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Abstract 

T I-l GORGTICA L I VESTIGATlON OF SU P GRCON OUCTIVITY TN 

(Sr, Na) -G RAP HENG SJ-l GET 

~ I esfi n !I Ail e Malmfle 

Addis Ababa Un iversit.y, 20]3 

Graphcne hfl,s many remFlrkablc properties) but superconductivity is notably 

absent. Hccent observation of proxi mity effeeL has ignited in superconductivity of 

graphel'" sheel,. In this work wc explore. usin g density fu nctiona l theory (OFT) 

iI.nd density functioned pert.urbation t heory (DFPT) ca.lcu lation the possibility of 

inducing !'; upcrconductivity in strontium and sod ium doped graphenc. 'vVe have 

g iven <-\, clear evidence that slIperconductivity cri t ica l temperature J~ is easily 

affected by th e contrihlltion of inplrtlle phonon vihration of intercR.IRt.e and out­

of-p la ne phonon (ZO ) of the g raphene sheet. P arti cu larly Sr and Na interca.la.ted 

graphene sheet leads t.o superconductivit.y, with), = 0.667 with T, of 7.5 K and 

0.41 wit h T, of 2 K for sod ium a nd strontium interca.lated grap henc res pectively. 
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Chapter 1 

Introduction 

Graphi te has been lIsed in penci ls for several hundred years now because thin 

layprs of it arc easily exfoliated UPOII writing on paper. Present 1)'_ gr<'lpliitc 

Ands many indust rinl applicatiolls. c.g. as cicct rociPs in batter ies: reinforcement 

material. etc. The t heory predicts tha.t single-layer graphite (gmphene) is 

unstable under ambient conditions. Hecently, high-quality graphene Rakes and 

ribbons have been obtained by mechanical exfoliation [l[ and epitaxial growth [2]. 

Graphene is an A. lIotrope of carbon , whose structure is onc-fttom-thick planar 

sheets of sp2-bonded car bon atoms that me densily packed in it honeycomb crystal 

lattice. Since its prod uct ion in 2004, it has become t he hottest research issue as 

it exh ibi ts a vari ety of unusua.l physical properties such as the massless charge 

carrier [3]. bipolar super current. [4): spin injection at room tempcnlt;ure[5 : 6] 

d l'1ll0l 1St mle its high potent-ini for R.ppiicaL ion in spintronic dev ice. nHn1y physica l 

realizat. ion of fundamental concept in rVlateri ab Sc ience . fI.nd its outstanding 

electron ic tiS well as mechanical properties . 



However . in t he list of g rflphene's many remFlrkable properties s upe rcondllctivity 

is not.Rbly n.hsr.nL So t hnL, this iR thr first. moti vat. ion to rondllct t hi s rr.sr.a rrh 

Oll investigat. ion of s upercuIld uct ivity in gcphene sheet . If it. were possible 

t.o find a wa.y to induce superconducti vity, it cou ld im prove t. he perfor mance 

and enahlr 111 01'(' effiricilt integrat ion of var iety of promis ing cl evice concepts 

including l1anoscale supe rconduct. ing qua.ntu m interferen ce device, s ing le elec­

tro ll s uperconductor qua ntum dot devices, na nomet er sca.le s uperconducting 

t ransistor a_nd cryogen ic solid-st.FI.te coolers, etc. Tn Addit ion to these, our 

wor ld energy need is g rowing wit.h a.n ala.rming rate , bes ides t o t h is s llst.a.inable 

energy futu re through electrica.J energy product.ion , st.orage and t. ransmission . 

1\1lost. of t he electrica l po\vcr genenlt eci tociay is wasted hecal\se of resistivit.y losses. 

Sllperconductivity in ca rbon based system has been studied su bstantially over t he 

la.o:;t cleven ycars. Diamond becornes sU J1crconducting when doping with boron 

[7J. Graphite and fu llc l'cn es are superconducli ng whcn interca lated wit h a lka.line 

atoms [8, 91 witll a record Tc = 39 1< . This is o.lso the second motivat ion [or our 

research work. 

Phonon med ia.led Superco nducti vity can occu r in metallic system if elcctron­

phonon interaction is large enoug h . The electron-phonon intera ction is d irectly 

proportional to t he number of carriers (the dens ity of state a.t t he Fermi level, 

N(O)) and t o till' co npl ing of the electron to t he given phonon mode . na mely 

t he dcforrnd.t ioll pot.ential , /). On t il e cont ral',v t he eke! rOll-phollOIl ill Leractioll is 

2 



proportional Lo Lhe inverse of Lhe squ are of Lhe phonon frequency of the mode 

coupling to t.lle electroll s. So getting a.n optill1 l1m ;;upcrconciuctivi ty under these 

circumstance is our las t. moti vation to conduct this research. 

To this end , we will in vestigate the possibili ty of inducing superconductivity in a, 

graphene sheet by intercalated (doping) Sr, and No, atoms, 

1.1 Graphene 

GrFl.pIH' IlP. is th(' name ~iven t·o (t flat monolayer of carbon atoms tight ly packed 

inLo a Lwo-di mensional (2 ]) ) honeycomb [aWce, and is a, basic building block for 

graphi tic materials of all other dimensionalities as depi cted in Figure 1.1. It CAll 

be wraplwd up into 0]) fullerenes , rolled into 1]) nanotube or stacked into 3D 

graphite, 

A 

",,).)U"--Cartlon Nano-tube 

Figure 1,1: Schematic diagram of C raphene 
Fullcrnenc and Carbon nanotube (eNT) 

3 

Graphite 

Fullerene 

a.nd its derivatives , Graphite, 



1.1.1 Structure of Graphenc 

Crapi]( 'IlC cOll sisl s of (\. single layer of ca rbon aLom s1 arran ged in rl lioneycomb 

lattice . Tt. has been stud ied theoretically for a long time as a. building block of 

graphitic materia ls in other dimensions. The most famous allotrope of graphene 

is graphi te, consist ing of stacked graphene layers, held together only by weak 

Van del' \,Va8Js forces. One dimensional carbon nanotubes anel zero-dimensional 

fulleren es can be described as rolled up graphene sheets. But in contrast to thesc 

lll Rt l'ri a ls. isolat ed graphclle \Va!:) expect.cd to be lhermocl y namica.lly unstable and 

t. ht'rdure not to exist in real life until its discovery in 2004 [1[. 

'I"'he covnlcnt bonds between nearest-neighbor ca rbon atoms ill graphenc arc 

forlll ed by sp2- hybridi zcd orbita ls. These strong bonds give graph ene its extraordi­

nary mechani cftl stren gth 1 mak ing it possible to ha.ve stable free-stand ing graphenc 

s heets, be in g only one atomic layer thicl<. 'rhe remaining p-electron per atom is 

delocalized over the whole graphene latt ice, and is responsible for t he electric con­

ductivit.y. Figurc l.2 (a) represents the lattice structure of graphene. The graphene 

latticc consists of two interpenet rati ng sub-lattices , denoted by A and B depicted 

in blue (da rk gray) and red (light gray) . The uni t cell, ind icated in gray, therefore 

comprises two a.toms , one of each sub-lattice. The neFirest neighbor distance is 

no = 1.42 A. I n reciprocal space, t.he first Brillouin zone also has <:1 hexagona.l shApe 

as showlI in Figure 1. 2 (b) [10[. Va lence alld conduction bands touch at t he I< 

and 1< ' points at the corners of t. he fi rst Brillouin zone, wit h a lillea r dispersion for 

small enough energies, Figure 1. 2(c) . Around th e I< and 1< ' points the dispe rsion 

relation of graphene can be described by t he expression E±(rt) "" hVl' lrt I with 

4 



VI' '" l.T lO"ms I. In un-doped graphene , the Fermi energy lie, exactly at the 

Dinl c point which implies that the ,,-band is completely filled , while the ,,' - band 

is empt.y. 

(a) 
y (bl (c) 

Figure 1.2: (a ) Lat t ice , truciure of graphene. The atoms belonging to the two 
suhlcl tl. icc:s A and B (l.re rcprcsclIted by circles; the lines between Lho rirries indicalc 
!.II(' chem ical bOll cb. au is the nearest-neighbor d istan ce . The unit cell is depicted 
in light bl ack box . toget.her with t he primit ive lat t ice vectors 11.1 and >12. (b) Band 
strllcture of gmphene. (c) Zoom of the dispersion relation close to the I<-poillt for 
sm a JJ cllPrgics 11 OJ. 

Th is lill ear dispersioll relation, together with the so-ca.l led pseudospin rela ted to 

t he t.wo , ub lattices and t he electron-hole symmetry, implies that the low-energy 

properties of graphene charge carriers can be described by the 20 massless Dirac 

Although t here is noth ing relat ivistic about t he electrons in graphene, t he band 

Htrncture re",ti ti ng from the honeycomb lat t ice makes it po",ible to describe them 

l ike Jt1as~ less Di rAC fcrmions 1 which gives r ise to some of the unusu a.l tra.nsport 

propert.i('s or grap henc. 

5 



1.1.2 Electronic Properties of Graphene 

Frotll the point of view of its electronic propertiesl graphenc is (1. two c1irnensiollfll 

zero gap ~em icollcluclo r find the low-energy charge ca rriers forma.lly described 

by the Dirac like Ha miltoni an exhibit Fermi velocity of Vf "" 1 x 106 m/s [11]. 

N C'giC'C'j ing lllHlly-hocly ~ff(Y·t.s. this descript.ion is accllral"C' thr.orrtirnlly and has 

also been proven expcrimentfl.lly by mea.suring the energy-dependent cyclotron 

mass in grFlph enc (which yields its linea.r energy spectrurn) and most clea rly by the 

observation of" l'C, lftt ivist.ir ftnft lo"lle of t.he int.egc' r qllant llm hall effed (QH E). The 

fa.ct. t hat cha.rge carriers in graphene are described by the Dirac- like eq uation ra ther 

than the lIsua.1 Schroedinger equation can be seen as a consequence of graphenes 

crystal st.ructure, which cons ists of two equivalent carbon sub-lattices A alld B 

as shown in the Figure 1.2(a). A quantum mechanical hopping between t he sub­

lat.tices leads to the format ion of two energy ba.nds. and t heir intersection near the 

euges of the Brillouin zone yields the con ical energy spectrum ncar the Dirac points 

K fmd Ie ilS shown in the Figure 1.. 2(b) as a result , the quasi particles in grap hene 

exhibit till' lillcar dispersion re lation E = hkV,.· as if they are massless rclrlt:ivist ic 

particles , with the role of the speed of light played by the Permi velocity \If' "" 

C / 300. Thus owillg to t he linear spectrum. one can expect that these quasi particles 

behave differently from those in conventi onal metals a nd semiconductors where 

the energy spectrum can be approximated by a paraboblie (free electron- like) 

dispersion relation. 

6 



1.1.3 Phonon Dispersion R e lations of Graphene 

Since there are two carbon atoms, A and B, in the unit cell of graphen e, one must 

consider 6 coordinates. 'rhe secula r equation to be solved is thus a d.l'narni ca l 

matrix of rauk. such that 6 phonon bmnches are achieved. The phonon disper­

sion rela t ion of the graphene comprises three acoustic (A) branches and three 

optical (0 ) hran ches. The modes are associated with out-o f-plaue (Z) . in-plane 

longitudinal (L) . and in-pl"ne trausverse (1') atomic motions (Figure 1.3-0.). 

Fi gure 1.3-b shows the phollon dispersioll bran ches or gra.phclte. 'I'he three phonon 

di spers ion branches, which originate from the f -point of the brillouin zone cor­

respond to acoustic modes: an out-of plFl.l1e mode (ZA) l an in-plane transverse 

mode (TA), and in-p lane longitudinal (LA) , lis ted in order of increas ing energy. 

