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ABSTRACT

FIRST PRINCIPLES INVESTIGATION OF LATTICE DYNAMICAL

PROPERTIES OF CU-BASED CHALCOPYRITE SEMICONDUCTORS AND

HIGH DIELECTRIC CONSTANT MATERIALS

Parlak, Cihan

Ph.D., Department of Physics

Supervisor: Assoc. Prof. Dr. Resul Eryiğit

March 2008, 100 pages

We have planned to study two subjects: First principle investigation of hydro-

static pressure dependence of structural, elastic and lattice dynamical properties

of Cu-based ternary semiconductors and electronic, dielectric and lattice dynam-

ical properties of some perovskite structures that have very large low frequency

dielectric constants.

Firstly we have performed an ab initio study of volume dependence of elas-

tic and lattice dynamical properties of chalcopyrite semiconductor CuGaSe2 and

CuAlS2. The calculations have been carried out within the local density func-

tional approximation using norm-conserving pseudopotentials and a plane-wave

basis. Born effective charge tensors, dielectric permitivity tensors, the phonon

frequencies at the Brillouin zone center and their Grüneisen parameters are cal-

culated using density functional perturbation theory. We compare the Grüneisen
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parameters of the calculated quantities with those of zinc-blende type materials

and found similar trends. Calculated elastic stiffness constants show pseudocubic

behavior.

As a second research topic, we report the results of an ab initio study of

electronic, dielectric and lattice dynamical properties of high dielectric constant

perovskite-derived oxide Na1/2Bi1/2Cu3Ti4O12. The calculations have been car-

ried out within the local spin density functional approximation using norm-

conserving pseudopotentials and a plane-wave basis. The ground state is found

to be antiferromagnetic direct-band gap semiconductor. Lattice dynamical prop-

erties, such as Born effective charge tensors, dielectric permittivity tensors, and

phonon frequencies at the Brillouin zone center were calculated using density func-

tional perturbation theory and found to be similar to more studied CaCu3Ti4O12

and CdCu3Ti4O12 compounds. The calculated electronic (ε∞ ≈ 11.5) and static

(ε0 ≈ 150) dielectric constants indicate that the observed high dielectric constant

is extrinsic in origin. The main contribution to the static dielectric constant is

found to be due to a low frequency (50 cm−1) infrared-active mode which has a

large mode effective charge.

Keywords : Chalcopyrite semiconductors, high dielectric constant materials, Born

effective charges, phonon frequencies, dielectric permitivity tensors.
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ÖZET

TEMEL İLKELERLE BAKIR TABANLI KALKOPİRİT YARIİLETKENLER

VE YÜKSEK DİELEKTRİK SABİTLİ MALZEMELERİN ÖRGÜ DİMAMİĞİ

ÖZELLİKLERİNİN İNCELENMESİ

Parlak, Cihan

Doktora, Fizik Bölümü

Tez Danışmanı: Doç. Dr. Resul Eryiğit

Mart 2008, 100 sayfa

Bakır tabanlı üçlü yarıiletkenlerin yapısal, elastik ve örgü dinamiği özelliklerinin

basınca bağımlılığı ve çok yüksek genişlikte düşük frekans dielektrik sabitli bazı

perovskite yapıların elektronik, yapısal ve dielektrik özelliklerinin temel ilkelerden

incelenmesi olarak iki konu çalışmayı planlamıştık.

Öncelikle kalkopirit yarı iletkenler CuGaSe2 and CuAlS2’nin hacime bağlı

elastik ve örgü dinamiği özellikleri üzerine ab initio hesaplamalar yaptık. Hesapla-

malar yerel yoğunluk yaklaşımı çerçevesinde norm korunumlu sanal potansiyeller

ve düzlem dalga tabanı kullanılarak gerçekleştirilmiştir. Born etkin yük tensörleri,

dielektrik geçirgenlik tensörleri, Brillouin bölge merkezli fonon frekansları ile

bunların grüneissen parametreleri, yoğunluk fonksiyonel tedirginme teorisi kul-

lanılarak hesaplandı. Hesaplanan büyüklüklerin grüneissen parametreleri çinko-

blende türü yapıların ki ile aynı biçimde olduğu bulundu. Ayrıca hesaplanan

elastik-sertlik katsayılarının sanal kübik davranış gösterdiği tespit edildi.

v



İkinci araştırma konusu olarak, yüksek dielektrik sabitli perovskite türevi

oksit Na1/2Bi1/2Cu3Ti4O12 malzemesinin elektronik, dielektrik ve örgü dinamiği

özelliklerinin ab initio sonuçlarını rapor ettik. Hesaplamalar yerel spin yoğunluk

yaklaşımı, norm korunumlu sanal potansiyeller ve düzlem dalga tabanı kullanılarak

yapıldı. Taban durumu direk bant aralıklı antiferromanyetik yarıiletken olarak

bulundu. Born etkin yük tensörleri, dielektrik geçirgenlik tensörleri ve Brillouin

bölge merkezli fonon frekansları gibi örgü dinamiği özellikleri yerel yoğunluk te-

dirginme teorisi ile hesaplanarak, daha önce sıklıkla çalışılan CaCu3Ti4O12 ve

CdCu3Ti4O12 malzemelerine benzerlik gösterdiği tespit edildi. Hesaplanan elek-

tronik (ε∞ ≈ 11.5) ve statik (ε0 ≈ 150) dielektrik katsayıları, gözlenen yüksek

dielektrik katsayılarının dışsal nedenli olduğunu göstermiştir. Statik dielektrik

sabitine temel katkı düşük frekanslı (50 cm−1) yüksek mod etkin yüke sahip kızıl

ötesi aktif moddan geldiği bulundu.

Anahtar Kelimeler : Kalkopirit yarıiletkenler, yüksek dielektrik sabitli malzemeler,

Born ektin yük tensörleri, fonon frekansları, dilelektrik geçirgenlik tensörleri.
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patience and encouragement during years of my work as a graduate student at

AIBU. I am obliged for his continuous guidance and support and thank to him

for his help in the revision of scientific content and style of this dissertation.

And I want to thank him not only for guidance for scientific content but also his

guidance for all contents of life.

I am thankful to my family, for their support, patience, understanding...
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CHAPTER 1

INTRODUCTION

Today’s technology needs to investigate of properties of the number of materials

both theoretically and experimentally, especially for energy and computer sec-

tors. And condensed matter physics can help to design the materials needed,

theoretically with the help of the recent theoretical studies and as well as the

development in computer technology. The aim of these thesis investigate theo-

retically, important properties of two type of materials both so crucial for tech-

nological devices especially as mentioned before solar materials for photovoltaic

device applications and capacitative elements for computers, namely chalcopy-

rite semiconductors CuGaSe2 and CuAlS2 and high dielectric constant material

Na1/2Bi1/2Cu3Ti4O12 (NBCTO) respectively.

Experimental works on mentioned materials still continue with increasing

speed. In this manner the theoretical understanding of properties of these mate-

rials is becoming very important for future developments and increasing efficiency

of uses of these materials for device technology. And a useful tool of theoretical

condensed matter physics to deal with the electronic and lattice properties of

solids is density functional theory (DFT) developed by Hohenberg-Kohn [1] and

Kohn-Sham [2]. This theory, which was established in 1960s, has been immensely

popular for accuracy and predictive power and the additional advantage of den-

sity functional theory can be using complex materials such as proteins (as DNA)

and carbon nanotubes.

Density functional theory, in its many forms helped in understanding many

different properties of systems. In condensed matter applications, it is generally
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used within so called local density approximation (LDA) and pseudopotentials

to account for the interaction between the valance electrons and the nuclei. In

Section 2, we will review the basics of this theory and its implementation with a

plane-wave basis.

The study of characteristic phonon frequencies is one of the most impor-

tant methods for the characterization of strained materials. And the number of

properties depend on their vibrational properties especially infrared, Raman and

neutron-diffractions, the thermal properties such as thermal expansion coefficient,

heat capacity and thermodynamical Grüneisen parameters. The first principle

investigations of phonon frequencies can be investigate in density functional per-

turbation theory(DFPT) [3], frozen phonon [4] or direct method approach with

respective advantage and disadvantages. Partly because of its computational ease,

the so called frozen-phonon method [4] was the first ab initio phonon method.

This method tried to find the phonon displacement pattern and calculate the

energy difference between the perfect crystal and the crystal where the atoms

are displaced according to particular phonon pattern. This technique is good for

phonons at high symmetry points of the Brillouin zone. For a phonon at an arbi-

trary point in Brillouin zone, the displacement pattern would require a large unit

cell and calculation becomes prohibitively large. A different approach to ab initio

phonon problem is so called linear response approach [3]. In this approach, one

considers phonon as a perturbation an the electronic density of the crystal and

phonon frequencies are computed from the linear response of the crystal. This

method has the added advantage that one can consider other perturbations, such

as electrical field, which is important for the longitudinal optical modes of polar

materials.

Lattice dynamical properties, such as effective charges, phonon frequencies

2



and low frequency dielectric constants provide crucial information about the

structure of the material and pressure dependence of these properties impor-

tant tool for investigations. Shifted phonon frequencies are signatures of strain

state of the material and can be used to clarify mode structure by Raman scat-

tering. Elastic properties of the material are another important ingredient of

such an investigation. In this study we have investigate pressure dependence of

lattice dynamical and elastic properties of chalcopyrite semiconductors CuGaSe2

and CuAlS2 and lattice dynamical and electronical properties of high dielectric

material NBCTO.

First part of this dissertation is to use a first principles linear response ap-

proach to delineate the lattice dynamical properties, such as Brillouin zone center

phonon frequencies, Born effective charge and dielectric permittivity tensors and

elastic compliance tensor of chalcopyrite CuAlS2 and CuGaSe2 under hydrostatic

pressure. Pressure is used as an important perturbational probe of the elec-

tronic, optical and lattice dynamical properties of materials[5]. Chalcopyrite lat-

tice structure is a deformed super-structure of zinc-blende type structure and the

phonon modes at the Brillouin zone center can be mapped to zone center and sev-

eral zone boundary modes of zinc-blende structure[6, 7, 8]. Pressure dependence

of lattice dynamical properties of zinc-blende compounds show certain trends,

such as a negative mode Grüneisen parameter for transverse acoustic modes, es-

pecially towards Brillouin zone boundaries and decrease of effective charges under

pressure[9]. In this study, we try to delineate the extent of the relationship be-

tween the pressure-dependence of lattice dynamical properties of zinc-blende and

related ternary compounds.

There has been a number of suggestion, for the mechanism of colossal dielectric

behavior. The second research topic of these study, as part of clarifying possi-

3



ble mechanisms of large dielectric constant, we have chosen Na1/2Bi1/2Cu3Ti4O12

(NBCTO) as a test material and will report the results of ab initio density func-

tional calculations to investigate the lattice dynamical and dielectric properties of

NBCTO, to understanding of mechanism and properties of high dielectrics. High

dielectric constant materials (with dielectric constant grater than ε0 > 7), are im-

portant for technological applications such as wireless communication systems,

for design of big memory for computers, namely as capacitors, resonators or filters

and this allow minimization of electronic devices which are in increasing demand.

