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ABSTRACT

AB INITIO INVESTIGATIONS ON ELECTRONIC AND LATTICE
DYNAMICAL PROPERTIES OF INTERCALATION OF METALS INTO
HEXAGONAL BORON NITRIDE

Altintas, Bahadir
Ph.D.; Department of Chemistry
Supervisor: Prof. Dr. Cetin Bozkurt

Co-Supervisor: Assoc. Prof. Dr. Resul Eryigit

July 2009, 105 pages

Although hexagonal boron nitride(hBN) is quite similar to graphite struc-
turally, it has been very difficult to obtain any intercalation compound of hBN
while there are hundreds of graphite intercalation compounds. We have inves-
tigated the possible intercalation of hBN by alkali atoms in the density func-
tional theory framework by using pseudopotentials and plane-wave basis. The
structural, electronic and lattice dynamical properties of hypothetical hBN ana-
logues of C3Li, CgLi, C4Ca,(BN)sLi, (BN)gLis, (BN)3Ca and copper intercalated
(BN)3Cu are calculated.We have found that although the electronic structure,
band structure and fermi surface of alkali intercalated hBN is very similar to

that of alkali intercalated graphite, the lattice dynamics show a set of negative

il



frequency modes which indicate that alkali-intercalated hBN is not stable. Also
there were no problem in structural and electronical structure calculations of Cu
intercalated hBN but, I' point phnon calculations gives negative frequencies which

indicates the structure is metastable.

Keywords: Boron nitride,intercalation, graphite intercalation compounds, density

functional theory, lattice dynamics, electronic structure
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OZET

HEKZAGONAL BOR NITRUR METAL INTERKALASYON
BILESIKLERININ ELEKTRONIK VE ORGU DINAMIK OZELLIKLERININ
AB INITO YONTEMLE INCELENMESI

Altintas, Bahadir
Doktora, Kimya Bolimii
Tez Danigmani: Prof. Dr. Cetin Bozkurt

Yardimci Tez Danigmani: Dog. Dr. Resul Eryigit

Temmuz 2009, 105 sayfa

Hekzagonal bor nitriir(hBN) grafite gok benzer bir yapiya sahip olmasina
ragmen, grafitin yiizlerce interkalasyon bilegigi bulunurken hBN interkalasyon
bilesigi elde etmek ¢ok zordur. Bu calismada miimkiin olabilecek hBN interkalasyon
bilegiklerini yogunluk fonksiyonu teorisi ¢ercevesinde yalanci potansiyeller ve diizlem
dalga taban kullanarak incelemeye caligtik. Hexagonal bor nitriiriirn CsLi, CgLi
ve CgCa benzerleri olan (BN);3Li ,(BN)gLiy ,(BN)3Li ve bakir intecalasyon bilegigi
olan (BN)3Cu igin yapisal, elektronik ve 6rgii dinamigi 6zellikleri hesaplandi. hBN
alkali interkalasyon bilegiklerinin elektronik yapi, bant yapisi ve fermi yiizeyleri
grafit alkali interkalasyon bilegikleri benzerlerine oldukca yakin sonuclar verdi.
Orgii dinamigi hesaplamalar:1 ise alkali-hBN interkalasyon bilesiklerinin kararh

olmadigini gosteren negatif frekanslar gosterdi. Hekzagonal bor nitriirtin bakir



interkalasyon bilesigi icin de yapisal ve elektronik olarak hesaplamalarda sorun
goriilmezken, tek nokta fonon hesaplamalar: bu yapinin kararsiz oldugunu gosteren

negatif frekanslar verdi.

Anahtar Kelimeler: Bor nitriir,interkalasyon, grafit interkalasyon bilegikleri, yogunluk

fonksiyonu teorisi, orgii dinamigi, elektronik yap1
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CHAPTER 1
INTRODUCTION

Hexagonal boron nitride(hBN) is isoelectronic to graphite and their lattice struc-
tures are quiet similar. The main difference between them is in terms of their
electronic structure, while graphite is semi-metal, hBN is a wide gap semiconduc-
tor. Intercalation of graphite with electron donor or acceptor atom or molecules
leads to compounds with desirable optical, electronic and structural properties.
Graphite intercalation which involves atoms residing in between the carbon sheets
proved to be quiet easy and hundreds of graphite intercalation compounds have
been synthesized over the last 50 years, while intercalating hBN with any atom
or functional group proved to be extremely difficult and no successful hBN inter-
calation compound has been reported so far.

The aim of the present thesis is to investigate the intercalation of hBN with
alkali(Li), earth-alkali (Ca) and transition metal (Cu) atoms by using quantum
mechanical first principles calculations. The chosen approach is the so called
Density Functional Theory which uses electronic density as the basic quantity to
calculate the properties of a collection of atoms.

As the basis for comparisons for the results obtained we have also investi-
gated the graphite intercalation compounds of the same intercalants. Within the
context of the thesis, we have calculated following quantities:

For copper intercalation we have considered a low copper concentration (BN)3,Cu
intercalation and found that the copper tends to form electronic bond as a bridge
between B and N atoms. The lattice dynamical studies indicate that this com-

pound is metastable and would not last long.



For lithium intercalation, we have investigated a large number of proper-
ties; first of all we have analyzed the equilibrium structure of the Li-intercalated
graphite and hBN and found theory was reasonably good in predicting the ex-
perimentally observed structure. This finding is support for the predicted Li-
intercalated hBN structure. In intercalation of graphite with alkali atoms, an
important question that has been controversial for the last 30 years was the
magnitude of charge transfer from the intercalant to the graphite layers. Some
experiments and theoretical studies indicate a full transfer of alkali s electron to
the carbon layers, while others indicate negligible or very small charge transfer.
Also, the observance of superconductivity in CgCa at relatively high 11.5 °K has
been explained by the role of the amount of the charge transfer. We have cal-
culated the charge transfer for lithium intercalation into hBN and graphite and
found transferred 0.2 e~ charge to be which supports the experiments that report
low charge transfer.

For the lithium intercalation, we have also calculated the electronic structure
such as band structure, total electronic density of states and fermi surface of the
intercalated compounds and found important similarities between graphite and
hBN intercalation compounds. Both lattice dynamical calculations and forma-
tion enthalpy calculations indicate that Li intercalated compounds can only be
obtained under high pressure and could be unstable.

We also have investigated the intercalation of graphite and hBN with earth-
alkaline calcium. The similarities in electronic structure of both intercalation
compounds indicate that (BN)3Ca can also be superconducting as indicated by
occupied interlayer states and a high density of states at the fermi level. But
again, lattice dynamics indicate that this compound is also unstable.

The outline of the thesis is as follows: In Chapter 2 a brief review of density



functional theory is given, density functional perturbation theory, which is used to
calculate the lattice dynamical properties is reviewed in Chapter 3. The copper
intercalation study is presented in Chapter 4, while Chapter 5 and 6 is about
the first principles investigation of lithium intercalation of graphite and hBN,

Chapter 7 presents the results of calcium intercalation into graphite and hBN.



CHAPTER 2
DENSITY FUNCTIONAL THEORY

Quantum mechanically, a crystal can be considered as a system where electrons
and nuclei interact through coulombic(electrostatic) forces. Due to greater mass
of nuclei when compared with electrons, the motion of nuclei is much slower than
that associated electrons. Entangling of nuclear degree of freedom is referred to
as "adiabatic approximation” (or Born-Oppenheimer approximation).

The problem can be divided into two parts. The first part is the problem of
electrons as if the nuclei are not moving and the second part of the problem is
the problem of nuclei moving on a potential surface that described by electronic
distribution.

The electronic energy band structure and electronic wave functions of the
crystal can be obtained from the solution of the first problem, while the vibra-
tional properties of the crystal can be obtained from the solution of the second
problem.

If we start with the first problem, consider that we have N electrons inter-
acting in an external potential which created by stationary nuclei. Quantum

mechanically, this system can be described by Schrodinger many body equation

Hy(r, .., mn) = EY(r, ..., TN) (2.1)
where H in the Hamiltonian:

1 N N 2 1

. e
ZV?—ZVQH(W)JF?Z*P_ -
=1

=1

(2.2)
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where 7 is the position of the i** electron and Vert(77) is the external potential
that act on the electron 7. In these formulas we are using atomic units, where
h =1;if m, = 5 and €? = 2 then the energies are in Rydberg (Ryd) or if m, =1,
e? = 1, energies are in Hartree (Ha).

In practice, the solution of Equation (2.1) cannot be found analytically or nu-
merically in full quantum-mechanical framework, because coulombic form couples
all the electronic degrees of freedom. To overcome this problem, its convenient
to find the ground-state charge density, which can also be used to calculate the
observable ground-state properties of the crystal instead of to find many-body
wave-function which solve Equation (2.1).

Practically, Equation (2.2) is replaced by equation derived from density func-
tional theory (DFT) of Hohenberg and Kohn [1]. This theory shows that the
external potential acting on electrons is a functional of the ground-state charge
density. This potential, in turn, determines the ground-state wave-function and
therefore all the ground-state properties of the electronic system are uniquely
determined by its ground-state charge density distribution.

An important ground-state observable is the total energy of the system. Charge
density can be found as the function that minimizes the total energy functional
as demonstrated by Kohn and Sham (KS) [2].

