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Abstract

This work focuses on the study of the band structure and superconductivity
of FeSe under pressure(varying atomic position). We have performed density
functional theory(DFT) calculations as implemented in QUANTUM ESPRESSO
to calculate the electronic structure of the iron-based superconductor Iron-
Selenium (FeSe). In our study, we have performed a comprehensive set of cal-
culations involving how pressure influences on the electronic structure and
the lattice dynamics properties of FeSe. All calculations were executed us-
ing the tetragonal lead-oxide or P4/nmm structure, with lattice parameters
a and c, various volumes and c/a ratios, and found superconducting tran-
sition temperature of FeSe(T.) increases sensitively under pressure from 8K
to 16.75K at P= 2Kbar, Furthermore, we investigated Fermi energy, total en-
ergies and pressure at ground state by using a pseudopotential method. We
obtained comparable results with experimental in both calculations. Super-
conducting critical temperature T, were calculated by using our DOS result
in the McMillan formalism under pressure, our results show that the super-
conductivity critical temperature continues to rise. We also found that the
equilibrium configuration of FeSe in the tetrahedral structure to have a vol-
ume of 75.49[A3] and 77.557[A?%] with c/a ratio of 1.4889 and 1.552 in scf and
optimization respectively. Thus obtained results are comparable to the experi-
mental value(c:a = 1.47[a.u], V = 78.219[A?]. The density’s at the Fermi energy
are slightly enhanced under pressure. Zero pressure values of DOS at Ey are
2.69(state/cell/eV). At pressures corresponding to the maximum critical tem-
perature, the density’s equal to 3.54(state/cell/eV) (p= 2Kbar).

keywords: superconductivity (SC), band structure, pressure effect, density of

state(DOS) and critical temprature(T,) .



Chapter 1
Introduction

From macroscopic point of view one can define Superconductivity as a phe-
nomenon of zero electrical resistance in certain materials when cooled below a
characteristic critical temperature T.[1]. The mechanism of high-temperature
superconductivity in the iron-based superconductors remains an outstanding
issue in condensed matter physics. The electronic structure plays an essential

role in dictating superconductivity.

Superconductivity is a quantum mechanical phenomenon. Hence, the elec-
tronic and magnetic properties of superconductors cannot be understood sim-
ply by classical physics of 'perfect conductivity’. The exclusion of the interior
magnetic field can be explained by the Meissner effect, while the absence of
the electrical resistance in a superconductor and the microscopic properties
can be explained through the electron pairing via the electron-phonon inter-
action in the crystal lattice as explained by John Bardeen, Leon Cooper, and
Robert Schrieffer, (BCS theory).

It was found that certain materials undergo a phase transition to a state with
zero electrical resistance, R = 0, at a certain critical temperature, T,.. The elec-
trical resistance is defined from the Ohm’s law, resistivity, R=V/I, where V is
the voltage and I is the current. The conductivity unit length in a wire, is the
inverse of the resistivity. The current densityJ = ¢E , where E is the electric
field. In order to obtain zero resistance in the sample, the voltage across the
sample must be zero. Then, this sample exhibits the character of a perfect

conductor with a finite current flow without any energy loss. It was also found
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that at relatively low temperature, T < T., the magnetic field inside the sam-
ple is zero. Any applied magnetic field on the sample was also found to be
deflected from the samples. The phenomenon of the perfect conduction the
exclusion of magnetic field in a material is called 'superconductivity’ and the
material that carries this phenomenon is known as a superconductor. Hence,
superconductor can be distinguished from a perfect conductor by two very
simple characteristics, which is the zero electrical resistance in the sample

and the exclusion of the interior magnetic field.

The discovery of a new class of high-temperature superconductors iron based
layered compounds aroused a significant interest at the beginning of 2008
gave hope for a progress in the synthesis of novel high-temperature super-
conductors (HTSC) up to room-temperature superconductors [2]. The nature
of high-temperature superconductivity is not completely understood yet. The
principal task of solid-state physics is the creation of superconductors which
would ensure superconductivity at room temperature. Therefore, the large-
scale search for such high-temperature superconductors is proceeding and
intensified. The crucial role in the explanation of physical properties of su-
perconductors is played by calculations of the electronic structure from the
first principles. It is worth noting that one of the basic properties of high-

temperature superconductors is the presence of a lot of bands [3].

The electronic structure of the iron-based compounds usually consists of hole-
like bands near the Brillouin zone center and electron-like bands near the Bril-
louin zone corners, leading to proposals that the electron scattering between
the hole pockets around the Brillouin zone center and the electron pockets
around the Brillouin zone corners is a viable mechanism for electron pairing

in the iron-based superconductors [4].

Different materials superconductivity at different critical temperatures exhibit
different phase transitions, while keeping the general properties. Hence, su-
perconductors can be further classified into two different types, which can

be easily distinguished by their unique electronic and magnetic properties,



namely the Type I superconductor and the Type II superconductor. Type I su-
perconductors generally superconductivity at lower temperatures and lower
critical field while the type II superconductors superconductivity at a higher
temperature range with higher critical field with two critical fields. Most of the
pure metals in the periodic table such as mercury, tin and lead which are su-
perconductors exhibit type-I superconductivity, whereas most alloys like lead-
bismuth alloys, barium-copper-oxide ceramics and highly-doped semiconduc-
tors exhibit type-II superconductivity. Noble metals such as gold and silver do

not exhibit superconductivity.

The highest T, observed so far in the Fe-based systems is 55K[5]. Pressure
has been found to be a powerful tool for superconducting properties of these
compounds, since the application of external pressure can induce or enhance
superconductivity[5]. Aiming at clarifying the role of the lattice with respect to
the pressure-induced changes of the electronic properties, we have probed the
high-pressure structural behavior of undoped Fe-based compound, namely

FeSe, investigated at room temperature.

Later on, FeSe superconductor was found to have higher transition temper-
ature when the Se vacancy is substituted with tellurium atoms. It was also
found that FeSe becomes superconducting upon oxidation[6]. With applica-
tion of pressure, the superconducting temperature was raised to ~37K [6].
The conduction in iron-based superconductor is not explained by the periodic
symmetry of the lattice structure but by doping and non-stoichiometry of the
compound and also FeSe has been less widely studied than the 122 systems

because of difficulties in single - crstal growth.

Here, we are interested to study effects of pressure on the atomic position
of FeSe considering the peculiar nature of FeSe compounds with the physical
properties due to the variation of the lattice and the inter atomic structural
parameters that would have the appearance and suppression of supercon-
ductivity[7], in which one expect the appearance of many interesting and new

physical phenomena when studying these materials under high pressure.