And generally technology needs the finding new high dielectric constant mate-

rials instead of silicon based materials. In last decade CaCu3Ti4O12 (CCTO)

was reported as a high dielectric constant material which ε0 value practically

independent of temperature and frequency, both so important for device technol-

ogy. Generally capacitative devices need to have static dielectric constant values

to operate properly under variety of conditions, if the static dielectric constant

strongly varying in temperature , device not operate properly[10]. After reported

CCTO, research going on in this topic with increasing speed and a few materials

have reported as a high-k material. And all this materials have similar dielectric

behavior, as the frequency dependence of the complex dielectric function shows

a Debye-like relaxational behavior, and nearly independence of temperature and

frequency. Subramanian et al. [11] discussed a lot of compounds with the CCTO

structure in the ACu3M4O12(A=alkali, alkaline-earth metal, rareearth metal or

vacancy, M=transition metal) system. They reported that more than ten com-

pounds have dielectric constants larger than 1000 at room temperature and one

of these materials is NBCTO. In literature, limited experimental data available

about NBCTO. This study will help to future studies related by similar properties

of similar materials.
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The plan of the thesis is as follows; in Section 2, we give a brief overview

of the main theory of density functional theory in pseudopotential plane-wave

implementation. Section 3 is about Cu-based chalcopyrite semiconductors, de-

tails of calculations, brief explanation of lattice structure and lattice dynamical

results displayed and discussed. And about high dielectric constant materials,

some previous experimental as well as theoretical work on lattice dynamical and

electronic properties of these type of materials displayed and details of calcu-

lations, our calculated born effective charges, phonon frequencies and dielectric

constants displayed and discussed in section 4. Thesis concludes with discussion

and further research suggestion in Section 5.
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CHAPTER 2

DENSITY FUNCTIONAL THEORY

A system as solid, can be described as the system by a number of electrons and

nuclei interacting through coulombic (electrostatic) forces. The first observation

is the timescale associated to motion of nuclei is much slower than that associated

to electrons and the mass of nuclei much greater than electrons. From this ob-

servation, one can entangling the nuclear degrees of freedom is called ”adiabatic

approximation” (or Born-Oppenheimer approximation).

With this approximation, one transforms the problem into two parts; the

problem of electrons as if the nuclei are stationary and problems of nuclei moving

on a potential energy surface determined by the electronic distribution.

The solution of the first problem would give the electronic energy band struc-

ture and electronic wave functions of the crystal, while the solution to second

problem are the vibrational properties of the crystal.

Let us start with the first problem, here we have N interacting electrons in

an external potential, created by stationary nuclei. This system is described

quantum mechanically by the solutions of Schrödinger many body equation;

Hψ(~r1, ..., ~rN) = Eψ(~r1, ..., ~rN) (2.1)

where H in the Hamiltonian:

H = − 1

2me

N∑

i=1

∇2
i −

N∑

i=1

Vext(~ri) +
e2

2

∑

i6=j

1

|~ri − ~rj| (2.2)
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where ~ri is the position of the ith electron and Vext(~ri) is the external potential

that act on the electron i. In these formulas we are using atomic units, where

h̄ = 1; if me = 1
2

and e2 = 2 then the energies are in Rydberg (Ryd) or if me = 1,

e2 = 1, energies are in Hartree (Ha).

In practise, 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 in stead 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;

G[n] =< ψ0|H|ψ0 > (2.3)

Let us specialize the situation to properties of periodic solids, where nuclear

position are fixed by the introduction of Bravais lattice vectors Kµ, and by the

choice of basis vectors τs which characterize the positions of the nuclei inside the

7



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

as;

Etot = Ei−i + G[n] (2.4)

where Ei−i , the coulombic potential energy of the ionic subsystem which can be

computed as;

Ei−i =
e2

2

′∑
µν ss1

ZsZs1

|Rµ + τs −Rν − τs1|
(2.5)

where Zs, the charge of nucleus at τs and prime on summation indicates that

µ = ν and s = s1 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 |ψi > be the single particle wave functions of non-

interacting system, then the kinetic energy would be

T = − 1

2me

∑

i

fi < ψi|∇2|ψi > (2.6)

where fi is the Fermi function, which is equal to 2 (taking into account spin

degeneracy) if the energy of the ith level is less than Fermi energy and equals 0 if

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

n(~r) =
∑

i

fi|ψi(~r)|2 (2.7)

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

Etot would include a coulombic term of the form;
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EH =
e2

2

∫

V

∫

V
d~r2d~r1

n(~r2)n(~r1)

|~r1 − ~r2| (2.8)

External interaction would give;

Eext =
∑

i

fi < ψi|Vext|ψi > (2.9)

In practice Vext 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

Exc[n] = G[n]− Eext − T − EH (2.10)

If Exc[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 ψi(r) with the orthogonality constraint;

< ψi|ψj >= δij (2.11)

which leads to Kohn-Sham equations;

[
− 1

2me

∇2 + VH(~r) + Vxc(~r) + Vext(~r)
]
ψi(~r) = εijψi(~r) (2.12)

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

Equation (2.7) in Equation (2.12);

VH(~r) = e2
∫

V
d~r1

n(~r1)

|~r − ~r1| (2.13)

and
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Vxc(~r) =
δExc[n]

δn(~r)
(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 ψi(~r) in a

complete set of basis functions, such as plane waves (PW), gaussian functions

or atomic orbitals. We will discuss 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 to-

wards atomic positions. Hartree potential is easier to compute with PW, and one

can systematically increase the resolution of the computation by increasing the

number of plane waves used to expand ψi(~r).

Since Vext(~r) 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 in stead 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

10



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

Vs(~r) = V loc
s (~r) +

lmax∑

i=0

V nl
s,l (~r)Pl (2.15)

where Pl is the projector

Plf(~r) =
l∑

m=−l

flm(~r)Y m
l (θ, φ) (2.16)

where Y m
l is the spherical harmonic of singular momentum l and flm are the

expansion coefficients the function f(~r).

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 [12]

Define the KS potential as

VKS(~r) = Vext(~r) + VH(~r) + Vxc(~r) (2.17)

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

VKS(~r + ~Rµ) = VKS(~r) (2.18)

so we can apply Bloch’s theorem [13] to Equation (2.12) :

ψi(~r) = ψi(~k, ~r) = ei~k·~rui(~k, ~r) (2.19)

where ~k is a vector inside 1st Brillouin zone and ui(~k, ~r) periodic with the peri-
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odicity of the direct lattice:

ui(~k, ~r + ~Rµ) = ui(~k, ~r) (2.20)

If we have N electrons, we would need N
2

lowest filled states factor 2 from

~k-points inside the 1st 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, Nb, to one half the number of electrons is the unit cell.

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

[
1

2me

(−i∇+ ~k)2 + VH(~r) + Vxc(~r) + Vext(~k, ~r)
]
ui(~k, ~r) = εi(~k)ui(~k, ~r) (2.21)

where

Vext(~k, ~r) = e−i~k·~rVext(~r)e
i~k·~r (2.22)

Equation (2.21) are Nc different equations (Nc is the number of cells of the

crystal). Each of these equations can be solved more easily than original Equa-

tion (2.12), because ui(~k, ~r) have the periodicity of the Bravais lattice and it is

possible to expand it in plane waves as;

ui(~k, ~r) =
1√
V

∑

G

C~k+ ~G,ie
i ~G·~r (2.23)

where ~G is a reciprocal vector and C~k+ ~G,i are the eigenvectors of a linear eigenvalue

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

~G1

[
1

2me

|~k + ~G|2δ~G, ~G1
+ VH(~G− ~G1) + Vxc(~G− ~G1) + Vext(~k + ~G,~k + ~G1)

]
C~k+ ~G1,i =

= εi(~k)C~k+ ~G,i(2.24)

where

nV (~G) =
1

Ω

∫

Ω
d~rnV (~r)e−i ~G·~r (2.25)

and

VH(~G) = 4πe2nV (~G)

|~G2| (2.26)

and Vxc(~G) is the Fourier transform of exchange-correlation potential; Ω is the

volume of unit cell. The external potential term is;

Vext(~k + ~G,~k + ~G1) =
1

V

∫

V
d~re−i ~G·~rVext(~k, ~r)ei ~G·~r (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 Vext.

Equation(2.24) is an eigenvalue problem and can be solved by standard nu-

merical methods [14] if the number of G vectors in the expansion is low enough.

The traditional eigenvalue methods requires N3 operations [14]. Even for a small

system with 1000 plane-waves, the diagonalization process would be 109 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
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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 [15].
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CHAPTER 3

CU-BASED CHALCOPYRITE SEMICONDUCTORS

The ternary I-III-VI2 chalcopyrites form a large group of semiconductors with

diverse structural, electrical and optical properties [16, 17]. One of this class

of materials, CuAlS2, is the widest band gap semiconductor (Eg = 3.49 eV at

300 K [18]) crystallizing in chalcopyrite structure and is an important candi-

date for blue-to-ultraviolet light emitting device applications [19]. Copper based

chalcopyrites Cu(In,Ga)Se2 are considered to be a promising class of materials

for solar-cell applications with a proven efficiency of 18.8 % [20]. One way of

improving the efficiency of these cells is the use of tandem structures. CuGaSe2-

CuInSe2 structure with high band gap (Eg) CuGaSe2 (Eg = 1.68 eV) on top of

low gap CuInSe2 (Eg = 1.0 eV) would form an ideal couple for tandem photo-

voltaic applications [21]. Structural, electronic and lattice dynamical properties

of both of these materials have been widely studied for last three decades by a

number of experimental and theoretical methods. However, there are still in-

consistencies among the reported experimental results concerning especially the

lattice dynamical properties which were the subject of recent theoretical work for

CuInSe2 [22, 23].

As we mentioned before as a fingerprint properties, the study of characteristic

phonon frequencies is one of the most important methods for the characterization

of strained materials. Pressure dependence of lattice dynamical properties, such

as effective charges, phonon frequencies and low frequency dielectric constants

provide crucial information about the structure of the material. Elastic properties

is a different tool of these type of research. Elastic constants of most of the
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chalcopyrite family of semiconductors have not been determined experimentally

because of various difficulties in growing single crystals of these compounds [24].

The availability of reliable elastic constant data is an essential prerequisite for

any calculation or analysis of the influence of pressure, stress and strain on the

properties of crystals and thin epitaxial layers.

The subject of the present work is to use a first principles linear response

approach to delineate the lattice dynamical properties, such as Brillouin zone

center phonon frequencies, Born effective charge and dielectric permittivity ten-

sors and elastic compliance tensor of chalcopyrite CuGaSe2 and CuAlS2 under

hydrostatic pressure. As chalcopyrite structure can be obtained from the zinc-

blende structure by simple doubling and small deformations (as detailed in Sec-

tion 3.2), CuGaSe2 can be considered as a superstructure of ZnSe and electronic

as well as lattice dynamical properties of the former could be derived from those

of the latter by using a Brillouin zone folding scheme, as a first approximation.