The remaining three branches correspond to optical modes: one out-of plane mode 

(ZO), and two in-plane modes (TO) and (LO) . Whi le the TA and LA modes dis­

play the normal linear dispersion around th e k-point , the ZA mode shows a q2 

encrgy disp ersioll whi ch is explained in (12] as a conseq uen ce of the D6h point­

group symmetry of graphen e. Another consequence of the symmetry are the linear 

cro",ings of the ZA/ZO a.nd the LA / LO modes a t the K-point . Optical mode is re­

sponsible for most opt ical behavior of solids. Most ion ic crystals are easily excited 

by ra.diat ion leading t.o a vibrational state in wh ich nega.t ive and positi ve ions os­

cillate out of phase with each when a solid a bsorbs energy, the number of phonons 

changes. fVlacroscopic properties like superconduct ivity, th erm al energy ca n be 

described by su itable statistical mod els. Typica.l phonon energies are cornpmab lc 

with infrared radiation. Thi s makes t his region of electromagneti c s pectrum par­

t icularly iJllportRnt in the context of phonons. In HII interactions momentum is 

7 
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FigUl'O 1.3: Atomic mot ions of carbon atoms in grap hence can bo along t lte out-of­
plane (Z), in-plane t ransverse ('1') , and in-plane longitudinal (L) direct ion. b) The 
phonon d ispersion bra.nches for a graphene sheet, plotted along hi gh sym metry 
dirert. ions [12J. 

conserved. Also from the structural point of view, graphene is not an ordi nary 

mater ial. The interaction between carbon a.tO ll1S is made through strong sigma 

bonds (sirnilar to the ones in dia.mond ) through t he overlap of the in-plane Sp2 

orbita ls. l3ecause of that, graphene has a vcry high spring constant , J( ('" 50 

eV/ A2). a nel its Young modulus. Y (~ l TIOa ), isone ofthe largest. in nature . As 

a re" tlt. , il s optical phonon frequenc ies , Wo (~ 0.2 eV ~ 1, 600 cm- ' ), are one of 

t he highest. among all rna teri a ls. In intercalat.ed grap hene the phonon dispersion 

cha racterized by three regions: the lower energy region of adatom-related modes 

(up t.o 300 em- ' ) extending up to 400 cm-' when mixed wit h carbon out-of-plane 

mode(Cz).an intermedia te region of Cz mode (400 - 900 cm- 1
) and higher energy 

region chamcteri zed by C-C sta rching modes, t his illustrated in optica l a bsorption 
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spectra of calcium intercalated graphene [13} as shown in Figure 1.4. 

I ..... JI. 

O l~~~::~~~==~~.t:::::~~~~::~~~~j ~ f\t ... H l u :: 
:! ..-.-1 .... . ,,-, 01 ' ... 

Figure 1.4: Phonon frequencies dispersion and Eliashberg function of CaC6 bulk 
(black) and monolayer (red) [13}. 

1.2 Superconductivity 

Superconductor is a material that loses all resistance to the flow of electric current 

when it is cooled below a certain temperature, called the critical temperature or 

transition temperature. Above this temperature there is usually little or no indica-

tion that the material might be a superconductor. Below the critical temperature, 

not only does the superconductor suddenly achieve zero resistance, it gains other 

unusual magnetic and electrical properties. Two fundamentally important and 

intuitively startling properties are associated with superconductivity [14J are :-

• The transition from finite resistivity, p in the normal state above a supercon-

ducting transition temperature T, to p = 0, i.e. perfect DC conductivity, (J" = 00, 

below Te. 
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• The simultaneous change of magnetic susceptibility X from a small positive para-

magnetic value above Te La X = - 1, i.e. perfect diamagnetism below Te. 

These "spects Are quali tatively illustrated in Figure 1.5: 

I - (I 

( 
T 

II ,. , 

'\ 1I[1! .. 

~PI l\ J Ii\ 1\,1 
... 

I \· tll p~· r.dll rl· 

a 

II 

II r , 

b 

Figure 1.5: Sketches of t he two bas ic characteristics of a superconductor [ILl, 15J 
(a) shows the drop to zero resistivity at a temperature Tc, compared to a non 
supercondncting behAvior. (b) shows t he correspondin g drop in susceptibility to 
t he idcal dia.magnetic value uf X = - 1 bclow 'r e. The onset of the diamagnet.ic 
response correoponds quite closely to t he point where R 0 on t he temperature 
ax is. The fig ure also indicates that X is positive but quite small above Tc. 

1.3 Superconductiv ity T heory 

Bes Theory 

The understanding of superconductivity was advanced in 1957 by t hree American 

physicists, John Bardeen. Leon Cooper, and John Schrieffer, t hrough I.heir 

t heories of superconducti vity, kn ow as the BCS Theo ry [14, 151. The BCS 

t heo ry exp lains sup erconduct ivity at tell1pemtures close to absolute ?'ero. Cooper 

reali?'ed that atom ic la t t ice vibra t ions were d irectly responsible for uni fying t he 
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entire current. They forced the electrons to pair up into teams that co uld pass all 

of t he obstacles which causcd res istan ce in the conductor. 

These tea illS of electrons are known as Cooper pairs 114, 15J. Cooper and his 

colleagues knew that e lectrolls which normal ly repel one another must feel an 

overwhe lming attract ion in superconductors. The answer to t his problem WAS 

fOllnd to be in phonolls. packet::; of sound \Va.yes present in the latti ce as it 

vibrates. Although th is lat.tice vibrat.ioll cannot. be heard. its role as a moderator 

is illciispemmblc. 

According to the theory, as one negn.t.ively charged e lectron passes by positively 

charged ions in the latti ce of the supercond uctor , the lattice distorts. This in turn 

causes phonons to be em itted which form a trough of positive charges around the 

clectron [15]. Figure 1.6 illustrates a wave of la.tt ice distortion due to attraction 

to FI mov ing electron. 

[lefore the elect ron passes by and heforl' the latti ce spri ngs back to its normal 

position. a second electron is drawll illt.o t.he t.rough. I t is through t his process 

t ha.t two electrons. whi ch shou ld repel one another, link up. The forces exerted 

by t he phonons overcorne the electrons ' natura.l repu lsion . The electron pairs arc 

coherent with one another as they pass t hrough the conductor in unison. The 

electrons are screened by the phonons and are sepa rated by some dista.nce. When 

all !:' of Lhe electrons tha.t make up a. Cooper pair and passes close to an iOIl in 

the crystal lattice. the attra.ction between the nega.tive electron and the positive 
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Figure 1.6: BCS Lheory [15. 161, 

iOll C(lUS(' a vibration to pass rroll1 ion to ion unt il the ot her e lectron of t he pair 

absorbs I h~ vibralion [151 . The net effec l is that. t.hc electron has emitt.~rl a phonon 

and I he oLher electron has a bsorbed t he phonon. It is Lh is exchange thaL keeps 

the Couper pairs tugether . It is important to understand, however, that the pairs 

FIre constantly breaki ng FI.nd rdonning. Because elect rons are indistinguishable 

part icles, it is easier to t hink of t hem as pennanently paired, Figure l.7 illu strates 

how two ('Iectrolls , ca ll ed Cooper pairs . become locked t.oget.her. 

'I'll(' I3CS t.heory succ('ss full y sho,,"s I haL e1ect. ron s call be' att racled 10 olle alloi her 

t hrollgh intera ctions with the c rystalline lailice. 'This occ urs dc::;pi te Ihe ract that 

e1ectrolls Itave tlte S<lIlle cha.rge, \Vhen Lilt' a.t.olll:; o f the lat.tice oscill ate as positive 

and Ilegative regions: the electron pair is a lternat ively pulled toget her and pushed 

a pHrt wit li out a collision. 'The electron pai ring is ravorable beca.use it has the 

effrct. of plIl t ing I he II H:tterial into a lmver energy state . \\'hen electro ns are lillked 
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Figure 1. 7: BCS theory (Cooper poirs) [15). 

toget.her in pairti ) they move through the superconductor in an ord erly fashion. 

1.4 Electron-phonon interaction 

YAle saw that. in the BCS theory phunulls play an important rol e to desc ri be the 

supercollducting sta.te. In t he Elioshberg theory the electron phonon co upling 

const.ant A eph n.llows on e to writ.e the effect.ive m(lSS m = m (l + Ae - 1Jh) [16]. Aeph is 

du e to phonoll contribntions, each weighted with the spect ral funct ion (Eli as hbergs 

function ) (f2F(W), as one can see in Equation (1.4. 1) . F(w) is t he phonon density 

of states and 0 ,2 is the matrix describing t he electron-phonon interaction . 

I dw 2 
A<_"" = 2 - 0 F(w) 

. w 
(1.4 .1) 

L{'{, li S consider. for strong electroll-phonon int.eraction. only the electrons near the 

Fermi surface and a. phonon wi th wave vector q and frequ ency v. The intera.ct ion 

call be wri tte ll throug h all avcrFl gc, OIl the Fermi surface. of the interactions o f 

each electron with t he phonons. The ma trix clements of t he elect ron-phonon 
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inlt'ract ion are illcluded ill 

"yq", = 21TWqll L I gZ~ qJil.-} 12 6(CkJ - ( F)6(C kj - (/J - C'F) 

I.-j j' 

(U.2) 

and tan hl' written as gZ~q)1kJ . T he spec tra.] fUlletion is a den sity of phonon 

staLes weighted with t he cou pling of each phonon with the electrons on t he Fermi 

surfFlce and can be written as the sum of each term "( flV weighted with the phonon 

frequen cYl commonlYl known as eiiashbel'g function l 

2) 1 '\"' " I" ) 
Cl' F (w = 2 V( - ) ~ -, ,- r5 (w - wq" 

71 1 C, F 'oA/qM 

'I" 

(1.4.3) 

TIH' strong coupling with a generi c phonon of frequen cy Wph gives rise to a peak 

in t.il e spectml function at wI'''' Theil. we can write the total electron-phonon 

coupling constant A e - ph by considering Fl.l I the cOlltribut ion A(W of each phonon: 

,",, -ph = L Aql~ 
'III 

(1.4 .4) 

(U.5) 

Earh rOll plinp; q gives n contribution t,n define t he Tc [16J, '"' shown by the 

lVId lillall - Dynes form ula in Equation (1.4.7) where the free parameter f.t' takes 

into H.ccount the screen ing of the Coulomb interaction. T he frequency Win is a 

logarithmic average of t he pbonon frequencies defi ned in Equation (1.4 .6) . These 

calc ulat iollS allow oll e to obtain an ex pected Tc [16J to be com pared with 

f'x pl~ rirn cn t,fl i results. 

(lA.G) 

(1.4.7) 
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1.5 Contemporary trends in Graphite and Graphene 

su percond uctivity 

f\1Fl.Jl,V rrs(' (lrch gTO I!PS arr. st llciy inr; Suprrconci llct.ivity in diff~r('nt m aterials, 

illelndillg graphite. It was also found that. ,dkalin e earth GrCs (Grephit.e 

l ni.< 'rca lat('d Com pounds) exhibit superconductivity [17, 181 with a t.ransition 

temperature of 6.5 K (YbC.) and 11.5 ]( (CaC.). Careful anaJysis [19 - 221 of 

t he electron-phonon coupling in CaC. revea.ls that t his superconductor is of the 

convent ional BCS type, and that the presence of both Co.-deri ved and C-derived 

band:; is necessary to expla.in the relat ively high superconducting tra.nsition 

temperatn re in t.his compound. It, should be pointed out , however , tha.\; some 

conI rover:;y still exists rega.rding the mechanism for su perconducti vity in CaC(j 

G Ie. Whereas it large Ca isotope dfect was measured in CaC" GTC [23 . 2'11 

indica.t,illg fl clominn.ut rolc playcd by phonons due LO eA Atomi c vibrations. 

angle- resolved photoem ission spectroscopy (A RP ES) measurements on CaC. GIC 

[251, on the othcr ha nd . indi cate t hat graphiti c high freque ncy p honon modes 

arc most strongly co upled to electrons. The rece nt discovery of stable graphene 

sheets [261 raises the question of whether two-dimensional supercond uctivity is 

poss ible in intercalated graph ene layers. The possibili ty of intercala.ting a system 

con:-;i~ting of a. few graphelle Ia.yers with intcrcalants , sllch as F'eCl3 , Bt' , and Li 

ha" been recenLly demonstrAted [27 - 291. Dop ing of graphene, via t he addi tion 

of pota!:iS illlll aclatums. has also been demonstrat.ed !30]. It is clear thai a system 

cOlls isting of many gmphene layers. if intercalFlt.cd 1 should exhi bit propert ies 

similar to tho:;e of C -ICs. It is naLural to ask whether a :;ystcm consist ing of a 

few graphcne layers. iniercfllHted with al kFtli. or alknline ea rt h m ci.a l FliOlll!:i. will 
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exhibit superconduct ivity. This problem was discussed recently by ~Iazin and 

Bala.t.sky [31[, who considered a graphene bilayer intercalated with Ca. They 

Hj"gucd , 011 the basis of simi lari ties with the electron ic energy bn,ncis or the CaC(j 

C IC. that a graphene bilayer intercalated with Ca is probably a. su perconductor. 