" General Objective:

The main aim of this study is to examine the pressure effect on electronic
structure of FeSe in the normal state with in the density functional theory
(DFT) calculations. It is meaningful to investigate how pressure influences the
electronic structure and the lattice dynamics properties of FeSe from the ab-

initio point of view.

' Specific Objectives:

The specifics objective are to be:

e Calculate band structure of FeSe compound with vary lattice parameters.

e State the relation between lattices parameter, Fermi energy, total ener-

gies, volume and pressure.
e Determine critical temperature of FeSe compound under pressure.

e Calculate electronic density of states for FeSe.



Chapter 2

Review of related literature

2.1 General Overview of Superconductivity.

2.1.1 Development in the story of superconductivity

In 1911, a Dutch physicist, Heike Kammerlingh Onnes did a study on the
electronic property of metals at very low temperatures[7]. Upon studying the
property of solid mercury, it was found that the resistance of the solid mercury
in the liquid Helium drops gradually with the decrease of temperature. Upon
reaching 4.2K, the electrical resistance of the solid Mercury drops abruptly
to zero as shown in Fig.2.1. Hence, a perfect conductor that conducts cur-
rent with zero resistance is found. Onnes named this phenomenon as ’su-
perconductivity’ and with this discovery which requires liquid helium; he was
awarded with Nobel Prize for liquefying helium gas in 1913. Onnes’ discovery
ignited much interest among scientists to do more experimental work to study
this phenomenon further as well as to understand theoretically the explana-
tion of the physics behind the extraordinary discovery. Many more materials
were found to be superconducting such as : lead with superconducting transi-
tion temperature at 7.19K in 1913 and niobium nitride with superconducting
transition at 16K in 1941.

The understanding of superconductivity was taken to another notch by Walther
Meissner and Ochsenfeld in 1933. By setting the current to run in a circular
motion in a superconducting material, an internal magnetic field is formed.

When the sample is cooled to the critical temperature T., the magnetic field

5



in the sample disappears and expels any external magnetic field as shown in
Fig. 2.2. The exclusion of interior magnetic field is known as the Meissner

effect[5].
0.0020|r
| j/K |
0.0015 : ,-
| ' !
)‘ I
~ ! Hg | ]
G 0.0010 4 ‘
I {
=4 . !
l i |
! 1
0.0005 T
<10% I |
i’
BN z
0.0000 —
4.00 4.10 4.20 4.30 4.40 4.50
T(K)
Figure 2.1: The resistance, R versus temperature, T curve of Kammerlingh

Onnes, Commun. Phys. Lab. Univ. Leiden, Nos. 122,124 (1911) indicating
the superconducting transition phase in mercury.

In the early 1950’s B. Matthias discovered a correlation between T, and the
number of valence electrons per atom (R) of a large number of superconduct-
ing elements and compounds|8, 9]. While there was no superconducting com-
pound with R < 2 at the time Matthias showed the existence of a maximum of
T. (R) close to R = 4.75[8] and a second maximum at R ~ 6.4[9]. Most of the
intermetallic superconductors with a high T, exhibit lattice instabilities. The
application of external pressure to these high T. superconductors can drive
the compounds towards or away from lattice instabilities by varying the prin-
cipal parameters determining the superconducting properties (the electronic
density of states at the Fermi energy, N(Ey), the characteristic phonon fre-
quency, and the coupling constant of electrons and phonon’s), and it can be
used to tune the T. and the superconducting properties. Almost all of the
superconducting metallic elements show a decrease of T, with pressure. This

negative pressure coefficient was attributed to the volume dependence of N(E)



and of the effective interaction between the electrons mediated by the electron-
phonon coupling [10]. However, a few elemental superconductors such as Tl
and Re show a more complex pressure dependence of T. that was explained

by pressure-induced changes of the Fermi surface topology[11,12].

New techniques for creating higher pressures have been developed over the
last couple of decades pushing the limits of static pressure generation to a
few hundred GPa. At high enough pressure almost every ambient pressure
structure becomes unstable and transforms into a structure of higher density
and, frequently, of higher symmetry. Some elements or compounds undergo a
sequence of structural transitions into several different phases under applied
pressure. Many of these new structures are metallic and superconductivity
was observed in a large number of high-pressure phases even when the com-
pound was not superconducting at ambient pressure. Among the elements of
the periodic table, superconductivity induced by pressure has raised the to-
tal number of superconducting elements from 29 (at ambient pressure) to 52
including non-metallic elements like sulfur or oxygen and alkali metals with

only one valence electron such as Li.

The latter alkali metal is of particular interest since it is one of the elements
of the first column of the periodic system that should not be superconduct-
ing according to the Matthias rules. In 1969 Allen and Cohen[13], based
on their pseudopotential calculations, proposed Li to be superconducting but
no evidence of superconductivity has been found at temperatures as low as
4mK][14]. However, it was predicted that superconductivity should occur in
Li under high pressure with transition temperatures of up to 80K[15]. Early
high-pressure experiments[15] revealed a drop of resistivity in Li at 7K be-
tween 22 and 32GPa but the data were not conclusive enough to be inter-
preted in terms of superconductivity. Only recent measurements of electrical
transport and magnetic properties have unambiguously shown that super-
conductivity exists in Li at pressures above 20GPa and at temperatures up to
20K[17, 18,19]. The large interest in the superconductivity in dense lithium
is also motivated by the fact that it is the "simplest” metal with only one va-

lence electron, no d-electrons in sight, and it is the superconducting element



closest to hydrogen. There appears to be new hope in the continuous search
for superconductivity in metallic hydrogen that has been predicted to become

superconducting at high pressure with an extraordinary high T [20].

Experimental results alone are not enough to explain the unusual phenomenon
of superconductivity. Many scientists join in the race to explain their theories.
In 1950 Landau and Ginzburg gave a macroscopic explanation for the proper-
ties of superconductors by using the thermodynamic arguments, such as the
concept of free energy[21]. From there, Abrikosov predicted the two divisions
of the superconductors, which is today’s type I and Type II superconductors.
He also explains the penetration of magnetic flux in the type II superconduc-
tors. Also in the same year, Maxwell and Reynolds et al. found that the critical
temperature of a superconductor is dependent on the isotopic mass, M, of the

constituent element, T, 1/ M.

Later in 1957, John Bardeen, Leon Cooper and Robert Schrieffer introduced
the BCS theory that unveils the explanation for the mysterious conductivity in
the superconductor by explaining the microscopic properties of superconduc-
tors[21]. By modelling the superconducting current as superfluid of Cooper
pairs, the zero resistivity conduction is explained by a pair of electrons in-
teracting through the exchange of phonons. The authors of BCS theory were
later awarded the Nobel Prize in 1972.