In this work, we also provide a comparison of calculated properties for these two

materials and comment on the efficiency of the folding approach.

The Brillouin Zone (BZ) center phonon frequencies have been measured by

infrared reflectivity [25, 26, 32] and Raman scattering [25, 26, 27, 28, 29] spectro-

scopies for CuAlS2 and infrared [30, 31, 32, 33] and Raman [34, 35, 36, 37, 38, 39,

40, 41] spectroscopic measurements for CuGaSe2 at ambient as well as elevated

pressures. One interesting point about all these reports is the consistency of data

for all the measured mode frequencies for CuAlS2, which is not the case for the

other Cu-based chalcopyrite semiconductors [42].
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3.1 Methodology

The present results have been obtained using the ABINIT code [43], that is based

on pseudopotentials and planewaves. It relies on an efficient Fast Fourier Trans-

form algorithm [44] for the conversion of wavefunctions between real and recipro-

cal space, on the adaptation to a fixed potential of the band-by-band conjugate

gradient method [15] and on a potential-based conjugate-gradient algorithm for

the determination of the self-consistent potential [45]. The exchange-correlation

energy is evaluated in local density approximation (LDA), using Perdew-Wang

parametrization [46] of Ceperley-Alder electron-gas data [47].

The pseudopotentials have been generated with FHI98PP code [48]. The

details of choice of pseudopotentials were reported before for calculations of

CuInSe2 [22], CuGaS2[49] and CuInS2 [50]. The kinetic energy cutoff needed

to obtain a convergence better than 0.01 eV for total energy is found to be equal

to 45 Ha. Changing cutoff from 40 to 45 Ha changes response quantities less than

1 %. The Brillouin zone is sampled by 12 special k points, which is found to be

enough for convergence of static as well as response calculations.

3.2 Atomic Structure and Lattice Properties

The chalcopyrite structure (space group D12
2d, No. 122) (Fig. 3.1) can be consid-

ered as derived from the cubic zinc-blende structure (space group T 2
d ) (Fig. 3.2)

by populating one of the face centered cubic sublattice with group VI atoms and

other one with equal amounts of group I and III atoms in a regular fashion. In

general, I-VI and III-VI bond lengths, denoted by dI−VI and dIII−VI, respectively,

are not equal. One consequence of having two different anion-cation bond lengths

is a tetragonal distortion characterized by u = 0.25 +
(
d2

I−VI − d2
III−VI

)
/a2 which

describes the repositioning of the anions in the x−y plane, a is the lattice constant
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in the x or y direction. The second consequence of differing anion-cation bond

lengths is a deformation of the unit cell to a length c which is generally different

from 2a. This tetragonal distortion is characterized by the quantity η = c/a.

Table 3.1: Reduced coordinates of the eight atoms in the chalcopyrite unit cell.
The lattice vectors of the unit cell are ~a1 = a(1, 0, 0), ~a2 = a(0, 1, 0) and ~a3 =
a(0.5, 0.5, 0.5η) and x = u/2.

Atom Coordinates
Cu1 (0, 0, 0)
Cu2 (−0.25, 0.25, 0.5)
Al1/Ga1 (0.5, 0.5, 0.0)
Al2/Ga2 (0.25,−0.25, 0.5)
S1/Se1 (x, 0.125, 0.25)
S2/Se2 (−(0.25 + x),−0.375, 0.25)
S3/Se3 (−0.125, (0.25 + x),−0.25)
S4/Se4 (0.375,−x,−0.25)

The unit vectors of the primitive cell are: (a, 0, 0), (0, a, 0), (a/2, a/2, ηa/2)

and the coordinates of the atoms in reduced coordinates forming the unit cell are

displayed in Table 3.1 (also see Fig. 3.3).

Table 3.2: Calculated structural parameters of CuGaSe2 compared to experimen-
tal data (a in a.u., η and u are dimensionless).

This work Ref.[53] Ref.[54] Ref.[55]
a 10.274 10.610 10.619 10.597
η 1.971 1.965 1.963 1.972
u 0.270 0.250 0.255 -

The ground state properties in the pressure free case are obtained by mini-

mization of total energy with respect to the unit cell volume V . This is done

by calculating the total energy for a number of fixed η values. For each η and

u is determined by minimizing the force on the atoms. The equilibrium volume,
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Figure 3.1: Conventional unit cell of chalcopyrite crystal structure. Larger
spheres represent cations while the smallest spheres are for anions.

Figure 3.2: Conventional unit cell of zinc-blende crystal structure. Larger spheres
represent cations while the smallest spheres are for anions.
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Figure 3.3: Tetragonal chalcopyrite primitive unit-cell.

bulk modulus and its pressure derivatives are calculated by fitting to a third-

order Vinet equation of state [56]. The hydrostatic pressure is simulated by a

uniform decrease in lattice constants a and c. For each compressed volume u is

recalculated from the force considerations.

The zero pressure lattice structural properties are obtained by energy and

force minimization and compared to available experimental values in Table 3.2

for CuGaSe2 and in Table 3.3 for CuAlS2 . Considering the fact that the zero-

point motion and thermal effects are not taken into account, the calculated a,

η and u values agree with the experimental values quite well. Since it is found

that u > 0.25, the Ga-Se bond is slightly shorter than the Cu-Se bond. The

bulk modulus and its pressure derivative calculated by fitting to a third-order

20



Table 3.3: Calculated structural parameters of CuAlS2 compared to experimental
data (a in a.u., η and u are unitless).

This work Ref.[28] Ref.[53] Ref.[57] Ref.[58]
a 9.900 10.082 10.083 10.043 10.076
η 1.988 1.957 1.958 1.963 1.976
u 0.255 0.255 0.268 - -

Vinet equation of state [56] are found to be 84.5 GPa and 4.7 which are in

good agreement with available experimental bulk modulus values of CuGaSe2

(75.67 [59], 70.18 [60] and 69.31 [61] GPa), but far off compared to the value

57.84 GPa reported by Ref. [62]. ZnSe which is isoelectonic analogue of CuGaSe2

has slightly larger lattice constant a = 10.7106 a.u. and lower bulk modulus

(B0 = 64.7 GPa) [63]. And the bulk modulus and its pressure derivative of

CuAlS2 97.4 GPa and 4.5 which are in very good agreement with experimental

values of 99±3 GPa [27], 94±15 GPa [29], 95.83 GPa [59].

Under pressure tetrahedrally coordinated chalcopyrite compounds undergo

transformation to a denser phase with octohedral coordination [64], probably

rock-salt structure. The phase transition pressure for CuGaSe2 is around 12.5

GPa [65]. This pressure corresponds to a volume reduction of 15 % if we use our

calculated B0 and B′
0 values in Vinet equation of state. Our calculations are done

for the volume compression range (up to 10 %) which is far away from the phase

transition point.

3.2.1 Elastic Constants

There are a number of ways to calculate the elastic coefficients of a material from

first principles. Until recently, the most widely used method was to deform the

crystal from its equilibrium shape by a set of tetragonal and sheer deformations
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of various sizes and compute the resulting stress by using quantum mechanical

definition of stress [66]. Relationships between the applied strain and the cal-

culated stress components provides a set of over-determined linear system which

are solved by singular value decomposition to obtain sought elastic stiffness con-

stants. Recently, Hamann et. al. [67] developed a reduced coordinate metric

tensor method for linear response formulation of strain type perturbations which

could be calculated in DFPT. The elastic constants reported in this paper are

obtained by the method of Ref. [67] as implemented in Abinit.

Table 3.4: Elastic constants of CuGaSe2 in units of GPa.

C11 C12 C13 C33 C44 C66

CuGaSe2 This work 112.2 66.4 68.1 113.2 48.4 48.5
CuInSe2 This work 96.8 60.9 63.2 97.0 39.1 37.9
CuInSe2 Ref. [68](Exp.) 97.0 59.7 86.0 108.9 36.2 31.6
CuInSe2 Ref. [69](Theo.) 71.0 45.3 45.3 63.3 45.5 47.4

The elastic stiffness tensor of chalcopyrite compounds has six independent

components because of the symmetry properties of D12
2d space group, namely

C11, C33, C44, C66, C12, C13 in Young notation. The elastic compliance tensor

elements of CuGaSe2 which are calculated by using the method of metric tensor

formulation of Hamann [67] are displayed in Table 3.4. Elastic stiffness tensor

components must satisfy certain relations known as Born stability criteria [70]

which for the tetragonal chalcopyrite lattice requires that C11, C33, C44, C66 > 0,

C11 > |C12|, C11C33 > C2
13, (C11 + C12)C33 > 2C2

13. The values reported in

Table 3.4 satisfy all of these constraints. Since the experimental values are

not available for CuGaSe2, to give an idea about the expected experimental-

theoretical spread, we display experimental, theoretical and our calculated values

for CuInSe2 in the same table. Except for C13 (≈25 % underestimated) and C66
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(≈20 % overestimated), the agreement between the calculated and experimental

values is very good. The results obtained in this work seems to be much closer

to the experimental values compared to those reported in Ref. [69]. The main

ingredients of calculations in this work and Ref. [69] are similar, namely pseu-

dopotential LDA-DFT. Although the method of elastic constant calculations are

different, results should converge to a common value. The pronounced difference

in the results of these two sets of calculations might be due to lack of enough

convergence in the calculations reported in Ref. [69]. Elastic constants reported

in Table 3.4 shows that CuGaSe2, also, displays pseudocubic elastic behavior:

for cubic crystals C11/C33 = C44/C66 = C12/C13 = 1, from Table 3.4 we find

C11/C33 = 0.99, C44/C66 = 1.00, C12/C13 = 0.98 for CuGaSe2. A similar be-

havior, which is an expected result because of the u and η deformations being so

small, was found for other Cu based chalcopyrites in Ref. [69].
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Figure 3.4: Volume dependence of the components of elastic stiffness components
of CuGaSe2.
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The volume dependence of elastic constants is displayed in Fig. 3.4. As can

be seen from the figure, C44 and C66 increase linearly near zero pressure and

then decrease almost linearly at higher pressures while the other elastic tensor

components increase with the compression of the lattice. Although the pressure

dependence of elastic constants of CuGaSe2 is not available experimentally, elastic

constants of a similar compound CdGaAs2 show similar properties at low pres-

sures [24]. Comparing the pressure behavior of elastic constants of CuGaSe2 with

those of its binary electronic analog ZnSe, we find a similar trend. Our calculated

P = 0 pressure derivatives dC11/dp = 3.74, dC33/dp = 4.00, dC12/dp = 4.00,

dC13/dp = 3.58, dC44/dp = 0.21 and dC66/dp = 0.32 are comparable to the sim-

ilar experimental values of dC11/dp = 4.77, dC12/dp = 4.44 and dC44/dp = 0.43

for ZnSe. An interesting point that can be observed from the pressure dependent

Cijs is that after a volume reduction of 8%, dC44/dp and dC66/dp become nega-

tive. This behavior is also observed for the C44 component of ZnSe and is thought

to be related to the structural phase transition. As it also can be observed from

the figure, reduction of the cubic symmetry of the zinc-blende to tetragonal sym-

metry of chalcopyrite structure increases the number of independent coefficients

of the elasticity tensor from three to six. However, because of the smallness of

tetragonal distortion the splittings of C11−C33, C12−C13 and C44−C66 are very

small.

