









































































































































However, it is not trival to solve the above Hessian. Hence, we used Hellmann-
Fymann theorem as a tool for getting expectation value of the derivatives of

eigenvalue.

(SHH (SH‘R
= — | ¥n 3.4.4
sp = el S | ¥R) (3.4.4)

where 15 is the eigenfunction of Hp corresponding to the £y eigenvalue: Hpip =
Ertp. The Hessian of the Born-Oppenheimer energy surface appearing in Iq.
(3.4.3) is obtained by differentiating the Hellmann-Feynman forces with respect
to nuclear coordinates.

From the above argument and Hellmann-Feynman theorem, the first and second

derivatives of the ground-state energy reads

SE [ 6Va(r)
BT o f SR by 3.4.5
' %R / sr, "l (3.45)
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The variation of the Kohn-Sham orbitals, A, (), is obtained by standard first-

order perturbation theory:
('Hﬂr:_," P n) | Alj"n) = AV-N," ')(n)lwn) (‘;47)

where

alr) =2 |1P,[7) Ig (3.4.8)

the linearization of the above expression implies that,

An(r) = Redh;, (r)Aym(r) (3.4.9)
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is the unperturbed kohn-sham Hamiltonian,

WV
B AF) = /IAH e i7!"‘/“.(!4') () An(r) (3.4.11)
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is the first-order correction to the self-consistent potential, and A¢,, = (¢, | AVis |
) is the first-order variation of the Kohn-Sham eigenvalue ¢,,.

From this. the (2n+1) theorem of quantum mechanics allows to calculate the line
width (Aw or ) by the third order differntial of energy with respect to position.

That is the measure of electron-phonon coupling (refers Equation 1.4.2).

3.5 Plane Wave Basis Set

The purpose of a basis set is to allow any arbitrary function ¥ to be expressed as
a sum of the basis functions ¢;.

Y= Cigy (3.5.1)

1

Basically the basis set is said to be complete if this representation of ¢ is accurate.
If everyone used complete basis sets the only argument would be about the cost
of the calculation. But. no one uses a complete basis set. According to the system
that computationally analyze,we can choose one of the basis set. So for peridic
unit cell implimenting plane wave basis set is better than other basis sets. To
apply plane wave basis set it requires pseudopotentials to be efficient which is not

all-electron that means core region not included.

Some of the advantage of plane wave basis set are:

e There are very efficient algorithms for performing Fourier transforms allowing
calculations to be performed in the most eflicient real space or reciprocal space.
e Convergence of physical properties is controlled by a single parameter, the cutoff
energy, and can be tested.

e They provide the same accuracy at all points in space.
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e The simplicity of plane waves makes it easy to add new functionality to codes

and to try alternative algorithms.

3.6 Pseudopotential

When 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 that
the electron-nucleus potential varies as } so it diverges as 7 — 0. Secondly, to
ensure the valence electron wavefunctions are orthogonal to the core electron
wavefunctions (as required by the exclusion principle) the valence wavefunc-
tions must oscillate rapidly within the core region. These factors lead to

large kinetic energies hence the need for large numbers of plane waves. Also

a large number of plane waves are needed to describe the tightly bound core states.

These pt'()l)]enis can be circumvented by the use of the psendopotential approxi-
mation. This is motivated by the observation that most physical properties are
determined by the valence electrons. The pseudopotential approximation exploits
this by removing the core electrons and combining the interaction between the
core and valence electrons and the strong nuclear valence electron interaction into
a weaker pseudopotential [43]. Within the core region the valence wave functions
are then replaced by smoother nodeless pseudo-wavefunctions that are identical to
the real wavefunctions outside the core region. This reduces the complexity of the
problem in a number of ways. Firstly, removing the core electrons means fewer

wavefunetions need to he caleulated. Secondly. as the potential no longer diverges
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toward —oo and the valence wave functions are smoother within the core region,
fewer plane waves are needed to adequately describe the valence wavefunctions.
To ensure that a psendopotential caleulation reproduces the same energy differ-
ences as an all-electron calculation it is necessary for the pseudo-wavefunctions to
be identical to the all electron wavefunctions outside the core. This condition is

called ‘norm-conservation’,
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Chapter 4

Computational Details

For this thesis work we implimented DIF'T Quantum espresso computational pack-
age and DIFPT theory for electron-phonon calculation. In this section we have try
to explain the Modeling and simulation procedure for computing superconductiv-

ity.