The new area of superconductivity began in 1986 with the discovery of su-
perconductivity in lanthanum-based cuprate perovskite material at 35K by
Bednorz and Mueller[22]. The critical temperature was a lot higher than the
previous record of 18K in Nb3Sn and 23K for NbGe. Later in 1987, a perovskite

ceramic material was found to superconduct at 92K.

In February 2008 the study of superconductivity shifted its focus from ce-
ramic material to iron-based material. The new material was discovered by
Hideo Hosono et al. of the Tokyo Institute of Technology when they found

that lanthanum oxygen fluorine iron arsenide (LaO;_,F,FeAs) superconducts



at 26K][3]. Subsequent research was done by other scientists after the discov-
ery of Hosono. Substitution of different rare earth materials into LaO,_,F,FeAs
brings the superconducting temperature to 52K. Many Fe-bearing compounds
were found to be superconductors either upon varying the composition, such
as the ternary iron-pnictide family AFe,As, (A=Ba, Sr, Ca, Eu), or without dop-
ing, e.g. the FeSe and the LiFeAs compounds[5]. The highest T. observed so
far in the Fe-based systems is 55K[5].

In iron - based superconductors several studies on the effect of impurities
have been carried out and it has soon emerged that the behavior may very a
lot depending on the family considered. The most dramatic and yet not fully
understood effect is introduced by Mn for Fe substitution in the optimally
electron doped LaFeAsO g F—0.11[23,24].

2.1.2 Meissner Effect

The Meissner effect was discovered in 1933 by Water Meissner and Robert
Ochsnfield[25]. It is one of the properties of superconducting materials. When
a superconductor below critical temperature (T,) is placed under a weak ex-
ternal magnetic field B, it repels the magnetic flux (field) B completely from
its interior. It does setting up electric currents near to surface. The magnetic
field of these surface currents that cancels out the applied magnetic field with
bulk of superconductor. However, near to the surface distance called the Lon-
don penetration depth. The magnetic field is not completely canceled and
this region also contains the electric currents, whose field cancels the applied
magnetic field with in the bulk superconductivity. This exclusion of magnetic
flux from superconductor(B = 0) is known as Meissner effect[26], as shown in
fig.2.2.

(CGS)B = B, +47M =0 (2.1)
M -1
B, 4x¢

B=DB,+ puoM =0 2.2)
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|
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|
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T>T, T<T,

(a) Magnetic field in the sample before critical (b) The exclusion of the interior magnetic field
temperature at critical temperature

Figure 2.2: The Meissner effect of (a) normal and (b)superconducting states
(T >TcandT < Tc).

The result B = O can not be derived from the characterize of superconductor
as medium of zero resistivity. From Ohm’s law £ = p;. We see that if the re-

sistivity p goes to zero while current density(J) is held finite, E must be zero.

dB —
dt

0. This argument is not entirely transparent. But the result predicts that

By the Maxwell equation relation

aB —
dt

the flux through the metal can not change on cooling through the transition.

VxE = 0, so that zero resistivity implies

The Meissner effect suggests that perfect diamagnetic is an essential property

of the superconducting state[27].

2.1.3 BCS Theory of Superconductivity

The first successful microscopic explanation for the conduction in supercon-
ductivity was formulated by Bardeen, Cooper and Schrieffer in 1957. It is
known as the BCS theory and it could quantitatively predict the properties
of a superconductor. This theory is based on the formation of pairs of elec-
trons of momenta k and -k with one electron spin up and the other spin
down, proposed by Leon Cooper, which shows that there is instability of the
Fermi surface at the ground state upon the formation of pairs of 'bound’ state
electrons. This bound pairs of electrons are attracted to each other via the

electron-phonon interaction and it is also known as the Cooper pairs.
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The zero resistance in superconductivity can be explained by the movement of
these Cooper pairs through the lattice unaffected by the thermal vibrations.
This is because at low temperatures, the attractive phonon interactions be-
tween the electrons are stronger than the interaction between the electron’s
and ions. Hence, the electron-phonon interactions overcome the Coulomb in-
teraction. The formation of Cooper pairs can be explained by first explaining
the distortion of the crystal lattice by a single electron in the lattices as shown
in Fig.2.3. This distortion of the crystal lattice will form a charge distortion
(phonon) of positive charges around the electron. This charge distortion will
eventually attract another electron at a certain distance in the lattice forming
bound pairs of electrons.

The formation of bound pairs can also be described as the interaction of

a

_J

Figure 2.3: Lattice distortion created by the single electron in the lattice.

electrons due to the emission or absorption of lattice phonons. The emission

and absorption process can be represented by the famous Feynman diagram

as shown in Fig. 2.4.
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(a) Emission of phonon from the first (b) Absorption of phonon of the first
electron (left to right). electron from the second electron

Figure 2.4: The Feynman diagrams in (a) and (b) are the mirror process of
phonon emission and absorption between two electrons. k 1, k 2 and q are the
wave vectors.

2.1.4 Classification of Superconductors

Superconductors can be classified into two types, namely the Type I super-
conductor and the Type II superconductor. Both superconductors share many
common properties but show different magnetic behaviour. Type I supercon-
ductor exhibits zero resistivity and exclusion of magnetic field from the interior
of the superconductor (Meissner effect) at relatively low temperature, namely
below the critical temperature, T.. This superconductor only has one criti-
cal field, H., where superconductivity is destroyed when the applied magnetic
field is beyond that critical field value. The critical magnetic field varies with

temperature.

For any field below the critical field, the magnetization is negative, giving a
diamagnetic material. The microscopic properties of Type I superconductors
are accurately described by the BCS theory and it is also known as the con-

ventional superconductor.

Type II superconductors are somehow much more complicated than the Type
I superconductors. Besides sharing the similarity of zero resistivity below the

transition temperature, Type II superconductors have two critical fields, one
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coming from the London penetration depth and the other from the coherence
length. Due to scattering from the magnetic atoms, the transition temperature

of the type-II superconductors is lower than those of type-1 superconductors.

~4nM Typel -4nM Type ll
Superconducting Normal
hase phase Mecissner] Akrikosov (Normal
hase | mixphase | phase
H, H Hey He H

Figure 2.5: The graphs show the magnetization curve of Type I and Type II
superconductors with negative magnetization.

In the Abrikosov mixed phase, the high temperature superconductor allows
certain amount of magnetic field to penetrate the sample. Hence, this ex-
plains the higher upper critical field in the type-II superconductors. The BCS
theory is not sufficient to explain the conduction in the high-temperature su-
perconductor and hence, Type II superconductors are also known as the un-

conventional superconductors.