One can define linear compressibilities for the pressure response of lattice

constants a (κa) and c (κc) axis of chalcopyrite structure [24]. κa and κc can be

expressed in terms of elastic stiffness constants as:

κa = −1

a

∂a

∂p
=

C33 − C13

C33(C11 + C12)− 2C2
13

κc = −1

c

∂c

∂p
=

C11 + C12 − 2C13

C33(C11 + C12)− 2C2
13
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Our calculated κa and κc are close with values 4.1 and 3.9 TPa−1, respectively.

This finding partly justifies treating the effect of hydrostatic pressure on the

lattice as uniform contraction of both a and c axis. Volume compressibility,

which is defined as κ = 2κa + κc, is equal to 12.1 TPa−1 which is similar to that

reported for other chalcopyrite compounds [24].
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Figure 3.5: Volume dependence of the bulk modulus and a and c axis compress-
ibilities of CuGaSe2.

The volume dependence of κa and κc and the bulk modulus are displayed

in the Fig. 3.5. As expected, compressibilities along the a and c axis decrease

linearly with pressure while the bulk modulus increases.

3.3 Born Effective Charges

Born effective charge tensors determine, with the electronic permittivity tensor

ε∞, the strength of Coulomb interaction which is responsible for the splitting be-

tween the transverse (TO) and the longitudinal (LO) optical modes for insulators.

It is a measure of the change in electronic polarization due to ionic displacements.

For atom κ, Z?
κ,βα, quantifies, to linear order, the polarization per unit cell, cre-
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ated along the direction β when the atoms of sublattice κ are displaced along

the direction α, under the condition of zero electric field. Computationaly, its

the mixed second derivative of the total energy with respect to macroscopic field

component Eα and β component of the displacement of κth particle.

Table 3.5: Calculated Born effective charges of CuGaSe2. The eigenvalues, λ of
the symmetric part of Z? are given in brackets. The last column is the Grüneisen
parameter, γ? for the effective charge.

λ γ?

Z?
Cu




0.72 0.12 0.00
−0.12 0.72 0.00
0.00 0.00 0.64







0.72
0.72
0.64






−3.58
−3.58
−3.64




Z?
Ga




2.47 0.12 0.00
−0.12 2.47 0.00
0.00 0.00 2.72







2.47
2.47
2.72






−0.14
−0.14
−0.38




Z?
Se1



−1.41 0.00 0.00
0.00 −1.78 0.68
0.00 0.75 −1.68






−2.45
−1.41
−1.01






−0.80
−0.77
−1.54




Z?
Se3



−1.78 0.00 0.68
0.00 −1.41 0.00
0.75 0.00 −1.68






−2.45
−1.41
−1.01






−0.80
−0.77
−1.54




In Table 3.5 and Table 3.6, we display dynamical effective charge tensors,

eigenvalues of symmetric parts of these tensors and Grüneisen parameters of

these eigenvalues, γ? which is defined as

γ? = − d ln λ

d ln V
(3.1)

where V is the unit cell volume and λ is the eigenvalue of the symmetric part of

relevant effective charge tensor. The effective charge tensors are also displayed

graphically in Fig. 3.6. Because of finite k-point sampling there is a deviation
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Table 3.6: Calculated Born effective charges of CuAlS2. The eigenvalues, λ of
the symmetric part of Z? are given in brackets. The last column is the Grüneisen
parameter, γ? for the effective charge.

λ γ?

Z?
Cu




0.59 −0.10 0.00
0.10 0.59 0.00
0.00 0.00 0.57







0.59
0.59
0.57






−3.73
−3.73
−3.59




Z?
Al




2.61 −0.05 0.00
0.05 2.61 0.00
0.00 0.00 2.66







2.66
2.61
2.61






−2.23
−2.23
−0.01




Z?
S1



−1.53 0.00 0.00
0.00 −1.67 0.62
0.00 0.63 −1.61






−2.27
−1.53
−1.01






−0.62
−0.52
−1.31




Z?
S3



−1.67 0.00 0.62
0.00 −1.53 0.00
0.63 0.00 −1.61






−2.27
−1.53
−1.01






−0.62
−0.52
−1.31




from charge neutrality which is less than 0.01 electron for the unit cell. The

first thing to consider from Table 3.5 is that compared to nominal charges of Cu,

Ga, and Se in CuGaSe2 ( +1, +3 and −2 respectively), the dynamical charges

show no anomalous behavior which is expected because such anomalous effective

dynamical charges are observed for ferroelectricity unstable semiconductors as

well as near metallic and strongly-correlated electronic systems [71] and CuGaSe2

has none of these properties. A similar trend is observed for the other CuXY2

chalcopyrites where X=Al, Ga, In and Y=S and Se.

The form of effective charge tensor for the constituents is determined by the

site symmetry of the ions. Z? of cations, which have same site symmetry (they are

located at 4a and 4b Wyckoff positions) are almost diagonal with an anisotropy

of ≈12.5% for Cu and ≈-9.2% for Ga for CugaSe2. These anisotropies are higher

than those seen in CuAlS2 as 4% for Cu and 2% for Al, but still low enough that
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Figure 3.6: Dynamical Born effective charges of chalcopyrite CuGaSe2. Here, for
each atom the unit sphere is transformed by the effective charge tensor of that
atom. Ga and Se spheres are further scaled by 1/3 and 1/2, respectively for visual
clarity.

the shapes of Cu and Ga in Fig. 3.6 are still almost spherical. The shape of Z? for

Se ion is markedly different from that of cations as can be seen from Table 3.5 and

Fig. 3.6. Se and S ions are located at lower symmetry sites (8d positions) and as

a result their effective charge tensors have nonequivalent diagonal components as

well as sizable off-diagonal components. The tetrahedral shifting of anion atoms

creates four different configurations for these atoms and the resulting effective

charge tensor elements can be divided into two classes according to the direction

of the tetrahedral shifting being along x or y direction. Z?
Se,zz = −1.68 for all

anions while Z?
Se,xx and Z?

Se,yy take the value −1.41 or −1.78 depending on the

direction of u and same behavior Z?
S,zz = −1.61 for all anions while Z?

S,xx and Z?
S,yy

take the value −1.53 or −1.67 depending on the direction of u. Also, depending
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on the u distortion being along x or y direction, the off-diagonal components

Z?
Se,zx, Z

?
Se,xz or Z?

Se,yz, Z
?
Se,zy and Z?

S,zx, Z
?
S,xz or Z?

S,yz, Z
?
S,zy are different than zero.

Hence, the shape of effective charge tensor for anions is far from being spherical,

which also has been observed for other members of the Cu-based chalopyrite

family of semiconductors.
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Figure 3.7: Volume dependent Born effective charges of CuGaSe2.

As can be seen from the Table 3.5 and Table 3.6, the Grüneisen parameter

for the dynamical effective charges of all the ions are negative, which indicate

that Z? decreases with increasing pressure. The eigenvalues of the symmetric

part of the effective charge tensors are displayed as function of the volume in

Fig. 3.7. The most important conclusion from the effective charge Grüneisen

parameters in Table 3.5 and Table 3.6 and the graphs in Fig. 3.7 is that the Born

effective charges decrease linearly with pressure in the considered pressure range.

Pressure induced reduction of effective charges indicates a charge redistribution
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in comparison with zero pressure situation is found to be the case for almost all

zinc-blende materials, except SiC [72].

3.4 Dielectric Permitivity Tensors

The form of the dielectric tensor is determined by the symmetry of the crys-

tal. Our calculated electronic (ε∞) and static (ε0) dielectric tensors have two

independent components ε|| and ε⊥ along and perpendicular to the c axis, re-

spectively. We display our calculated dielectric tensor components along with

model calculations of Ref. [73] and experimentally available values in Table 3.7

and Table 3.8. The averages of ε∞ and ε0, obtained from the expression ε∞ (or

ε0)= (2ε⊥∞+ ε‖∞)/3 are also shown in these tables. While electronic dielectric ten-

sor is almost isotropic, ε0 has a small (≈ 4.0%, ≈ 2.8% for CuGaSe2 and CuAlS2

respectively) anisotropy, which is consistent with the fact that for CuGaSe2 and

CuAlS2 tetragonal distortion is very small (η = c/a ≈ 2).

Table 3.7: Static and high frequency dielectric tensor components of CuGaSe2.

ε‖∞ ε⊥∞ ε∞ ε
‖
0 ε⊥0 ε0

This work 9.19 9.32 9.28 11.31 10.86 11.01
Ref.[31] 4.75 6.50 5.92 6.08 8.45 7.66
Ref.[32] 4.2 5.1 4.8 6.31 7.4 7.04
Ref.[33] 4.20 5.13 4.82 7.30 12.86 11.01
Ref.[73] 6.6 6.8 6.7 9.5 9.7 9.6
Ref.[33]1 8.11 7.17 7.48 12.38 14.40 13.73

1Refitted Ref.[33] data.

The experimental infrared data for the electronic part of the dielectric tensor

of CuGaSe2 are similar and around 5, but for the static ε⊥0 component there is

≈ 50 % difference between the values reported in Ref. [31] and Ref. [33]. We
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Table 3.8: Static and high frequency dielectric tensor components of CuAlS2.

ε‖∞ ε⊥∞ ε∞ ε
‖
0 ε⊥0 ε0

This work 6.81 6.94 6.85 8.84 8.59 8.76
Ref.[25] 4.9 5.0 5.0 6.7 6.4 6.5
Ref.[32] 4.80 4.90 4.87 7.05 8.14 7.68
Ref.[73] 5.1 5.2 5.2 6.9 7.0 7.0

have performed a refitting of the reflectance data of Ref. [33] and found that

the dielectric tensor components displayed in the last row of Table 3.7 would

provide a much better fit. It should be noted that these values are obtained by

fitting to the sum form of the model dielectric function which is the same form

as used in Ref. [33]. We have found that an even better fit can be obtained by

using the product form of model dielectric function with similar ε∞ components.

As can be seen from Table 3.7, our electronic computed dielectric components

agree the most with the refitted values derived from the infrared reflectance data

of Ref.[33]: our theoretical ε∞ values are ≈ 15 % higher than the experimental

values. The overestimation of the calculation is a well-known artifact of the

density functional theory (DFT) which is related to underestimation of the band-

gap in DFT[74, 75, 76].

Similar to that of Born effective charges, one can define a dielectric Grüneisen

parameter

γε = − d ln ε

d ln V
(3.2)

to characterize the pressure dependence of the dielectric constants. For CuGaSe2,

we have found that the perpendicular and parallel components of γε∞ are both

negative with a similar Grüneisen parameter (γε
‖
∞=-0.390, γε⊥∞=-0.372) which is

similar to γε∞ for zinc-blende compounds[72]. And We have found for CuAlS2,
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γε∞ , to be very small negative(γε
‖
∞=-0.0046) for γε

‖
∞ and small positive (γε⊥∞=0.0081)

for ε⊥∞ components. This is surprising, because γε∞ for zinc-blende compounds is

much larger than these values[72].

