co nduc ti vity hold s tru e al so as in a heal capacity if ; the 
. , 

energy va ri es as k- . 

That is, 

31 N7f'k/ rT 1 N7f'k/ rT 
=> K = '" 

60 Ii1 2 11/ 

=> K ocT 

.. (341 ) 

This gives the general express ion of thermal conductivity of magnes ium diboride in normal 

state . 

In eq . (3.41). the coefficien t of T is constan!. Hcnce, the graph of K versus T wi ll be lincar 

with the fo ll owi ng s lope. 

, , 
K 31 N7f ' k ' r 

= P '" constant ....... .. .. 
60 /11 

. . . .. . .. . ..... . . ... ... . . .. . .. .... .. (3.42) 
T 

The above result, is obtained for normal state or a materi almagnes iul11 dibo ri de (MgB2) , thai is 

in the case when, I:!. ~ 0 

Let us now consider s ignifi ca nt but sma ll value o f the energy ga p be low T,. in supcrcondu cting 

state. That is nearl y around the transition tempe rature. 

In a supcrconclucting state, rhe superconductor is characteri zed by an energy gap ~ where the 

e nergy dispe rsion relat ion is the n g ive n by: 

_ . . (3.43) 
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Since 6. is small , expanding using Ta ylor's series gives: 

- ( /',2 J /',' =>ck =ck 1+--., = ck +- ..... .... ... ........ .. .... ..... . 
, 2c,- 2c, 

. . (345) 

Then substitut ing 'if, in place or' c, of eq. (3.32) gives: 

(3 4 G) 

But frol11 eq. (345), 

_ 2 ( )2 2/','(c, - c,. ) /',' 
Hence. (c, - cr ) = c, - c,. + + --, 

. 2Ei, 40,-

We i'gnore the fourth o rder term o rthe energy gap to avoid com plications. 

Hence , 

. (347) 

Substitu ting eq. (347), in eq. (34G) ofthennal conduc tivity, we get the fo ll owing expressio n . 

,_ 1" -1-(( )2 2/',2(£'-EiF ))8I'", !<. - --~Vkk ck-cF + -- ... ... . . . 
0.1' , 2ck 8c 

. . (3 4 8) 

fro m the ea rli er ca lculations o f thermal conducti vity of the norm al state the first tcrm is 

equa l to 

1 N7r 2 k p T 
-------'- T 

2 m 

. . .. ... . . . . . (349) 
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I N7l ' k p T " 2D.' I-- dS , Ia/ o, 
~ K = 7 + l' , - - -'- de 

2 III (27l Y T " liV, ar; 

But, the last integral contributes only if, r;, = " F ' oth erwise it becomes zero. Since, 0 , '" I; , 

we neg lec t the last integral. e~ 7:- er 

In addition to this, 

I-" ,- "S, _ 47l ·
1
T , , - , from eq. (3.38) and 

. ft\l ~ ' III 

Iaj°' dr; = 1 
a" ' 

I N7l ' k p ' 2D.' 47l ' , 
~K = T+ --x--

2 11/ 87l'T 11/ 

I N7l"k pT D.' r I 
~ K = T+--

2 11/ 11/ T 

~ K = aT + D.' fJ .. . ..... ............ ... .. .... ... . . 
T 

. . .. . ........ ........ (3.50) 

Thi s gives the general expressIOn for thermal conducti vity considering the energy gap to be 

non zero, w hich is in sLlpcrconc!uc'I ing state. 

The secol1d term gives a kink in a curve of thermal conductivity ve rsus temperature graph 

below transition temperature. 

This results in t'he followi ng graph that has a kink below and nea r Te . 
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Thermal Conductivity 
in W/mK 

Tem pera lUrl:: ill l(c lvi llS 

Figure 3 .1 T herma l conductivity versus temperature graph 

3.6 Electrical conductivity and Wiedemann - Franz Law 

In the prev ious scctions. we hav,e tried to discuss the the rmal conduct ivity or clect rons In 

meta ls. especiall y in Magnesium Diboride. The result fits to thc re sul t lor other metal>. 