Other Groups, in California university examine the problem of superconduct ivity 

in intercalated graphene layers [32[. In particular. they ca lculated the bands in 

(l graphell c bilayer illtercalated with the alkaline ea rth atoms Ca, Sr, and Ba 

[32] . In a.11 three cases, they found a band, derived from the alkaline ea rth atoms, 

crosses tho Fermi energy, along with carbon-derived 7f-bands , then calculate the 

electron-phonon coupling strengt. h A in these systerns. The values they obtained 

a rc reasonably large; in t.he case of Ca-interea lated bilayer. they found A = 0.60. a 

value 1.0 be eornpared with 0.83 ca.lc ulated in CaC6 GIC [32]. In addition to these, 

they st. udied the case of a grnphene tri la.yer intercala.ted with Ca and they found a 

value of A = 0.80 for the electron-phonon coupling st rength A. These ca lculations 

indicates Lhat superconductivity is indeed possible ill interca.1a.tcd graphenc layers. 

1.6 Applications of Superconductors 

Superconductivity is widely regarded as one of the great scientific discoveries of 

t he 20th Century. This miracu lous property causes certain materi als, at low tem­

peratures , to lose a ll resistance to the flow of electri city. This state of losslessness 

enables a range of innovat.ive teclmology applications. At the clawn of the 21st. 

CC.'lIt IIry. silpercollductivity forms the ba8is for ncw commcrc ial products that are 

t.ransforming Ollr economy flnd daily life. 
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Current Commercial Applicat ions are: 

• JVIitgnet,ic Hesonallce Imaging (JVIRf) 

• Nuclear Magnetic Resonance (NMR ) 

• I I igh-ellergy physics accelera.Lors 

• PIi1sma rusion reactors 

• Indust.ria.1 magnetic sepFlration of kaolin cia:)' 

'T'he major commercial H.pplicALions or superconducti vity in t he mecii ctl l ditlg-

lIu~t. i cl sciell ce alld indust.rial proces:;illg held:; listed auovc arc a.1I illvolve luw 

t;emprature superconductor (L'1'S ) rnaterial s and rel at ively high neld rnagnet,s. 

Indeed , without supercondu cting technology most of these applications would 

not be viable. Severitl smaller a pplications utilizing L'1'S materi a ls have a lso 

been coml ll ercia lized, example magnets and Magneto-Encephalograhy (lVIEG ). 

The laUer is based on SlIperconducLing Quantum Interference Device (SQUID ) 

t('chllology which dr:trcts and m('nsllrC!s t. lw wenk lllagnrl"ir firlds g(,I1(Tat:C!d by thr 

braill. 'ril e only substantive commercial products incorporating I-ITS rna.terials 

are electron ic nlters used in wireless base stations. About 10,000 unit s have been 

insta ll ed ill wirelcs~ networks worldv,Tidc to date . 

Some of t ire Emerging Appl ications of supercondnctors [33J arc: 

Supercondnctor-based products a re extremely environmentally fri end ly compared 

to their conventional counterpar ts . They generate no greenhouse gases FI.nd 

a.rc cuo led by 1I011-fiftJlllllable liquid llitrogcll (Ili t rogcll cOlllprises 8U% of our 

atmosphere) as opposed to conventional oil coolants that are both flammab le a ncl 

toxic. They arc a.t. least 50% srnaller and lighter than equivalent convent ional 
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units which translates into economic incellLives. These benefits have given rise to 

the ongoing development of many new applications in the fo llowing sectors: 

• 81ectric Powcr: Superconductors enable a variety of applications to aiel our 

aging and heavi ly burdened clectr ic power infrastructure for example) in genera­

tors. trallsformers. underground cables) synchronous condensers a.nd fault current 

lil1lil c.rs. 'T'Il(' high powc.r ci0n sity and cicrtric<ll 0fficicncy of SlIpCrc.ollciuc:tor wire 

results ill highly compact) powerful devices and systems t hat are more reli a.b le, 

efficient.. Hlld ellvi rOll lllelltal ly Lenigll . 

• ' I)-ansport ahon: The rnpid and dflcient movement of people and goods. 

by land alld by sea. poses importan t logistica l. environmenta.l, land lise and 

other cha.lIf-mges. Superconductors are enabling a new generation of tra.nsport 

technologies including ship propulsion systems, magnet ically levitated t rain s, and 

rai lway trRction transformers. 

• f'v ledicine: Advances in !-ITS promise 1I10re compact and less costly ~lJitgnet i c 

Resollance Imaging UVJRI ) syst.ems with superior imaging ca.pabilities. Tn 

addition. Magneto-Encephalograp hy (MEG), Magnetic Source Imaging (MSI) 

and ~ [agneto-Gardi ology (MeG) enable non-invasive diagnosis of brain and heart 

fu lI etional i ty. 

• "Industry : Large rnotors rated a.t 1000 HP Bnd l1.bove consume 25% of a.ll 

el ectricity generated ill t.he lVorid . They offer a prime t.arget. for t he usc of HTS in 

suhstantial ly reducing electrical losses . Powerful llwgncis for water remediat.ion ) 

llli::lh:rial.s purification , and illdustrial processing (l.re also ill the delllollstration 

stages. 
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• COl1lmunications: Over the past decade, HTS filters have come into wide spread 

lISC in ccllillar communicfltions systems. They en hallce signal-to- noise ratios, 

enabling reli ab le service with fewer. more widely-s paced cell towers . As the 

wor ld moves from analog to all digita l com municalions, LTS chips offer dramatic 

perfurmance improvements in many comrnercial and military a.p plicat i on~. 
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Chapter 2 

OBJECTIVES 

General Objective 

To investigate slIperconductivity in graphene sheet by interca lating Na and Sr 

a.tOlllS . 

Specific Objectives 

• Prepare fvlodc l of pr ist inc 1 Na f) ,nd 8 r in te rcalated grap hene sheet. 

• OpLimize th e sLrucLu re of pristine a.nd intercalated gmphene sheet . 

• Ca lclliate Electron density of sta.te, phonon dispersion and phonon DOS of 

prist. ine alld int.ercalated graphenc. 

• Calcu late electron-phon on couplin g st rength and sup erconducti vity crit.i cal 

Lernperaillre T c of Na and Sr doped graphene sheel .. 
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Chapter 3 

COMPUTATIONAL REVIEW 

3.1 Introduction 

If the aircmft technology wou ld ha.ve advance at the same speed that of computer 

techuolog'y, it would be poss ible to get Boeing 747 that would be large enough to 

carry 12.000 people to th e moon in abo ut few hours for the round trip costs of 

t hat is cheaper tha.n allY transport.ation. Thlls) compuLer technology. particu!n rly 

in t h(' nrcH. of illcrcRsi np.; spreci of calcll lat ion i1lld mOl'r rfTIcir nt mrmory sf Ol' i1gr. 

dev ice. ha.H improved at n whirlwind pi'l ce over the past 30 years. Many of th e 

improvcrncnts in computer hFlrd wa res and the algorithms (softwares) that control 

t. hr compllters ha.vc pr('sclltcri a nrw t.ool for scient.ific invest. igations. 

Cornputa.tiona.l ma.teria.ls science a.nd engineering (CMS S) is a relat ively you ng 

fi eld. The first known case study of materials t hat used digital computers was 

made shortly after t he Second Worl d War. The legenda.ry ma.themat icia.n J ohn 

VO Il Neu ma nn FIt t he wartime Los Alamos Nationa l La borat.ory i:; credi t.ed as 

be ill g I he rirst. to seri ously cons ider numerical met hods and encourage us in g 

cOlllPutin g machines. Not surpris ing ly. ca rly material s imulatio ns stemmed 

dirrc! Iy frOiIl I.h(' \\' (1]' errOr1 s. 011r of I.hr focllsr.s of n~S('ardl ;-d Lite' LiJnr WRS 
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on how irra.diat ion of high-energy particles wou ld change a materials structure 

ond properties, on obv ious ly urgent topic at the ti me. Nevertheless. t he ac­

t ivi1..ies in t his relatively obscure and srnall Flrca remai ned dormant un t il the 

sixties when fflster FI nd more powerful ciigitfll com puters becFI.me Fl vaiIFl.ble. 

Now compu \,at ional materia ls science is an act ive and fast-grow ing fie ld. lL 

covers many topics ill nearly a.ll branches of' materi a ls science and enginecr-

mg. A s its im pact has grown , it has gained a reputation as being the thi rd 

i::l.pproadl for scientific rcsearcl l aI lU cIIgilleerillg) pa.rallel to expcrilncll t i::l.JIU t.lleary. 

Compared to humans , computers are more effi cient a.nd less error-prone in 

handling repetit ive or llum p.ri cal tasks. For this reason, computers a re used 

ext"llsive ly in materials resea rch (and other fi e lds as well ) to do such tedious 

work as data. acquisit ion and da.ta. ana.lysis. Cornputfl.t iona.l ma.teri a ls science and 

ellgineering is, howevcr, more stri ving in its obj ecti ves a nd much broader in its 

scope. Hs aim is to understand and predict. t he phys ical-prop erties relat ionsh ips 

of mat.eria ls in various length sCFlles . from not on ly th e continuum (milli meters 

a nd up) level, but abo from the rnesoscopic (microns) and atom ic (nanometers 

a nd Angstroms) leveb. For insta nce, to materials scient ists and engineers. the 

stress-strain relat ion is no longer the end in t he pursui t of the mechanical prop-

CIties of the materials. Now, using t heir und erstanding of stress-st rain rela tions 

and mi crostruct ure , researchers seck to a nswer more com plex questions such 

as how lllicrostructures bCCOI tlc what t hey arc ullder different COll(l it iolls, wha t' 

d islocat ion cores look li ke, and how deta iled interatomic interactions infl uence 

t he microstruct.ure a nd defect structures etc ... 
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Furthermore, t he unique capabi li ty of computer s imulat ions and modelillg allows 

us to see materials not only better on srn allcr scales bu t also more quantit.atively. 