The Grüneisen parameters for the components of static dielectric function

ε0 are also all negative with higher absolute values compared to those of high

frequency components (γε⊥0 =-0.731, γε
‖
0 = −0.811, γε0=-0.784) for CuGaSe2 and

(γε⊥0 =-0.50, γε
‖
0 = −0.38, γε0=-0.46) for CuAlS2 . These values are also around

those values reported for zinc-blende compounds[72].
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Figure 3.8: Volume dependent static and high frequency dielectric tensor compo-
nents of CuGaSe2.

Figure 3.8 displays our calculated volume-dependent static and high frequency

dielectric tensor components. All of the components decrease under pressure;

the volume dependence of static (high-frequency) components is slightly (highly)

nonlinear, especially at higher pressures, which is similar to what has been found

for the most tetrahedrally coordinated semiconductors.
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3.5 Zone Center Phonons

The unit cell of the chalcopyrite structure is almost twice the volume of zinc-

blende one, with the Brillouin zone being four times smaller than that of the

cubic structure. As a result, Γ, X and W symmetry points of zinc-blende Brillouin

structure zone fold to Γ of the chalcopyrite structure. Since the body-centered

tetragonal primitive unit cell of the chalcopyrite structure has eight atoms (see

Fig.3.6), the number of vibrational modes for this structure is 24. A detailed

discussion of group theoretical properties of chalcopyrite zone center phonons

can be found in Refs.[6]. The irreducible representation at the center of the

Brillouin zone is

Γaco = 1Γ4 ⊕ 1Γ5

for acoustic modes, and

Γopt = 1Γ1 ⊕ 2Γ2 ⊕ 3Γ3 ⊕ 3Γ4 ⊕ 6Γ5

for optical modes. Optical modes having Γ1 and Γ2 symmetry involve only dis-

placement of cations. Γ3, Γ4 and Γ5 modes include displacement of anions, as

well. Both Γ4 and Γ5 modes belong to vector transforming representation, and

are thus IR active. Inclusion of the long range polarization interaction results in

splitting of the Γ4 and Γ5 modes into TO and LO components giving nine polar

vibrations (three with polarization along c (Γ4 modes) and six along x or y (Γ5)).

This results in different numbers of IR modes being active for E‖c and E⊥c.

Except modes of Γ2 symmetry, all optical modes are Raman active.

The infrared active Γ4 mode involves in-phase motion of each cation pair and

that of two anion pairs along the principal axis and as a result has a dipole
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moment in that direction. For the infrared active Γ5 mode, the resultant motion

of each cation pair and that of each anion pair are along either of x and y axis

which causes twofold degeneracy and a dipole moment in the x−y plane. Γ1 and

Γ3 modes are out of phase motion of ions and they do not have a dipole moment,

so they are Raman active but not infrared active. Γ2 mode is out-of-phase motion

of anion pairs and does not produce a dipole moment.

In Table 3.9 and Table 3.10 our calculated zone center phonon frequencies

of CuGaSe2 and CuAlS2 respectively. Their symmetry assignments and mode

Grüneisen parameters are displayed and compared with infrared [30, 31, 32,

33] and Raman [34, 35, 36, 37, 38, 39, 40, 41] spectroscopic measurements for

CuGaSe2 and infrared [25, 26, 32] and Raman [25, 26, 27, 28] spectroscopic mea-

surements for CuAlS2. Among the experimental phonon frequencies Raman data

of Ramirez et. al.[37] and Gonzalez et. al.[38] and infrared data of Syrbu et.

al.[33] are the most complete sets of CuGaSe2 zone center phonon frequencies.

The zone center phonon frequencies of Cu-based chalcopyrite semiconductors,

generally, are clearly grouped into three groups: low, medium and high fre-

quency. As can be seen from Table 3.9 for CuGaSe2 these groups are low:65-97

cm−1, medium:170-223 cm−1 and high:265-295 cm−1. Γ1 mode which involves

the motion of only the anions is always the strongest line observed in the Raman

scattering of Cu-based chalcopyrite compounds and because of that its frequency

well-established for CuGaSe2 in the range 182-187 cm−1 which can be seen from

the Table 3.9. Our calculated value for this mode is 197 cm−1 which is in good

agreement with the experimental values. Although there are some discrepancies

among the experimental data for almost every mode with the exception of Γ1

mode, the most problematic values seem to be the Raman results of Ref.[37]

for the high frequency Γ3 modes. Our calculated frequencies and Raman mea-
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surements reported by Ref.[38] coupled with the results of experimental as well as

computational studies on other Cu-based chalcopyrites seem to indicate that each

one of three Γ3 mode frequencies should be in the low, medium and high frequency

region. The discrepancies among experimental Γ4 and Γ5 mode frequencies are

relatively low compared to some other Cu-based chalcopyrites and our calculated

frequencies show reasonable agreement with the available values. CuAlS2 is rather

interesting among the Cu-based semiconductors that crystallize in chalcopyrite

structure, because, contrary to other members of this family [42, 22, 49, 69], re-

ports of its zone-center phonon frequencies agree well with each other. As can

be seen from the Table 3.10, based on relative root-mean square (rms) deviation

values, our calculated mode frequencies agree very well with the experimental

results, especially low temperature Raman measurements reported by Bairamov

et. al. [28]. Except for Andrish et. al.’s infrared data [32], all the rms deviations

between our calculated results and the experimental data are within the range of

expected accuracy of DFT response calculations.

The calculated LO-TO mode splitting of Γ4 and Γ5 modes of CuGaSe2 are

small, ranging from 0 to 20 cm−1. As can be observed from the Table 3.9, the

highest splitting is for the highest frequency modes for both symmetries which is

also the case for the experimental data. The small and even zero splitting for the

low frequency modes can be traced back to the origin of these modes: since the

low frequency modes are essentially the folded acoustic modes, they correspond

to whole molecular units moving relative to each other. On the other hand, the

high frequency modes involve individual atoms moving against each other which

produces higher dipole moments which lead to higher splitting. The highest of

these splitting values are around the half of the LO-TO splitting for zone center

optical mode of isoelectronic ZnSe. A similar reduction value was obtained by
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Lambrect et. al.[77] who compared the splittings for ternary ZnGeN2 and its

isoelectronic analog binary GaN.
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Figure 3.9: Volume dependence of phonon frequencies for CuGaSe2 at the Γ point.

The hydrostatic pressure dependence of phonon mode i with frequency ωi is

characterized by the Grüneisen parameter γi which is defined as

γi = −d ln ωi

d ln V
(3.3)

where V is the unit cell volume of the crystal. In Table 3.9 and Table 3.10, we

also display our calculated mode Grüneisen parameters. To best of our knowl-
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edge, there are no reported experimental Grüneisen parameters for the Γ point

phonons of CuGaSe2. Here we discuss the computed results with reference to γis

of comparable compounds. One of the interesting properties of phonons of tetra-

hedrally coordinated semiconductors of diamond and zinc-blende structure is the

pressure softening of their transverse acoustic (TA) modes. Mode Grüneisen pa-

rameter for TA modes of Group IV, III-V and II-VI compounds that crystallize

in diamond and zinc-blende structure are all negative towards the Brillouin zone

boundaries[9] and this negativity is thought to be the mechanism of structural

phase transition of these compounds at elevated pressures. The correspondence

between the chalcopyrite zone center phonon modes and modes in zinc-blende

structure has been given in Refs.[78, 6, 7, 8]. We have found three negative mode

Grüneisen parameter for CuGaSe2, which are two low frequency optical Γ5 and

one low frequency Γ4 modes and we have found three negative mode Grüneisen

parameter for CuAlS2, which are two low frequency optical Γ5 and one low fre-

quency Γ4 modes. These modes originate from X5ac, W4ac and W2ac modes of

zinc-blende structure, respectively. γ for the X5ac-originated mode is similar in

magnitude and sign to values reported for zinc-blende structures [79, 80, 81, 82].

Frequency and mode Grüneisen parameters at W point for zinc-blende materials

are, unfortunately, not as well known as those at X point. From the available

data [79] we would expect a smaller, but still negative Grüneisen parameter.

Experimental γ for these two modes seem to be very small but positive.

For zinc-blende materials, the mode Grüneisen parameter for longitudinal

optical phonon modes (γTO) is generally higher than that of transverse optical

mode (γLO) [79], which is interpreted as reflection of a decrease in ionicity with

increasing pressure. We have found a similar relationship for CuGaSe2 for the

polar modes (the highest frequency Γ5 and Γ4 modes) originating from the zone-
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center polar mode (Γ15) of zinc-blende structure.

The volume dependent zone center phonon frequencies of CuGaSe2 are shown

in Fig. 3.9. High and intermediate frequency modes, which are displayed in

Fig. 3.9a and Fig. 3.9b respectively, show a similar volume dependence; their

frequency increase linearly with pressure at different rates.
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CHAPTER 4

HIGH DIELECTRIC CONSTANT MATERIALS

Starting with the observation of giant dielectric constant (GDC) in CaCu3Ti4O12

(CCTO) [83, 10] perovskite-derived oxides with GDC (ε0 > 103) have been the

subject of many recent studies, in part because of various potential technological

applications of the materials with such properties and in part because of the

possible origin of the such high dielectric constant. Investigation of the dielectric

properties of many compounds of the form ACu3Ti4O12, where A might be Ca,

Cd, La2/3, Na1/2Y1/2 or Na1/2Bi1/2 showed that all of them had large dielectric

constants over a wide temperature range (∼ 150-600 K) [11, 84]. Ferrarelli et.

al. reports room temperature permitivity of over 10000 for Na1/2Bi1/2Cu3Ti4O12

(NBCTO) and around 10000 for CCTO at 100 kHz [84].

Several mechanisms, both extrinsic and intrinsic, have been advanced to shed

light on the origin of the giant dielectric response. The proposed intrinsic mech-

anisms are related to lattice instability that leads to ferroelectric or relaxor-like

behavior. Although no ferroelectric phase is observed in GDC compounds [85],

Homes et. al. argued that the giant dielectric response might be the result of local

dipole moments associated with off-center displacements of Ti atoms [10, 86]. An-

other intrinsic mechanism is proposed by Ramirez et. al. [87] which focuses on the

defects in the Ca-Cu sublattice which might disrupt Cu-O complex and leads to

local polarizability. Recently, Zhu et. al. [88] have shown the existence of a Ca and

Cu substitution disorder by using quantitative electron diffraction and extended

x-ray absorption fine structure techniques and claimed that the microscopic origin

of GDC might be related to this disorder. The proposed extrinsic mechanisms are

41



related to the morphology of the sample and boundary-layer effects. Sinclair et al.

attribute the giant dielectric phenomenon to a grain boundary barrier layer ca-

pacitance [89, 90] while a number of studies claim a Maxwell-Wagner type source

which involves enhancement from the depletion layers at grain boundaries [91, 92].