4.1 General Description of QUANTUM ESPRESSO

QUANTUM ESPRESSO implements a variety of methods and algorithms aimed
at a chemically realistic modeling of materials from the nanoscale upwards, based
on the solution of the density-functional theory (DFT) [35] problem. using a plane
waves (PWs) basis set and pseudopotentials (PPs) [44] to represent electron-ion
interactions. The codes are constructed around the use of periodic boundary
conditions, which allows lor a straight forward treatment of infinite crystalline
systems, and an efficient convergence to the thermodynamic limit for a periodic
but extended system, such as liquids or amorphous materials. TFinite systems
are also treated using supercells; if required; open-boundary conditions can be
used through the use of the density-counter charge method [45]. QUANTUM

ESPRESSO can thus be used for any crystal structure or supercell, and for metals



as well as for insulators. The atomic cores can be described by separable [46] norm-
conserving (NC) PPs [47], ultrasoft (US) PPs [48], or by projector-augmented wave
(PAW) scts [49]. Many different exchange-correlation functionals are available in
the framework of the local-density (LDA) or generalized-gradient approximation
(GGA) [50], plus advanced functionals like Hubbard U corrections and a few meta-
GGA [51] and hybrid functionals [52]. The basic computations/simulations that
can be performed include:

e calculation of the Kohn-Sham (KS) orbitals and energies [53] for isolated or
extended /periodie systems, and of their ground-state energies;

e complete structural optimizations of the microscopic (atomic coordinates) and
macroscopic (unit cell) degrees of freedom, using Hellmann-Feynman forces and
stresses [54];

e ground state of magnetic or spin-polarized systems, including spin-orbit coupling
[55] and non-collinear magnetism [56];

e ab-initio molecular dynamics (MD), using either the Car-Parrinello Lagrangian

57| or the Hellmann-Feynman forces caleulated on the Born-Oppenheimer (BO)

surface [34]. in a variety of thermodynamical ensembles, including NPT variable
-cell [58] MD;

e density functional perturbation theory (DFPT) [41, 42, 59, 60], to calculate
second and third derivatives of the total energy at any arbitrary wavelength,
providing phonon dispersions, electron-phonon and phonon-phonon interactions,
and static response functions (dielectric tensors, Born effective charges, infrared
spectra, Raman tensors);

e location of saddle points and transition states via transition-path optimization



using the nudged elastic band (NEB) method [61];

e ballistic conductance within the Landauer-Buttiker theory using the scattering
approach [62];

e generation of maximally localized Wannier functions [63] and related quantities;
e calculation of nuclear magnetic resonance (NMR) and electronic paramagnetic
resonance (EPR) parameters [64]: and other more advanced calculations are

performed.

4.2 Computational Details

In our calculation, we first constructed graphene supercells to investigate the
graphene-metal adsorption. The supercells were relaxed. It is again relaxed after
adding Sr and Na adatoms. The optimized configurations of the adatom-graphene
system are shown in Figure 4.1, 4.2, and 4.3. Alter the locally stable configura-
tions have been found in the high-symmetry positions, the adatoms are displaced
in a direction that fully breaks the symmetry of the system before re-relaxing.
The supercells ensure a large distance of about 10 A® for the separation between
neighbouring adatoms in XY- plane. It is necessary to ensure that the Z-axis of
the periodic supercell (perpendicular to the graphene layer) is large enough so
that there is no interaction between graphene sheets of adjacent supercell. Then a
series of static caleulations are performed to determine the interaction potential of
adatoms (Sr and Na) with graphene. In this process, the adatoms are kept fixed
at different distances depends on the sun of covalent radii along a line perpen-

dicular to the graphene layer. For each adatoms, we optimized the geometry at
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each global minimum of total energy curves and then compared the total energy
to determine the proper adatom-graphene distance. The relative stabilities of Sr

and Na adatom-graphene systems are determined by the adsorption energies.
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Figure 4.2: Optimized structure of Strontium doped graphene sheet (a)single sheet
of Sr-graphene (b) shows the separation distance between Sr-graphene sheets