Formally, one can write the ground-state energy of the many-body system as

the expectation value of the Hamiltonian as;

Gn] =< | H|[tho > (2.3)

Let us specialize the situation to properties of periodic solids, where nuclear
position are fixed by the introduction of Bravais lattice vectors K, and by the

choice of basis vectors 7, which characterize the positions of the nuclei inside the



unit cell so that the total energy of the electrons and the nuclei can be written

as;

Etot = Ei—i + G[?’L] (24)

where F;_; , the coulombic potential energy of the ionic subsystem which can be

computed as;

e? 7.7
Eii=+ —
2 Z R, +7s — R, — 74, |

uy ss1

(2.5)

where Z, the charge of nucleus at 7, and prime on summation indicates that
1= v and s = s; term is omitted from the sum.
Kohn and Sham introduced a new functional G[n] with help of wave-functions
of independent electron gas with the same density as the interacting system.
Within this approach, let [¢); > be the single particle wave functions of non-

interacting system, then the kinetic energy would be

1

2me,

T=-—

Zfi < Y| V| > (2.6)

where f; is the Fermi function, which is equal to 2 (taking into account spin
degeneracy) if the energy of the i" level is less than Fermi energy and equals 0 if

it is higher. The density of same non-interacting system would be;

n(r) = Zfzwz(?j)ﬁ (2.7)

this density, by construction, is same as the density of the interacting system. So

Ei; would include a coulombic term of the form;



2 / / dradry |r1—§’2|) (28)

External interaction would give;

Eext = Z fl < wz"/emthpz > (29)

In practice V., is the effect of nuclei. If these terms are extracted from the
total energy of the interacting system one would get a functional that includes all
the many-particle effects. This part of the total energy is known as the exchange-

correlation energy of the system

E.n|=G[n] — Eery — T — Eg (2.10)

If E..[n] was known, the ground state density could be computed by min-
imizing total ground state energy. This minimization is alone with respect to

single-particle wave function v;(r) with the orthogonality constraint;

< il >= 0y (2.11)

which leads to Kohn-Sham equations;

oVt Vi () + Vae(7) + Vear (7) | 1:(7) = €50i(7) (2.12)

The solutions of this equation are used to build up charge density n(r) in

Equation (2.7) in Equation (2.12);

)= /drl n(r) (2.13)

|77 — 71|

and



5Exc [n]

(2.14)

The physical observable of KS are total ground-state energy and ground-state

charge density.

2.1 The Plane-Wave Pseudopotential Method

In a periodic system, Equation (2.12) can be solved by expanding ;(7) in a
complete set of basis functions, such as plane waves (PW), gaussian functions or
atomic orbitals. We will use only the plane wave expansion because of its features
as simple to use and computational advantages. Because of lattice periodicity,
plane waves are natural basis and they don’t suffer from basis towards atomic
positions. Hartree potential is easier to compute with PW, and one can system-
atically increase the resolution of the computation by increasing the number of
plane waves used to expand (7).

Since V.. (7) is the nuclear potential, the wave functions if electrons close
to nuclei would have highly oscillatory structure, which can be described only
huge number of plane waves to get enough acceptable resolutions. From our
knowledge, the electrons that important in bonding are valance electrons. And
the energies associated with core wave functions are orders of magnitude higher
than the energies associated with the valance wave functions. In this case one
can eliminated the core electrons which are tightly bond to the nuclei, from
Equation (2.12); then can use valance electrons only instead of the all-electrons
as a equivalent cases.

This approximation amounts to substitution of nuclear potential with a pseu-
dopotential whose lowest energies coincides with the valence all-electron energies

and whose wave-functions coincide with all-electron wave functions in regions far



away from the nucleus.
Pseudopotential theory has been developed to great accuracies in last three

decades. In practice, the pseudopotential of nuclei s is written as

lmam

Vo(F) = V(7)) + > VI (7 P (2.15)
i=0
where P, is the projector
!
Bf(F) = > fun(P)Y"(0,0) (2.16)
m=—I

where Y, is the spherical harmonic of singular momentum [ and f,, are the

expansion coefficients the function f(7).

2.2 Plane-Wave Solution of Kohn-Sham Equations

Equation (2.12) is a nonlinear differential eigenvalue equation. The plane wave
solutions of this equation for a periodic solid with volume V were given in [3]

Define the KS potential as

VKS(F) = Vext(f’) + VH(F) + ch(f‘) (2'17)

this potential will be periodic with the periodicity of the Bravais lattice as;

Vics(F+ R,) = Vics(7) (2.18)

so we can apply Bloch’s theorem [4] to Equation (2.12) :

Yi(P) = K, 7) = ey (R, 7) (2.19)

where £ is a vector inside 1% Brillouin zone and ul(/;, ) periodic with the peri-



odicity of the direct lattice:

w(k.7+ B) = w(k,7) (2.20)

If we have N electrons, we would need % lowest filled states factor 2 from
E—points inside the 1% Brillouin zone depends on the boundary conditions and
it is equal to number of cells in the case of periodic boundary conditions. So
number of full bands, IV, to one half the number of electrons is the unit cell.

If we insert Equation (2.19) into Equation (2.12) we obtain:

(—iV + £)? + Vi (7) + Vae(7) + Vear (b, 7) | wi (b, 7) = (k) (k,7)  (2.21)

Me

where

—

Vi (K, 7) = e F TV (7)™ (2.22)

Equation (2.21) are N, different equations (N, is the number of cells of the
crystal). Each of these equations can be solved more easily than original Equa-
tion (2.12), because u;(k,7) have the periodicity of the Bravais lattice and it is

possible to expand it in plane waves as;

Cpra.€C" (2.23)

where G is a reciprocal vector and Cf, & ; are the eigenvectors of a linear eigenvalue

problem, obtained by inserting Equation (2.23) into Equation (2.21) as;
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(2.24)

X L L oo L
2. [zm %666, + Vir(G = G1) + Vael G = G1) + Veu(k + Gk + G) | Cryg,y =
Gy ¢
= fi(E>CE+§
where
1 — >\ —iG-F

= Q/ernv('/’)e (2'25>
and

. G)

Vo (G = 7r62nv_(, 2.26

and V,.(G) is the Fourier transform of exchange-correlation potential; Q is the

volume of unit cell. The external potential term is;

— — — =1

Vur(k + G,k + Gy) | dre —idry (k)T (2.27)

The practical solution of Equation (2.24) involves a finite basis set. For pseu-
dopotentials the size of basis is determined by the structure of V..

Equation(2.24) is an eigenvalue problem and can be solved by standard nu-
merical methods [5] if the number of G vectors in the expansion is low enough.
The traditional eigenvalue methods requires N* operations [5]. Even for a small
system with 1000 plane-waves, the diagonalization process would be 10° opera-
tions. Furthermore, only the first very few of the eigenvalues and eigenvectors
are relevant for most of the calculations. Based on this observations there has
been many different attempts to develop iterative algorithms that would depend

on N with a power less than 3. The method used in the calculations reported in

11



this study is direct minimization of the Kohn-Sham total energy functional with
a conjugate gradient algorithm. The details of this approach in beyond the scope

of this thesis and can be found in [6].
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CHAPTER 3
DENSITY FUNCTIONAL PERTURBATION THEORY

3.1 Overview

Ground-state properties of a periodic system discussed in previous chapter in the
framework of density functional theory. Ground-state properties of a system can
give many information about the physical statements of a system such as total
energy, lattice constants, charge density and bulk modulus. Other physical prop-
erties which are accessible experimentally are related to the reaction of the system
against the application of external perturbations such as small atomic displace-
ments, strain perturbations and macroscopic electric fields. These perturbations
have a particular importance and are the main interest of this work. Most of
the physical properties are related to the second derivatives of total energy of the
system after these perturbations applied. For example, the force used on a nuclei
is related to the first derivative of the energy with respect to atomic displace-
ments and the first derivative of the energy with respect to homogeneous electric
field gives the dipole moment of a molecule. Many other physical quantities such
as dielectric tensor, Born effective charge tensors, elastic constants and phonon
dispersion spectra are related to the first derivatives of the total energy of the
system.

Two methods are exist for determination of the properties above. The first
method is the direct-method which is also known as frozen-phonon technique[7].
By this method, total energy of unperturbed and perturbed system and energy

derivatives can be determined numerically. Then one can construct the dynamical
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matrix to obtain phonon frequencies. The practical advantage of this method is
requirement of simple ground-state calculations. But this method can not handle
perturbations with periodic lattice. It is also impossible to obtain quantities of
the system under the homogeneous electric field because of its linear potential
in space. If calculation of the phonon frequencies away from the Brillouin zone
center (q # 0) is attempted within the frozen-phonon approach, supercells must
be used, but this increases the computing time.

The second method is the use of the perturbation theory to evaluate the
response functions directly within the density functional framework. There are
two formalism for this perturbative approach. In the Baroni, Giannozzi and Testa
(BGT) formalism [8, 9], a series of equations, so-called Sternheimer equations,
are obtained and the solution can be done self-consistently to calculate linear
responses. Gonze formalism [10, 11, 12, 13] is basically the consideration of the
perturbation theory applied to a variational principle. This method says that the
minimization of a variational expression of second-order energy derivatives can be
used to derive first-order wave-functions. Both of these two methods allow us to
calculate dispersion of phonons at any wave-vector and do not require supercells
which increases the computing time. These methods are, in the linear-response

theory, in the framework DFT, referred as density functional perturbation theory

(DFPT).

3.2 Basics of Perturbation Theory

In the DFT chapter, we have discussed the formulation of DFT and calculation
of ground state properties of a periodic solid without perturbation. so we assume
that all the ground-state properties such as total energy, wave functions and

charge density of the system are known. to obtain the derivatives of the total
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energy of the system with respect to an applied perturbation obtained by the

parameter A, the new problem is described with Schrodinger equation as:

HN)[n(A)) = EA)[$(A)). (3.1)
The external potential v.,; that depend on the parameter A\, can be expanded to
a Taylor series and it is supposed to be known to all orders:

Vet (A) = vl + Aol + A0l + ... (3.2)

Since we are interested the changes of physical quantities (total energy, wave-
functions, electronic charge density or Hamiltonian) due to the perturbation of the
external potential (Eqn. 3.2) these perturbed quantities X (\) can be expanded

with the same form of vey (),
X)) =XO XM 4 \2x@ 4 (3.3)

Let us consider the hamiltonian H () in Eqn. 3.1 is supposed to be known in the
first-order:

H\) = HO 4+ g™ (3.4)

and writing wave function v,,(\) and energy ¢,(\) as power series like Eqn. 3.3,

respectively;
Pn(N) = PO 4 ApD 4 N2 (3.5)
and
en(N) =@ 4 X 4 \2@ 4 (3.6)
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Inserting Eqns. 3.4, 3.5, and 3.6 to Eqn. 3.1 we get:

HO O 4 X (HD [ + HO D)) 4 32 (HD [pi) + HO [p2)) + .