The first principles investigation of the electronic, magnetic and lattice dy-

namical properties of GDC compounds, mostly CCTO, have been carried out by

a number of groups [93, 94, 96, 97, 95]. Electronic, magnetic and lattice dynami-

cal properties of CCTO and CdCu3Ti4O12 (CdCTO) were investigated by He et.

al. [93, 94] within the ultrasoft pseudopotential local spin density approximation

framework [93, 94]. He et. al.’s work focuses on the lattice dynamical properties

and the lattice susceptibility contribution to the static dielectric response and

found that there was no unstable phonon mode that might lead to a ferroelectric

transition and the lattice contribution to dielectric constant is too low to account

for the observed GDC. Electronic and magnetic properties of CCTO were, also,

calculated by using the full-potential linearized augmented plane-wave method

(FLAPW) within LSDA [96, 97, 95]. Li et. al. studied the magnetic structure

of CCTO and found that the AFM order is favored over the ferromagnetic and

nonmagnetic order. Chen and Wang [98] used local combination of atomic orbital

basis in Hartree-Fock (HF) framework to study electronic structure of CCTO and

CaCu3Mo4O12 (CCMO) and found that HF approach was better in determining

the energy gap.

The intrinsic bulk permittivity of GDC compounds has been, also, found to be

high compared to the value computed from a simple Clausius-Mossotti relation

or density functional calculations by a factor of two for CCTO [93] (experimental

value ∼ 105) and four (experimental value ∼ 235) for NBCTO [84]. Grubbs et.

al. have studied the temperature dependent dielectric and magnetic properties
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of Fe-and Nb-doped CCTO and argued that the intrinsic ε′ could only be due to

soft polar TO mode [99].

The aim of these part of the present study is to investigate the origin of di-

electric response of Na1/2Bi1/2Cu3Ti4O12 by using first principles techniques. To

this end we have performed detailed DFT and density functional perturbation

theory (DFPT) calculations to determine the electronic structure, magnetization

density, and lattice dynamical properties such as Born effective charges and Bril-

louin zone center phonon frequency and eigenvectors that determine the lattice

contribution to low frequency dielectric constant.

4.1 Methodology

All the calculations reported here were done with the Abinit [43] package which

is an implementation of density functional theory. Abinit uses planewaves for the

expansion of electronic wavefunctions and the pseudopotentials for the interac-

tion electrons and the nuclei. We use local spin density approximation for the

exchange-correlation kernel as parametrized by Perdew and Wang [46]. All atoms

are represented by norm-conserving [100] designed nonlocal [101] pseudopoten-

tials which are created by using the OPIUM code [102]. The Na (2s, 2p, and 3s),

Bi (5d, 6s and 6p), Cu (3d, 4s, and 4p), Ti (3s, 3p, 4s, and 3d), and O (2s and

2p) were treated as valence states. And details of valance wavefunctions can be

seen graphically in Fig. 4.1-4.5. Lattice dynamical and dielectric properties such

as Born effective charges, Brillouin zone center phonon frequencies, and oscilla-

tor strength are calculated in the linear response formalism of density functional

perturbation theory as implemented in Abinit in terms of iterative minimization

techniques which is described by Gonze et al. in Refs. [51, 103]. Plane wave

kinetic energy cutoff of 40 Ha was found to be enough for the convergence of 1
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cm−1 in the phonon frequencies . The Brillouin zone integrations were performed

with a 444 k-grid.
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Figure 4.1: Valance wavefunctions for Na for used in thesis.
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Figure 4.2: Valance wavefunctions for Bi for used in thesis.
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Figure 4.3: Valance wavefunctions for Cu for used in thesis.
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Figure 4.4: Valance wavefunctions for Ti for used in thesis.

4.2 Structural properties

The Na1/2Bi1/2Cu3Ti4O12 crystalline structure, which is shown in Fig. 4.6, belongs

to the Pm3̄ (space group number 200) with Na, Bi, Cu, Ti and O atoms located

at 1a (0,0,0), 1b (1/2,1/2,1/2), 3c (1/2,0,0), 3d (0,1/2,1/2), 8i (xTi,xTi,xTi), 12j
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Figure 4.5: Valance wavefunctions for O for used in thesis.

Figure 4.6: The simple cubic crystal structure of Na1/2Bi1/2Cu3Ti4O12. The
octahedra represent the TiO6 groups with oxygen at the corners and Ti at the
centers.
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Figure 4.7: The simple cubic crystal structure of Na1/2Bi1/2Cu3Ti4O12. The
icosahedra represent the BiO12 groups with oxygen at the corners and Bi at the
centers.

(xO1 , yO2 , 0) and 12k (xO2+1/2,yO2+1/2,1/2) Wyckoff positions, respectively.

The primitive unit cell contains 40 atoms. Minimization of the total energy

with respect to the lattice volume gives a lattice constant of 7.375 Å which is in

excellent agreement with the measured value of 7.411 Å [84]. The bulk modulus

(B0) and its pressure derivative are calculated as 234 GPa and 4.46, respectively.

These values can be compared to the bulk modulus of CCTO (B0 = 212 ± 2

GPa [104]) and CdCTO (B0 = 235 ± 7 GPa [105]). The equilibrium atomic

positions are obtained by using BFGS algorithm, moving the atoms until the

maximum force component is less than 0.5 meV/Å. The optimized xTi is found

to be 0.246 which is similar to that of CCTO (xTi=0.25 [106]). The x and y

parameters of the oxygen positions are found as xO1 = 0.304 and yO1 = 0.179.

As the primitive unit cell is rather large, it contains several interesting subcells;

the subsystem composed of Na and Bi atoms can be considered as a large bcc
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cell with one of them occupying the center of the cell while the other is located at

the vertices of the cell. The 40 atom-cell contains eight smaller bcc-like cells with

center atom as Ti and vertex atoms as diagonally placed sodium and bismuth and

the remaining six vertices occupied by copper atoms. As common with all the

other Ti-containing perovskite-derived coasal dielectric materials, Ti cations are

placed at the center of oxygen octahedra which are formed by three O1s and three

O2s (Fig. 4.6). In each one of the octahedra, there exists two types of Ti-O bonds

with lengths 1.93 (Ti-O1) and 1.99 Å (Ti-O2)(Ti-O bond length in CCTO is 1.96

Å [106]). The TiO6 octahedron tilting (O-Ti-O angle=104.05o) is also found to

be similar to that in CCTO (104.64o) [106]. Also, Cu1O4 and Cu2O4 units form

planar squares with Cu1-O1=1.95 Å and Cu2-O2=1.97 Å(Fig. 4.9). Na and Bi

atoms are surrounded by 12 equidistant oxygen atoms. Na-O distance (2.60 Å,

Fig. 4.8) is found to be slightly longer than Bi-O distance (2.58 Å)(Fig. 4.7).

Figure 4.8: The simple cubic crystal structure of Na1/2Bi1/2Cu3Ti4O12. The
icosahedra represent the NaO12 groups with oxygen at the corners and Na at the
centers.
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Figure 4.9: The simple cubic crystal structure of Na1/2Bi1/2Cu3Ti4O12. The
square represent the CuO4 groups with oxygen at the corners and Cu at the
centers.

4.3 Electronic structure

The electronic band structure of Na1/2Bi1/2Cu3Ti4O12 is calculated at the the-

oretically determined equilibrium geometry and given in Fig. 4.10. Non spin-

polarized ground state is found to be metallic with Cu 3d and oxygen 2p derived

states forming the bands around the Fermi-level. Including the spin polarization

decreases the total energy and leads to an antiferromagnetically ordered semicon-

ducting state with an indirect band gap of 0.53 eV (between R and X points of

the cubic Brillouin zone (Fig. 4.11)). The smallest direct band gap is 0.64 eV at

the X point. The calculated band gap is, probably, too low because of well known

deficiency of the local density approximation to exchange-correlation potential.

The observed AFM semiconducting state is similar to the case of prototype GDC
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compound CCTO which is known to exhibit an antiferromagnetic transition at

∼25 K [107, 108]. The states near the gap are mostly derived from Cu 3d and O

2p hybridization. The calculated band structure is very similar to that of CCTO

reported by Ref.[95].
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Figure 4.10: Electronic band structure of Na1/2Bi1/2Cu3Ti4O12 along the R−Γ−
X −M − Γ high symmetry directions of the cubic Brillouin zone.

As a bird-eye view to a material, form of atomic charges is important quan-

tity, both before and after bonding. And a number of way as Mulliken population

analysis, Voroni analysis can be used for describing the electron density in mate-

rial to the atoms that compose it. Here we report the Hirshfeld description which

is an approximation to define the difference between before and after bonding

charge of an atom. In this picture the total electronic charge of a bonded atom

is given as Qi =
∫

δi(r)dv, here δi(r) is the atomic deformation density, can be

define as the difference between ”charge density of an bonded atom” and the

”atomic density”. In this case net atomic charge of a bonded atom is addition
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Figure 4.11: The First Brillouin zone of a simple cubic lattice, with high symmetry
k points [109].

of charge deformation to charge of free atom. The calculated Hirshfeld charges

( Na=0.11, Bi=0.55, Cu1=0.44, Cu2=0.42, Ti=0.24, O1=-0.21 and O2=-0.22 e)

indicate that the there is net transfer of electrons to oxygen atoms from all the

other constituents of the cell.

The difference between the up- and down-spin densities, which is a measure of

magnetization density is displayed in Fig. 4.12 as isosurfaces for two different val-

ues of the difference. Figure 4.12 clearly reveals the Cu(3d)-O(2p) σ-antibonding

nature of the magnetic density, which extend over the central cluster composed

of a Cu ion and its four close oxygen neighbors at 1.95 and 1.97 Å. This cluster

evidently forms a strongly spin-polarized unit with a ferromagnetic alignment of

the magnetic moments on the Cu and O atoms comprising it, indicating a signif-

icant role of the oxygen atoms in the magnetic structure (Fig. 4.13). From the

spin densities copper and oxygen magnetic moments are found to be be 0.52 and
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Figure 4.12: 3D isosurfaces of the difference between the up and down spin charge
densities. Two different values (-0.001 (green) and 0.001 (pink)|e|) are displayed.

0.09 µB which are very close to the values reported for the CCTO [93] and total

magnetic moment of CuO4 complex is 0.88 µB.

4.4 Electronic dielectric tensor and Born effective

charges

The Born effective charges, Z?, describe the change in the macroscopic polariza-

tion in response to the displacement of the ions and determine the splitting of

the infrared active optical modes of the insulating crystals. The calculated Z?s

are presented in Table 4.1 and displayed in Fig. 4.14 graphically. The charge

imbalance of the cell is found to be less than 0.006 e which is an indication of

the quality of convergence of the calculations. The number of nonzero compo-
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Figure 4.13: Diagrams of magnetic structure of NBCTO. Arrows represent spin
up and down cases for Cu and O and meaning of bigger arrows are about five
times greater magnetic moment of Cu atoms with respect to magnetic moment
of O atoms.

nents of Z? tensor for a particular atom depends on the symmetry of the site it

occupies in the cell. Na and Bi are located at sites with cubic symmetry Th and

have diagonal Z? with equal components. The site symmetry of Cu1 and Cu2

is D2h and as a result Z?(Cu) is diagonal with unequal components. Ti and O

are located at lower symmetry sites (C3 and Cs, respectively) and their effective

charge tensors have nonzero, albeit small, off-diagonal components. The differ-

ence between Z?(Cu1) and Z?(Cu2) as well as Z?(O1) and Z?(O2) stems from the

difference in local structure of CuO4 plaques. The most important observation

from Table 4.1 and Fig. 4.14 is the anomaly in Ti and O dynamical charges.