With properly constructed models (Hamiltonia n or interatomic interaction), 

one can simula t.e. 0 ]' mimic, t he ent ire physical process of t he model materi a ls, 

including microstruct.ure evo lution , de formation process, defect st ru cture, or 

phase t ralls itions, From t.he known constitut. ive relations, one can model a large 

llum ber of rna terial behaviors . rangi ng from mechani ca l deformation : mFlgnetism , 

su percond uctivit,y and chemical reaction ) to piezoelectrics. Remarkable progress 

has been made in computationa l ma.terials science anel engin eerin g over the last 

two decadcc;. Driven by our desire to know more and by t he ever-increasi ng power 

in digita.l compu ter , new frontiers in materials modeling FI re constantly being 

explored using numerical methods. Among these new a.reas are simulations of 

nanoscalc rnateri Fl.ls, glasses, soft fmd polymeric matters. granular matter , strongly 

disordered systems. llon-equi librium systems and driven phenomena. These to pics 

pose new challenges that demand development of new simula.t ion methods in 

ITIf'sosroric scnlp.s , p.ftkienl plat.forms in hFlrdwnl'p. 1 and fas j'.p.l' and f' ffici ent. soft­

ware to brea k the barrier of s ize a nd t ime limita.t ions in atomistic and qua.ntum 

silllulatioll .':i, Breakt hrough!; ill these a.rea!; could fin a.lly brillg thc lil atcl' iais 

sim ula.tion and modeling to a. new leve l where compu tational experiments could 

be conducted hand in ha nd with rea l exper iments . The on ly difference one will 

notice is t hat the materials used in t he experiment are digita l materia ls, wh ich are 

much cheaper and easier to make and pose no dallger to ou r hea lt h or environment. 
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My research is in the area of Nanotechnology, so t hat am tryi ng to shift the re­

view direction to the atom istic quantum mechanics calcul at ions of computational 

mnt.criRls sciencc. D epr:nriing 0 11 Atomist.ic simula.tion we ran explore din'crent. 

prob lems in mat.erials science and fi nd noble in trinsic properties by changing s ize, 

dopA nt.. sliFlpe. find st.ructure of rn(lteriais. In thi s c(lse complltatiOilFli materials 

science contributes a lot for materials science es pec ially for the ill novation of 

noble rna.tcriaLs. 

The important: contributi on to the field is that, it can predict materials proper­

ties evell hefore actual material process. Therefore . t.hese saves ti me: laboratory 

mate-ri als cost, itllman resource allel inst ruments for sy nth es iz ing materia.ls. I II 

ad d it ion to these, t his techn ique is envi ron menta lly fri endly. Tn some case t here 

are some samples which arc not easily prepared in laboratory, but it is possible in 

computn.t iona.l materials science even if it. is more compli cated, we can study and 

determin e t heir properties. There are some difficulties t hat a rc faced in compula-

tional IlHlteriFlIs science, because o f the reason, it requires s upercomputer that is 

cosll.\'. high spC'C'd processor. finding eXRcj soiui iOll for many hody sysl ern w it !J OII\. 

flpproximation is impossible. so it lIses some approxirnflt ion to show the trai ned. 

ill the IIl~Xt. sectiull wc will scc dif-rercll t. apprOXilll1:ttiulls. VVithill thosc approxima­

t ions we can efficient ly find the trained of new materials . Many of the problems of 

Matcria.b:; Scien ce and Engineering are so lved by compu tation al materials science. 

Some of t hese arc: 

• Geumetri cal optimi zation 

• Phonoll calculation 
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• t; lcctrotlic sLr\lcturc 

• B"nd structure and 

• Density of state c"!eu lat ion . 

The cent ral idea of QuantulTl Mechanics in :'~aterials science is to find t he solu-

tion of SchrOdin ger Equation (3 .1.1 ) of the many body system, which is exact or 

approx imated. 

(3.11) 

\r\!here terms in the bracket is correspond to kinetic energy a.nd potential energy 

respectively. By the way, there is no mathematical proof for SchrOdinger equation. 

but its success is clue to high accuracy so lving the expcrirnental work. III t he 

coming s llbsection we wi ll t.rying Lo discliss some of the computational techn ique 

allel approximat ion. 

3.2 Theories and Approximation III Many Body 

Calculations 

In many hody systems the properties of the materials explored us in g computa-

t iOllfli met.hod a rc from the motions of e lectron to flu clci. But l nuclei are much 

rnR.ssive t.han electron , so we ca.n consid er rnotions of e lectron separate from that 

of nucl e i c"lied Born a lld Oppenheimer f\proxiJJ1atioll. 

3.2.1 Born-Oppenheimer Approximation 

The adiabatic npproximaLion of Born and Oppenheimer allows one to t reat the 

electr0I1S alld nu clei of a real sy:; tem separately as f\. consequence of the large mass 

difTcrencc between th em [34[. Being much lighter than the ions, t he electrons 
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move in it solid much faster than the nuclei, which make it possible to consider the 

elect rOllie configuration as completely J'(~ Ia.xed in its ground stF\.1 c FIt. eHch position 

of t. he ions during their molioll. Thus the nuclei can be treated I'ldiaba.tically, 

leading 1,0 a separation of the electronic and nuclear degrees of freedom in the 

many- body wave function. The onl'y except ion to this are the lightest elements 

(espec ially h'ydrogen), where the ions require quantum mechan ical t reatments. 

Although the Born Oppenheimer approx imat ion provides a major simpli ficat ion 

(,0 the compl icated many- body problern by transforming it into t he so lut ion of t he 

electronic dynami cs in some frozen configurati on of nuclei. fur ther approximations 

arc required to perform emcient and accurate total energy calculations. Essent ia lly 

these lead t.o fi nd SOIIW other llll.:my body a.pproxilllatioll. 

3.2.2 Hartree Energy 

The Born-Oppen hei mer approx imation begi ns to ouilinc a rna ny-body Ham ilto­

nian in FI useful rnanner by reducing Ollt. variolls terms. But the many-body prob­

lem is it. complex one and the Hamilton ian derived in the Born-Oppenheimer is 

st.ill not suitable for calculations. There are furth er approxima.t ions that must be 

made to achieve better accuracy and minimize calculation time. Tha t is what is 

in vo lved in th e derivation of the Hatree Energy equations [35]. As was mentioned 

proviolls ly the SchrOdinger Wi'lve equatioll will be used to solve for the energy of 

(he ma.ny-body solid. First , ta ke t.he Hamiltonian t ha t is defi ned in the Born­

Oppenheimer ap proximation and put. it into t he Sch rOdi nger equ ation with a. new 

wave fllnction. '} 'hen to deAne a wave fu nctioll as a nc'l-v combinat ion of products 

o f tlw wave functions tha.t correspond to indi vidu al electrons. It ca n be written 
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(3. 2.1 ) 

Ho\Vever I his \vaveflll1 ciion CH nnot he p ut stn l ight int.o t. he SchrOdingcr wa ve 

p.(lIJat. ioll wit hollt SOI JlP analysis nne! rnanipn ial ion. T lw firs t sl PP is 10 liSP I he 

vH riFit iOllai pr i llci ple to a na lyze [Inc! set t. he energy of a system in volvi ng these 

waNe fUlldiUl} !; . Our overall goa l is to fiud t he groun d st.ate altd the va riational 

principle places a limit on t he mini mum energy of t he system. It o utl ines t he 

equation below, where i t is defin ed (lS, 

(3.2.2) 

Wh ere E ?: Eo end Eo is t he grn llnd s t.a t.e energy of t he system . From t his it is 

possib le io get n.n energy mi nimum. However t hat. m in imum is not necessarily t he 

ground sta te energy. T hi s meth od using t his vari at ional principle one ca n deri ve 

t he I-i a ri ree energy eq ual ion lIsing these equations and t he variationa l princip le 

it. is possible t.o deri ve t. he Hnrt. rce energ,v eq uations. however it is more useful 1.0 

includ e th e Pa uli- Excl us ion priuciplc . 

3.2.3 Hartree Fock Theory 

The Ha rt rce ell ergy equatiulls t a ll UC usefulullder sOllie s pecific ci rculIlstallces, ou t 

t hey st ill lack some im portant chFl ract.eristics. PrimFlrily. t he lack of s pin is trou-

blillg. H call be in cl ud ed in a post an alysis. However. an ad-hoc solut ion fi nd does 

not co nt.ain useful inform a.tioll . Spin clwracterist ics into the wave fun ct ion fro III 
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t he beginning. It can be done by us ing what is called the Slater dcterminant[35 j. 

<P I (X I ) <P2(xd q,,,(xd 

1jJh~ I ' )(2, X3, 
1 

····X,,) = jN! 
<P I (X2) <P2(X2) <P,,(X2) 

(3. 2.3 ) 

<P I (\ ,,) <l>2(X,,) <p,,( X,,) 

A Slater determinant , as in above is n by n matrix that incl ud es t. he Pall li exc lusion 

principle. which is essential if eaell state has to be unique. If j i = ij then two 

col umns of t he determinant would be O. This is desi rable to bc sure t hat a non-

physica.l :::; iLuatioll slich a:j the equality of two d iffercnl. !::)Latcs call1lOt. happen. It. 

can be written in a more straight fol'w(l rd fashion with a permutation operatur 

sllch t hat. 

(3 .2.4 ) 

This permutation operator works by switching either t he coord inates or the sub-

scripts of t.he wave functions. Keep in mind that. these individua l wave fun ction s 

are orthugonal in a manner such that. 

(3.2 .5) 

is truc. Usi ng th is information and methodology it is poss ible to dcri ve the ]-Iartre-

Fock Equations, which minimized in to , 

1-2 - , 
(- -I- VI/ (r) -I- V(r ) -I- y,.(r)) <p; (1·) = E;<p;(r) 

2m 
(3.2.6) 

\:vhere the VII (1") term is th e Coulornb repulsion term which can be written as , 

(3.2. 7) 

These equ ations are useful but. st ill lack an approximat. ion for the exchange cor-

relation potential , whi ch is addressed in density functional t heory (DFT ) in the 

next, secti on. 
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3.3 Density Functional Theory (DFT) 

Now that t he fundamentals of t he Hartrec- Fock a nd t he Hartree energy eq uations 

have been reviewed , there is ~ system of equations t hat covers t he many-body 

problem het.ween the electrons and t he ions in a solid. The eq uations that have 

beell der ived a re corrcc t , but have a large number o f vn riabl es Fi nd Flrc t herefore 

llot uSCI'll I. For cxa rnplc t he wFlvc[lInction of each elect rOil in Cl solid \Vollle! need to 

be solved a nd n so lid of any s ignifi cant. volume would have a number of elecLrons 

on the order of Avogadros nnmber . 'T his is an impractiotl number of equFl t ions to 

solve; :;0 ill oruer to filld a useable sol ut ioll olle lleeds to fi ll d a way to eonucllse 

t hese eq uat ions. [-Iohenberg, Kahn a.nd Sham together developed a. method to 

deal with the many- body problem. This a.pproach in volves a method that re lics 

on elect ron functiona.!s [34, 361. The I-lohenberg-Kollll theorem dictates that a 

potentia l ca.n be determined uniquely from the ground state e lectron density [34 , 

36]. l\; also goes on to SFt.y that the reverse is true. From a. known potential olle 

CFUl dcicrmirj(' t.he p.Jc.~ciron density. On(' knows t. his her.anse :\ defin il·e electron 

potentia l fixes t.he Ha milt.on ia ll , wh ich is know n from t.he existence theorem . 'rhe 

existrmcl' thco rern stilte::; t hat rl cl en:-:>ity functiomd lllliq uely det.en n i!l(~s t.he Hamil-

t.oniall . The so rtware lIses dens ity fUllct iona l theory FtS t he bas is of t.he solu t ions. 

So a. functional needs to be defi ned. A functional ta.kes a. fun ction and defines a 

single number from t he fu nct ion , such as, 

p rj ] = j 1 no; )d.o; 
- I 

(3.3.1 ) 

So the I-I ohcnbcrg and l<olIn s theorem is slich that a ground sLate ellergy can be 

cxrrcsscd as E ln(r )] where n (r) is the e lectron density and hence the reaSon for the 
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name density functiona.l theory 137] . Tha.t means, one needs to come lip with an 

expression fo r lI{r). This is where the Thomas-Fermi contri bution to the theory 

needs to be outlined, wh ich will illuminate furt her practical steps. Thomas and 

Ferm i posited that the electron density is uni quely determined by t he potential. 