= e[ O) + A (P [ + O [p0)) + A2 (@ [ + 6D [l + O [p)) +..(3.7)
If we take A = 0 in Eqn. 3.7 we get the unperturbed equation:
HO ) = e Jy) (3:38)

with no surprise and supposed to be calculated from DFT described in previous
chapter. Derivation of Eqn. 3.7 with respect to A and then taking A\ = 0 we get

first-order perturbation of Schrodinger equation;
HO ) + HO g ) = 0 |90) + 0 [uf) (3.9)

and if we differentiate Eqn. 3.7 with respect to A two times and then take A =0

we get second-order of perturbation:
HO ) + HO [62) = & [00) +e0 D) + 0 [u®) . (310

To obtain first derivative of the energy ) we can premultiplicate Eqn. 3.9 by

(v

’

QO HO [p) + P HO o) = e (60 ) +? (WP1) . (3.11)

Since H©® is hermitian, it is possible to write
W] HO[) = ] e [90) = e (P 1l?) (3.12)
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and using <¢7(10)W7(10)> =1, from Eqn. 3.11, we obtain the equation for first-order

energy :

el = (] HO o). (3.13)

This is the fundamental result of first-order perturbation theory. in order to
obtain the first derivative of the energy the knowledge of the unperturbed ground-
state wave functions of the system and the perturbation hamiltonian H®") are
needed while to calculate first-order wave functions (! are not.

To obtain the second derivative of the energy, starting from second-order

Schrodinger equation (3.10) we premultiplicate by <1/11(10)‘ and get
e® = (PO HO — &0 |y (3.14)
where we have used the relation

<@/’7(10)’ 7O ’¢£2)> — <¢7(10)‘ 0 ’¢£2)>- (3.15)

At this point, we do need the first-order wave functions () to get second-order
energy derivative (2.
The first-order wave functions wﬁf) are generally expanded in terms of a sum

over unperturbed wave functions[14, 15],

W) = 3 O i) (3.16)
m#n

where the expansion coefficient C(!) is given by

(v | HO o)

KO

cl) — (3.17)
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The evaluation of ¥(s in Eqn. 3.16 requires a knowledge of the full spec-
trum of Kohn-Sham Hamiltonian and an extensive summation over unoccupied

(conduction) bands.
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CHAPTER 4
COPPER INTERCALATION INTO HBN

4.1 Statement Of The Problem

The effect of hot pressing of hexagonal boron nitride in a metallic copper envi-
ronment has been studied with the aim of obtaining Cu intercalated hBN. The
results of these experiments are not easy to understand whether an intercalation
process takes place or not. Hubacek, Sato and Ueki report a positive effect of
Copper on hBN crystallization, and a c-axis preferable alignment which is per-
pendicular to the uniaxial pressure direction[16]. While Hubacek and Ueki report
that the character of the orientation of hBN grains is important for the effect the
copper environment, i.e. the effect of copper is macroscopic not microscopic[17].
In another study M-hBN (M: Cr, Mn, Fe, Co, Ni, Cu, Zn, and Ag) compounds
were synthesized and crystallinity, grain size, and interlaying spacing of hBN was
examined [18]. They reported that transition metal nitrates increased the crys-
tallinity of hBN and arranged the layers of hBN at low temperature (1050°C). On
the other hand, Dai et. al. reported the molecular orbital studies of Cu interca-
lation into hBN by using molecular cluster model and their vibrational analysis
indicates that Cu intercalation into hBN is not possible as a stable structure but
metastable[19].

In this chapter, we will report a density functional study of copper inter-
calation into hBN. First, we will give the calculation details and result of the
geometry optimization studies then follow by the stability of the system based

on the calculated phonon frequencies.
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Initial Geometry Optimized Geometry

Figure 4.1: Three possible positions for Cu between hBN layers and their opti-
mized geometries.

4.2 Calculational Detalils

We have considered a unit cell which consist of (32+32) (Boron+Nitrogen) atoms
and one copper atom. The system has the periodic boundary conditions, so we are
actually calculating Cu-hBN system that has 1.56% Cu intercalation into hBN.
The effect of the ions on electrons is accounted by using Troullier-Martins type
norm-conserving pseudopotentials, electron-electron exchange-correlation inter-

actions are takes into accounted in local density approximation level. The kinetic
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energy cut-off for the plane waves that are used to describe the electronic wave
functions is 30 Hartree which was found to be converged at 67 mHa level for the
total energy. The Brillouin zone integrations were performed by using [4 4 4]
Monkhorst-Pack grid.

At the start, we have taken the equilibrium positions of a cell of 64 atom hBN
and considered three different starting positions for the copper atom.

A. Cu atom positioned at the center of the hBN hexagons of each layer as
shown in Figure 4.1 (A).

B. Cu atom positioned between the bonds along B and N of each layer as
shown in Figure 4.1 (B).

C. Cu atom positioned between the B of the first layer and N of the second
layer as shown in Figure 4.1 (C).

The position of the copper, boron and nitrogen atoms were optimized accord-
ing to the force on them until this force is less than 10~ Ha/bohr. The unit cell
dimensions were also adjusted according to BHFGS algorithm to minimize the
total energy.

At the optimized configurations, the total energy of the systems are found
to be -481.30 Ha, -481.33 Ha, -481.86 Ha in A, B, C configurations respectively.
Based on these results, the configuration C is found to be the most stable structure
for Cu intercalation into hBN. In this configuration Cu atom is located between a
boron atom of one layer and the nitrogen atom of the next layer. Cu-N distance
is 4.42 au while Cu-B distance is 4.19 au. This finding is interesting because in
all intercalation compounds, the intercalant is located at the void space which is
under the hexagons of the honeycomb 2-D lattice of two layers.

The incorporation of Cu seem to affect the B-N bond length and the corru-

gation of BN layers. dpy for the immediate neighbours of Cu increases from its
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bulk value of 2.72 au to 2.92 au. The BN layers above(below) Cu atoms move
up(down) by 1.35 au.

Normally one would expect an energy cost for this corruption so that hexag-
onal locations would be favorable for intercalants, but apparently Cu-B and C-N
bond formations reduces the total energy more than corruption increases it.

The contour plots of charge density of the Cu-intercalated hBN is plotted in
figure 4.2. here, we plot the 2-D charge density for x-y, x-z, y-z projections as

well as a 3-D plot of x-z projection.

Figure 4.2: Charge densities of the optimized Cu-hBN geometry.

Charge density plots of Figure 4.2 indicates that there are actual bonds formed
between the copper and B an N atoms which is again contrary to the usual
intercalation mechanism which does not involve any bond formation between the

intercalant an the host atoms.
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4.3 Stability Of The System

4.8.1 Lattice Dynamical Properties

The stability of a lattice structure can be analyzed by looking up the vibrational
frequencies of the normal modes of the atoms that form the crystal. In general, an
imaginary atomic vibration frequency indicates a structural unstability because
of the for of timedependence of the modes as a e™™*. To assess the stability of
Cu-intercalated hBN, we have calculated the phonon frequencies of the system
that was optimized and discussed in Section 4.2, by using density functional
perturbation(linear response) theory which was reviewed in Chapter 3.

Since there are large number of atoms(65 atoms) in the primitive cell that
we use, a full calculation of phonon dispersions for the whole Brillouin zone is
very demanding and it is not possible with our computational resources. Since
our objective is to check the existence of negative frequencies, a calculation done
at the zone center might give us idea about the stability of the system. so we
have done a single I'-point lattice dynamical calculation. the results we obtained
can be directly compared to the optical vibrational spectroscopic techniques that
can measure only zone-center phonons, anyway. The linear response calculations
are done by using same set o pseudopotentials as the optimization, at optimized
geometry. Since the primitive unit cell contains 65 atoms, there are 65x3=195 nor-
mal modes of the system. The calculated frequency of these modes are displayed
in Table 4.1. The copper related frequencies can be obtained by comparing the
spectrum of pure hBN phonon frequencies at I'. To make the comparison mean-
ingful, one needs to obtain the zone center frequencies of an hBN unit cell that
is 4x4x1 times the primitive unit cell. The I" phonons of such a structure can be

calculated ab initio or by using folding concept. One such study is [20] and we
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use their results(Figure 4.3).

ab initio zone-folding

1600
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Figure 4.3: Ab inito and zone folding phonon frequencies of hBN.

Based on the data in Figure 4.3 and Table 4.1 the phonons at 187, 560, 960
and 1206 cm~! are Cu-related vibrational frequencies. These can be probed by
using Infrared or Raman spectroscopic techniques.

The imaginary frequency modes at 63i indicate that copper intercalated hBN
is metastable with respect to the displacements of this particular mode. but
one needs to note that the very low frequency of this mode makes it difficult to
figure out whether the real system unstable or the DFT-LDA schema is not able
to describe the dynamics well because of acoustic sum rule not being satisfied
exactly.

To address these questions, one needs to calculate the whole Brillouin zone
phonon dispersion relations and make a through convergence study of the phonon
bands which is not possible with computing resources at our disposal at the

moment.
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Table 4.1: Phonon frequencies of Cu intercalated hBN at the I' point of the
Brillouin zone(cm™!)

63i 631 0 0 0

89 89 127 137 138
138 161 163 163 184
187 187 199 199 244
253 268 268 280 283
283 287 287 291 295
2906 296 301 301 305
328 328 337 390 390
398 398 399 402 403
403 408 410 426 426
468 468 473 541 541
541 547 560 560 614
615 615 618 618 619
619 626 626 634 646
646 649 651 651 653
662 679 679 693 694
694 702 702 703 703
704 705 711 715 715
17 71T 71T 724 724
733 733 738 740 740
740 744 746 746 747
761 763 763 769 769
771 804 829 912 912
929 960 960 961 969
970 970 977 980 980
1073 1073 1081 1081 1131
1150 1151 1151 1164 1165
1206 1240 1253 1253 1254
1254 1262 1264 1264 1264
1265 1271 1271 1279 1279
1284 1284 1285 1285 1285
1288 1288 1291 1293 1293
1295 1296 1299 1299 1300
1301 1301 1303 1306 1306
1311 1311 1311 1322 1324
1324 1327 1329 1329 1355
1355 1361 1361 1412 1418
1418 1440 1440 1446 1491
1491 1508 1521 1521 1527
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CHAPTER 5
ALKALI INTERCALATION OF GRAPHITE AND HBN
- ELECTRONIC PROPERTIES

5.1 Introduction

Graphite intercalation refers to the process of forming a new compound without
loss of planarity for the graphene layers, with heteroatoms or molecules resid-
ing between the original graphite layers. [21] Hundreds of graphite intercalation
compounds (GIC) with interesting structural, electrical and optical properties,
have been synthesized and characterized by several experimental and theoreti-
cal tools. [22] Alkali and alkaline earth metal-graphite intercalation compounds
(AGIC) are formed by charge transfer from the intercalant metal atom to the
graphene layers and are among the most widely studied GICs. Among the AG-
ICs, lithium-GIC has technological relevance because of its usage as the anode of
rechargeable Li-ion batteries [23]. Discovery of relatively high superconducting
critical temperature (T = 11.5 K) for Ca intercalated graphite [24] has reinvig-
orated the research in GICs in recent years [25].