Elect ri cal conductivity is another ve ry important property that should bc studied lor the 

electrons to completely spec ify the .electrons in a materi al. 

We consider the electri cal conductiv ity of a metal in which elec tron s are elastica ll y scattered 

by random array of n impuriti es . In thi s case, we are interested with the result obtained lor 

electri ca l conductivity since our aim is to relate thermal conducti vity to electrical cOlldue tivit\. 

Wi th the above assumptions the electr ica l conductiv ity u is determined lor '''') mc ta llic 

materi al 10 be: 

e' at' 
~ = -- ' " / -'-'-v ~ k /.: 

Q , ac ... (3.5 I) 

Appl) ing similar asserti ons or therillal conducti vity. we get: 
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0" = e '. f\;'~ dS f°/" dE: 
1 , 

41T flv, or; 

And a lso \~e recall rha tthermal cond uctivity is given by: 

I fV'T. f 2 OfO K =- 4 3'7' -. - dS, (r; - r;F) -0 ' dr; ............. .. .. " ... " 
7[ II v" E 

Evaluating the integral gives: 

+~ O/ Il 
f--dE: = I 

OE: 
-'f' 

. .. ....... (3.52) 

. . .. (3.53) 

Then substituti ng back these res ults in eqs. (3.44) and (345) gives eqs . (347) and (3.48) 

resp,ect(ve!y: 

2 -I-
e fVk k O' =-- ·- dS • 3 k 

4JZ' nVk 

and 

.. (3.55) 

..... . ..... (3. se) ) 

Ta king the ratio orthe thermal to elec tri cal conducti vity we get: 

=> K = 0" IT 'r; T 
[ 

' k ') 
• 3e-

.. (3.57) 

Eq. (3.57) relates the thermal co nd uctiv ity to the e lectri cal cond uctivity and the relation is 

called Wicdemann - Fran z La w. 

But since therma l conductivity was derived to be given by: 

I NIT ' k/ TT 
K ",- ................ " .. . . " , . . " .. " ." . 

2 iii 
.. (For normal state) 
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We thcn gct thc c lectrica l condu ct ivity ti-om thc rc lations given to bc; 

3 Ne' r 
a =--- . 

2 III 
. . . (3.58) 

In this la w (Wiedemann - Franz Law) of eq. 3.57, the express ion in bracket is called Lorenz 

numbe r and is de noted by L. 

....... (3.59) 

K = (La)T ......... (3.60) 

3.7 The Expression of Thermal Conductivity of Magnesium Diboride 

in K - Space 

Thc cxprcss ion give n by eq. (3.41) gives the gene ral expression for thermal co nductivit y (K ) 

using the g iven parameters for normal state . To write eq. (3.41) in terms of e lec tronic hcat 

capac ity. we use the express ion ol the elec tronic heat capac ity calculated in section 3.4. 

Recalling the va luc of the electroni c heat capacity ofmagncsium diboride ca lc ulatcd in sec ti on 

3.4, the result given in eq. (3.30) 

, 31 '7r 'NkP' 
:::;. C= - T 

20 mv/ 

Therefore, in K - space; Ck is given by: 

2 2 2 2 3 1 7r Nk lJ 37r Nk p 
:::;. C, = , T '" - , T 

20 IJIV,, - 2 IJ/V~ -

Taking T to be the scattering tim e or time between any I"\.vo co llisions, ! to be a mean free 

path or ave rage path length between two scattering events we ha ve; 

I" = l 'k r ; 

From eq. (3 .37) 

Then, reca lli ng the express ion for thermal conductivity given in eq . (3.41) we ha ve; 
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, .. 

31 Nff'kp' rT 
K = '----"----

60 11/ 

Req rra ngin g the paramete rs in vo lved above we simpl iry the expressio n. 

That is; 

K 
__ 31 Nff'kp'rT I N7r ' kp' rT 

-----"'- '" - ---"--
60 11/ 2 11/ 

H "",,,, ••••••• H •••• (361) 

But fi'om eq. (3.30) the exp ression in brackel defi nes the spec ific heat Ck. 