2.1.5 The Pressure Dependence of T. in BCS and Strong-
Coupling Theory of Superconductivity

Pressure is a very important thermodynamic parameter in solid state physics
and is considered as an attractive variable, because the ground state of a
system can be tuned without modifying the chemical composition. The basic
microscopic effect of pressure on solids is to decrease the inter atomic dis-
tances, as well as change the bond angles. The pressure-induced variation in
both of these structural parameters will usually increase the overlap between

the electronic orbitals of adjacent atoms.
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The pressure dependence of T, can be derived from microscopic theories of
phonon-mediated superconductivity such as the weak-coupling BCS model[28]
or the Eliashberg theory of strong-coupling superconductivity[29]. For a spe-
cific superconductor the knowledge about the pressure dependence of its mi-
croscopic parameters such as the average phonon frequency, wp, the elec-
tronic density of states, N(Er ), etc. is then needed to estimate T, as function
of imposed pressure. According to the weak-coupling BCS theory T, is ex-
pressed by[28]

KBTC = 1.1?)th€$])( (23)

)

No matter how weak the electron-phonon coupling, BCS predicts a transi-
tion to a superconducting state for an attractive interaction described by the
attractive potential V., where kp and h are Boltzman’s and Planck’s constant,
respectively, A = N(Ep)V,, and V., is the effective interaction between the elec-
trons mediated by the electron-phonon coupling. Since wp commonly in-
creases with pressure (phonon hardening) the frequently observed decrease
of T, with pressure must be due to a decrease of \. The average value of the
electronic density of states is expected to decrease under pressure because of
the pressure-induced band broadening effect. However, the pressure depen-
dence of N(E) can be very different at the Fermi energy £, depending on the
details and the topology of the Fermi surface in a particular compound. The
pressure dependence of V, is even more difficult to estimate and it needs a mi-
croscopic treatment of the coupled system of electrons and phonons. It should
be noted that the BCS - equation (2.3) applies only in the weak-coupling case

when the electron-phonon coupling constant X is small.

Most superconducting elemental metals (except Al) exhibit an intermediate to
strong electron-phonon coupling with A of the order of 1 or larger[30] and their

superconductivity is not well described by the weak-coupling BCS equation



15

1801 HgBa,Ca,Cu,0,
140
Tl,Ba,CaCu,O,
120 7—\
100 -
: YBa,Cu,O, LN
e so o
60 -
LaFeAsO, .F, .,
40 —
20+ MgB,
FeS
. L.He_
ol ‘

o 2 4 & 8 10 12
Pressure (GPa)

Figure 2.6: Pressure dependence of the superconducting transition temperature
T. for selected superconductors[33].

(2.3). Extending the original BCS theory[28], Eliashberg developed the the-
ory of strong-coupling superconductivity[29] that provides, together with the
pseudopotential treatment of the screened Coulomb interaction[31], the fun-
damental equations describing the physics of superconductors with phonon
mediated pairing of any coupling strength. By solving the finite-temperature

Eliashberg equations McMillan[32]:

1.04(1 + A)
A — (1 + 0.62))

} (2.4)
px is the Coulomb pseudopotential calculated in [34]:

N(Er)

=013——+—~
Hx 1+ N(EF)

(2.5)
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Figure 2.7: Temperature dependence of resistivity measured using an indenter
cell for FeSe under high pressure up to 4.15 GPa.[35]

2.1.6 Iron based superconductors

Iron-based superconductors are iron-containing chemical compounds. The
study on the iron based superconductors has got a great attention following
the report on LaFeAsO,_,F,[36]. The highest superconducting critical temper-
ature T reaches 56k[37] by replacing La with other rare earth elements Ce,
Pr, Nd, Sm, and Gd. This class of material provides a large number of super-
conducting compounds that are grouped in general stoichiometry of LnFeAsO
("11117) family (eg. Ln = La), MFe,As, ("122”) family(eg. M = Ba), MFeAs ("111”)
Family (eg. M = Li), and FeM ("11”) family (eg. M = Se)[38-41]. Both families of
iron pnictides have a quasi-two-dimensional (2D) tetragonal crystal structure.
Fig (2.8) shows crystal structure of the main families of pnictides. The parent
compound LaFeAsO contains FeAs layers sandwiched by LaO layers. Each
FeAs layer consists of a square-lattice Fe plane with As atoms above and be-

low the plane alternatively.

The common feature of these main families of Iron based superconductors(the

1111, 122, 111, and 11 families of materials) is the presence of an identical
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FeAs (or FeSe) plane. It was reported that these families of iron based super-
conductors attain different value of superconducting temperature T (table
2.1).
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Figure 2.8: Crystal structures of some of iron-based superconductors(taken from
Ref.[42]

Table 2.1: The maximum T. for the main families of iron based superconductors
yet found(taken from ref (43)).

Compounds | Familiy type | Maximum T
RFeAsO 1111 57K
AFe—2As, 122 38K
LiFeAs 111 25K
FeSe 11 15K

In many publications, much effort has been made theoretically and experi-
mentally to identify the main cause of novel properties of materials. A deeper
understanding on the doping effect of the electronic structure of this systems
can provide insight into the interplay between magnetism and Superconduc-

tivity.
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2.1.7 Superconductivity of FeSe compound.

In February 2008, the study of superconductivity shifted its focus from ce-
ramic material to iron-based material. The new material was discovered by
Hideo Hosono et al. of the Tokyo Institute of Technology when they found that
lanthanum oxygen fluorine iron arsenide (LaO; — 2F,FeAs) superconducts at
26K[44]. Subsequent research was done by other scientists after the discovery
of Hosono. Substitution of different rare earth materials into LaO; — x F,FeAs
brings the superconducting temperature to 52K. Different type of iron-based

materials such as FeS, FeSe and FeTe were also studied[45].

Since the discovery of superconductivity in LaFeAsO, — zF,, FeAs compounds
which have a structure similar to LaFeAsO have been confirmed to show
superconductivity at the comparably high transition temperature T.[46-51].
They commonly contain anti-PbO-type FeAs layers as the superconducting
layers in its crystal structure.In July 2008, Hsu et al. reported the supercon-
ductivity at 8K in anti-PbO-type FeSel2]. a-FeSe is composed of only the FeSe
layers with the anti-PbO-type structure (space group: P4/nmm).

The crystal structure of FeSe is the simplest among Fe-based superconduc-
tors. Furthermore, the theoretical study indicated the similarity in the elec-
tronic states between Fe chalcogenides (FeS, FeSe and FeTe) and the FeAs-
based superconductors[52]. The contributions of Fe-3d electrons near the
Fermi level Er and the morphology of the Fermi surface exhibited similarities
to the FeAs-based superconductors. Because of these natures common to the
FeAs-based superconductors, the FeSe superconductor has attracted a lot of
researchers as the key material to elucidate the mechanism of Fe-based su-

perconductivity.