Figure 4.3: Optimized structure of Sodium doped graphene sheet (a)single sheet
of Na-graphene (b) shows the separation distance between Na-graphene sheets

All the calculations are performed using density functional theory (DFT) and den-
sity functional perturbation theory (DFPT) [18] as implemented in the PWSCF
package of the QUANTUM-ESPRESSO distribution [19]. We used the generalised
gradient approximation (GGA) [50], norm-conserving pseudo-potentials [21], and
a plane-wave expansion up to a 60 Ry cutoff. Brillouin-zone sampling is performed
on 8 x 8 x 8 Monkhorst-Pack meshes for graphene, with a Fermi-Dirac smearing in
the electronic occupations of 0.02 Ry. We were also calculate the lattice parame-
ter (a) of prestine, Sr-intercalated and Na-intercolated graphen which is 4.255 A,
4.275 AV and 4.283 A, respectively at ¢ = 10 A°. Then optimization parameters
are reported in results and discussions chapter. The monolayer systems were simu-
lated with one adtom (Sr, Na) per unit cell. Phonon frequencies were calculated in
DFPT [42, 59, 60] in linear response technique on a phonon wave vector mesh of 8
x 8 x 8 with a 16 x 16 x 16 uniform electron momentum grid. The electron-phonon
coupling parameter was calculated with electron mesh momentum K-mesh up to

22X22X 1,



4.3 Computational Procedure in Quantum Espresso

4.3.1 Computational Procedure of Band Structure and

Electronic Density of State (EDOS) calculation

The first step is preparing input files for calcualtion. These are:-

[1] gr.scf.in this is an input file for scf calculations.

[2] gr.bands.in this is an input file for collecting bands.

[3] k-point-path this is a file containing list of k-points along symmetry directions
in Brillouin zone.

[4] gr.plotband.in this is an input file for putting band structure data into a
plottable format.

[5] gr.dos.in this is an input file to calculate density of states.

Then run the input file sequantially, we obtain the corrosponding out put for each

input file.

4.3.2 Computational Procedure of Electron-Phonon

calculation

This part is illustrates how to calculate electron-phonon interaction coefficients,
for a (8 x 8 x 8) Monkhorst-Pack (MP) grid of g-points, in pristin and intercalated
graphene.

The calculation proceeds as follows:

[1] Make a self-consistent calculation for all samples using a dense grid of k-
points. The dense grid must contain all k and k+q grid points used in the subse-
quent electron-phonon caleulation and must be dense enough to produce accurate

electron-phonon coefficients (in particular the double-delta integral at Epg is very
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critical). Note that you have to use unshifted grids (k1=k2=k3=0) only, that
include k=0! In our case, we uses a (16 16 16) MP grid. (input = name of
sample.sclfit.in, ontput = name of sample.scf fit.out)

[2] Make a self-consistent calculation for all samples using a grid of k-points that is
suitable for good self-consistency and phonon calculation. For ours case,we uses a
(8 8 8) MP grid. (input = name of sample.scf.in, output = name of sample.scl.out)
[3] Make the phonon and electron-phonon calculation for the grid of g-points.
Specily elph=.true., and the name of a file where the derivative of the potential is
stored "fildvsef”. in this case we uses a (8 x 8 x 8) MP grid of g-points (nql=8,
nq2=38, nq3=8). The output contains the results for the el-ph coefficient at each
g-point lambda(q), gamma(q), and the double-delta integral at several values of
the gaussian broadening. (input = name of sample.elph.in, output = name of
sample.elph.out)

[4] Bring to real-space both force constants and el-phon coeflicients using "q2r.x"
Output in files "a2Fmatdyn.*".

[5] Calculate gamma on selected lines using "matdyn.x” (dos=.false.)