The hexagonal form of boron nitride (hBN) is isoelectronic to graphite and
their lattice structure are quite similar (graphite: a = 2.464, ¢ = 6.708; hBN:
a = 2504 , ¢ = 6.660 A). Because of the partial ionic character of the B and
N atoms that form the honeycomb 2-D lattice, interlayer interaction in hBN is
stronger compared to that in graphite which is reflected in smaller c,gn compared
to ¢ of graphite. Both graphite and hBN layers are found to form nanotube,

fullerene and similar structures. [26] Based on similarities between graphite and
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hBN there has been quite a number of attempts to intercalate hBN with alkali
metals as well as other intercalants without any successfull reports[27, 28]. Based
on its lower atomic radius lithium can be considered as the best candidate among
all the alkali metals to be intercalated into hBN successfully.

The aim of the present work is to make a detailed first principles investigation
of intercalation of metals into hexagonal boron nitride.

The alkali intercalation of graphite has a conceptually simple picture: since
layers of graphite are held together with weak van der Walls interaction, the s
electrons of the intercalants are transferred to the graphene layers. There has
been a number of contraversial issues concerning the electronic structure of the
AGICs; namely the amount of the charge transferred from the intercalant to the
graphene layer and the role of the interlayer state in the superconducting state.
One of the important topics of discussion related to the GICs and Li-GICs in
particular is the nature of charge transfer between the intercalated atom and
the carbon sheets of graphite. Some experimental [29] and theoretical [30, 31]
studies suggest that there is a full transfer of metal s electron to the graphite
anti-bonding 7* orbitals, while others conclude that the transfer negligible or
only partial [32, 33, 34]. Hightower et.al.[32] used electron energy loss spec-
troscopy to investigate the charge transfer in C4Li and found that there is no or
very little charge transfer from Li to graphite while another experimental study
by Ritsko[29] shows full charge transfer for potassium and lithium intercalated
graphite systems. Rakotomahevitra et. al. [35] calculated the charge transfer by
using the extra-orbital model and found the charge transferred from lithium to
its neighboring graphite carbons to be 0.454e~. Hartwigsen[36] reported that the
most of the first stage alkali-GICs have the geometrical charge transfer of around

0.4e~ but the physical charge transfer for lithium intercalated graphite was found
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to be 0.07¢~ while the transfer for the other alkalis was found to be 0.2¢™.

5.2 Computational Setup

All the calculations reported in this thesis were obtained by using ABINIT
package[37] which is implementation of density functional theory(DFT) and uses
plane-wave basis for the representation of electronic wave functions. The Rappe
type optimized pseudopotentials, for describing interaction between electrons and
nuclei, were generated by Opium|[38] software. Used pseudopotential parame-

ters are given in Table 5.1 for C, B,N and Li atoms. The exchange correlation

Table 5.1: Used number of valance electrons(z;y, ), cut-off radius (r.,;) of orbitals
and occupation of electrons in each orbital(# e~) for pseudopotential generation)

Atom  Zjon  Tewr (18) Tewr (28) rTewr (2p) # e (1s) # e (28) F# e (2p)

C 4.00 - 1.45 1.55 - 2.00 2.00
B 3.00 - 1.14 1.49 - 2.00 1.00
N 5.00 - 1.35 1.54 - 2.00 3.00
Li 3.00 1.45 1.45 1.45 2.00 1.00 -

energy is evaluated in local density approximation(LDA), using Perdew-Wang
parametrization[39] of Ceperley-Alder electron-gas data[40]. The number of k-
points for graphite,CgLi and C3Li are 42, 15, 150 and cutoff energies are 45 Ha, 40
Ha and 50 Ha respectively. Number of k-points for the hBN and corresponding
Li-intercalation compounds (BN)3;Li and (BN)gLiy are 42, 120, 195 and cutoff
energies are 45Ha, 40Ha and 40Ha respectively. All the parameters are obtained
after k-point and cutoff energy convergence studies which is enough for the con-
vergence of total energy (1073 Ha).

For all the compounds of Li intercalated graphite and hBN, we have done con-
vergence calculations which refer as to call reciprocal space sampling. Reciprocal
space sampling is depends on the geometry. For these purpose, minimum energy

was calculated for the different number of k-points at cutoff energy 45 Hartree.
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Figure 5.1: Convergence plot of carbon in graphite form.
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Figure 5.2: Convergence plot of a-Boron.

Energy and convergence as quality of k-point mesh for each smearing factor and

occupation option are given in Figures 5.1~ 5.9.

As can bee seen from all the convergence plots, cell parameters were converged

from a kptrlen value of 50 to 80 which gives the number of k-points as 28, 36, 26,

30, 19 for a-boron, Ny, bce-Lithium, hep-Lithium and fee-Lithium respectively.
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Figure 5.3: Convergence plot of Nitrogen dimer(Ny).
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Figure 5.4: Convergence plot of lithium in bce structure.

The kptrlen parameter is the parameter which characterize the reciprocal space

sampling with smallest distance of k-points in real space. The larger k-point is

the finer is the grid in reciprocal space. For energy convergence we need more
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hcp Lithium convergence
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Figure 5.5: Convergence plot of lithium
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sensitive convergence criteria because of the binding energy on the order of couple

of tens of meV. For the solid phases of C an Li, t

at kptrlen=50 and corresponding graphite and hBN intercalation compounds

reached the convergence number of k-points 42, 15, 30 for graphite, CgLi and

CsLi and 28, 40, 36 for hBN, (BN);Li and (BN)Li,

of total energies after this number of k-point is below
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5.3 Results

5.3.1 Lattice geometry

The crystal structure information on the compounds studied in the present work
are given in Table 5.2 for graphite, CgLi and C3Li and Table 5.3 for hBN, (BN)4Liy
and (BN)s;Li. The space group and Wyckoff position information for CgLi and
C;Li are taken from literature [41, 42]. The hypothetical Li intercalated com-
pounds of hBN are formed by simply replacing the proper C atoms with equal
number of B and N atoms. Then the lattice parameters are relaxed according
to BFGS algorithm [43, 44, 45, 46] to minimize the total energy of the cell. The
obtained a and c values are given in Table 5.2 and Table 5.3. The relative error
of the results range from 0.47% for (a of hBN) to 2.86% for (¢ of Cg¢Li), which are
in the limits of DFT calculations. A well-known weakness of DFT is related to
the absence of dispersion forces which are important for layer-layer interactions
in graphite. As expected LDA overestimates c, i.e. under-binds the layers. We

have done some calculations with a GGA exchange correlation potential, the re-
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sults, which are not reported here similar, but lattice dynamical properties were
produced very poorly with GGA, so we only report LDA results.

It should be noted from the Table 5.2 and Table 5.3 that the order of lattice
parameters between the graphite and hBN (a,py is greater than ag.qpnite and c,pn
less than cgyqpnite) is also observed for their intercalation compounds’ parameters

except for the CsLi analogue of (BN)gLi, which has ¢(pn)sria is greater than cegg,.

Table 5.2: Lattice parameters of graphite, CgLi and C3Li

Graphite  CgLi CsLi
Symmetry P63/mmc P6/mmm P-62m
Wyckoff positions 8;;3 51611]{0 éléf
This work a(au)  2.439 4.275 4.422
This work c(au)  6.653 3.812 7.494
Exp. a(au) 2.460° 4.305° 4.309

2.463
Exp. c(au) 6.700¢ 3.706° 7.409

6.717¢

2.470¢° 4.300¢ 4.419
Theo. a(au) 2.4477 4.300¢*

6.600°¢ 3.700¢ 7.4889
Theo. c(au) 6.6607 3.800

@Ref.[47], PRef.[48], “Ref.[49]xc:LDA, “*Ref.[49]xc:GGA-PW, ?Ref.[50], ®Ref.[51],  Ref.[52], IRef.[53]

5.3.2 Formation energy and enthalpy

Cohesive energy of a compound is defined as the energy gain, per atom, of creating
the compound in the given lattice structure from the isolated spin-polarized atoms

that constitute the compound:

E.=E,—E, —E,
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Table 5.3: Lattice parameters of hBN, (BN)gLis and (BN);Li.

LBN (BN)sLi (BN)gLis
Symmetry P63/mmec P-62m  P63/m
. B:2c
Wyckoff positions N-2d
This work a(au)  2.493 4.384 4.487
This work c(au)  6.509 3.541 7.797
2.506“
Exp. a(au) 5 505"
6.692¢
Exp. c(au) 6.660°
2.490°
Theo. a(au) 2.5049
2.478¢
6.420¢
Theo. c(au) 6.6607
6.568°¢

@Ref.[54], YRef.[55], “Ref.[56], Ref.[57], *Ref.[58]

where E, is the total energy of the atom z and binding enthalpy(formation en-

ergy) of a compound
AH = Et o E;olid . E;olid

where E? is the total energy of the atom z in the solid phase.

The single atom total energies for Li, B, C are calculated in spin-polarized
state by placing the atom in a cubic box of lattice constant 15 A. For nitrogen,
we have used a nitrogen dimer in the cubic box as the atomic limit. We have
used a single k— point (I') for all the Brillouin zone integrations in the atomic
total energy calculations.

The formation enthalpy and the cohesive energies for graphite, hBN, Cg4Li,
CsLi, (BN)gLiy and (BN)3Li calculated from the atomic energies of the elements
and the solids of these elements as detailed above are given in Table 5.4. Exper-

imental data on the enthalpy exist only for CgLi and is -13.9 kj/mol[41]. One
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important finding of enthalpy results is that both hBN intercalation compounds
have positive formation energy which indicates that for these compounds to form
one needs to provide energy externally. The positive formation energy is the
probably cause of the difficulty of intercalating hBN which might be overcomed
by applying high pressure.