To start. one need to know the density of states as in , 

L 
1 

N = V dkn{k) = - k V . 2,,3 'f (3.3.2) 
o 

This is a well- known equat ion. [t oullincs t.he t. he amollnt or energy sLates that 

electrulls can OCCl tpy in a given vo lume. \IVhcn one kllow the density 01" staLes 

one can esti mate the kinetic energy of part icles in the system. From the kinetic 

cllergy it is possible to estimate the potential. However this est imation is not 

complete , for example th ere is so mething called exchange correlation energy that 

is not included , and t hat leads to large systematic errors in the fin al answers. 

The exchange correin.tion energy is flctually two terms that. have been combin ed 

into one ('I1ergy. Both energies are unknown in t he current forma.lism and rnllst 

be approximated. so to simplify matters t hey have been comb in ed. An exchange 

energy refers to the exchange interaction theo ry. In t hat theory, part icles with 

overlap ping wavcfunctions of identical particles have different energies tha.n 

cxpectl'd. The correlation energy is oft.el1 referred to as the Call lomb co rrelnt.ion 

H,nd ha~ 10 do with the cou lom bi e repnision spat ial characterist ics of electrons. 

One of t he primmy goa ls of density functiona l t heory is to cOll1e up wil h a good 

approximation of the exchange-correlation energy. whi ch will be discussed more 

in the Local Density Approximation sect ion. 
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T he Kohn-Sha rn (I<S) energy functiona l is written as: 

J J n(,·)n(,J) 
EI"1 = Tlnl + dm(r) Vext(,· ) -I- 1/2 dT·d ,.' IT _ 1"1 -I- E"lnl (3. 3.3) 

where terms correspond to the kinetic energy, t he energy of t he extem al potent ial, 

the Coulomb interacti on between elect rons, and the exchange-correlation energy, 

respect ively. 1J we consider the ki netic energy to be computed in the absence 

of elect ron-electron interactions, a.nd apply the VFl.ri Htionai principle to Equation 

(3.3.3) . we a rc led th e Kahn-S ham (I(S) equat ions: 

(3.3.4) 

where n(1') is the tota l elect.ron dens it.y . V rc is the cxcha,lIge-colTclFl Lion fun ctiona l. 

41.;(1' ) arc th e single electron 1(8 wavefull ct iOlIS: ( i arc th e eigen valu es , and V ;J;C is 

any extem al potent ia l incl uding t he pseudopotent ia l t hat defines t he atomi c core 

and th e appli ed bias potentia.l that dri ves current fl ow. \IVe have also introduced 

t. ho excha,llgc-correlation potential: 

V [ 1
- oEx, [nl 

TO n - on(r) 

and can identi fy t he term in brackets of Eq .(3.3 .4) as the I<S Hamil tonian . 

(3 .3.5) 

The strength of OFT lies in th e fact t hat t he in teracting many-elect ron prob-

10111 has heen reduced t.o a set of 1(S equat ioIls invol ving non- int.crFld ing elecLrolls 

rnov ing in t he eHect ive potentia.l of t he other e lectrons . Furt hermore this mav-

pi llg is exact provided that the exact exchange-correl ation fun ctio llai is known. 

In principle. the exact exchange-correlat.ion functiona l is far too com plicatecJ \.0 

ever express in a closed form. and therefore approximations must. be used . The 
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si mplest approximatioll to tile excha nge-co rrelation fun ctional is the local density 

approx irnation (LDA ) [38 1 39], in which one approximates the non-c lass ica l cor-

rcctions 1.0 the energy with the energy dellsity of a homogeneous elect.ron gas . 

a.a.1 Kahn Sham Equations 

The Kohn-Sharn equat ions are often broken down into three equat ions t ha.t give 

essentia lly t he same information as the Hartree and Hartrce-Fock equat ions. 

However t his ncw equation is a single equat ion versus t he many-body equations 

in the prev io lls versions. Keep in mind tha t these two met hods a re not equivalent. 

Tla' I<ohn-Shm" enable a mapping of the origina l Hart. ree Foci< equ ations t ha.t. 

ca n y ield a s imilar aIlswer. 'vV hich lS t he grou nd stat.e elect.ron dellsit.y of t he 

system . Density flili ct ional t heory IS Dil ly capable of dete rm ining th e ground 

s t a.t.e d ensity of Lho system . If an excit ed s tat.e is desired it is p oss ible to figure 

tha.t out. fro m t he grollltd state . 

Next t,he Ka hn-S ham equat ions need to be deri ved . Fort unately, however. Lhe 

procedure to deri ve them is very s imilar to the process show n in t he deri va t io tl 

of t. he Hartree and Hartree- Fock methods. It involves t he variationa l principle 

a.nd miniltliz ing t he expectation va. lue of the Hamilton ia n. For the sake of the 

s impli city only the solution an d salient points will b e given [LIOJ. The Kohn-S ha m 

equations end ttP g iving a. set of equations s imi la r to t.h e Eul er- Lagrange equations 

seen in class ica l meciulI1ics. However the variable, that wou ld Ilo rmally be used 

in t he Eu ler- Lagrange is re pl Aced by a wavefunctiolt. It can be seell t. hroug h the 

va ri{lt ioltal lllctltod t.ha.l the::;c equat.ioll;; lH:).':)eu. 01 1 t. he lIew fUll ctional defillit. io ll of 
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the ellergy siart as} 

PI I ' I I I I ,,2 j' 1I.(r)'II.(,,.')dTliT' 
. n = I· I( E 11. + ETC 11. + - I I 2 r - r' 

(3.3 .6) 

I( nowing t. his olle can t hen obta in t he Euler- Lagrange eq uations fo r t his sy,tem 

FtS 

(3.3.7) 

\,yhi ch when on e s ubst itutes in l 

N 

n{T) = L ld>k)1 2 (338) 
j == l 

as tli e electron density, we can t hen obta.in one form of the Kohn-Sham Equa tion 

as . 

(3.3.9) 

3.3 .2 Local D ensity Aproximat ion (LDA) 

Now it, is a cru cial to mension about exchange correla.t ion approximatiun. There 

fl,rc many exchange correla,t,ionapprox iml1.tiol1 , onc of the popular approx imat ion 

i, LDA . This approximation ca.n help to actu a lly calculate t he electron density as 

if it were H. unifon n electron gas with the density of slates as ment ion ed above. 

Over a small enough regions one can always ma.ke this a.pproximation . prom a 

summa t ion over all the regions it is possibl e to get a.n ap prox imate expression for 

the ent ire solid. So first one wa.nts t o write down an effective potential such t hat, 

(3.3. 10) 

Th is is j.Jl(' sn ll1 C' (' (fcct ive po1 r:lli itd as \)('1' orr. Thr Il rxl st p-p is !-o wri te' d OWll (l. 

ncw exchange correIa! ion energy ror Lh b approximaLion which can be writt.ell as 

(3 .3. 11) 
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Keep in mind tba t t.iJis exchnnge energy is represent.at ive of t.he energy for each 

pnrticie. This nell' energy can be rewri tten as, Vxc( r) as 

If ( .. ) _ 5 E,c[nJ 
.TC J - In(7') (3.3 .1 2) 

I n complltational process we can follow an itera.t ion ca.lculat ioni J\ Aowchart illus-

Lrating a self-consistent OF'} ' ca.lcuiatio lt is shown in Figure be low) the ca lculation 

begins wit.h a t. ri al electron density. 

Choose a trial density 

1 
. . 

Calculate T' JI(p(rl). V rt [P(rl) 

I 
I 

I Calculate p = <:'.1, IlV. /\V. No , 

Is self-consistency reach ed? 

Compute physical quantities 

Vigure 3.1: SCF calculation 

3.3.3 Generalised Gradient Approximat ion (GGA) 

In the generalised grad ient approximation (GGA) a functional form is adopted 

wh ich ensures the normalisation condi tion and that the exchange hole is negative 

e! cn ni tc. This leads to an energy functional th;,i. e!epene!s on both the e!ensit.\' fine! 

its gradient. but retaills the analyt ic properties of the exchange correlation hole 

inhere'lll ill t he LDA. 

Th" i.y pi cHI forlll for" GGA fUllel iOlla! is: 
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E7,CA = ./ n(r)"c[l1(r), \711Jdr (3 .3.13) 

GG i\ im proves s ignificanLly on the LOAs description of the binding energy a nd 

energy band structure of t he system. 

3.4 Density Functional Perturbation Theory (DFPT) 

Ma ny physica l properties depend lIpon a system response to ~ome for lll of pertur­

ba tiun. l~xa.rnpJes include polari sabilitics. phonons. H.a.mFl ll in tcns i Lic~ and in fnl.-

red abso rption cross-sections to narn e bu t a few. Density fun ct ional perturbation 

t.1",ory (OFPT) is a par t. iclli a rly !'owerflll and fl exible t. heorel.ical techniq lle t.hat 

allows calculati on of such propert ies within the density functional frame work, 

t here by facil itaLing an understand ing of t he m icroscopic quantum mechanical 

IllCi'lHlIl islllS behi nd slich processes. as well as providing a rigorous t.esting ground 

for thcorct-ical developments. SysLcrn responses to external pert urbaiions may be 

calcu lated using OFT with th e addit ion of some pertur bing potentia.! beca use of 

t he ract that to rea.lizecl t he electron- pholl on co upling; however, as s uch met hods 

in volve o btaining the system response through a series of s ing le- poill t energy cal­

culation ::i carried out at vary in g strength s of the external pertur batioll , it Cf\ll be 

said that they are some wlmt crude and aest he t.ica lly una ppea li ng. rvlore funda-

mentally. s uch t.echniques a re sometimes restri cted in a ppli cation: for example, 

t hey cann ot readily be used to calculate t he response of crysta.l line systems to 

electric fi eld pert urbations, a nd cannot , wi thout large compu ta t iona l effort , cal-

CILiate phonon responses at arbi trary wave vector; crystalline points which will be 

ex pounded "POll in t: his t hesis. We now co nsi der the applicat. ion of perturbation 
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theory to OFT for calculation of t he exact phonon a.nd electron-phonon coupling 

responses within crysta.lline materials. 

The two main for malisms of OFPT a.re due to Ba.ron i [41] and Gonze [42]; although 

the two may be shown to be equ ivalent. there arc d ifferences in t he im plementation 

t. hat may result in one method bei ng preferable to anot her. The Gonze formalism 

is cent red upon obtaining a series of equations t hat may be solved seJf~consistently 

IIsillg Green )s function methods; the Ba roll i formalism is based rather upon fl. per-

Lllrha.Livl' t'xpam; ion of the Kahn-Sham ellergy fUllctional. leading to 11 va riationa.l 

prob lem for even orders of expansion akin to t he zeroth order problem. 

3.4.1 Lattice dynamics from electronic-structure theory 

T he many body Hamiltonian for lattice dynamical properties is given by : 

(34.1) 

where H, is the coordinate of t he fth nucieus , M, its mass. R == J7., the set of 

all the nllclear coord inates, and E{R) the electronic energy of the system. which 

is often referred to as the Born-Oppenheimer energy surfa ce. It is noti ce that 

equilibrium geornetry and vibratioll frequency are fi rst a.nd second derivatives of 

E( H) respediveiy. Thlls) vallishing intern,Corn ic forces of equilibrium forces is: 

(3.4 .2 ) 

and. lattice vibration frequency w is t he eigenvalues of the Hessian of t he Born-

Oppen hei mer ellergy. scaled by the nuclear masses: 

(34.3) 
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However, it i, nOL trival to solve Lhe above He,sian. I fence, we used Hcllmann-

F'yma.nn theorcrn as a tool for getting expecta.tion value of the derivat ives of 

eigenva.lue. 

(3 .4.4 ) 

where 1/Jn it) the eigenfunction of HI? corresponding to the En eigenva lu e: H nI/JR = 

Ellv'll. T he Hessian of the Born-Oppen hei mer energy surface appearing in Eq. 

(3.4.3) is obtained by differentiating t he Hellmann-Feynman fo rces wi th respect. 

to nuclear coordi llates. 