[6] Calculate lambda coefficient. (in file "lambda”) and the o F(w) function using
"matdyn.x” (dos=.true.)

|7] Calculate lambda coefficient (in "lambda.out™) and Te using ”lambda.x”

a7



Chapter 5
RESULTS AND DISCUSSION

Our analysis is started by investigating structural optimization of graphene super
cell. Following this, our discussion is extended to the Graphene, Sr-Graphene and
Na-Graphene supercell electronic density of states (EDOS), phonon dispersion
spectra and phonon density of states (PhDOS). At last, we present the electron-
out-of-plane vibration coupling of doped graphene sheet for the response of Eliash-
berg coupling constant and critical temperature, upon analyzing the electron-
1

phonon coupling Eliashberg fuction in the range less than 900 cm™" which is the

only responsible range for phonon mediated superconductivity.

5.1 Structural Optimization

It is rather important for our study to start with structural optimization. From
the optimization, we have obtained a stable structure at lowest energy Ep =
-22.06 Ry, with Fermi-energy £, = —0.64 Ry at lattice parameter of a = 4.255
A" and ¢ = 10 A” for pristine graphene sheet. We have measured the bond length
of each by using a graphics interface xerysden. Thus, we have obtained graphene

supercell sheet up on error in bond length 1077,
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Table 5.1: Physical parameter of the studied system. Optimized lattice con-
stant(a) and adatom-graphene distance (h) in A; and Fermi-energy () and Total
energy(Er) in Rydberge.

Material a h Ep Er
Graphene | 4.255 - -0.64 | -22.06

Sr-Graphene | 4.275 | 2.68 | -0.246 | -24.38
Na-Graphene | 4.283 | 2.31 | -0.431 | -22.81

We have also performed the geometrical optimization and dopant height for doped
Sr and Na Graphene sheet with force tolerance value of 0.05 eV/A which is very

small. The optimized results are presented in Table 5.1.

5.1.1 Parameter Optimization

The calculation of many physical quantities such as the total energy ol a solid
requires integration of functions with Bloch vector k performed over the Brillioun
zone (BZ) using the symmetry of the erystal. The integration can be conveniently
confined in a smaller region of the BZ, the irreducible wedge of the Brillioun zone
(IBZ).

In a plane wave basis set, the single-particle wave functions at each k-point in
the BZ of a given crystal that can be expanded in a discrete set of plane waves.
In principle. an infinite plane wave basis set is required to expand these wave
functions. However, in practical calculations, this set is truncated by an energy
cutoff such as only plane waves with kinetic energy %II\' + (/|2 less than energy
cutofl are included. Here, the choice of energy cutofl’ affects the accuracy of the
calculations and should be carefully checked with simple convergence tests, i.e. the
physical results obtained from the calculations should be converged with respect

to this cutoff.
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Table 5.2: Optimized parameters: K-point and Energy cutoff (Ry)

Material | K-points | energy cutoff
Graphene | 11x11x1 60
Sr-Graphene Sx8x8 60
Na-Graphene 8x8x8 60

In order to decide whether K-point and energy cutoff is more stable. we have
carried out the total energy calculations (SCF) for all the structures (Graphene,
Sr-Graphene and Na-Graphene). In all cases, we found that the energy is lower for
the intercalated structure by preparing a shell/bash scripit in quantum espresso
package and we are run it. Thus, we have obatined the following results that are

shown in Table 5.2. and the general optimization shown in Figures 5.1 and 5.2.
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5.2 Electron Density of State (EDOS)

5.2.1 Electron Density of State (EDOS) of Graphene Sheet

energy (eV)
=

|
o

G K M G
Figure 5.3: Band structure of Pristine graphene Energy in eV verses Momentum
(where G represent I')
According to the band structure ol graphene in Figure 5.3, at the I-point touch

each other, bul they do not overlap so that it indicates that pure graphene is a



semi-metallic in nature. In pristine graphene, A is small and phonon-mediated
superconductivity which does not occur as a small number of carriers intrinsic to
semi-metallic that leads to vanishingly small N(0) (i.e. N(0) is Electron density of
state at fermi-level). In this respect, the situation is similar to the bulk graphite

case |65 where without intercalation superconductivity is not stabilized.

In order to establish this fact, we must calculate the Electronic DOS of pristine

graphene supercell.
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Figure 5.4: Electronic densities of states for pristine graphene

From the EDOS spectra of pristine graphene Figure 5.4, we notice that this ma-
terial electronic DOS, is very small around the Fermi level (Ef) because it is
semi-metallic by nature. Therefore, this material is not expected as a supercon-

ductor.