Table 5.4: Cohesive energies and formation energies of graphite, hBN, CgLi, C3Li,
(BN)gLis and (BN)sLi.Formation energies,E¢*, calculated from graphite and hBN

total energies instead of the energy of atoms(B,N and C) itselves.
Graphite hBN  Cgli  CsLi  (BN)3Li (BN)gLig

E. (eV) -841 -8.56  -7.21  -6.17 -7.14 -6.02
E; (eV) - -1.368 -0.082 -0.014 -1.06 -0.774
E/* (eV) - -1.368 -0.082 -0.014 0.112 0.253

The binding energy of the compounds considered in this study are around
0.1 eV, one needs very high convergence in the total energies. To reach this
convergence level at the total energy, i have done the energy calculations for solid
phase Li, B and N for the different number of k-points and obtained the most
acceptable converged energy.

The total energy of solid phase lithium in bcc, fee, hep structures are deter-
mined and results are given in Table 5.5 with its lattice parameters. The lowest
energy configuration is found to be the hep phase with a difference Ey.. — Ehcp =
13 meV and Fy,.. — Ef.. = 12 meV. The same set of calculations were done by
using GGA exchange-correlation as well as LDA HGH pseudopotentials and the
same ordering with similar energy differences were found.

Elemental boron in its solid form has many crystallographic polymorphs which
has been the subject of many recent studies [64, 65, 66]. Although there is no
consensus on the low temperature structure, we have considered a-boron struc-
ture as the ground state phase of boron similar to Refs. [64, 65]. a-boron has

a rhombohedral Bravais lattice with the space group R3m (no. 166). The basis
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Table 5.5: Structural parameters of bulk lithium. The lowest energy structure is
indicated with the star superscript.

Structure g (au) B(kbar) B’ Eg(eV)
hep* 6.03 (¢/a=1.637)  120.95 3.21 1.635
This work fee 8.54 117.7 3.50 1.622
bee 6.78 122.95 349 1.610
) hep® 5.88 (¢/a =1.637) 126.5 1.687
Experimental 6.60° 116" 1.659°
hep 5.64 (¢/a =1.633) 149.7 1.860
Theory? fce 8.03 148.2 1.851
bee 6.35 148.2 1.837

2Ref.[59],°Ref.[60],°Ref.[61] is referred in [62],Ref.[63]

of the crystal is a icosohedral Bis boron unit. The optimized structural parame-
ters along with experimental data and the results of other DFT studies are given

in Table 5.6. The agreement between the experiment and the DFT results is

excellent.
Table 5.6: Structural parameters of bulk boron.
ap (au) « (degrees) B(kbar) B’ Eg(eV)
This work 9.45 58.15 240.0 2.29 6.54
Theory® 9.39 58.06 218.4 4.8  6.95
Exp.? 9.56 58.65 213-224 4.00 5.81
Exp.© 9.56 58.06

@Ref.[64],’Ref.[48],°Ref.[67]

The reference energies for nitrogen are calculated for N, dimer phase in a
cubic box of side 15 A for the gas phase and a hexagonal closed pack structure
with dimers aligned along the z-direction for the condensate phase and display

the results along with experimental and previous theoretical results in Table 5.7.

Table 5.7: Bond length, vibrational frequency and cohesive energy of nitrogen
dimer.

d (au) w(THz) Ec(eV)

This work 2.06 -8.27
Theory* 2.10 464.3 -11.33
Exp.? 2.08 444.8 -9.9

@Ref.[68],’ Ref.[69]

37



5.3.8 Charge Transfer

Although there is no quantum mechanical observable associated with the charge
density of an individual atom in a compound, various heuristic methods have been
devised and used as an essential tool for understanding many of the properties of
materials. Electronic orbital based Mulliken [70] and Lowdin [71] charges as well
as electronic charge based Hirshfeld [72] and Bader [73] charges are most widely
used charge partitioning schemes. Hartwigsen et. al. [36] used DFT-LDA to in-
vestigate the charge transfer in AGICs with the help of Bader’s atom-in molecule
construction to define the atomic volumes and found that 0.5 e is transferred from
Li to the graphene and the transfer is mostly due to geometrical consequences.
Sun et. al. [30] have calculated the charge transfer to be complete by comparing
the integrated density of 7 states for the pristine and Li-intercalated graphite
in a DFT-GGA calculation. Chan et. al. have used first principles calculations
and diffraction experiments to show that the charge transfer in alkali graphite
intercalation compounds can be related to the change in C-C bond length in
AGICs compared to that in pristine graphite. [74, 75] Soft X-ray emission spec-
troscopy [76] Some experimental[29] and theoretical [30, 31] studies are thought
to indicate a full charge transfer of the metal s electrons to the graphite, while the
others show no or negligible charge transfer or partial charge transfer[33, 34, 32].

Early ARPES data [77] indicate that lithium in CgLi is essentially Lit ion
which indicates a full charge transfer.

Hightower et. al. [32] have investigated the charge transfer in CgLi by using
transmission electron energy-loss spectrometry and found negligible charge trans-
fer from Li to the graphite layers. We have calculated the Hirshfeld[78, 72, 79|
charges for intercalated compounds and display the results in Table 5.8. In the

Hirshfeld method, total electron density of the system is shared between the dif-
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ferent atoms of the system. Simply defined as difference between ”charge density
of the bonded atom” and the ”atomic density”, in other words the density differ-
ence between the free atom and the bonded atom, and can be used as indication
of the transfer of electronic charge between the atoms in forming the solids. In
CsLi and CgLi, it is found that only 0.184 and 0.225 e~ from Li are transferred
to the carbon sheets which gives a 0.031 and 0.076 e~ charge for each of the car-
bons. The finding is in disagreement with studies that report full charge transfer
Refs.[30, 31]. It is known that Hirshfeld charges underestimate the amount of

charge transfer by a factor of 2 [80]. Similarly, the Hirshfeld charges of hBN

Table 5.8: Hirshfeld charges of bulk and Li intercalated graphite and hBN sys-
tems.

Compound B N Li
hBN(Bulk) 0.28 -0.28 -
(BN);Li  0.09 -0.16 0.21
(BN)gLi;  0.04 -0.16 0.17
Compound C Li
Graphite 0.00 -

CsLi -0.06 0.19

CgLi -0.04 0.24

and its intercalated compounds indicate that charge lost by the lithium atom are
0.226 an 0.179 electrons for (BN)3;Li and (BN)gLi4, respectively. Comparing the
transfer of charge for CsLi and CgLi with (BN)gLiy and (BN)sLi, the ordering of
the magnitudes are similar. One interesting result in hBN is the change in the
character of charge transfer from pure hBN to intercalated compounds. While N
is found to transfer 0.28 e"to B in hBN, N gains net 0.16 e~ when Li intercalation
takes place and B becomes a net exporter of electrons.

Charge transfer can also be studied by looking at the value of the integrated
partial density of electronic states at the Fermi energy. For all four intercalation

compounds, we have found that lithium atoms loose around 0.7 electrons which
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is independent of the system.

5.4 Electronic Structure

The band structure along high symmetry directions of pure graphite and hBN
as well as their Li-intercalated compounds and their partial density of electronic
states are displayed in Figures 5.11-5.18. The first Brillouin zone of graphite,
CsLi and CgLi are overlayed and given in figure 5.10 to base the comparison of
band structures. As the ¢ of CgLi approximately in the smallest, the tallest in
the Brillouin zone of CgLi. The 5.10 is helpful in delineating the relation between
the special points of the band structures that will be presented below figures

5.11-5.18.

Figure 5.10: First Brillouin zones of graphite(Blue), CgLi (Green) and C;Li(Red)
with special points.

5.4.1 Graphite and hBN

In this section, we present and compare the electronic structure of the host com-

pounds for the intercalation. The electronic band structure and the angular
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momentum resolved density of states for graphite are shown in Fig. 5.11. The
electronic structure of graphite has been studied experimentally[81, 82, 83] and
theoretically[82, 84, 85, 86] by using many different approximations by several
groups over the years. The most important finding of these studies can be sum-
marized as follows: The valence (conduction) bands are formed by o(c*) and
7(7*) bonding (anti-bonding) orbitals which makes graphite a semi-metal with
band overlap of 0.01 eV at the K point of the Brillouin zone. The dispersion
of the bands along the c-axis (weak) and in the basal plane (strong) are result
of covalent sp? bonding in (z — y) plane versus the weak van der Waals interac-
tion between the layers along the z—direction. Our calculated band structure for
graphite is in good agreement with previous DFT-LDA calculations such as Refs.
[82, 87, 88| and reproduces the experimental findings reasonably well.

The electronic band structure of hBN, although subject of many studies, has
been controversial[89, 90, 91, 92]. Band gap energies in the range from 3.2 to
5.97 eV have been reported. GW calculations indicate an indirect band-gap
semiconductor, while Watanabe et. al. [93] have found that hBN is a direct gap
semiconductor based on photoluminescence spectroscopy. Our calculated band
structure, total and projected density of electronic states for hBN are presented
in Fig. 5.12a) and b), respectively. Similar to that of graphite, the band structure
of hBN can be interpreted in terms of bonding and anti-bonding ¢ and 7 states.
The main difference between the two stems from the partial ionic character of B-
N bonds which create a band-gap between the bonding and antibonding 7 states
that for the highest (lowest) valence (conduction) bands in hBN. At the LDA
level, hBN is found to be an indirect band-gap semiconductor with the minimum
gap between the top of the valence band near point K (T;) and the bottom of the

conduction band at point M is found to be 4.06 eV which is in good agreement
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Figure 5.11: Band Structure and pdos of Graphite.

with the previous LDA calculations [89, 90]. The minimum direct band gap
is calculated to be 4.50 eV at the M point which is very similar to the direct
band gap at H which is 4.53 eV. The direct band gap at the I' point is 6.48 eV
which is close to the GW value reported in Ref. [94]. Sizeable differences in the
width of the whole conduction, bottom o, top ¢ and 7m bands can be observed
from Fig. 5.11a) and 5.12a). AE,, AE,,, and AE, for hBN are found to be
3.10, 2.52 and 2.03 eV narrower than those for graphite. The difference in the
bandwidth of the whole conduction band is smaller (19.24 eV for graphite vs
17.70 eV for hBN) compared to the indiviual bands.
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The calculated electronic density of states of hBN in Fig. 5.12b) indicates that
the top of the valence band is formed mostly from 7 states localized on nitrogen
while the bottom of the conduction bands are formed by 7* states which are
mostly on boron atoms.

