


























































































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 

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) 

37 



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. 

38 



• '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. 

·211.75 

.:? J 

>; 
?fJ ·21.25 
Q) 
(:; 

"" 
;3 · 21.5 
o 

f-< 

·21.75 

40 (,0 RO 
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Fil\llre 5.1: Optimization of Enerl;Y mesh ClII·. toff nsinl; SCF ronvcrp;cncy 
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_68 .. ~R(L, _~----c-"L"_~-----'4.L,,'--1 -~---,(,,-'c)(C-, -~--K,J,,,-,-, -~---',.J()o.() 

Monkhorst-pack g ird s of k-points 

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. 
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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 

55 



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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E 
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c:: 
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o 
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..c 
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Frequ e ncy [CIl1 - 11 

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 

57 



o 500 1.000 1.500 
0 .1 ~:' __ ~~ __ ~~ __ L-~~~~~ __ L--L __ L-~~-,, ~',. 

0.09 ~ 

0.08 -: 

0.07 -: 

10 0.06 -: 
~ , 
~ 0.05 ~i" 
~ -

0.04 -: 

0.0 3 -: 

0.02 -: 

0 .01 -: 

E-

: 'iQ 
~ - ~ 

E 
. 2-
- u­

N . < 
- ~ 

O ~,~~~~--~~--r--F~~.~~--~~--r-~~~~' 
o 500 1.000 1, 500 

Frequency [cm- 1] 

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. 
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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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