The large dynamical anomalous charges (compared to the nominal ionic values

of Na+1, Bi+3, Cu+2, Ti+4 and O−2) originate from the electronic charge reor-
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ganization induced when an atom is displaced from its original position. Large

values of Born effective charges have been observed in ABO3 type perovskites

and attributed to the hybridization between the occupied O 2p orbital and the

unoccupied B 3d orbital [111, 110]. Our calculated Cu, Ti and O effective charges

are similar to those given by He et al. for CCTO and CdCTO [94]. Also, the prin-

cipal components of Z?(Ti) ≈ 7.20 calculated here are comparable to the values

reported as 7.16, 7.12, 7.08 and 7.06, in compounds BaTiO3, SrTiO3, CaTiO3,

and PbTiO3, respectively [111]. Z?(O) are also similar in NBCTO (Table 4.14)

and Ti-containing perovskites [111].

Electronic part of the dielectric tensor is isotropic (as expected from the cubic

Th point group symmetry) with a value ε∞ = 11.8. There is no experimental

value of ε∞ to compare but it is well known that the LDA overestimates the ε∞

because of the band-gap problem.

Table 4.1: Calculated Born effective charges of Na1/2Bi1/2Cu3Ti4O12. The eigen-
values, λ, of the symmetric part of Z? are given in brackets.

Effective Charge Tensor λ

Z?
Na diagonal

[
1.20 1.20 1.20

]

Z?
Bi diagonal

[
5.37 5.37 5.37

]

Z?
Cu1

diagonal
[

2.11 2.21 1.15
]

Z?
Cu2

diagonal
[

2.45 1.70 1.19
]

Z?
Ti




7.21 0.18 −0.04
−0.04 7.21 0.18
0.18 −0.04 7.21




[
7.13 7.13 7.34

]

Z?
O1



−1.86 0.39 0.00
0.60 −1.91 0.00
0.00 0.00 −5.58




[
−5.57 − 2.39 − 1.39

]

Z?
O2



−2.37 −0.05 0.00
0.20 −2.11 0.00
0.00 0.00 −4.92




[
−4.92 − 2.39 − 2.09

]
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Figure 4.14: Born effective charges of Na1/2Bi1/2Cu3Ti4O12. Here each of the
atoms are taken as the unit sphere and sheared with its Born effective charge
tensor.

4.5 Zone center phonon frequencies and static dielectric

constant

The primitive unit cell contains 40 atoms which leads to a total of 120 phonon

modes. The symmetry of modes and the number of raman and IR active phonon

modes of a structure can be calculated with group theory. For all these informa-

tion, one needs only symmetry of the crystal. Best of our knowledge, there is no

group theoretical analysis of NBCTO in literature, therefore brief analysis was

performed in this work. At the beginning, we know Wyckoff positions of five ele-

ments of unitcell which we were discussed before. Then irreducible presentations

for all sites must be determined [112] and given in Table 4.2. And phonon modes
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can be decomposed into the following sum of irreducible representations:

Γ = 5Ag ⊕ 5Eg ⊕ 11Tg ⊕ 3Au ⊕ 3Eu ⊕ 21Tu

Then, one can subtract the acoustic modes to determine the normal modes of

vibrations. The meaning of normal mode is all atoms vibrate at same frequency

in the corresponding mode and all atoms pass their equilibrium positions at the

same time. Acoustic phonons can be described using translation vectors. The

representation of the translations x,y and z can be obtained inspection by the

character Table 4.3. x, y and z translations correspond the triply degenerate

acoustic mode at Tu symmetry. After that, character table can be tell us about

raman, IR active and silent modes. A mode will be Raman active if the normal

mode belongs to the same representations as quadratic terms of Cartesian coor-

dinates (x2, y2, z2), their sums and differences (i.e. x2-y2, etc.) or products of

Cartesian coordinates (i.e. xy, yz, etc.) [113]. A mode will be infrared active if

the normal mode belongs to the same representation as the translations x, y, z. If

there are no coordinates belonging to a representation, the related mode is silent.

Table 4.2: Irreducible representations of each position

Wyckoff pos. Representations
12k 5Tu ⊕ 1Au ⊕ 2Ag ⊕ 2Eg ⊕ 1Eu ⊕ 4Tg

12j 5Tu ⊕ 1Au ⊕ 2Ag ⊕ 2Eg ⊕ 1Eu ⊕ 4Tg

8i 3Tu ⊕ 1Au ⊕ 1Ag ⊕ 1Eg ⊕ 1Eu ⊕ 3Tg

3d 3Tu

3c 3Tu

1b 1Tu

1a 1Tu

Among these phonon modes, only Tu modes are IR-active, Ag, Eg and Tg modes

are Raman-active. Au and Eu modes are optically silent.

We will present the properties of phonons in two groups based on the activities
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Table 4.3: Character table of point group Th.

Th E 4C3 4C2
3 3C2 i 4S5

6 4S6 3σh functions
Ag 1 1 1 1 1 1 1 1 (x2+y2+z2)
Au 1 1 1 1 −1 −1 −1 −1

Eg
1
1

ε
ε∗

ε∗

ε
1
1

1
1

ε
ε∗

ε∗

ε
1
1

(2z2-x2-y2,x2-y2)

Eu
1
1

ε
ε∗

ε∗

ε
1
1

−1
−1

−ε
−ε∗

−ε∗

−ε
−1
−1

Tu 3 0 0 −1 −3 0 0 1 (x,y,z)
Tg 3 0 0 −1 3 0 0 −1 (xz,yz,xy),(Rx,Ry,Rz)

ε = exp(2πi
3

)

Table 4.4: TO frequencies (in cm−1), mode effective charges (in |e|) and the mode
contribution to the static dielectric constant of IR-active zone center phonons of
Na1/2Bi1/2Cu3Ti4O12.

ωi Z∗
i ∆εi ωi Z∗

i ∆εi

50 9.59 63.78 299 1.86 0.28
108 10.57 25.41 335 1.98 0.32
126 3.72 1.81 381 7.45 1.36
142 9.51 15.05 406 12.41 3.37
146 3.95 2.50 436 9.25 2.55
177 5.81 4.60 492 4.62 0.36
184 4.63 2.33 496 1.96 0.10
206 1.61 0.21 533 0.53 0.00
236 11.14 13.52 540 2.63 0.17
268 1.98 0.37 682 2.94 0.14

of the modes. The first group is comprised of 21 Tu modes which are IR-active. IR-

active modes determine the lattice susceptibility contribution to static dielectric

constant and it is known that for most of the insulating perovskites [114] and the

CCTO [93] the lattice contribution to ε0 is much higher compared to the electronic

one. One of the triply degenerate Tu symmetry modes forms the acoustic branch

with zero frequency(Fig. 4.15). Frequency, mode effective charge and oscillator
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Figure 4.15: Eigendisplacement patterns of zero frequency acoustic Tu mode.

strength of the remaining 20 Tu modes are presented in Table 4.4. Since, to the

best of our knowledge, there is no experimental data on phonons of NBCTO, we

will compare the calculated quantities with experimental and computational data

of CCTO and CdCTO. The most important finding here is the existence of a very

low frequency polar mode at 50 cm−1 which has a large mode effective charge.

The eigendisplacement of this low frequency Tu mode is displayed graphically in

Fig. 4.22 and involves the anti-parallel motion of Na and Bi as a group against

the Cu and O atoms. The displacement pattern of Ti atoms is a breathing

type motion with much smaller amplitude compared to the displacement of the
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other atoms. The low frequency Tu mode was found to be important in possible

explanation of the relatively high low-temperature intrinsic dielectric constant

of CCTO. Homes et al. [10] have found that its frequency decreases while the

oscillator strength of it increases with an f-sum rule violation. The frequency of

this mode is found at 125 and 72 cm−1 for CCTO and CdCTO by He et al. and

ω =50 cm−1 calculated here seem to indicate that it is proportional to inverse

square root of the mass of Ca, Cd and Bi in the three compounds. The remaining

Tu mode frequencies range from 108 to 682 cm−1 (The highest frequency Tu mode

(682 cm−1) displayed in Fig. 4.17 mostly involves motion of O atoms at the bottom

of the O octahedrons and almost all other atoms at rest).

The static dielectric tensor of a non-polar material can be written as the sum

of the electronic dielectric permitivitiy tensor ε∞ and a sum of contributions ∆εi

from each of the zone-center polar mode i :

ε0
αβ = ε∞αβ +

∑
∆εi,αβ

where ∆εi given by

∆εi,αβ =
4πe2

M0V

Z?
iαZ?

iβ

ω2
i

here, V is the volume of the primitive unit cell and M0 is a reference mass taken

as 1 amu. The lattice contribution to the static dielectric constant of the modes

given in Table 4.4 is around 138 (the highest contributions being from the modes

at 50 (∆εi = 63.78), 108 (∆εi = 25.41), 142 (∆εi = 15.05) and 236 (∆εi = 13.52)

cm−1). Although the mode at 406 cm−1 has the largest mode effective charge,
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its contribution to dielectric constant is low because the contribution is inversely

proportional to the square of the mode frequency. The low frequency polar modes

with high mode effective charges might explain the high intrinsic dielectric con-

stant of 235 reported by Ferrarelli et al. [84] for NBCTO. The relatively low values

of the minimum optical frequencies in NBCTO is partly related to the high mass

of bismuth. Modes with frequencies larger than 200 cm−1 involve, mostly, the

motion of Cu and O atoms while all the atoms partake in the lower frequency

modes. Comparing our calculated high frequency Tu modes with those of CCTO

and CdCTO [94], one can see that the effect of A cation is minimal in determi-

nation of frequencies of these modes; this finding is expected because the mode

patterns of these modes involve motion of Cu, Ti and O atoms only. It seems

relatively safe to argue that the high intrinsic static dielectric constant observed

in GDCs is related to the anomalous Born effective charges which is common for

Ti-O octahedral structure and low frequency polar phonon mode whose frequency

inversely scales with the square root of the cation mass.

An interesting observation on the effect of Coulomb interaction on the polar

modes of perovskite ferroelectrics is the giant LO-TO splitting of the IR-active po-

lar modes [111]. Meaning of LO-TO splitting is the shift of in frequency between

longitudinal optical phonons and transverse optical phonons (other means that

is removal of degeneracy between LO and TO frequencies) at the Brillouin zone

center, due to the long range forces between atoms as macroscopic electric field

(Coulomb interaction) associated with long wave longitudinal optical phonons.

In polar crystals, the non-analyticity of dynamical matrices in long wave limit

produce LO-TO splitting of polar modes. In this limit, one can write dynamical

matrices as:
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Figure 4.16: Eigendisplacement patterns of the lowest frequency Au mode.