The lowest conduction band at the center of the Brillouine zone for both
graphite and hBN has a nearly free electron like dispersion and named as inter-
layer state because probability density associated with its wavefunction is mostly
located in the midway between the layers that form hBN and graphite. The these
wavefunctions are shown in Figures5.13, 5.14 clearly display and interlayer state

in both graphite and hBN. Interlayer state was reported to be important in both
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intercalation and superconducting properties[95, 96] and will be discussed in the

context of lithium intercalation below.

Figure 5.13: Band characters of graphite. (a) Character of state 8 at point K
(b)Character of state 9 at point I

w2 (@0

A AN 1IN

Figure 5.14: Band character of hBN. (a) Character of state 8 at point K
(b)Character of state 9 at point I

5.4.2 CgLi and (BN)3Li

The calculated band structure and partial density of states of CgLi and C3Li are

displayed in Figures 5.15 and 5.17, respectively. As Holzwarth et. al. [97, 98] have
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demonstrated nicely, the electronic band structure of alkali intercalated graphite
can be deduced from the zone-folding considerations to a great extent. Since the
area of the basal plane of Cgli is three times larger than that of graphite, the
volume of the first Brillouin zone of CglLi is one third of that of graphite and two
equivalent K points of graphite BZ are folded back into the zone center. Although
the bands of CgLi are mostly obtained from folding of the graphite bands, there
are some notable modifications of the bands around the Fermi level caused by
the intercalant lithium. The Fermi energy of Cg¢Li is raised by approximately 1
eV compared to graphite due to electron donation from lithium. The number
of states at the Fermi level is found to be n(Ep)=1.31 states/eV. This value
is comparable to the results of Pauli susceptibility measurements of Delhaes et.
al [99]) which is 1.26 states/eV .

Table 5.9: Characteristic energy levels(eV) at I' point for graphite and CgLi
relative to the Fermi energy.

Graphite CgLi
Sym. Exp. Theo.* T.W Exp. Theo.® Theo.? T.W.
™ 0.0 0.0 -0.5  -1.3 -0.9,-1.7 -1.62,-1.16
023 -4.6% -5.5¢ -3.04 -3.73 5.0  -5.9 -5.0 -4.42
m 2720577 -6.6¢ -6.52  -7.80 9.3 -9.3 -9.1 -9.05
™ -8.1% -8.5¢ -8.58 -9.17
023 -13.0  -13.3  -126,-11.9 -12.12-11.85
ot -14.0 -13.62
0% 1,0%2.3 -15.2 2149 -14.2 -14.01
o*1 -20.6° -19.44  -20.12 2225 -21.8  -21.1 -20.74

@Ref. [100],’Ref. [77], “Ref. [97, 98],Ref. [101], ®Ref. [102],/ Ref. [103], T.W. : This Work

Energy levels of several bonding and anti-bonding 7 and o states of CgLi and
graphite are given along with experimental and other theoretical results in Table
5.9. The agreement between our results and the literature is reasonable. For the
graphite except the g3 level there is a good agreement between the calculated
and the measured energy levels. While for C4Li the most pronounced difference
between the calculated and measured levels is at 7* state(experimental -0.5 eV

while calculated -1.16 eV).
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The dispersion of the bands along the c— and a— axis of the Brillouin zone

are quite

changes from zero to 7/c. Non-dispersive nature of conduction bands along these
directions indicate the weakness of the interlayer interactions, which is more pro-
nounced for the o states that are planar on the carbon layers, 7 and 7* states

show a dispersion on the level of 0.75 eV along I'-A direction for graphite and
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Figure 5.15: Band Structure and pdos of CgLi.

different. Along K-H, L-M and I'-A, k, and k, are constant and k,

1.12 eV for CglLi.

Higher dispersion in z-direction for CgLi indicates the effect of Li intercalant
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Figure 5.16: Band Structure and pdos of (BN);Li.

as it intermediates the interaction along this direction. Along K-H, the top of
the valance band which is derived from the 7* state has a dispersion of 1.18 eV

which is an indication of interaction with the lithium 2s states.

543 O3LZ and (BN)GLZ4

The calculated band structure of CzLi is shown in Fig. 5.17. Comparing it
with that of CgLi and graphite reveals a number of differences. Since CsLi has

16 atoms per primitive unit cell, it has proportionally higher number of valance
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bands. The overall structure of the bands of CsLi is similar to those of Cgli,
especially at energies below -10 eV, the states are predominantly carbon s-derived

and intercalation does not change their shape or energy. The states near the top
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Figure 5.17: Band Structure and pdos of CsLi.

of the valance band and the bottom of the conduction band show a number of
modification compared to CgLi and graphite; these are, the Fermi energy of CsLi
is raised by 2 eV which is due to the extra electron provided by lithium.

The dispersion of the bands along the I'-A, L-M and K-H directions for C3Li
show similar trend as in CgLi. The n(Er)=2.06 states/eV for C3Li which is higher

from that of CgLi.
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The band structure and electronic density of states for hBN analogues of CgLi
and CsLi ((BN);Li and (BN)gLiy,respectively) are shown in Figures 5.16 and 5.18.
The most important difference between the properties of (BN)3;Li and (BN)gLiy
compared to the hBN(Fig.5.12) is the metallic character of these intercalation
compounds as revealed by Fermi level structures in Figures5.16 and 5.18. The
number of states at the Fermi level is found to be n(Er)=1.10 for (BN)s;Li and 4.08
states/eV for (BN)gLis. These values are somewhat higher than the corresponding
GICs. Comparing the valance states near the Fermi level for CgLi(Fig.5.15) and
(BN);Li (Fig.5.16), they show a similar structure along the H-A-L directions.
The most important difference between the two is 7 derived states are occupied
at I' for C¢Li while they are empty for (BN)sLi.

The energy levels of %, 093, m1,0%23 and o*; are different for (BN)3;Li com-
pared to CgLi because of the insulating character of the host compound (hBN).

Overall the electronic structure of (BN);Li can be obtained by folding the
band structure of hBN(Fig. 5.12). Lithium intercalation modifies the states near
and above the Fermi level as also indicated by the local density of states displayed
in Fig. 5.16 for lithium.

The dispersion of the bands along the z-direction for hBN intercalation are
found to be similar in character and magnitude to those in GICs. The states that
show highest dispersion along I'-A; L-M and K-H directions are 1.38 eV,1.27 eV
and 1.67 eV which are comparable to those of GICs (1.12 eV, 1.99 eV and 1.18
eV). The interaction along z-direction for hBN seems to be stronger than that in

graphite except along L-M direction.
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Figure 5.18: Band Structure and pdos of (BN)gLi,.

5.4.4 Interlayer States

Interlayer states are nearly free-electron like and exist in many layered-compounds,
such as graphite and hBN and their nanotubes [104]. A DFT-LDA study by
Margine and Crespi on the change of the position of the interlayer derived state
in carbon nano-tubes indicate that the change is not due to the hybridization be-
tween the alkali s state and the interlayer state but due to a universal electrostatic
mechanism. [105].

Near-edge x-ray absorption fine-structure (NEXAFS) measurements by Pacile

et. al. on graphene confirmed the existence of an interlayer state even in single
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Energy (eV)

Figure 5.19: a) Band structure of CgLi(interlayer state is indicated by dots). b)
Band structure of Li(dotted red line) and C(straight line) in CgLi structure, the
interlayer state is again indicated by green dots.

layer graphite. [106]

Calandra and Mauri investigated the role of interlayer states in superconduc-
tivity of C¢C'a and found that the presence of superconductivity is dependent on
the existence of an intercalant Fermi surface, so a noncomplete ionization of the
intercalant is important in superconductivity [107].

On the other hand, Sugawara et. al. have used high resolution ARPES
technique and found that the interlayer band is essential in explaining supercon-
ductivity in CgCa. [108].

We investigated the interlayer state in greater detail for CgLi, C3Li, (BN)3Li
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Figure 5.20: a) Band structure of CzLi(interlayer state is indicated by dots). b)
Band structure of Li(dotted red line) and C(straight line) in C3Li structure, the
interlayer state is again indicated by green dots.

and (BN)gLiy and present the band structure near fermi level in Figures 5.20-
5.22. In each of these figures, part a shows the band structure of the intercalated
compound which part b shows the band structure of the same crystal with either
C(BN) or Li taken out. In both parts the interlayer band is indicated.

One important result from these graphs is that the interlayer band is not
occupied in CgLi or C3Li. Since CsLi shows superconductivity of very low tem-
peratures. This finding seem to negate the idea that for superconductivity of
alkali-graphite intercalation compounds, interlayer state needs to be occupied.

Another important observation can be glanced from Figure 5.21, which shows
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Figure 5.21: a)Band structure of (BN);Li(interlayer state is indicated by dots). b)
Band structure of Li(dotted red line) and BN(straight line) in (BN)3Li structure,
the interlayer state is again indicated by green dots.

that the interlayer state is well occupied for (BN)js. If we add from Figure 5.16
that the density of states at Ep is very high (n(Ep)~7 states/eV) for (BN)3Li

one would expect a relatively high superconducting temperature for (BN)sLi if

interlayer state superconductivity relation is valid.
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Figure 5.22: a)Band structure of (BN)gLi4(interlayer state is indicated by dots).
b) Band structure of Li(dotted red line) and BN(straight line) in (BN)gLiy struc-
ture, the interlayer state is again indicated by green dots.

5.4.5 Fermi Surface

The calculated Fermi surface of GICs and hBN intercalation compounds are
shown in Fig. 5.23 for C4Li and (BN)3Li and Fig. 5.24 for C3Li and (BN)gLiy.
The Fermi surface is made of three main parts, one around the I" point in spherical
shape, one along I'-A direction cylindrical shape and sheet along I'-M directions.

The Fermi surface for both of the compounds are similar with slight differences.
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Figure 5.24: Fermi surfaces of C3Li and (BN)gLiy.
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CHAPTER 6
ALKALI INTERCALATION OF GRAPHITE AND HBN
- ELASTIC AND LATTICE DYNAMICAL
PROPERTIES

6.1 Phonon Studies

Pure graphite crystallizes according to the space group Dg,? (space group number
194 (P63/mmc)) with four atom per primitive unit cell and as a result has 12
phonon modes. Three of these modes of symmetry Ay, @®E;, are of a acoustic
type and have zero frequency for zero wave vector,i.e. at the center of the first
Brillouin zone. Three of the remaining nine modes (A, ®E,, ) are infrared active.
Four 2 E, symmetry are Raman active while 2 B;, modes are silent, i.e. can not be
measured by using optical spectroscopy techniques, can only be detected by using
neutron spectroscopy. The phonon frequencies of graphite has been studied by
many groups over the years by using Raman scattering[109], infrared spectroscopy
and inelastic neutron scattering[110].