FeSe superconductor has attracted extensive attention for similar to those
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FeAs layer. The FeSe superconducting transition temperature exhibits a com-
positional dependence, decreasing for both under doped and over doped ma-
terial[15] as observed in the cuprate. Superconductivity show only, when pre-
pared with deficiency of selenium (Se) and substituting doping of electron from
Tellurium (Te) element. For polycrystalline of FeSe sample compound can in-
crease T. value with applying pressure. Therefore the value of T. strongly
depends on the applied pressure, and the temperature at which the resistivity

becomes zero

2.1.8 Band structure and DOS of FeSe superconductors

In 2008, the new class of iron-based superconductors was discovered. One
of the representatives of this class is FeSe compound distinguished by the
simplest crystal structure among iron-based superconductors and by the ex-
tremely large effect of a pressure on the superconducting transition tempera-
ture[53]. The basic structural feature connecting the Fe-based superconduc-
tors is the presence of square planar sheets of Fe coordinated tetrahedrally
by pnictogens or chalcogens and nominal Fe valence near Fe*". The structure
of FeSe, that is the simplest of the compounds, consists of square planes of
Fe with Se atoms arranged above and below the planes in such as way as to
tetrahedrally coordinate the iron. The structure places the Fe atoms closer

together than in a perovskite, so that direct Fe-Fe interactions are important.

Electronic band structure calculation has been popular after the discovery
of DFT in 1960. It is one of the important parameter to study various proper-
ties of materials, such as electrical and structural. First principal calculation
leads to obtain electronic band structure and Fermi surfaces. Fig.(2.9) shows
the band structure of FeSe, reproduced by the concept of non spin unpolar-
ized calculation[54]. The result of the calculation shows that Fe 3d orbital
bands are present near the Fermi energy. The figure also shows 5 bands are
crossing the Fermi level, that depicts the multi band nature of the iron based

compounds.
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Figure 2.9: The electronic band structures of FeSe along high-symmetry lines at
P = 4GPa, 8GPa. The Fermi energy is set to be zero[45].
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Figure 2.10: Total, Se-p, and Fe-d density of states of FeSe at ambient pres-

sure. Notice that the Fe-d component is the largest contributor to the total DOS
around the Fermi level. Dashed vertical (blue) line represents the Fermi level[55].
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Density of State(DOS) in superconductivity is an important parameter to un-
derstand several properties. If the number of DOS near the Fermi level is
changing, for instance by doping, then the properties of the material may
change dramatically. Applying Density Functional theory as implemented in
Quantum Espresso(QE) code one can calculate the DOS of a compounds, as

shown in Fig 2.10 for FeSe.

2.1.9 Applications

After the discoveries of new superconducting materials and the gradual im-
provement in theoretical understanding, superconductor technology has even-
tually been put into applications. Since the critical temperature of the mate-
rial obtained is moving toward a higher temperature, the cooling process has
evolved from the expensive liquid helium to liquid hydrogen. Superconducting
magnets are some of the most powerful magnets known today. It has been
widely used in laboratories and hospitals all over the industrialized world.
Some of the well known laboratories machines that adopt the application of
superconductors are the, mass spectrometers and the beam-steering magnets
in the particle accelerator. Magnetic Resonance Imaging, (MRI) is one of the
most well known machines used in hospitals to make a thorough scanning of
human bodies by using magnetic resonance. The powerful magnetic fields in
these applications are generated by superconductors. Modern electronics is

all about thin film technology

The discovery of high-temperature superconductors with transition tempera-
ture closer to the room temperature gives a new face lift to the superconductor
technology. Upon approaching the room temperature, cooling system is be-
coming less important in order to maintain the superconducting state. When
this is eliminated, future machines and more applications can be produced
with much lower cost with higher efficiency. However, much more theoretical
and experimental work has to be done to achieve the cost-effective room tem-

perature superconductor.
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2.2 First Principle Method - DFT

First principles method called Density Functional Theory (DFT) was intro-
duced by Walter Kohn around 1965. For inventing this powerful technique
he was awarded the Nobel prize in Chemistry in 1998. DFT is a commonly
used method in condensed-matter physics, computational Physics, material
science and quantum chemistry to describe properties of condensed matter
systems. DFT is a useful method to understand and predict the properties of
many materials. This method allows to study materials even with minimum
input parameter like the atomic type and lattice parameters, and that is why

it is also called first principle method.

A rapid success has been achieved in electronic structural calculation after
DFT was introduced in 1960s. Here we give a short introduction. In DFT, the
assumption reduced the problem of studying a system of N electrons interact-
ing with each other to the case of a system of N non-interacting electrons in an
external potential. This was done by introducing the electronic density n(r) as
the main variable instead of the full electronic wave function. The developent

of DFT is based on the two theorems of Hohenberg and Kohn.

2.2.1 The Hohenberg-Kohn Theorems

First Hohenberg-Kohn theorem: The ground state density n(r) of a many-
body quantum system in some external potential v(r) uniquely determine the

potential.

Hence according to DFT, all properties of a many-body system can be de-

termined by the ground state charge density:

Y{riy o} —> n(r) = Z lpi(r)[? (2.6)

Second Hohenberg-Kohn theorem: The ground state energy E is also uniquely

determined by the ground-state charge density: the density that minimizes the
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total energy is the exact ground state density.
En(r)] =< |TH+U+V ) >=< |T+Up >< |V]p >= F|n(r)|—|—/n(r)v(r)dr (2.7)

Where H=T + U + V, is the many-electron Hamiltonian, ¢ is ground state wave
function, T is the kinetic energy, U is the electron- electron interaction, V is
the external potential, and n(r) is the charge density. The universal functional
F of the density isF'[n(r)] =< ¢|T + Ul >. The Functional includes the kinetic
energy of the electrons T, [n], Hartree classical Coulomb repulsion energy Ey

[n], and the exchange and correlation energies E,. [n].

Fn(r)] = Ts[n] + Enn] + Eyc[n] (2.8)

2.2.2 Kohn-Sham equation

In 1965, Kohn and Sham showed that it is possible to reduce the many-body
quantum mechanical problem to an exactly equivalent set of one-electron
equations, solved self-consistently. This is a reformulation of the following
idea. The system of interacting electrons is mapped on to an auxiliary system
of non-interacting electrons having the same ground state charge density n(r).
In Kohn-Sham equation the Schrodingers equation for the system takes the

following form:

S V() + V()i + Vi) r) = exu(r) 2.9

2m
The first term is the energy of non-interacting electrons. The second term V
(r);on is the ionic potential describing the attractive interaction between elec-
trons and nuclei. The third term (called the Hartree potential) contains the

electrostatic interactions between clouds of charge.

e2n(r’)

=7

V(r)y = d3r' (2.10)

The fourth term is called the exchange and correlation potential.