Prom the above argument and Hellmann-Pcynma n theorem, the first and second 

dcriv(-ll,ive~ of the grollnrl-state energy reads 

(3 .4.5 ) 

(3 .4.6) 

The va.rial.ion of the Kohn-S ha.m orhita.ls, 6 1/!,,( j') , is ohtained hy standard Rrst-

order pert.urba tion theory: 

(3.4 .7) 

where 

'1/.(,.) = L' 1 4),,(,.) 12 (3.4.8) 

the lincflrizRtion of tbe above express ion impl ies t.hat , 

(3.4.9) 

(3.4 .10) 

is the unperturbed kohn-~harn Ha,rniitonia.n , 

(3.4 .11) 
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is! he rirs L-OI'cler correct ion Lo Lhe sc lf-consisLenL poLen! inl, and 6.(" = (I/;" I 6. \'sc! I 

1/J1I) is the firs t-order var iaJio n of the Kahn-S ha.m ei genva.lue Cn . 

From this . the (2n+ 1) th eorem of qu antum mechanics a llows to calculate the line 

widt h (6.w or -y) by t he third order d irrerntial of energy with respect to position. 

That is the meas ure of e lectron-phonon co upling (refers Equation 1.4.2). 

3.5 Plane Wave Basis Set 

The purpose o f a bas is set is to a llow any arbi t ra ry function w to be expressed as 

a sum of t he bas is fun ctions ¢; . 

(3 .5.1) 

13;-lsi call y t.he bas is set is sa id to be complete if this representation of '!b is aCCllrate . 

If everyone used com plete bas is sets t he on ly argument would be about the cost. 

uf the calcu li1tion. Dut, no one llSes a complete bnsis sct.. According to the system 

that com putationally a naiyze ,we can choose onc of the bas is set. So for peridie 

unit cell implimcnting plane wave basis set is better than other bas is sets. To 

a.pply plane wave bas is set it req uires pscuuopotcllt.iai:; to ue cfficicllt which i~ 1I0t 

flJI-clect ron t hat mef\.n~ core region not incl uded. 

Some of t he ad va ntage of plane wave bFls i ~ set a re: 

• There a re ver.v e ffi cient algorit.hms [or perforllling Fou rier t rans forms allowing 

calculat iOIl ~ 1.0 be performed in I he most effi cient. rea.l space or reciprocal spa.ce. 

• COIII'crp;ence of physical propert.ies is controlled by it si ngle paramet.er , t.he cllt.off 

energy, and can be tested. 

• They provide t he sa rrlC accuracy a.t fi ll points in s pace. 
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• 'rh e sillJ plicity of plane waves nJakcl) it cal)'y to acid new functiollality to codes 

and to try al tern ative rligori t hrn s. 

3.6 Pseudopotential 

\Nhen using a plane wave basis set. , the region close to an atomic nucleus 

requires special attention. This is due to two main factors. The first is t hat 

t he electron-nucleus potential va ries as ~ so it diverges as ,. --t O. Secondly, to 

ensure t.he valence electwn wavcfunctions are or thogonal to t he core electron 

wavcfunctions (as required by t.he exclusion principle) t he va lence wFlvefllnc­

tions must osc illate mpidly within the co re regIOn. These fa ctors lead to 

Inrge kineti c energies hence the need for Ia.rge numbers of plane waves. A lso 

a large number of plane waves are lI eedc'd to describe t. he t.ightly bound core states. 

These problems can be circumvented by the usc of the pseudopotential approxi­

mation. T his is motivated by the observation t hat most physical propert ies a re 

determined by the va lence electrons. T he pseuciopotent ia l approximation ex ploits 

t his by removing t he core electrons ancl combining the interaction between t he 

core an d \·(l lell ce electrons and t he strong nucle;)r va lence electron intera ction into 

a weaker pseuciopotential 143J . Within t he core region t he vaJence wave functions 

are then replaced by smoother nodeless pseudo-wavcfunetions that Me identica l to 

t he rcal wavefu nction s outside the core region. This redllces t he complexit y of t.he 

problelll ill a Humber of ", .. ,."s . First Iy. removing t he core electrons meHll S fewer 

wavefu nct ions 11('('(1 t·o he c,.dcula! ('d. Secondl.v. ns t he po! enti rd no longer diverges 
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towa rd - 00 aud the valence wave functions are smoother withi n the core region} 

fewer plane \V~'lVes are needed to adequately describe the valence wavefunct ions. 

To (' IISIl H ' 1. hn.l n pS(,lIdopot.('n1. inl cnlr lll ation r('prod1lc('s tl1f' sn.nw (, llf'rgy cli fTrr­

ellces a~ an all-electron calcu lation it is Ilecessary for the pseudo- wavefunctions to 

be ident.ic" l to t. he all e lectron "'Hvefu nct ions outside t he core . This condition is 

ca.lled (norm-conservat ion 1 . 
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Chapter 4 

Computational Details 

For this th esis work we impii mcnteci D F'T' Quantllrn espresso computational pack­

age and DFPT t heo ry for elect ron-phonon calc ul ation. In this section we have t ry 

to explain t he Modeling a nd simulation procedure for compnting superconductiv-

i ty. 

4. 1 General Description of QUANTUM ESPRESSO 

QUANTUM ESPRESSO implements a veriety of met hods and algorithms aimed 

at a chemically realistic modeling of IllA.teria ls from t he nanoscale upwards, based 

on Ill!' soillt ioll of t he density-fllllctionall heory (DFT) [:l5] problem. IIsi ng a. plane 

waves (PWs) ba~ i s set a.nd pseudopotent ia ls (P Ps) [4LI] to represent electron- ion 

interact ions. T he codes arc construct.ed aroun d the use of periodic boundary 

(;o Il Jit; j O ll ~l which allows for a st raight. forward t.realw e ll t of in fi lli te crystall ine 

systems, and an effi cient con vergence to the thermodynamic limi t for a peri od ic 

hilt. extended system, such as liquids or amorphous materi als. Finite systems 

Hre also treat.ed w;ing supercells: if required: open-boundary condit ions CaJI be 

used t hrough t he use of the density-cou nter cha rge method [45[. QUANTUM 

ES PRESSO can t hus be used fo r any crystal str uct ure or supercell, and for meta.!, 
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as well as for insulators. The atomic cores can be described by separable [46] norm­

conserving (NC) PPs ['17]. ultrR~oft (US) PP s [48], or by projector-augmented wa.ve 

(PAvV) sets [491. Many different rxchftnge-corrrifttion fu nctionals arc available in 

t il e frarnework of the loca l-density (LOA ) or generalized-gradient approxim ation 

(CCA) [50] . plus advanced fun ct iormls like Hubba.rd U correct ions and a few mct.a­

CGA [51] and hy brid funct ionals [52]. The baHic computa.tions/s imulations that 

call be performed include: 

• ca.lcu lation of the I<ohn-Sham (I(S) orbitals and energies [53] lor isolated or 

extended/per iodic systems. ancl of t heir gronnd-state energies; 

• complete structural opti mizations of the microscopic (a.tomic coordinates) a.nd 

macroscopic (unit cell) degrees of freedom. lIsing H ellrnllnn- Fcynman forces and 

stresses 154]; 

• grou nd sta.te of magnetic or sp in-pola rized systems, illcluding spin-o rbit coupling 

[55] and non-collinear magnetism [56]; 

• ab- init io molecular dy nami cs (i\IID), us ing either t he Car-Parrinello Lagrangia.n 

[57] or the Hell ma.nn- Feynnmn forces calculated on the BOrIl-O ppenheirner (BO) 

slIrfac{' [3LIJ. in 1"1 variety of thennodyw-lIllicai ellsembles. including NPT va ri able 

-cell [58] MD: 

• dens ity fu nctional perturbation theory (OFPT) [41 , 42, 59, 60], to calcu late 

second a.nd third derivatives of the tota.l energy at a.ny arbitrary wavelength, 

providing phonon dispersions, electron-phonon and p honon-phonon interactions, 

allo staLic respollse fuudiullS (diclcd;ric tClisors , Born crl"cdivc charges, illfrared 

tipectra , Rarnan tentio rs); 

• location of sadd le points and transition states via transition-path optimization 



usi ng Lhe nudged elasL ic band (NEB) lIlel.hod [61); 

• ballistic conducta.nce wit h in t he Landa uer-Bu tl iker t heory using t he sca tterin g 

approach [621; 

• generaLion of maxim ally localized \iVann ier fun ctions [63] and related qUR.nt i t ies; 

• ca lcuhtLion of nuciea r magne ti c resona nce (NJvI R) a.nd electronic paramagnet ic 

resonan ce (EPH.) para rnetcrs [64J: and oLh er morc ad vanced cal cu la tions a rc 

perform ed. 

4.2 Computational Details 

In o ur ca lcu lat. ion, we firs t. constructed graphcnc s lI pcrcelis Lo invest igate t he 

grap hene-meta l adsorption. T he slIpcrcells were relaxed. It is again relaxed after 

add ing Sr a nd Sa aciatollls . The optimized configurations of t he adat.orn-graphcnc 

system a re shown in Figure 4. 1, 4 .2, a.nd 4.3. Afte r t he locally st.a.bl c con fi gu ra­

t ions have been fo und in t he hig h-sy mmetry pos it. ions, t he ada toms ere d ispl acecl 

in a. di rect ion t ha t full y breaks t. he symm etry of t he system before re-re laxing. 

The supercclls ensure a la rge dist ance o f a bou t 10 AD fo r t he separation bet ween 

neighbo uring fldflto ms in XY- pla lle. ft is necessa ry to ensure tlw t t. he Z-Hxis of 

t he per iod ic s lI perccll ( per pend icular t.o t'he grflp henc Iflyer) is la rge enough so 

t ha.t t here is no interaction betweell grapheue sheets of adjacent, s lipe rcell . Then fl 

series o f stat ic ca lclIlHtions a.re perfo rm ed t.o determ ine t. he in t.era.ction potent ia l of 

ada toms (S 1' a nd Na.) with gra.ph ene. In t.his process, t he adatoms a re kep t fixed 

a t difrerent: dis t ances depends on the slim of covalent· radii a long (\ Iin C' perp en­

dicu lAr t.o t he g raphcnc layer. VOl' each adatoms. \\'e opt imized the geomet ry at 
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each global minimunl of total ellcrgy curves and thcn compared t hc total energy 

to dctermine tlte proper aciatorn-grFlphcne ciisj,n.nce. The relnLive stFl.bilities of Sr 

and N a aciatoll1-grFl.plicnc systems are determin ed by th e adsorption cnergies . 

Figu re 4.1: Optimized structure of Pri st ine graph ene sheet 

Pigure 4.2: Optimized structu re of Strontiu m doped grap hene sheet (a)siugle sheet 
of Sr-graphene (b) shows the sepmation distance between Sr-grapheuc sheets 
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Figure 4.3: Optimized st ructure of Sod ium doped graphene sheet (a)single s heet 
of Na-graphene (b) shows the sepa ration distance between Na-graphene sheets 

All the calcu lations are performed u,iu g density fU TIct ional t.heory (DFT ) and den-

sity fUTIctional perturbation t heory (DFPT) [18] as implemented in t he pwscr 

package of the QUANTUM-ESP RESSO distribution ]191. We used the general ised 

gradient approximation (GGA) [50], norm-conserv ing pseudo-potentials {21]. and 

a plane-wave expansion up to a 60 Ry cutoff. Bri llouin-zone sa mp ling is performed 

on 8 x 8 x 8 Monkhorst- Pack meshes ror graphene, with a Fermi- Dirac smearing in 

t he electronic occupations of 0 .02 Ry. We were also calculate t he latt ice pa ra me-

ter (a.) of prest ine, Sr-intercalated and Na-intercolated graphen which is 4.255 / \0, 

'1. 275 ,10 a nd 4.283 1\0 , respectively at c = 10 1\0 T hen optimization pa.rameters 

are reported in results and discussions chapter. The monolayer systems were s im u-

lated with one adtom (Sr, Na) per unit cell . P honon frequencies were ca.lcu la.ted in 

DF'PT 142 , 59. 60] in linea r response technique on a. phonon wave vector mesh of 8 

x 8 x 8 with a 16 x 16 x 16 uniform elect.roll lllomentum grid. T he elect ron-ph ollon 

coupl ing parameter was calculated with electron mesh momcnturn r<-mesh lip Lo 

22 x 22 x l. 
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4.3 Computational Procedure in Quantum Espresso 

4.3.1 Computational Procedure of Band Structure and 

Electronic Density of State (EDOS) calculation 

The fi rst step is preprtrin g inpu t fil es for ca lcualtion. These fu e :­

[!) gr.scLi n this is an inpu t file for sd ca lculations . 