As the starting point of lattice dynamics of intercalated compounds of graphite
and hBN, we have calculated the gamma point phonon modes of graphite and
displayed it in Table 6.3. The calculations above are done by using linear re-
sponse theory in the density functional theory framework. The electron-ion in-
teractions are accounted for by using optimized pseudopotentials. The electronic
wave functions are expanded in plane waves with a cutoff of 40 Ha and Brillouin

zone integrations are approximated by using a 20 20 20 Monkhorst-Pack grid.
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There are number of discrepancies between the model calculations and first
principles calculations concerning the level crossings and shape of the lower fre-
quency phonon branches, such ad the crossing of acoustic and optical branches
near M point and energy of the acoustic modes at K point.

Another important property of phonon dispersion of graphite is the existence
of Kohn anomaly for the highest frequency optical mode at the K point.

The first principles phonon calculations in the framework of density functional
perturbation theory have been carried out by a number of groups[111, 112, 113,
114, 115, 116].

In graphite and diamond, the highest frequency optical mode is a a finite
wave-vector which is due to the reduction of zone center mode frequency because
of interaction of the mentioned mode with the electronic system. this effect is

called overbending and results from a Kohn anomaly.

6.1.1 FElastic constants

Elastic constant is a quantity which gives the strain-stress relation for a crystal
structure. There are 36 components of a elastic tensor but this components can
be reduced to its independent components by using symmetry of the system.

For hexagonal structure (space groups numbers 176((BN)gLis), 189((BN)3Li,C3Li),
191(CgLi) and 194(Graphite and hBN) in our study), there are 5 independent elas-
tic constants are available(Cyq, Cia, Cy3, Cs3, C44) and one extra elastic constant
(Ce6=(C11-C12)/2) which derived from Cy; and Cjs.

The components of compliance tensors for graphite, hBN and their Li inter-
calated compound are given in Table 6.1 along with experimental and theoretical
data.

Since our calculated elastic constants for hBN and graphite are in good agree-
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ment with experimental data and previous DFT calculations, we can assume that
the results for the intercalation compounds have comparable accuracy.

Our general observation from the Table 6.1 is that the components of C
are lower for the intercalated compounds of graphite compared to those of pure
graphite except for the off-diagonal (C;3, C33, Cyq) components. A similar trend
is observed for hBN intercalation compounds except that the increasing compo-
nents are Ci3, Cs3, Cegg.

Table 6.1: Elastic Constants of graphite, hBN, CgLi, (BN)3Li, C3Li and (BN)gLiy4
in GPa

Compound Cn Cio Ciz  Cs3 Cu Ceg
CgLi 895.3  145.7 27.6 64.81 16.5 374.8
CgLi,Theo.[117] 47 471 15 391
(BN)3Li 768.9 1879 124 744 334 290.5
CsLi 883.6  148.9 -2.9 180.3 29.2 367.3
(BN)gLiy 800.6 169 32.0 787 -3.8 392.0
hBN 905 209 22 27 ) 348
Graphite 1009.2 179.5 -34 20.6 -2.9 414.9
Graphite,Theo.[117] 1130 - 374 4.4 388
Graphite,Exp.[118, 119] 1060 36.5 4.0 440

6.1.2 Lattice dynamics

As first step of the investigation of lattice dynamical properties, we will consider
the normal modes od the considered structures and discuss the displacement
patterns for the representative zone center vibrational modes.

The displacement patterns for the zone center vibrational modes for CgLi
are shown in Figure 6.1 through Figure 6.4 for representative symmetries. The
intercalant lithium atom is found to be in motion only for low frequency modes
at 203 cm~! and 449 cm™!. for the mode #6, C layers move in z-direction as
whole while Li atoms move in -z direction, while mode #5 involves Li and C

layers moving in x-y plane opposite to each other.
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Figure 6.1: Displacement patterns of vibrational modes #5( w=203 cm™!) and
#6(w=449 cm™1) for CgLi.

Intermediate frequency modes (Figure 6.2) involve only motion of the carbon
atoms in z-direction half of the atoms at the corners of the hexagons that make
up the honeycomb lattice more up while the other half moves down. the weakness
of the interlayer interaction is the reason for the vibrational frequency of these

modes being lower compared to the modes that involve intralayer displacements.
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Figure 6.2: Displacement patterns of vibrational modes #7(w=464 cm™!) and
#11(w=805 cm™!) for CgLi.

The high frequency modes at the center of the Brillouin zone for CgLi are
displayed in Figure 6.3 through Figure 6.4 and involve mostly the displacement
od carbon atoms on the two dimensional honeycomb lattice. These modes are

mostly breathing type distortion of the hexagons and because of strong sp? type
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covalent bonding in this plane their frequency is high.

Mode #12 Mode #14

Figure 6.3: Displacement patterns of vibrational modes #12(w=985 cm™!) and
#14(w=1151 cm™!) for CgLi.
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Figure 6.4: Displacement patterns of vibrational modes #16(w=1178 cm™!) and
#20(w=1421 cm™!) for CgLi.

The displacement patterns of the vibrational modes of (BN)3Li which is anal-
ogous to CgLi are shown in Figure 6.5-Figure 6.8 for some representative symme-
tries. Because of the doubling of the primitive unit cell when going from C4Li to
(BN);Li, the displacement patterns are not easy to compare. the Most important
overall difference in (BN);Li ease seem to the lithium participation.

Mode #4 of CsLi at 112 em™! involves adjacent layer moving against each

other, since the interlayer interaction in weak the mode frequency low.
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Figure 6.5: Displacement patterns of vibrational modes #13(w=287 cm™!) and
#15(w=302 cm™!) for (BN);Li.

Mode #17 Mode #19

Figure 6.6: Displacement patterns of vibrational modes #17(w=323 cm™!) and
#19(w=354 cm) for (BN)3Li.
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Figure 6.7: Displacement patterns of vibrational modes #20(w=361 cm™!) and
#27(w=975 cm™ 1) for (BN);Li.
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Mode #31

Figure 6.8: Displacement patterns of vibrational modes #31(w=1128 cm™!) and
#41(w=1302 cm™!) for (BN);Li.

The displacement of intermediate frequency modes of CsLi involve motion of

carbon atoms in %z directions.

Pt
ﬁ%’ -

Mode #4 Mode #15

Figure 6.9: Displacement patterns of vibrational modes #4(w=112 cm™!) and
#15(w=396 cm™ 1) for C3Li.

High frequency modes of C3Li also involve motion of carbon atoms in the
hexagon against each other, similar to the case for C4Li and their high frequency
reflect the interlayer strong sp? covalent bonding.

Negative frequency modes (Mode #1 and Mode #3) of (BN)gLi, involves that
the direction of the motion of boron and nitrogen atoms in +z direction while

Lithium atoms moves along xy plane of the unit cell.

Mode #19 and Mode #26 at midrange(343 cm™! and 417 cm™') frequencies
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Figure 6.10: Displacement patterns of vibrational modes #22(w=444 cm™!) and
#28(w=617 cm™!) for C3Li.
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Figure 6.11: Displacement patterns of vibrational modes #29(w=961 cm™!) and
#37(w=1077 cm™ ') for C3Li.
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Figure 6.12: Displacement patterns of vibrational modes #45(w=1475 cm~!) and
#47(w=1501 cm™!) for C3Li.
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Mode #1 Mode #3

Figure 6.13: Displacement patterns of vibrational modes #1(w=-404 cm™') and
#3(w=-352 cm ™) for (BN)gLiy.
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Figure 6.14: Displacement patterns of vibrational modes #19(w=343 cm™!) and
#26(w=417 cm™ 1) for (BN)gLiy.
and involve that motion of the boron and nitrogen atoms in hexagons is opposite

direction on xy plane and motion of the Lithium is in xy plane in Mode #19 and

z-direction in Mode #26.

1

Higher frequency modes of (BN)gLis over 1000 cm™" involves displacement of

boron and nitrogen atoms on the layer are on xy plane.

6.1.3 Phonon Dispersions

The phonon dispersions along the K-I'-M-K-H-A-L-H-L-M-T"-A high symmetry

directions for all the intercalation compounds analyzed in this section have been
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Mode #37 Mode #39

Figure 6.15: Displacement patterns of vibrational modes #37(w=1044 cm~!) and
#39(w=1049 cm™') for (BN)gLi4.

Ty
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Figure 6.16: Displacement patterns of vibrational modes #47(w=1256 cm~') and
#48(w=1261 cm™!) for (BN)gLiy.

calculated and presented in Figures 6.18-6.21. As a test of the computational
parameters we have calculated the phonon dispersions of pure hBN and also
zone center vibrational frequencies of pure hBN and graphite and display the
results along with experimental data of Ref.[120, 121, 122] and theoretical work of
Ref.[123] in Figure 6.17 and Table 6.2, Table 6.3 for hBN and graphite respectively.

Table 6.2: Zone-center phonon modes of hBN in cm™!

0 0 0 49 49
112 755 815 1391 1391
1391 1391

As can be seen from the figure, the agreement between our calculation and
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Table 6.3: Zone-center phonon modes of Graphite in cm ™!

0 0 0 43.3 43.3
107.3  901.3 905.8 1607.8 1607.8
1617.2 1617.2
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Figure 6.17: Phonon dispersion plot pristine hBN overlayed with inelastic x-ray
scattering result and ab initio calculations of Bosak et. al.[123](our plot in thin
lines)

the experiments is fair so we expect the dispersions for the similar intercalated
system to be on the order of same level.

In Figure 6.19 we displayed the CgLi phonon dispersion merged with literature
data[112] along A-I-M high symmetry directions and in Figure 6.18 we displayed
the phonon dispersion and atom projected density of states for CgLi. The dis-
persion plot can be understood as three basic bands of high, intermediate and
low frequency vibrations. As it also has been indicated in the previous section,

the high frequency bands are due to vibrations of carbon atoms in the 2D hon-
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eycombs lattice which are high frequency due to the bands being strong sp? type
on this plane. The intercalant modes are very visible from the projected phonon
density of states around 30 and 60 meV and they are almost dispersionless bands,

i.e. their energy does not depend on the wave-vector.
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Figure 6.18: Phonon dispersion plot for C4Li along with phonon density of states
plot.