5.2.2 Electron Density of State (EDOS) of Sr-Graphene

Sheet

Some research groups have reported that Sr-doped graphite has the ability of
having superconductivity [66]. We are thus motivated by this fact that alkaline
metals charge transfer to the near materials in a closed vicinity (closed each other)
within the covalent radii. Hence, to increase the EDOS and suggest appropriate
superconductor in graphene sheet Sr dopant is a good candidate. As of our scope;
however, we are the first to study Sr intercalated single sheet of graphene supercell
superconductivity. We have presented our EDOS result of Sr-Graphene sheet in

FFigure 5.5.
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Figure 5.5: Electronic densities of Strontium doped graphene

EDOS of Sr intercalated graphene promotes a new electronic states (DOS is in-

creased) near and at Fermi-level (Ef) as happened in Sr intercalated fullerite [67]



because of the fact that the charge transferred to graphene. Hence, these trans-
ferred charges are responsible for conduction and transportation. It has a multiple
of beneficial factors on A [13] the number of carriers enhanced, coupling to car-
hon out-of-plane vibration is promoted and leads to the material transferred from
semi-metallic to a metallic, which is expected from any generic superconductivity.
As result, the presence of more interlayer bands (EDOS at fermi is higher) re-
sults in strongly softened carbon out of plane vibration [68|, which leads to higher

coupling of superconductivity.
5.2.3 Electron Density of State (EDOS) of Na-Graphene

Sheet

IFurther, we have performed electron density of state (EDOS) for Na-Graphene

sheet, which is shown below in Figure 5.6.
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Figure 5.6: Electronic densities of states of Sodium doped graphene

From the EDOS spectrum of Na-Graphene, we can clearly see that the EDOS
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at fermi level (Er) has increased. This indicates that the Na-adsorption leads to
charge transfer which is expected to occur between Na and graphene sheet [68].
Hence, the transferred charge has big role in increasing conductivity like that of
Sr doped graphene sheet. For this reason, the number of carriers is enhanced
coupling to carbon out-of-plane phonon(Z0) is promoted. This is expected from

any metallic superconductivity [13].

5.3 Phonon Freqgency Dispersion and Phonon

Density of States

5.3.1 For the Pristine Graphene Sheet

The Phonon Dispersion energy curve is plotted along the symmetry lines in the
hexagonal Brillious zone as shown in Figure 5.7. Basically, in graphene, we can
observe 6 modes of vibrations [12]. The corresponding density of states for phonon
modes in units of mode perhexagonal unit cell per eV as shown in Figure 5.9. Near
to the gamma point (q = 0) (when the momentum is zero), there are three optical
branches known as acoustic mode of vibrations. The lowest acoustic branch is
an out-of-plane transverse mode (ZA) whose energy varies q°. There are two
inplane acoustic modes with varying energies |¢q|. The lower lying of these two
modes is transverse acoustic mode (TA) and the higher lying mode is longitudinal
acoustic mode (LA). The lowest lying optical branch an out-of-plane optical mode
(ZO) with a negative energy, is dependent on Gamma point. The remaining two
branches are inplane transverse (TO) and longitudinal optical (LO) modes which

degenerate at the Gamma point. This energy depends on approximately constant

on
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for the small value of q.
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Figure 5.7: Phonon fequency dispersion for pristine graphene
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Figure 5.8: Optical phonon modes for Pristine graphene

However, in our case, we mainly focus on Optical modes of vibrations because we
are studying superconductivity at symmetry point of the brillouin zone at gamma
(I"). For gamma point LO mode, the carbon atoms of the graphene sheet are
placed in XY- plane vibrating in opposite directions parallel to x-axis 180 degree
out of phase with each unit cell with each other. For gamma point TO mode, the

atom vibrates out of phase parallel to the graphene y-axis. For the gamina point



Z0O mode, the sheet vibrates out-of-plane to the graphene XY-placed sheet which
is parallel to Z- axis. The mode of displacement vectors for ZO, L.O and TO modes

are shown schematically in Figure 5.8. In the PhDOS Figure 5.9, we observe that

PhDOS [number of phonon states/eV]

) 500 1000 1500

Frequency [cm-1]

Figure 5.9: Phonon density of states of pristine graphene

there are a few states which are around 650 to 900 em™'.