[2) p; r.hrtnrls.in t his is rtn inpn t. file for collecting bRl1rls. 

[3J k-point-path t his is a fi le contain ing list of k-points along symmetry di rections 

in Brillouin zone. 

[4) gr.plotba nd.i n t his is a n input fil e for pu tt in g band structure data into "" 

plott.ab le fo rnm t . 

[5] ~r.dos .ill t.his b dIl illPut file to ca.lculate dellsity or states. 

Then run t he input fil e sequ ant ially. we obta in the corrospond ing out put for each 

input. fi le. 

4.:l .2 Computational Procedure of Electron-Phonon 

calculation 

T his part is ill ust rates how to calculate electron-phonon interact ion coeffi cients , 

for a (8 x 8 x 8) Monkhorst-P ack (MP ) grid of q-points, in pristin and interca lated 

graphene. 

T he ca.lcu la.tion proceeds as follows: 

[1) ~ l ake a. selr-consistent ca.lculation for all samples using a dense g rid of k­

poill ts. The ciellse grid must cont ain all k and k+ q grid points used in the subse­

quent electron-phonon ca lculation and mu st be den se enough Lo produce accurate 

cIrr t ron-phonon coefficient s ( in particular th e douhl<'-r1d h'l int.egral at. EF is very 



critical) . Note that you have to use unshifted grids (k1 = k2 = k3= 0) on ly, that 

include k= OI In ou r case, we uses a (16 16 16) MP grid. (input = name of 

sa mple. scf.fit.in , ontpnl. = name of sample .sef.fit.ont) 

[2J Make a self-consistent calcn lation for all sarnples usi ng a grid of k-po ints t hat is 

suii;';lble for good self-cons istency and phonon calculation. For ours case,we uses a 

(888) MP gr id . (inpu t = name of sample.scf.in, outp ut = name of sample.sef.out) 

[3J IVla.ke t he phonon and electron-phonon ca.lcu lat;ion for t he grid of q-points. 

Speed)' "Iph= .trn"., and t he name of a. file where the deri va.tive of the potentia l is 

stored " fildvscl". in thi s case we uses a (8 x 8 x 8) MP grid of q-points (nql= 8, 

nq2= 8, nq3 = 8). The output contains the resu lts for the el-ph coefficient at each 

q-point lambda(q), gamma,(q). and the double-delta integral at several values of 

t he gaussian broadening. (input = name of sample.elph.in , output = name of 

sample.elph .out) 

[4j 13rinp; to real-space bot.h force const.ants and el-phon coefficient.s nsing ,. '12 r. x" 

Outpnl in files "a2Fmatdyn*". 

[5j CFl icuiate gFl,rnrna on selected lin es using )'ma.tciyn.x'1 (dos= .false.) 

[6) Calrn lat.e lambda. coefficient (i n file "lambda") and I'he (}2F(w) function using 

" matdy n.x" (dos= .tru e.) 

[7) Ca.lculate la.rnixia coefficiellt (ill 11 JaJlluda..out 1)) alld 'Ie u!::i ing l! lcti IlUcla.x" 
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Chapter 5 

RESULTS AND DISCUSSION 

Our analysis is started by invest igating structural opt imization of graphene super 

cell. Fo llowing this, our d iscuss ion is extended to t he Craphene, Sr-Gmphene and 

Na.-Craphene supercell electroni c density of st.ates (8DOS), phonon dispersion 

spectra. and phono n density of states (P hDOS). At ,"st, we present the electron­

out-of-plane vi bration coup li ng of doped graph ene sheet for th e response of Eliash­

berg coupling constant and cri tical te lll perature, upon an alyzing the electron­

phonon coupling b lias hberg fu ction in the range less t han 900 cm- ' which i. the 

only responsible range [or phonon mediated superconductivi ty. 

5.1 Structural Optimization 

It is rather important for our study to sta rt wit h st ructural opt imization. From 

t he optimi zation , we have obtai ned a stab le structu re at lowest energy E>/' = 

-22.06 Ry, with Ferm i-energy D" = - 0.611 Ry at la tti ce pammeter of a = 4. 255 

AD and c = 10 AD for pristine gmp hene sheet. We have meas ured the bond length 

of each by using a graphics interface xcrysden. T hus, we have obta ined graphene 

supercell sheet up on error in bond length 10- ". 
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Table 5.1: Physical parameter of t he st.udied system. Optimized lat tice con­
stant (a ) a nd adatom-graphene d ista nce (h) in A; and Fermi-energy (Ev) and Total 
energ'y( ET ) in Hydberge. 

Nlateri al a h EF ET 
Graphene 4.255 - -0 .6'1 -22.06 

Sr-Graphene 4.275 2.68 -0 .246 -24.38 
Na-Graphene '1. 283 2.31 -0431 -22.81 

We have a lso performed t he geometri cal optimization and dopant height for doped 

Sr and Na Graphene sheet with for ce tolerance value or 0.05 eV / A which is very 

small. The optimized resul ts are prcsenl.pri in Tab le 5.1. 

5.1.1 Parameter Optimization 

The ca lcula.tion of nHlI1y phys ica.l quantit ies such as the toial energy uf a. solid 

req uires integration of functions with Bloch vector k performed over the Brillioll ll 

zone (I3Z) using the symmet ry of t he crysta l. The integration can be conveniently 

co nfined in a smaller region of t he BZ, t he irreducible wedge of the Br illioun zone 

(II3Z) . 

In H. plane wave basis set , th e s ingle-particle wa.ve functions a.t each k-po int in 

t he BZ of a given crystal t hat can be expanded in a discrete set of plane waves . 

In pri nci ple, an infi nite plane wave basis set is required to expand th ese wave 

funct ions, However. in practical calcula tions: th is set is tru ncated by an energy 

(;ut.ufr such as ollly plane waves with kinetic ellergy ~II~I 1 J( + ( ,' 12 less t ha,n energy 

cutoff arc included. Here , t he choi ce of energy cut.off afrects t he acc uracy of the 

ca lcul a.t ions and should be ca refully checi{ed with simple convergence I.eo ts, i. e. t.he 

phys ical rC5 uJ ts obtilined [rOll! the calcu!"lt ions should he converged with res ped 

to this cutoff. 
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Table 5.2: Opl imized parameters: K-point and Energy cutoff ( li y) 

Ivralcl'ial K-points energy cutoff 
Grophene Il xllx l 60 

Sr-G mphene 8x8x8 60 
Na-Graph ene 8x8x8 60 

In order to decide whether K-point and energy culoA· is more stable, we have 

carri ed out the total energy calculations (SCF ) for a.ll the structures (G raphene, 

Sr-Gmphene and Na-Grap hene) . In all cases , we found t hat the energy is lower for 

the interealoted structure by preparing a shell / hash seripit in quantum espresso 

pa ckage and we are run it. Thus . we hH.ve obat ined the following res ul ts thai are 

shown in To bie 5.2. and the general optimization shown in Figures 5.1 a.nd 5.2. 
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Fil\llre 5.1: Optimization of Enerl;Y mesh ClII·. toff nsinl; SCF ronvcrp;cncy 
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F igure 5.2: Optim ized Mesh grid I( -poi nts 

5.2 Electron Density of State (EDOS) 

5 .2.1 Electron Density of State (EDOS) of Graphene Sheet 

1.0 _ 

-2.0 

G K M G 

FigIlH.\ 5.3: Ba ll d structure of Pri st in e gra phcne Energy ill eV 'Verses ~ J omel1tum 

(w li er ... G reprcse ut f ) 

According to the band structure of grap hene in F igure 5.3 . at the f-poinl lauch 

each other , bul t. hey do not. overla p tiO I hAt. it indi cates that pure gr<1phellc iti a 
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semi-rnetall ic in nature. Tn pristine gra.phene, A is small and phonoll-mediated 

superconductivity which does not OCC lI r 1:Ui a srnall number of cfl.rri ers intrinsic 1,0 

semi-metalli c tha t leads to vanishingly small N(O) (i.e. N(O) is Electron density of 

state at fermi-level). In thi, respect , the situation i, ,imil ar to the bulk graphite 

case fG5] where without interca lflt ion su percond llctivi ty is not stabilized . 

In order to e,tabl ish this fact , we must ca lculate t he Electronic DOS of pri, tine 

graphene supercell. 

~ 

> 
V 

--­v: 
V 15 
~ 

w 
~ 

v: 
"-c 
ii 

.D 
E 
::l 
C 
~ 

(/) 0-o .) 
Cl 
ll.l 

(I 
-6 -.J -2 0 1 

Energy leV] 

Figure 5.4: Electron ic densit ies of state, for prist ine gra.phene 

From t.he EDOS spectra of pristine graphene Figure 5.4, we notice that this ma-

t.erial electron ic DOS, is very small around the Fermi level (Ep) because it i, 

semi-metallic by nature. Thcrefore , this matcria l is not expected as a supcrco n-

ductal'. 
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5.2.2 Electron D ensity of State (EDOS) of Sr-Graphcne 

Sheet 

Some re,ea rch groups have reported that Sr-doped graphite has the ability of 

hav ing su percond ucti vity [66J. We are t hus motivated by t his fact that a.Jkaline 

melals cha.rge tr~nsfer to the Ileal' I1lCltcriais in a c J o~ed vicinity (c losed each other) 

with in the covalent radii . Hence. to increase t he EDOS and suggest appropriate 

slIperconductor in graphcne sheet Sr dopH.nt is a good ca.nd idate . As of ou r scope; 

however, we are the first to st udy Sr intercalated single sheet of graphene su percell 

superconductivity. We have presented our EDOS res ult of Sr-Graphene sheet in 

Figure 5.5. 

() 

Energy [e Vj 

Figure 5.5 : Electroni c densities of Strontium doped graphene 

EDOS of Sr intercalated graphene promotes a new electronic states (DOS is in-

creased ) ncar and at Fermi-level (Ep) as happened in Sr interca la ted fullerit e [67J 
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because of the fact th at th e charge tr,,"sferrcd to graphene. !fence, th ese tmns-

ferred charges are respollsible for condu ctioll and transportation. It has a multiple 

of heneficial ["etors on ,\ [13] t.he number of carriers en hanced , coupling to ca r-

bon out-of-plane vibration is promoted and leads to the material transfer red from 

semi-meta.lli c to a. metallic, which is expected from a.ny generic superconductivity. 

As result , the presence of more interl ayer bands (EOOS at fermi is higher) re-

su its in strongly softened carbon out of plane vibration [68], which leads to higher 

coup ling of superconductivity. 

5.2.3 E lectron Dens ity of Stat e (EDOS) of N a- G r aphene 

Sheet 

Further , lVe ha ve performed electron density of state (EOOS) for Na-Graphcne 

sheet. which is s hown below in Figure 5.6 . 

VJ 0-0 ) 
o 
lJ.J 

-. ~ 0 ; 

Energy feYl 
4 

Figure 5.6: Elect ronic densities of sta.tes of Sodillm doped graphcne 

From the ED OS spectrum of Na.-Grap hene. we can clea rly sec that the EDOS 
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a.l fermi level (EF ) I"" increased. This indi cates t hat t he Na-adsorption leads to 

charge t ransfer which is expected to OCCllr betweell No. and graphenc sheet [681 . 