0B
N on(r)

Vae[n(r)] (2.11)
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The nature of this external potential defines the physical properties of the
system and thus is extremely important. Ground state electronic energies ¢;
and wave functions ¢ — i = |i,k > can be obtained as the result of the DFT

calculation.

In many cases very good agreement with experiment is achieved when the
exchange and correlation potential is treated using the rather simple local
density approximation (LDA)[56,57]. A large variety of important scientific re-
sults have been and are still being obtained using LDA and the generalized

gradient approximations (GGA).

2.2.3 Local Density Approximation(LDA)

Local Density Approximation is the simplest class of approximation in exchange-
correlation functional. It is derived from homogeneous electron gas model.
Generally, for a spin-unpolarized system, the local-density approximation for

the xc energy is expressed as:

Eg[n] = egd™ (n(r)n(r)dr (2.12)

The exact exchange-correlation energy for the homogeneous electron gas was
computed by Cperley and Alder using the Quantum Monte Carlo method,
which was then parameterized in a functional form by Perdew and Zunger.
The Local Density approximation can further be extended to an other approx-
imation called Local Spin Density Approximation (LDA) for the treatments of
magnetic materials. In this case the spin-dependence of the correlation en-
ergy density is computed by introducing the relative spin-polarization. LDA is
powerful in describing many properties of systems. But it has also a limita-
tion based on the assumption that the electron density around an atom to be

homogeneous.
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2.2.4 plane wave basis set and Pseudopotentials

A plane wave basis set is defined as:

1 .
< 7”|K + G‘ >= Wez(K—FG).'r (213)
hz

where G is the reciprocal vector, V is the crystal volume, E., is a cutoff on
the kinetic energy of PW’s. PWs are simple to use and the basis is fixed by
the crystal structure and by the cutoff. It allows to check the convergence by

changing the cutoff.

The concept of Pseudopotentials have been widely applied in condensed mat-
ter Physics. The pseudopotential method is based on the fact that the va-
lence electrons are responsible for most chemical and physical properties of
molecules and solids. There are different Pseudopotentials, including norm

conserving and ultrasoft.

2.2.5 Self-consistent algorithm

Fig. 2.11 schematically illustrates the major steps of a density-functional self-
consistent loop. It is known that Density Functional Theory is a self-consistent
field (SCF) method. This means that the calculation runs in cycles, and con-
vergence is achieved when the results given by solving the SCF equations are
consistent with the assumptions made at the beginning of the cycle. In DFT
the main quantity that is calculated and checked for self-consistency, is the

electronic density.

2.2.6 Brillouin zone

The Brillouin zone is important in plane-wave DFT calculations. The Bril-
louin zone plays an important role in electronic structure calculations. Several

points in the Brillouin zone of band structures are given separate names. The
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Construct pseudopotential
for each ionic species

Pick planewave basis set cutoff energy

Construct trial density n(r)

Build total local potential Vlioc[n(r)]
Vloc = Vion + Vh + Vxc

Solve Kohn-Sham equations
by diagonalization of the Hamiltonian

Calculate new charge density n'(r)

Is solution self-consistent ?

YES NO

Compute total energy
EXIT

density mixing to
generate new n(r)

Figure 2.11: Schematic representation of the self-consistent algorithm for a
density-functional based calculation
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most important of these is where k = O; this location in k space is called the I"
point. The volume of the primitive cell in real space defined by the WignerSeitz

construction.

(2.15)

2.3 Quantum ESPRESSO

quantum ESPRESSO stands for Quantum opEn-Source Package for Research
in Electronic Structure, Simulation, and Optimization[58]. Quantum ESPRESSO
is an integrated suite of software for atomistic calculations based on electronic
structure, using density-functional theory, a plane-wave basis set, PWscf (Plane-
Wave Self-Consistent Field), pseudopotentials. Freely available under the terms
of the GNU General Public License

The main goals of quantum ESPRESSO are
e innovation in methods and algorithms
¢ efficiency on modern computer architectures A great effort is also devoted

to user friendliness and to the formation of a users’ and developers’ com-

munity

What can quantum ESPRESSO do ?

e Structural modeling (equilibrium structures of molecules, crystals, sur-

faces)

e Dynamical modeling (first-principles molecular dynamics) either on the
electronic ground state (Born-Oppenheimer) or with fictitious electronic

kinetic energy (Car-Parrinello)

e Chemical reactivity and transition-path sampling, using Nudged Elastic
Band (NEB) method

e Linear response functions (vibrational and dielectric properties), plus

some non-linear ones (third-order force constants and dielectric response)



Chapter 3
Computational methods

The calculations are performed in a plane-wave pseudopotential representa-
tion through the Quantum-Espresso (QE) program[59]. We adopt ultrasoft
pseudopotentials to model the electron-ion interactions and the local-density
approximation (LDA) of the exchange-correlation potential[60]. We preferred
the suitable pseudo potentials for Fe, Se and Te from alternative pseudopo-
tential library in order to obtain high quality and meaningful results on the
behavior of selected correlated-electron compounds under pressure. The en-
ergy convergence is checked with respect to the cutoff energies and k-point
sampling. The cutoffs for wave functions and charge density are 64Ry and
782Ry, respectively, within the framework of the density functional theory
(DFT)[61] in the linear response method[45]. To obtain the structures under
different pressures from O to 2Kbar, the initial tetragonal lattice parameters of
FeSe in our calculations are based on the experimental value under ambient
conditions: a = b = 3.765[a.u] , ¢ = 5.518[a.u][1]. There are two Fe atoms and
two Se atoms in the unit cell. We fully optimize the structural parameters of
FeSe with increasing hydrostatic pressure by simultaneously varying the cell
volume and cell parameters. It should be noted that there is no structural
phase transition in the studied range of pressure. Then after, we calculate
the electronic and lattice dynamical properties of FeSe based on the optimized

structure and self consistent field.

The bands are plotted along the high symmetry direction in the Conventional
Tetragonal-TET Brillouin zone, the lattice following the path I"' — X — M — " —
Z —R—A—Z7 [44] as shown in Fig 3.1. 121 k-points mesh in the Brillouin zone

28
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was used. The DOS calculation were performed using tetrahedron method.

Figure 3.1: Brillouin zone of TET with path:l' — X — M —-I'—Z —-R—-A—-Z

In this research, we focused more on the effect of pressure to calculate tran-
sition temperature. We describe our computational methods and give struc-
tural parameters obtained by a geometry optimization under pressure for FeSe
compositions in the tetragonal phase of the PbO-type (P4/nmm). The results
of band structure calculations corresponding to ambient and higher pressures
are presented. We used LaTeX to write the thesis, grace software to plot the
band structure, DOS and different graphs of FeSe compound and XCrySDen

software used for draw crystal structure of FeSe.