Hence, phonon state
is less in this region for coupling at lower energy which does not takes place even
if the in-plane deformation potential of pristine graphene is higher. The reason
is that, electron phonon coupling A is inversely proprtional to omega (frequency)
|68]. Because of this fact, one can expect that the critical temperature is also
very small which is less than 1K. So that, we cannot expect superconductivity in

graphene sheet. In order to estabilish this fact, we have calculated the Eliashberg

function o?F(w) at gamma point. This is shown in figure 5.10.

From the Eliashberg functional calculation Figure 5.10, we can observe that there

is no electron-phonon coupling takes place in the intermediate energy spectra
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Figure 5.10: Eliashberg function a’F(w) and integral coupling A(w)

range. This indicates that pristine graphene sheet is not a superconductor which

is also supports our EDOS and PhDOS results.

5.3.2 For Sr-Graphene Sheet

2000

1500

“ 1000
‘/n
=
3
T
]
[

500

0

Figure 5.11: Phonon frequency dispersion for Sr-Graphene

From Figure 5.11, we can notice that the Sr intercalation has softened the graphene



out-of-plane phonon (Z0). This leads to more softened ZO which is of highly
coupling with the charge transferred from strontinm intercalated in the fermi-level.

This implies higher critical superconducting temperature T.. The above result is

PhDOS [number of phonon states/e V]

1] 500 1000 1500
Frequency [em- 1]

Figure 5.12: Phonon density of states of Sr-graphene

also supported by phonon density of sate plot, which is illustrated in Figure 5.12.
From the PhDOS we have observed that the Sr intercalate is softened the out-of-
plane phonon vibration (Z0) and seen as a large number of phonon state at around
550 to 600 em ™! in the intermediate energy range which is responsible for electron-
phonon coupling in the material. In addition to this, Electronic DOS indicates
that the material is transfered from semi-metal to a metal that is expected from
any generic superconductivity. So that from the above evidence, we can say that

Sr-Graphene sheet is a superconductor,



5.3.3 For Na-Graphene Sheet

Like Sr-Graphene, we have performed the same calculations phonon dispersion
and phonon DOS for Na-Graphene material. Hence, we have obtained the follow-

ing results that are illustarted in the Figure 5.13. From the phonon dispersion

1800 F e
1600 F ]
SR —& ‘_“‘-»\_ .
1400 e —
1200 < E
<1000 5 4
&
g
2 800 \ _—
§ N
. =
600 e 1
_—_“‘
.
400 ol e
e e, \
200 e TR N
T S5l
0 i snsson v )—“\\ ‘X_; -y
1= — .

Figure 5.13: Phonon dispersion for Na-graphene

spectra, we notice that the Na intercalate splits the out-of-plane optical phonon
in to two vibrations. The more softened ZO is around 400 cm ™! and the second
rigid ZO mode is found around 800 cm~'. The ZO mode at around 400 cm ™' is
highly responsible for electron-phonon coupling. These results are also supported
by PhDOS of Na-Graphene materials which are schematically represented in Fig-
ure 5.14. From the phonon DOS we have noticed that the PhDOS is increased

in all the range of the spectra, mostly from 300 to 700 em™'.

This is because
of the intercalated sodium atom that softened the out-of-plane optical phonon
(ZO). In this material, the more softening of ZO indicates that ZO has higher
possibility to couple with the charge that is donated by the intercalated sodium.

This implies that this material becomes a good superconductor with higher critical
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[Figure 5.14: Phonon density of states of Na-graphene

temperature.