Hence , the t ransferred cha rge has b ig role in in creasing conductivity like t hat of 

Sr doped grapbene sheet. For th is reasoll : Lhe l1l1l11ber of carri ers is enhanced 

cou pling to carbon ont-o r-p la.ne phonon{ZO) is p romoted. This is expected from 

any metallic superconductivity [131. 

5.3 Phonon Freqency Dispersion and Phonon 

Density of States 

5 .3.1 For t he Pristine Graphene Sheet 

The Phonon Dispers ion energy curve is plotted along t he sy mmetry lines in t he 

hexagonal Bril lio us zo ne fl S s hown in Figure 5.7. Basically, in graphcnc , we can 

observe 6 modes of vibnl.li olls [12J. The correspondi ng density uf sLa.Lt:s fo r phonon 

mod es in uni ts of mode perhexagol1illunit cell per cV as shown in Figure 5.9. Near 

to the gamma point (q = 0) (w hen t he momentum is zero), there are th ree optica l 

branches kllown as acoust ic mocle of vibrat ions . The lowest acoustic branch is 

an out-of-plane t ransverse mode (ZA) II'hose energy varies q2 There are two 

inplane acoustic modes with varying energ ies I'l l. The lower lying of t hese two 

modes is t rflll sverse acoustic mode (TA) and the hig her ly ing mode is longitudinal 

acoustic mode (LA). The lowest ly in g optical branch an out-of-p lane optica.! mode 

(ZO) with a negative energYl is dependent on G arn mfl point. The remai n ing two 

branches a rc in plane t ransverse (TO) alJd 10ngit.lJdilJal optical (LO ) modes wh ich 

degenera.te at the Gamma poi nt. This energy depends Oil app roximately constfl.nl 
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for the small value of q. 
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Figure 5.7: Phonon fequenc)' dispersion for pristine graphene 

Transversal Op1:lca l ....... od •• (TO)(alonJ;: V_a .. I.) 

b) r 

Figure 5.8: Optical phonon modes for Pristine graphene 

Howcverl in our case: we ma.inly focus on Optical modes of vibrations because we 

are studying superconducti vity at symmetry point of the brillou in zone at gamma 

(fl. For gmnma point LO mork, t.he carbon at.oms of 1'110. graphcnc sheet arc 

placed in XY - plane vib rating in opposite directions parallel to x-axis 180 degree 

out of phase witb each unit cell with each other. For ga mma point TO mode. t he 

atom vibrates out of phase parall el to til(' grapJUJl1l' y-axis . For the gAlllll1Fl poillt 
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ZO lIlode, the sheet vibrAtes out-of-plane to t he graphelle XY-placed sheet which 

is para llel 1,0 Z- ""is. The 1Il0de of disp lacement vectors for ZO, LO and TO modes 

arc s hown schematically in Figu re 5 .8. In t he PhDOS Figure 5.9. we observe t hat 
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Figure 5.9: Phonon density of states of prist ine graphene 

t.here are a few states whi ch are arou nd 650 to 900 em - I, Hence , phonon sLate 

is less in this region for coupling at lower energy which does not takes place even 

jf the in-plan e deformat ion potential of pri stine graphene is higher. T he reason 

is that. electron phonon coup ling ,\ is inversely proprt ional to omega (frequency) 

[681. Bcea.use of this fact, one can ex pect that the cri t ical temperature is also 

very sma ll which is less t han lK. So t hat, we cannot expect supercond uctivity in 

gra phene s heet. ]n order to esta.bi lish this fact . we have calculated the Elias hberg 

fun ct ioll (\.2F (w) at. gam ma point. . This is shown in figure 0 .10. 

From the Eliashberg fun ctiona'! calcu lation Figure 5. 10, we can obser ve t lmt t here 

is no elect.ron-phollon coupl ing ti1kes place in the intermediate energy spect ra 
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Figure 5.10: Elias hberg runction a2F (w) find integral coup ling A(W) 

range. This indicates t ha.t prist ine grap li ene sheet is not a su perconductor which 

is also supports our EDOS and PhDOS results. 

5 .3.2 For Sr-Graphene Sheet 
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Figu!'e 5 .11: Phonon freq uency dispersion ror Sr-Craphene 

From Figure 5.11. we can notice that t he Sr intercala.tion has sortened the graphene 
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oIlL-of-plane pho non (20) . This leads to more softelled 20 which is of highly 

couplillg wil,h t he charge t.ransferred from strontium intercalated ill the fermi- level. 

This implies higher criticH.l superconducting temperaLure T,. The above resul t is 

5{KJ 10110 1500 

Frequency [e lll-Il 

Figure 5.12: Phonon density of states of Sr-graphene 

also supported by ph onon density of sate plot. whi ch i!; illustra.ted in Figu re 5 .12 . 

From t he PhDOS we have observed that the Sr intercala.te is so ftened the out-of-

plane phonon vibration (ZO) and seen as a large number of phonon state at around 

550 to 600 cm - l in t he interm ediaLe energy range which is responsible for electron-

phonon coupling in the material. In addi t ion to this, Electroni c DOS indicates 

that. t he mfl.i:criai is trn.ll sfcrcd from semi- metal to a. metal that is expected from 

any generic superconductivity. So that from t he above ev id ence, we call SFlY that 

Sr-C raph ene sheet is fl. superconductor. 
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5 .3.3 For Na-Graphene Sheet 

Like Sr-Graphene. we have perrormed the SFlIT1C caJcuiations phonon dispersion 

and phonon DOS for Na-G raph ene material. Hence, we have obta ined t he follow-

ing resnlts that are illustarted in the Figure 5. 13. From the phonon dispersion 
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Figure 5. 13: Phonon dispersion for Na-gra,ph ene 

spectra. we noti ce that the Na intercalate splits t he out-of-plane optical phonon 

in to two vibrations. The more softened ZO is around 400 cm- 1 and the second 

rigid ZO mode is found around 800 cm- I The ZO mode at a round 400 cm- 1 is 

highly responsible for electron-phonon coupling. These results a re also supported 

by PhDOS of Na-Graphene materials which are schemat ically represented in F ig-

ure 5.14. From t he phonon DOS we have noticed t hat the PhDOS is increased 

in all the range of the spectra, mostly from 300 to 700 cm- I This is beca.use 

of the intercalated sodium atom tl1ftt softened the out-of-plane optical phonon 

(ZO). I n t his rnaterial. the more softening of ZO indicates that ZO has higher 

possibility to couple with the charge that is donated by the intercalated sodiulll. 

This implies that this ma.terial becomes a good superconductor with higher critical 
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5.4 Origin of Superconductivity in Doped Graphene 

Sheet 

Accord in g to I3CS t heory, t he presence of supercondu ctivity ill phonon- med iated 

~upe rcondLlctor:; is becFlLlse of high elect. ron-phonon coupling at lower energy spec-

t ra range. Tn ord er to induce superconductivity in graphcne, doping is necessary 

to enh a nce electronic density of states in the fermi-level of t he graphene sheet 

M d out-o r-plane vibrat ion in t he direction to t he graphene sheet. Nevert heless, 

all doping cannot ind uce superconductivity [68]. Therefore, getting a better 

intercFliFlI'It is one of the task in graphene sheet. [n the previous section) wc 

have observed t hat both Sr and Na doped graphene sheet mat eri als me super-

conductors. To support th is fR et. we are lIlotivated to ca.lcu lat.e elect.I'Oll-phOllOIJ 
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Table 5.3: Opt imized latt ice constant(a) and adatom-graph ene distance (h) in 
A; elect ron-phonon coupling (A) , logarithrni c frequency average (Wlo" in cm- 1 

and supercond ucting cri t ica l temprature (Tc in Keliven) for Sr-graph ene alld Nfl­
ga rphcne system 

Malerial a. h A Win l' , 
Graphene '1. 255 - 0.1 - < 1 

Sr-Graphene 4.275 268 0.'1 1 587 2 
Na-Graphene '1. 283 2.31 0.667 281.25 7.5 

coupling and criti cal temperature by lIsing quantum-espresso so ftware package. 

The total electron- phonon coupling is t he omega t hat goes to in Ani ty limit of 

lambda(omega.). The res ults obta ined from t hese calculations me presented III 

Table 5.3 . 

ol~----~liLjmm"~.~"X~ldd""-~._~UII·L-~llX~X~I---m~~----g15~II~O" 
Freq uency rem-I] 

Figure 5. 15: Eliashberg funct ional for Sr-intercalted graphene 

Figures 5.12. 5.1li, 5.15, a.nd 5.16 are clearly demonstrated why these materia ls 

arc superconductor. In t he calculated phonon density of states (PhDOS) at 

Figu re 5. 12 and Eliashberg function a2 F(w) Figure 5.15 for strontium intercalated 

graphelle and phonon dells ity of s tates (PhDOS) at Figure 5.14 and Eliashberg 
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Figure 5. 16: Eliashberg function for Na- intercalated graphene 

function a2F(w) Figure 5 . .16 for sodium, we can observe three group of phonons: 

intcrcala.ted related at W ,;; 200crn- l , graphene sheet out-of-plane vibration (ZO) 

around 580 em- I for Sr-Craphene and 380 CI11- 1 for Na-Cra phene , and t he in 

plane vibratiolJ of graphcne (xy-plcme) wh ich is ? 1500 cm - 1. The qWllitativl' 

shape of a2 F(:.;) some how looks s imilar to the distributions of electron-phonon 

in teraction in the two intercalate. However 1 the tota l /\ dec reases from 0.667 

in Na-C raphene to 0.41 in Sr-Cmphene sheet, whi le t he logar it hmic-average 

phonon frqueney (Win) is also chan ged from 281.25 to 587 em - I res pectively. 

Other research group has also reported that Sr doped double layer graphene 

sheet haH coupling strength A = 0.42 wit h criti cal tempemture T, = 0.95 J( 

[66]. Com pamtively single sheet Sr doped graphene has wide ran ge of snpercon-

ductivity with s imilar coupling strength t.o that. of double layer Sr doped graphene. 

Us ing the McMi llan- Dynes formula 116J. with 1-'" = 0.115 ta ken from Iita rture [68J . 

we have obtained T, = 7.5 1< for Na-Craphene and To ~ 2 l( for Sr-Craphene. 

63 



The reduction of T e in Sr-G raphene i" due to t he simultaneous decreasing of 

trnnsvcrse vihration of intercaJ aie and the graphene sheet out-of-plane (ZO) is 1:1 

contribution to the electron-phonon coup ling. From this, we can notice that the 

lower Iyillg inplane vibrations of int.crcHlani hFt,':; llegfLLive im pact on 're but. it. is 

a lso very effective in increas ing WI". Thns, the efIect is partly compensa.ted. On 

the other llitnd , the large reduction of cou pling associated to out-of-p lane opticn.l 

phon 011 of graphenc sheet happens in higher energy spectra region wh ich has not 

much contribution to the electron-phonon coupling. This reduces the coupling 

strengt.h and cri t ica.l ternprature. The reduction of electron-phonon coupling for 

(ZO) mode of vibration in intermediate region is to expla.i n the s ignificantly lower 

T e for Sr-Graphene than Na-G raphenc. 
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Chapter 6 

CONCLUSION 

Tn conclusion 1 we have studied that the occul'cnce of electron-phonon rnediated 

superconductivity in graphenc. VVc ha.ve also reported that Na-gra.phene and 

Sr-graphene arc '"percond"ctor, at cr iLical temperature of Tc = 7.5 1< and 2 K, 

respectively. In addition to this, we have given a clea r evidence that Tc o f graphenc 

cssentiFl,lly depends on intercalated to sensitive change of electron-phonon coup ling 

for boLh in-plane intercalant and out-of-plane graphene phonon (ZO)modc,. Last 

but llot least. we have also proved that the strontium and sodiulll duped graphenc 

are also helpful for inducing su perconductivity like that of potassium and calcium 

intcrca.lated graphenc. 
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