Chapter 4

Result and Discussion

4.1 Effects of Pressure

We observed large effects of a pressure on the superconducting transition tem-
perature gave evidence of substantial changes in the electronic structure of
FeSe under pressure. In order to clarify a nature of these changes, the ge-
ometry optimization was performed for the tetragonal P4/nmm structure of
FeSe within the pseudopotential approach[61] and quantum ESPRESSO pro-
gram[62]. In a such way, the pressure dependences of the crystal lattice pa-
rameters were calculated. These results are in a qualitative agreement with
experimental data of Refs.[25, 53, 63, 64].

The pressure dependence of structural parameters were summarized in Fig-
ures.4.1 - 4.4. With increasing pressure, the lattice parameters a and c, the
ratio of cell parameter c/a , volume of the material V and Fe-Se distance de-
creased monotonously. The Se-Fe-Se angle(a - angle) also decreased with in-
creasing pressure. From this we know that the volume of the material depends
on the lattice parameter, as lattices parameters are decreased the volume
also decreases, while the transition temperature increased with increasing the
pressure. Even if lattices parameters and volume of the material are fixed the
pressure changed due to the site change of atomic position. This show that,
how pressure sensitively correlated with the arrangement of crystal structure.
Therefore the disorder of the site should strongly affect the superconducting

properties of the Fe-based superconductor particularly FeSe.

30
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Table 4.1: With constant atomic position of FeSe, the lattice parameters(a and
¢) volume, Fermi energy.total energy and pressure are calculated from self con-
sistence fields.

a(a.u) c(a.u) v(A3) EF(ev) E;oiai(RY) P(Kbar)
3.70120055 5.51065005 75.490 9.3401 -564.18662406  0.00
3.70116655 5.51056650 75.487 9.3406 -564.18662389  0.04
3.70115500 5.51055000 75.486 9.3407 -564.18662383  0.05
3.70105000 5.51050500 75.482 9.3416 -564.18662349  0.12
3.70095700 5.50850500 75.450 9.3428 -564.18658477  0.46
3.70066440 5.50709500 75.419 9.3436 -564.18658476  0.85
3.70058000 5.50625000 75.404 9.3540 -564.18657673 1.04
3.70055000 5.50550000 75.390 9.3574 -564.18655945 1.35
3.70035000 5.50500500 75.366 9.3624 -564.18655129 1.76

Tables 4.1 and 4.2 shows the calculated value of Fermi energy, total energies

Table 4.2: With varying atomic position of FeSe, the lattice parameters(a and
c) . volume, Fermi energy, total energies and pressure are calculated from opti-
mization.

a(a.u) c(a.u) v(A3)  EF(ev) Eiotai(RY) P(Kbar)
3.683056993 5.7174730082 77.557 8.9860 -564.18793604  0.12
3.683033850 5.7173974160 77.555 8.9860 -564.18793604  0.17
3.683023793 5.7172302634 77.552 8.9861 -564.18793605  0.20
3.682106347 5.7157051703 77.493 8.9970 -564.18790470  0.61
3.682103727 5.7156395467 77.492 8.9975 -564.18790445  0.62
3.681566350 5.7147997000 77.458 9.0038 -564.18789490  0.96
3.676833615 5.4757803884 74.028 10.3256 -564.18236501 1.94

and volume of FeSe with varying lattice parameters a and ¢ under pressure(P
= 0 to 2Kbar). From this result, we observed the value of volume and Fermi
energy increased while total energies decreased by small amount with increas-

ing pressure.
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Table 4.3: The ratio of lattice parameters (c/a) and pressure for FeSe in self
consistent field .

c/a p(Kbar)

1.488890  0.00
1.488876  0.04
1.488873  0.05
1.488400  0.46
1.488120  0.85
1.488060 1.04
1.487750 1.35
1.487700 1.76

Table 4.4: The ratio of lattice parameters (c/a) and pressure for FeSe in opti-
mization.

c/a p(Kbar)
1.56623715813  0.12
1.56623608115  0.17
1.56623208500 0.20
1.55622922566  0.61
1.5622755388  0.62
1.5522739934  0.96
1.4892652107 1.94

The c-axis is found to be the more compressible and the compressibility of this
axis is furthermore seen to decrease at~2Kbar. In contrast, the length of the
a-axis decreases smoothly as the pressure increases. The c/a-ratio is plotted
as a function of pressure. From table 4.3 and 4.4, we observed the ratio of cell
parameter c/a decreased as pressure increased. This implies, lattice parame-

ter ¢ more decreased than lattice parameter a.

The pressure evolution of the lattice parameters a and c , the normalized ratio
c/a and the volume V of the tetragonal phase, are presented in figure[4.1-
4.4] in both scf and optimization. The c/a ratio decreases down to 1.4877 at
1.76Kbar meaning a larger compression of the structure along the stacking
direction of the layers compared with the basal plane and it is consistent with

the higher atom density in the ab plane.
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Figure 4.1: (a) The lattice parameter ala.u] vs pressure P[Kbar] and (b) the
lattice parameter cl[a.u] vs pressure P[Kbar] for FeSe in scf.
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Figure 4.2: (a) The ratio of lattice parameters c/a vs pressure P[Kbar] and (b)
unit cell-volume V[A?] vs pressure P[Kbar] for FeSe in scf.

Fig. 4.3(b) and 4.4(b) shows the unit-cell volume of FeSe plotted as function of
pressure. We fitted our data with the third order Birch-Murnaghan equation
of state[67]

) - (A - S - B - 1] @.1)

where V and V, is the volume at pressure P and zero pressure, respectively,
was used for the determination of the zero pressure bulk modulus and its
pressure derivative B’3[66]. The obtained B, parameters are in good agreement
with the previous experimental data[ 25,67,68](table 4.5). B,suggest that the
fitting should be done in different pressure regions. At pressure range 0 <
P< 2Kbar yielded B, = 34.36GPa in optimization and 29.33GPa in case of self
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Figure 4.3: (a) The lattice parameter ala.u] vs pressure P[Kbar] and (b) the
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Figure 4.4: (a) The ratio of lattice parameters c/a vs pressure P[Kbar] and (b)
unit cell-volume V[A3] vs pressure P[Kbar] for FeSe in VC-relax.

consistence field and V,, was treated as a refinable parameter and the fit yield-
ing V, = 75.49[A3] for scf but for ve-relax 77.56[A3]. This study showed the
existence of a tetragonal phase with B, = 31GPa at P = 2Kbar.