Hence, eq uati on (3.41) can be wri tten as; 

K = ~C, I, v, 
3 

...... (3 .62) 

That is, v = v" C = C, and I = I, in K - space; to get the thermal conducti vity by tak ing the 

sUJ11mation over k givi ng th e following general expression for thermal conductivity . 

There fore ; 

I 
K =-IC, I, v, 

3 , 

• 

.(3 .63) 

Thi s is the ge neral expression for the therma l conductivi ty of magnesium d iboricle in normal 

sta te cond ition in K - space, whic h is simil ar to the ex press ion for most or the other metalli c 

materia ls. 
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4. RESULTS, DISCUSSION AND CONCLUSION 

4.1 Results and Discussion 

We stud ied the beha vior of a mate;'ia l; magnesium diboride (MgB,), with respec t to the study 

of its thermal conductivity. We determin ed the appropriate dispersion re lation for magncs illm 

diboride to be the followin g. 

2(, ') 5 , [; = 2.3 - - k -+k- +-k.-
k 5 ·r .l 4 -

2 , 33 , 
= 2.3 --k - +-k-

5 20 ' 

On the way to the determination of thermal condu ctiv ity using the above cii spersion re lat ion , 

we cie te rmined the spec ific heat ofa material in normal state . According to the calculation, thc 
• 

spec ifi c heat is de termined to ha ve the foll owing expression, ' 

where B is a constant 

Similarly the calculation of electronic thermal conductivity resulted in the following 

exp ression that di rectly va ri es with temperature. 

31 N1[ ~ k f,' r 
K =- " T 

GO 111 

2 

Nn '! k ,,' r 
-----"-,. - T 

/II 

K = D1' 

where 0 is a constant. 

But in experimental studies carried out and rev iewed in chapter one, the curve of thermal 

conducti vity versus temperature is more or less linear in sliperconc!ucting state but shows some 

shoulder at a temperature immediatel y below the superconducting trans ition te mperature . To 

explain th is we used the energy ga p in superco nduc tin g sta te since a su pe rco nductor IS 

characterized by an energy gap. Therefore, once a mate ri al ha s pe rf'ormed transilion to 

superconduclillg slate, \\le modified the energy dispersion relation by including th e energy gap. 

where: 
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I A' d - 2 3 2 k ' 33" w ,e re" IS energy gap an ; 0 , - . -- . +-" 

5 20 -

=> ,&' = £ 2 + 1:12 2 ( )' k k 

Nea r the transiti on temperature, 1'1. is very small. That is, (1'1 --> 0). The refore we ca n ex pand , 
the abo ve express ion using Taylor exp~ nsion as follo ws . 

To study the sliperconducting state behavior or slIpcrconci ucting magnes ium diboricle. we L1sed 

the above modified ene rgy dispersion relati on. 

Then the result obta ined for the the rmal conductivity in supercollduct ing state is: 

where rl al1d IX arc consta nts . 

Our graph of thermal conductivity versus temperature showed a shoulder below the 

su perconducting transit ion temperature, that exac tly fits what was already dOlle 

experim entally . Since the first term is linear with tempera tu re, we co nc luded that thc seco nd 

term in the above equation is responsible for the shoulder just below the tra nsit ion 

temperature. If the energy gap goes to ze ro ( 1'1 - > 0), the result the thermal cond ucti vity wil l 

be linear w ith temperature, hence is normal state. 

Magnesiulll diboride in its norma l state is al so checked to obeyW iedcmunll Franz la\\' gIven 

below as other me tals. 

K Tr 'k' 
-'= -4- = Lo = 2,45 x 10 ' 1/ ' 1<: ' 
(JT 3Tr ' 

where Lo s;ands for Lorenz number. 

Thi s law is obeyed for norma l state of a material since elec trica l co nductiv ity is infinite in 

superconducting state. 

We fi nally determined the thermal co nduct ivi ty express ion ill K ' space to be: 
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I . 
K = - Ie,l,v, 

3 , 

where Ck stands for heat capa city, Ik fo r mean free path and Vk for ve locity in K - space. 