C̃κα,κ′β(q → 0) = C̃AN
κα,κ′β(q = 0) + C̃NA

κα,κ′β(q → 0) (4.1)

where analytic part given by C̃AN
κα,κ′β is the matrix obtained from the a zone-center

phonon, calculated at zero macroscopic electric field.

The non-analytic part:

C̃NA
κα,κ′β(q → 0) =

4π

Ω
e2

∑
γ Z?γ

καqγ
∑

ν Z?ν
κ′βqν∑

γ,ν qγε
γν∞qν

=
4π

Ω
e2 (q.Z?

κ)α(q.Z?
κ′)β

q.ε∞.q
(4.2)
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Figure 4.17: Eigendisplacement patterns of the highest frequency Tu mode.

As seen in Equation 4.2 we need only information of macroscopic dielectric

constant ε∞ and Born effective charges Z? (all quantities directly accessible within

DFPT) of system to calculate the non-analytical part. In this point direction de-

pendencies of ε∞s and Z?s, effect to solution of C̃NA
κα,κ′β and so that we get different

phonon frequencies at longitudinal and transverse branches. And analytical term

can be calculated when ignoring any macroscopic polarization associated with

phonons [3].

An investigation of the overlap matrix of mass matrix Mmn = Mmδmn between

the LO and TO mode eigenvectors as cij = 〈ξTO
i |M |ξLO

j 〉. The overlap matrix for
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NBCTO is given in figure 4.18. Although some of the TO modes (at 185, 299

and 540 cm−1) have appreciable overlap with more than one LO mode, there is

no giant-splitting in any of the modes. The largest LO-TO splitting is found for

the TO mode at 533 cm−1 which has corresponding LO frequency of 613 cm−1.
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Figure 4.18: LO-TO overlaps of the IR-active modes.

Table 4.5: Non-polar phonon mode frequencies (cm−1).

Mode symmetry
Ag 295 409 464 497 517
Eg 272 308 378 533 557
Tg 105 125 180 267 295 388 430 434 478 518 719
Au 145 415 753
Eu 103 436 514

The frequencies of Raman-active and silent modes are given in Table 4.5.

One of the silent mode which is lowest frequency Au mode, displayed in Fig. 4.16.

Contrary with the almost all other modes, this mode involves motion of all atoms
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Figure 4.19: Eigendisplacement patterns of the lowest frequency Tg mode.

and heavy Bi atoms and Cu atoms has relatively high displacement. The Raman-

active modes can be broadly divided into four groups based on the magnitude

of the vibration frequency as follows: a low frequency group of modes with Tg

symmetry and ν ≈ 105 (for lowest frequency Tg mode, one can say Ti atoms

located middle of the O octahedrons has big displacement and O atoms has

relatively low displacement (Fig. 4.19)) and 180 cm−1, a group of modes in the

ν ≈ 267 and 308 cm−1 range (one from each one of the symmetries), a total

of 11 modes in the 378-557 cm−1 range and finally the highest frequency Tg

mode at 719 cm−1 which is comparable to 739 cm−1 reported for the highest
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Figure 4.20: Eigendisplacement patterns of the lowest frequency Eg mode.

frequency Tg mode for CCTO [93]. Modes of Tg symmetry mainly consist of

collective TiO6 octahedral rotational or octahedral breathing type displacements.

The calculated highest frequency Ag, Eg and Tg modes at 517, 557 and 719 cm−1,

respectively, are similar to those reported for CCTO at 519, 568 and 729 cm−1.

The eigendisplacement patterns of the highest frequency Ag, Eg and Tg modes

are displayed in Fig. 4.23, Fig. 4.24 and Fig. 4.25 respectively. All of the Raman-

active modes shown in Figures 4.23, 4.24, 4.25 and 4.21 involve, mostly, various

breathing type motion of oxygen octahedra. The displacement of Ti atoms are of

clockwise or anti-clockwise rotation type with much smaller amplitude compared
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Figure 4.21: Eigendisplacement patterns of the lowest frequency Ag mode.

to those of oxygens. Same thing can be seen in Fig. 4.20 for the lowest frequency

Eg mode as an example. In addition one can say for highest frequency mode (753

cm−1, Au mode), this mode looks like Raman-active modes mentioned before and

mostly involves motion of O atoms at the corner of the O octahedra, but in this

mode Ti atoms nearly at rest (Fig. 4.26). And we have given eigendisplacements

of all atoms in unitcell for each phonon modes proportional to the square root of

mass of considered atom (
√

mi) in Figure 4.27.
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Figure 4.22: Eigendisplacement patterns of the lowest frequency Tu mode.
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Figure 4.23: Eigendisplacement patterns of the highest frequency Ag mode.
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Figure 4.24: Eigendisplacement patterns of the highest frequency Eg mode.

69



Figure 4.25: Eigendisplacement patterns of the highest frequency Tg mode.
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Figure 4.26: Eigendisplacement patterns of the highest frequency mode.
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Figure 4.27: Eigendisplacement patterns of the vibrational modes. Radius of
bubbles proportional to square root of mass of atoms and its displacement. Mode
frequencies (Freq.) in cm−1.
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CHAPTER 5

CONCLUSION

In this thesis we have studied pressure-dependent lattice dynamical properties

of ternary chalcopyrite semiconductors CuAlS2 and CuGaSe2 and the struc-

tural, electronic and lattice dynamical properties of the high-dielectric compound

Na1/2Bi1/2Cu3Ti4O12 within density functional and density functional perturba-

tion theory framework with norm-conserving pseudopotentials a plane wave basis

set.

At the first step of this work we have investigated the pressure dependent

lattice dynamical properties, such as Born effective charge tensor, Brillouin zone

center phonon frequencies, and static and high frequency dielectric tensors of

ternary semiconductor CuAlS2 and CuGaSe2 within the density functional per-

turbation theory framework.

We have found that the pressure dependence of these quantities show similar

trends with binary tetrahedrally coordinated compounds. The pressure deriva-

tives of the components of elastic stiffness tensor of CuGaSe2 were found to be

similar in magnitude and sign to those of the isoelectronic binary analog com-

pound ZnSe; while at P = 0 all of them are positive, at elevated pressures the

pressure derivative of C44 and C66 become negative.

The pressure dependence of lattice dynamical properties such as Born effec-

tive charge tensor, Brillouin zone center phonon frequencies, and static and high

frequency dielectric tensors were, also, found to show similar trends with binary

tetrahedrally coordinated compounds. Formation of Z?s determined by location
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of atoms. Cations located at 4a and 4b Wyckoff positions and it has ≈12.5% for

Cu and ≈-9.2% for Ga anisotropies for CuGaSe2, these anisotropies are higher

than those seen in CuAlS2 (4% for Cu and 2% for Al). Se and S atoms lo-

cated at lower symmetry sites (8d positions) and as a result their effective charge

tensors have nonequivalent diagonal components as well as sizable off-diagonal

components. Our calculations show the dynamical charges show no anomalous

behavior as expected for some mentioned systems. Under hydrostatic pressure,

the dynamical effective charges decrease. Our calculated electronic (ε∞) and

static (ε0) dielectric tensors have two independent components ε|| and ε⊥ along

and perpendicular to the c axis, respectively. All of the components decrease

under pressure; the volume dependence of static (high-frequency) components is

slightly (highly) nonlinear, especially at higher pressures, which is similar to what

has been found for the most tetrahedrally coordinated semiconductors.

The zone-center modes originating from the modes with negative Grüneisen

parameter in zinc-blende materials, have negative Grüneisen parameters and the

ordering of γTO > γLO is respected for the zone-center chalcopyrite modes that

originate from the zone-center polar mode of zinc-blende structure.

An overall finding from the pressure dependence of the response quantities

considered in this study is the general similarity of the behavior in the chalcopyrite

ternary compound and the zinc-blende binary compounds. This finding is partly

expected because the local bonding and structural modification from the zinc-

blende to chalcopyrite transformation is not very high as an example can be seen

from the u (=0.27 instead of 0.25) and η (=1.97 instead of 2) values for CuGaSe2.

Second part of these dissertation, we have investigated the structural, elec-

tronic and lattice dynamical properties of the high-dielectric compound NBCTO

with in the local spin density approximation. The main features of the struc-
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ture are found to be tilted TiO6 octahedra, planar square CuO4 units and 12-

coordinated NaO12 and BiO12 icosahedra. The compound is found to be antiferro-

magnetic insulator with an indirect band gap of 0.53 eV. The electronic structure

near the valance band maximum and conduction band minimum is found to be

mainly originating from the hybridization of Copper 3d and Oxygen 2p states,

as is common in many compounds that contain CuO4 planar structures. The

magnetic moments of Cu and O atoms are found to be 0.52 µB and 0.09 µB,

respectively. These values are similar to those reported for the other GDCs.

The dynamical Born effective charges were found to be close to nominal values

of Na(nominal +1 versus Z? = 1.20), Bi(nominal +3 versus Z? = 5.47) and

Cu(nominal +2 versus Z?
av = 1.90) atoms while the Z? of Ti and O atoms are

anomalous, with components as large as 7.21 for Ti and -5.58 for the oxygen.

The lattice contribution to the static dielectric constant is calculated to be ≈ 138

which is mostly due to the four IR-active modes with frequency less than 236

cm−1. The highest contribution to the static dielectric constant from mode at 50

cm−1, but the mode at 406 cm−1 has largest effective charge , its contribution is

low because of these values proportional to square root of the mode frequency.

The high mass of bismuth nearly cause of low values of optical frequencies in

NBCTO. And if we compare our results with results of CCTO and CdCTO,

we can say that A cation has relatively minumum effect on high frequencies Tu

modes. And the high intrinsic static dielectric constant in GDCs is related to the

anomalous Born effective charges which is common for Ti-O octahedral structure

and low frequency polar phonon mode whose frequency inversely scales with the

square root of the cation mass.

Well known different observation on the effect of Coulomb interaction on the

polar modes of perovskite ferroelectrics is giant LO-TO splitting of the IR-active
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polar modes. Although some of the TO modes (at 185, 299 and 540 cm−1) have

appreciable overlap with more than one LO mode, there is no giant-splitting in

any of the modes. The largest LO-TO splitting is found for the TO mode at 533

cm−1 which has corresponding LO frequency of 613 cm−1.

The total static dielectric constant, ε0 ≈ 150 is much smaller than the exper-

imentally reported value of 3400 above 100 K, but close to the low temperature

value of 235. This finding suggests that the origin of the coastal ε reported for

Na1/2Bi1/2Cu3Ti4O12 is, also, extrinsic.

So we found generally well agreement between our calculations and some

available data for mentioned two study.
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[25] W. H. Koschel, V. Hohler, A. Räuber, and J. Baars, Optical Phonons in
CuAlS2, phys. stat. sol. (b) 13, 1011 (1973).

[26] W. H. Koschel and M. Bettini, Zone-Centered Phonons in AIBIIIS2 Chal-
copyrites, phys. stat. sol. (b) 72, 729 (1975).
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