The Fermi energy has been calculated for FeSe. The Fermi energy increased
with decrease the lattice parameters the [tables 4.1 and 4.2] show the corre-
lation between Fermi energy,lattice parameter total energies and volume with

pressure.
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Table 4.5: The lattice parameters( a, ¢) ,the ratio of c/a and volume are from
experimental and calculated data . The bulk moduls B, obtained from the
third-order Birch-Murnaghan equation of state(4.1)(Ref.in.65).

aau) clau) c/a  Vv(A) By(GPa)
FeSe(exp) 3.7650 5.5180 1.4656 78.219 31
FeSe(scf) 3.7012 55106 1.4889 75490 29.33
FeSe(opt) 3.683 5.7174 15523 77.557  34.36

4.2 DFT Computation of the Electronic Band Struc-

ture of FeSe

4.2.1 Band Structure of FeSe

The band structure of FeSe is calculated in the space group P4/nmm with
non-spin polarized orbitals, in both self consistent field and optimization. The
unit cell of FeSe in the space group P4/nmm consists of 2 atoms of Fe and
2 atoms of Se. The 8 Fe atoms are on the eight corners and 2 Fe atoms are
on the top and bottom face centered positions as shown in Fig 3.1. The 4 Se
atoms form a tetrahedron with atoms on the faces so that there are only 2 Se
atoms per unit cell. The band structure for the self consistence field non-spin-
polarized orbitals is given in Fig.4.5. and that for the optimization is given in
Fig.4.6.

Most of the features the band structure are similar in both self consistent field
and optimization structure. The Fermi energy is 9.340eV in self consistent
field that would be compared with 8.986eV for the optimization one at mini-
mum pressure. However, at high pressure p ~ 2Kbar Er become 9.37eV and
10.32ev respectively. The band gap at various k-points is given in Table 4.6.
In optimization gap varies from 0.62eV at Z point to 1.60eV at R point.

Our main results for the new electronic structure and DOS are obtained by
optimizing as shown in Figure 4.6 and 4.7 respectively these are the related
result with experimental value, that worked under pressure[53].

The electronic structure of FeSe near the Fermi energy contains mainly the
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Figure 4.5: The electronic band structures of FeSe along high- symmetry lines
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Table 4.6: The band gaps in FeSe in units of eV
Band Gap in FeSe (eV)

K-point vc-relax scf
r 0.71 0.72
X 0.89 0.88
M 0.67 0.72
r 0.71 0.72
Z 0.62 0.64
R 1.60 0.63
A 1.23 1.21
Z 0.59 0.61

Fe-3d states as can be seen from the distinct orbital character of bands as
well as orbital-projected densities (FeSe at p = 2Kbar) of states (DOS). How-
ever, the bands at the Fermi level (Er) have also contributions from the p z
orbitals, which indicates that Se-p orbitals may play a substantial role in su-
perconductivity. This suggest the increase of electronic density. The density’s
at the Fermi energy are slightly enhanced under pressure. Zero pressure val-
ues of DOS at Ep are 2.69(state/cell)eV—! while at pressures corresponding to
the maximum critical temperature, the density’s equal to 3.54(state/cell/ev)
(p= 2Kbar).

FeSe shows the most dramatic pressure dependence of T. among the Fe based
compounds. The T, of FeSe at ambient pressure is 8K[53]. The pressure de-
pendence of T. had an anomaly at 1-2Kbar and the T. increases. We calculated
T, based on McMillan equation(eqn.2.4)[32] for the superconducting transition
in FeSe at 8K and using the experimental value of Debye temperature (©p =
210K ) which suggested in ref.[34]. According to the results of calculations of
the electronic structure and the magnetic susceptibility in the normal state
in an external magnetic field, FeSe compound is very close to a magnetic in-
stability with the dominating exchange-enhanced spin paramagnetism xp,
. Within the Stoner model, the exchange-enhanced Pauli spin contribution to
the magnetic susceptibility can be presented as Y., = Su3N(Er), where S - the

Stoner factor, N(Er ) - the density of states at the Fermi level, up - the Bohr
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Figure 4.7: Density of electronic states N (E) of FeSe at P = 1.94Kbar. The Fermi
level (E = 0) is marked by the vertical broken line.

magneton. The calculated value of DOS at the Fermi level for FeSe amounts
to N(Er )~ 3.54 states/(eV.cell), allowing a small uncertainty in the determi-
nation of lattice parameters. Using the experimental value of susceptibility of
FeSe at low temperatures, y ~ 1.6 x 10~* emu/mol [53], we obtained the Stoner
factor S ~ 1.4. the corresponding parameter of renormalization of the effec-
tive masses amounts to A ~ 1.4, it is possible to estimate the corresponding
electron-phonon interaction parameter, \.,_,, ~ 0.9. However, it is neces-
sary to consider also the spin-fluctuation term, according to A = A\;_,, + s,
which gives \;; ~ 0.5. and we incorporate the density of state to calculate
u* - Coulomb’s pseudopotential, in the equation (2.5),[ref. in[34]. The cal-
culated value of critical temperature, T. = 16.75K at pressure P~2Kbar. The
calculated result is in good agreement with both theoretical and experimental

studies under pressure as shown in table 2.1[43].



Chapter 5
Conclusions

We make a calculation and simulations to obtain a band structure and DOS
with QE code. We have studied the effect of external pressure on both crys-
tal and electronic structures of FeSe superconductors. The pressure depen-
dence of the lattice parameters a and ¢ are shown in Figures.4.1-4.4. The
c-axis is found to be the more shortened and the shortness of this axis is
furthermore seen to decrease at~2Kbar. In contrast, the length of the a-axis
decreases smoothly as the pressure increases. The c/a-ratio is plotted as a
function of pressure. The Correlations between pressure and lattice parame-
ters is vary sensitive to the causes of change in volume and Fermi energy were
observed. So, as pressure increase volume would be decreased while the value
of T¢ raised. From our calculation, we seen that a higher DOS at the Fermi
level is observed under pressure. The density of state at the Fermi energy
are slightly enhanced under pressure. Zero pressure values of DOS at Ey is
2.69(state/cell/ev) while at pressures corresponding to the maximum critical
temperature, the density’s equal to 3.54(state/cell/eV) (p=2Kbar), which usu-

ally improves superconducting properties.

In general, we confirm the strong increase in T for FeSe, with an optimum
value of about 16.75K and extensive calculation of the band gap in Fe,Se,, in-
dicates that the transition temperature of the superconductor increases with
reduced normal state gap. The Calculated T¢ result shows superconductivity
can be achieved only for a strong paring potential, which can not be explained
by BCS type pairing.
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