4.2 Conclusions 

The a im or lhi s work was Lo calculate the therma l conductivity of superconclucling magnesiulll 

d iboridc. Prom computations made we conc lude that magnesi um diborid e acts as a pure mctal 

near sllperconducting trans ition temperature. 

As in most metals, Wiedemann F,!anz la w is obeyed for magnes ium diboride in norma l state as 

it is not ex pected to be obeyed in superconducting state since electrical condu cti vity is in fin it e 

in sllperconclucting state . 

We ca lcul~ted that electronic thermal conduc ti vity is directly proportional to the temperatu rc 

for magnesium diboride (MgB2) at its ' normal state. We derived this starting w ith thc cnc rgy 

d ispersion relation that does not take the energy gap into account. Hence, the linear 

depend ence is true only in the case when ene rgy gap is not taken into acco unt ; i.e. in normal 

state. But if it we re co nsidered , the mode of dependence becomcs diffe re nt and co ntains ~ 
T 

term. I-lence, a shoulder is form ed just be low T, beca use of the effect of energy gap and inl ine 

with what was veri fied experim entally for superconducting slale. 

Morcover, the electronic heat capac ity of magnes ium diboride (MgB2) al so var ies directl y with 
• 

tempe rature. The energy ga p would ha ve s imil ar e ffec t on a ·heat capac ity as it has in the rmal 

condu cti vi'ty since the ir mode of dependencc on temperature is similar, i.e. in no rm al state. In 

normal state, th e e nergy gap is zero that it does not affect the heat capac ity as \\cll as the 

c lec troni c thermal co ndu ctivity. 

Finall y, we recommend further studies on the e flec t of the e nergy gap para meter on the rmal 

conducti vity of MgB2 to fully exp la in the beha vior of thermal co ndu cti vity o J' a materia l. 

S ince, MgB2 is a recent supercondu ctor much study on its supe rcontiLictin g properti es ha s to be 

clone to fully understand a material as a superconductor and to exp lain its anoma lous 

properties. 
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Appendix 

Period ic table to show Superconducti ve elements [26] 

2 

3 

4 

5 

6 

IA 
,,----- KNOWN SUPERCONDUCTP,lE 

H IIA ELEMENTS 
3 • --
Li Be BLUE = ,6.1 ,6,MBIE~IT PRESSURE 

11 12 • GREHI = ONLY UNDER HIGH PRESSURE 
Na Mg IIIB 

19 20 21 

K Ca Se 
37 " " Rb Sr Y 

55 56 57 

Cs Ba *La 
87 •• ., 
Fr Ra +Ac 

I<. Lanthanide 
Series 

+ Actinide 
Series 

IVB 

12 

Ti 
40 

Zr 
72 
Hf 

104 
Rf 

58 
Ce 

" Th 

VB VIB 

23 24 

V Cr 

" <2 

Nb Mo 
73 74 

Ta W 

105 106 
Ha 10 6 

" 60 

Pr Nd 
91 92 

Pa U 

VIIB ~ --VII-- IB 

25 26 27 2B 1" 

Mn Fe Co Ni Cu 
43 44 45 " 47 

Te Ru Rh Pd Ag 
75 ?6 77 78 " Re Os Ir Pt Au 
107 lOS 109 11 0 111 
10 7 108 1 09 110 111 

" 62 63 64 65 

Pm Sm Eu Gd Tb 

93 " 95 96 " Np Pu Am Cm Bk 

52 

liB 
30 

Zn 
48 
Cd 
eo 
Hg 

11 2 
11 2 

" Dy 

98 
Cf 

.,---
iliA IVA VA VIA VII~, 

He 
5 6 7 , , 10 

B C N 0 F Ne 
13 14 15 16 17 18 

AI Si P S CI Ar 

31 3l 33 34 35 36 

Ga Ge As Se Br Kr 
49 50 51 52 53 54 

In Sn Sb Te I Xe 

" .2 .3 B4 85 " TI Pb Bi Po At Rn 

SUPERCONDUCTORS,ORG 

" 68 69 70 71 

Ho Er Tm Yb Lu 
go 100 1(1 1 102 103 
Es Fm Md No Lr 
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