The vibrational bands of CgLi analogue of hBN are shown in Figure 6.20.
The overall structure is similar to that of CgLi but a very prominent difference
is the existence of a negative frequency band along H-A-L-H-L which indictaes
that (BN)3Li is dynamically unstable,i.e. the vibrations along z-axis would dis-
integrate the compound.

Figure 6.21 similarly displays the dispersion of phonons in C3Li along the same
directions as Figure 6.18 and atom projected phonon density of states. Again,
the intercalant bands are at low frequencies and show dispersion which means

that they do not interact strongly with the intercalant lattice.
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Figure 6.19: CgLi phonon dispersion merged with literature data.[112]

For the hBN analogue of C3Li (i.e. (BN)gLiy), we were not be able to obtain

a stable phonon dispersion. So we have calculated its zone center vibrational fre-

quencies and display them in Table 6.4. As can be seen from the table, (BN)gLiy is

also dynamically unstable, because some of the modes have negative frequencies.

Table 6.4: Zone-center phonon modes of (BN)gLiy in ecm™

-404
0
152
343
409
836
1044
1197

-404
0
152
343
417
846
1044
1197

-352
0
310
343
424
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868
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=07
146
334
391
798
869
1190
1256

=07
146
334
391
808
869
1190
1261
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Figure 6.20: Phonon dispersion plot for (BN)3;Li along with phonon density of
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Figure 6.21: Phonon dispersion plot for CsLi along with phonon density of states

plot.
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CHAPTER 7
CALCIUM INTERCALATION INTO GRAPHITE AND
HBN

7.1 Introduction

Graphite intercalation compounds are very important and there are hundreds
of intercalation compound of graphite reported. The most popular intercalation
product of graphite is calcium intercalated form because of its superconducting
property. Calcium intercalated graphite show superconductivity at 11.5 °K and
this is widely explained by some groups[95, 107, 124].

While there are many studies on calcium intercalation into graphite, there is
no any study reported for calcium-hBN intercalation.

Here we report the structural, electronic, and lattice dynamical properties of

calcium intercalation into hBN and compare between its graphite analogue CgCa.

7.2 Computational Details

For the calculation of calcium intercalated graphite and hBN, we used the same
pseudopotentials for Carbon, Boron and Nitrogen as in described in previous
chapter. For calcium atom pseudopotentials were generated for 3s? 3p8 3d° 4s?
valance configuration and cut-off radius were taken as 1.42, 1.72, 1.80, 1.74 for 3s,
3p, 3d, 4s orbitals. The exchange correlation energy is evaluated in local density
approximation(LDA), using Perdew-Wang parametrization[39] of Ceperley-Alder

electron-gas data[40].
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For C¢Ca calculation, Monkhorst-Pack grid was chosen as 8 8 8 and at energy
cut off 40 Ha and for (BN);Ca calculations, 6 6 4 Monkhorst-Pack grid used at

energy cut off 40 Ha.

7.3 Results

7.8.1 Structural Properties

The structural parameters calculated for CgCa are similar to the results reported
previously by Mazin[95]. The C¢Ca system crystallizes in rhombohedral structure
which is described by a lattice constant a and the angle a between any two of the
lattice vectors. Our calculated lattice parameters, a, «, the bond lengths C-C,
C-Ca, B-N, B-Ca and N-Ca are shown in Table 7.1 along with the experimental

data.

Table 7.1: Calculated lattice parameters and bond lengths for C4Ca and (BN)3;Ca

CGCEL (BN)3C&
This work Experimental[125]
a 9.6485 Bohr 9.7698 Bohr a 9.8611 Bohr
o 50.66 Degree 49.55 Degree o} 47.56 Degree
C-C  2.7455 Bohr 2.7303 Bohr B-N  2.76424 Bohr
Ca-C  5.0157 Bohr 5.0769 Bohr Ca-B 5.3316 Bohr

Ca-N 5.3227 Bohr

As can be seen in the table, there is a good agreement between the calculated
and the measured quantities. The structural optimization of Ca intercalated h-
BN does not indicate any instability, i.e. there exists at least a quasi-equilibrium

Ca intercalated hBN according to these results.
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7.3.2  Electronic Properties

Under this topic I have investigated the band structure, local density of states
and the Fermi surface of C4Ca, (BN)3Ca and pristine (BN)3 in the rhombohedral
structure. Since, CgCa has a relatively high superconducting transition temper-
ature at 11.5 °K, it has been the subject of many theoretical and experimental
study, recently. One interesting point in these studies is the claimed to due to
the interaction of an interlayer-state and alkali s-states with phonons.

The calculated band structure for C¢Ca, (BN)3Ca and pristine (BN)3 in rhom-
bohedral phase are shown in Figure 7.2, 7.2 and 7.3 respectively. As expected,
rhombohedral graphite is found to be semi-metal with a near-zero forbidden gap,
while rhombohedral (BN); is a wide-gap semiconductor or insulator. The effect
of alkali intercalation can bee seen from the Figures 7.2 and 7.2; both system
become metallic which is displayed by Fermi-level cutting of the bands.

The Fermi surface of a metallic system shows the constant energy surface that
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Figure 7.2: a) (BN)3Ca band structure, b), ¢) and d) electronic partial density of
states, PDOS plots for Ca, B and N respectively. In PDOS plots red, blue and
black lines represent s, p and d states.
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Figure 7.3: a) (BN)3 band structure, b) and c) electronic partial density of states,
PDOS plots for B and N respectively. In PDOS plots red, blue and black lines
represent s, p and d states.
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is occupied by the electrons at 0 °K. It is an important concept in conduction
studies, because only the electrons very near this surface can take part in the
electronic conduction. I have calculated Fermi surface of both C4Ca and (BN)3;Ca
and show the result in Figure 7.4 and Figure 7.5 respectively. As it also can be
seen from the band structure plots, the Fermi-level cuts through 3 of the bands
and as a result Fermi surface has 3 structures. These directions are I'X, XI', and
I'T of the Brillouin zone. Again our Fermi surface is in good agreement for C4Ca

with the one reported by Mauri et. al [126]

e«

Figure 7.4: Fermi surface of C¢Ca. a-c) are contributions from the bands inter-
cepts the fermi surface in Figure 7.1.

@0

Figure 7.5: Fermi surface of (BN);Ca. a-c) are contributions from bands inter-
cepts the fermi surface in Flgure 7.2.

Furthermore, we have found another similarity between the electronic struc-
ture of C4Ca and (BN);Ca. The interlayer state which is nearly free-electron like
also exists for the (BN)3Ca system is shown in Figure 7.2 and corroborated by

an examination of the wavefunctions.
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7.3.8  FElastic and Lattice Dynamaical Properties

Lattice dynamical properties give important clues on the bonding in the ma-
terial. In this section I have calculated elastic compliance constants of CgCa,
graphite, (BN)3Ca and rhombohedral (BN)3;Ca for comparison purposes. Elastic
compliance is a tensor quantity that describes the stress developed in a crystal
in response to an applied strain and can be calculated as the second derivative
of the total energy with respect to strain in two directions in the linear response
framework. Our calculated compliance constants for C4Ca and (BN)3;Ca are dis-
played in Table 7.2 and calculated compliance constants for hbN and graphite are
given in Table 7.3 with theoretical and experimental data. To give an indication
of the quality of computational method, we also show the calculations of these
quantities for graphite and hBN for which experimental data exists.

Table 7.2: Calculated elastic constants of C4Ca and (BN)3;Ca compared to ex-
perimental and theoretical data.

(BN);Ca CeCa
This Work | This Work Theo.[117]
Ciy 600 689 1340
Cia 130 86
Cis 37 49
Css 78 115 150
Cia 2.5 4.3
Cya 24 19 10.5
Ces 234 302 460

Compliance tensors are second-rank tensors with 36 components. The number
of independent and non-zero element of the tensor is determined by the symme-
tries of the point group of the crystal system. For the rhombohedral structure
considered here the point group is D34 and has six independent components. The
difference between our calculated C; ; and experimental values is around 20 % at

most which indicates that the similar order of magnitude errors exist also for the
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Table 7.3: Calculated elastic constants of hBN and graphite compared to exper-
imental and theoretical data.

hBN Graphite
T.W. Exp.[127] Theo.[128,129] | T.W. Exp.[50] Theo.[130, 47]

Ci1 905 811 951.5,802 1009.2 1109 -,1440
Ci2 209 169 169.2,267.5 179.5 139 -

Cis 2.2 0 2.5,3.0 -3.4 0 -0.5,-
Css 27 27 28.2,31.2 20.6 38.7 40.8,37.1
Cyq 5 7.7 -,3.0 -2.9 5.0 -,4.6

Ces 348 414.9 485 -,460

T.W.:This Work

values calculated for C¢Ca and (BN);Ca.

On this part, I have calculated the phonon dispersion relations for C4Ca and
(BN)3Ca along the high symmetry directions of the rhombohedral Brillouin zone
and display the results in Figure 7.6 and 7.7 respectively. These dispersions, ba-
sically, show the vibration frequencies of the ion when their displacement pattern
is one of the normal modes of the lattice with respect to the phonon momentum.
As the unit cell has 7 atom, there are total 3*7=21 normal modes which repre-
sent the different displacement patterns. Normally, 3 of these modes are called
"acoustic modes” that would have zero frequency at the center of the Brillouin
zone; i.e. they correspond to linear translation of all the atoms in the unit cell,
while the remaining modes are optical modes which would have positive frequen-
cies along the whole of the Brillouin zone for a stable crystal. Phonon dispersions
of CgCa have been studied by a number of groups, theoretically and experimen-
tally, partly because electron-phonon interaction is the responsible factor for the
superconductivity. Our calculated dispersion diagram for C¢Ca (Figure 7.6), is
in good agreement with the other theoretical[126] and experimental work.

We have calculated the phonon dispersions of C¢Ca and Ca(BN);3 and display
the results in Figure 7.6 and 7.7.

The phonon dispersions of (BN);Ca (Figure 7.7) show that there exists a neg-
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ative frequency branch which is an indication of the instability of Ca-intercalated
BN. So, based on the first principles calculations, we can speculate that the dy-
namical instability is the source of the difficulty of intercalating hBN with alkali

metals.
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