5.4 Origin of Superconductivity in Doped Graphene

Sheet

According to BCS theory, the presence of superconductivity in phonon-mediated
superconductors is because of high electron-phonon coupling at lower energy spec-
tra range. In order to induce superconductivity in graphene, doping is necessary
to enhance electronic density of states in the fermi-level of the graphene sheet
and out-of-plane vibration in the direction to the graphene sheet. Nevertheless,
all doping cannot induce superconductivity [68]. Therefore, getting a better
intercalant is one of the task in graphene sheet. In the previous section, we
have observed that both Sr and Na doped graphene sheet materials are super-

conductors. To support this fact, we are motivated to calculate electron-phonon
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Table 5.3: Optimized lattice constant(a) and adatom-graphene distance (h) in
A; electron-phonon coupling ()), logarithmic frequency average (wiog in cm™!
and superconducting critical temprature (7 in Keliven) for Sr-graphene and Na-
garphene system

Material a h A Win Tk
Graphene | 4.255 0.1 -1 <1
Sr-Graphene | 4.275 | 2.68 | 0.41 o87 2
Na-Graphene | 4.283 | 2.31 | 0.667 | 281.25 | 7.5

coupling and eritical temperature by using quantum-espresso software package.
The total electron-phonon coupling is the omega that goes to infinity limit of
lambda(omega). The results obtained from these calculations are presented in

Table 5.3.

=
 ———=

a*2F(omega)

AR | GEEIRTET . ! o — l A
0 500 1000 1500
Frequency [em-1]

Figure 5.15: Eliashberg functional for Sr-intercalted graphene

Figures 5.12, 5.14, 5.15, and 5.16 are clearly demonstrated why these materials
are superconductor. In the calculated phonon density of states (PhDOS) at
Figure 5.12 and Eliashberg function a?FF(w) Figure 5.15 for strontium intercalated
graphene and phonon density ol states (PhDOS) at Figure 5.14 and Eliashberg
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Figure 5.16: Eliashberg function for Na-intercalated graphene

function a?F(w) Figure 5.16 for sodium, we can observe three group of phonons:
intercalated related at w < 200em ™!, graphene sheet out-of-plane vibration (Z0)
around 580 em~! for Sr-Graphene and 380 em~! for Na-Graphene, and the in
plane vibration of graphene (xy-plane) which is = 1500 em~'. The qualitative

shape of a?F(w) some how looks similar to the distributions of electron-phonon

interaction in the two intercalate. However, the total A decreases from 0.667

in Na-Graphene to 0.41 in Sr-Graphene sheet, while the logarithmic-average
~1

phonon frquency (wy,) is also changed from 281.25 to 587 ecm™' respectively.

Other research group has also reported that Sr doped double layer graphene
sheet has coupling strength A = 0.42 with critical temperature T, = 0.95 K

[66]. Comparatively single sheet Sr doped graphene has wide range of supercon-

ductivity with similar coupling strength to that of double layer Sr doped graphene.

Using the McMillan-Dynes formula [16], with g* = 0.115 taken from litarture [68].

we have obtained T, = 7.5K for Na-Graphene and T, = 2 K for Sr-Graphene,
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The reduction of T, in Sr-Graphene is due to the simultaneous decreasing of
transverse vibration of intercalate and the graphene sheet out-of-plane (Z0) is a
contribution to the electron-phonon coupling. From this, we can notice that the
lower lying inplane vibrations of intercalant has negative impact on T, but it is
also very effective in increasing wy,. Thus, the effect is partly compensated. On
the other hand. the large reduction of coupling associated to out-of-plane optical
phonon of graphene sheet happens in higher energy spectra region which has not
much contribution to the electron-phonon coupling. This reduces the coupling
strength and critical temprature. The reduction of electron-phonon coupling for
(Z0O) mode of vibration in intermediate region is to explain the significantly lower

T. for Sr-Graphene than Na-Graphene.
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Chapter 6

CONCLUSION

In conclusion, we have studied that the occurence of electron-phonon mediated
superconductivity in graphene. We have also reported that Na-graphene and
Sr-graphene are superconductors at critical temperature of T, = 7.5 K and 2 K,
respectively. In addition to this, we have given a clear evidence that T, of graphene
essentially depends on intercalated to sensitive change of electron-phonon coupling
for both in-plane intercalant and out-of-plane graphene phonon(ZO)modes. Last
but not least, we have also proved that the strontium and sodium doped graphene
are also helpful for inducing superconductivity like that of potassium and calcium

intercalated graphene.
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